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Summary 
 

With accelerating global climate change, the Antarctic Ice Sheet is exposed to 

increasing ice dynamic change. During 1992 and 2017, Antarctica contributed ~7.6 mm 

to global sea-level-rise mainly due to ocean thermal forcing along West Antarctica and 

atmospheric warming along the Antarctic Peninsula (API). Together, these processes 

caused the progressive retreat of glaciers and ice shelves and weakened their efficient 

buttressing force causing widespread ice flow accelerations. Holding ~91% of the global 

ice mass and 57.3 m of sea-level-equivalent, the Antarctic Ice Sheet is by far the largest 

potential contributor to future sea-level-rise. 

Despite the improved understanding of Antarctic ice dynamics, the future of 

Antarctica remains difficult to predict with its contribution to global sea-level-rise 

representing the largest uncertainty in current projections. Given that recent studies point 

towards atmospheric warming and melt intensification to become a dominant driver for 

future Antarctic ice mass loss, the monitoring of supraglacial lakes and their impacts on 

ice dynamics is of utmost importance. In this regard, recent progress in Earth 

Observation provides an abundance of high-resolution optical and Synthetic Aperture 

Radar (SAR) satellite data at unprecedented spatial and temporal coverage and greatly 

supports the monitoring of the Antarctic continent where ground-based mapping efforts 

are difficult to perform. As an automated mapping technique for supraglacial lake extent 

delineation in optical and SAR satellite imagery as well as a pan-Antarctic inventory of 

Antarctic supraglacial lakes at high spatial and temporal resolution is entirely missing, 

this thesis aims to advance the understanding of Antarctic surface hydrology through 

exploitation of spaceborne remote sensing. 

In particular, a detailed literature review on spaceborne remote sensing of Antarctic 

supraglacial lakes identified several research gaps including the lack of (1) an automated 

mapping technique for optical or SAR satellite data that is transferable in space and time, 

(2) high-resolution supraglacial lake extent mappings at intra-annual and inter-annual 

temporal resolution and (3) large-scale mapping efforts across the entire Antarctic 

continent. In addition, past method developments were found to be restricted to purely 

visual, manual or semi-automated mapping techniques hindering their application to 

multi-temporal satellite imagery at large-scale. In this context, the development of 

automated mapping techniques was mainly limited by sensor-specific characteristics 

including the similar appearance of supraglacial lakes and other ice sheet surface 

features in optical or SAR data, the varying temporal signature of supraglacial lakes 

throughout the year as well as effects such as speckle noise and wind roughening in 

SAR data or cloud coverage in optical data. To overcome these limitations, this thesis 

exploits methods from artificial intelligence and big data processing for development of 
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an automated processing chain for supraglacial lake extent delineation in Sentinel-1 SAR 

and optical Sentinel-2 satellite imagery. The combination of both sensor types enabled to 

capture both surface and subsurface lakes as well as to acquire data during cloud cover 

or wind roughening of lakes. For Sentinel-1, a deep convolutional neural network based 

on residual U-Net was trained on the basis of 21,200 labeled Sentinel-1 SAR image 

patches covering 13 Antarctic regions. Similarly, optical Sentinel-2 data were collected 

over 14 Antarctic regions and used for training of a Random Forest classifier. Optical and 

SAR classification products were combined through decision-level fusion at bi-weekly 

temporal scale and unprecedented 10 m spatial resolution. Finally, the method was 

implemented as part of DLR’s High-Performance Computing infrastructure allowing for 

an automated processing of large amounts of data including all required pre- and post-

processing steps. The results of an accuracy assessment over independent test scenes 

highlighted the functionality of the classifiers returning accuracies of 93% and 95% for 

supraglacial lakes in Sentinel-1 and Sentinel-2 satellite imagery, respectively. 

Exploiting the full archive of Sentinel-1 and Sentinel-2, the developed framework for 

the first time enabled the monitoring of seasonal characteristics of Antarctic supraglacial 

lakes over six major ice shelves in 2015-2021. In particular, the results for API ice 

shelves revealed low lake coverage during 2015-2018 and particularly high lake 

coverage during the 2019-2020 and 2020-2021 melting seasons. On the contrary, East 

Antarctic ice shelves were characterized by high lake coverage during 2016-2019 and 

extremely low lake coverage during the 2020-2021 melting season. Over all six 

investigated ice shelves, the development of drainage systems was revealed highlighting 

an increased risk for ice shelf instability. Through statistical correlation analysis with 

climate data at varying time lags as well as annual data on Southern Hemisphere 

atmospheric modes, environmental drivers for meltwater ponding were revealed. In 

addition, the influence of the local glaciological setting was investigated through 

computation of annual recurrence times of lakes. Over both ice sheet regions, the 

complex interplay between local, regional and large-scale environmental drivers was 

found to control supraglacial lake formation despite local to regional discrepancies, as 

revealed through pixel-based correlation analysis. Local control factors included the ice 

surface topography, the ice shelf geometry, the presence of low-albedo features as well 

as a reduced firn air content and were found to exert strong control on lake distribution. 

On the other hand, regional controls on lake evolution were revealed to be the amount of 

incoming solar radiation, air temperature and wind occurrence. While foehn winds were 

found to dictate lake evolution over the API, katabatic winds influenced lake ponding in 

East Antarctica. Furthermore, the regional near-surface climate was shown to be driven 

by large-scale atmospheric modes and teleconnections with the tropics. Overall, the 

results highlight that similar driving factors control supraglacial lake formation on the API 

and EAIS pointing towards their transferability to other Antarctic regions.  
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Zusammenfassung 
 

Der antarktische Eisschild erfährt angesichts der globalen Erderwärmung 

zunehmende eisdynamische Veränderungen. Zwischen 1992 und 2017 trug die Antarktis 

mit ~7.6 mm zum globalen Meeresspiegelanstieg bei, was vor allem auf die Erwärmung 

des Ozeans entlang der Westantarktis und die Erwärmung der Atmosphäre entlang der 

Antarktischen Halbinsel zurückzuführen ist. Zusammen verursachten diese Prozesse 

den fortschreitenden Rückgang von Gletschern und Schelfeis und schwächten ihren 

Rückhalteeffekt. Mit einem Anteil von ~91% an der globalen Eismasse und einem 

Meeresspiegeläquivalent von 57.3 m ist der antarktische Eisschild der größte potentielle 

Verursacher eines zukünftigen Meeresspiegelanstiegs. 

Trotz des verbesserten Verständnisses der antarktischen Eisdynamik kann die 

Zukunft der Antarktis nur schwer vorhergesagt werden. In Anbetracht der Tatsache, dass 

die Erwärmung der Atmosphäre und die damit einhergehende Oberflächenschmelze 

eine der Hauptursachen für künftige Massenverluste der Antarktis sein werden, ist die 

Kartierung von supraglazialen Seen von größter Bedeutung und Wichtigkeit. In dieser 

Hinsicht liefert die Erdbeobachtung eine Vielzahl von räumlich und zeitlich 

hochaufgelösten Satellitendaten für das Monitoring der Antarktis. Da eine automatisierte 

Methode zur Kartierung von supraglazialen Seen in Satellitendaten sowie ein 

großräumiges Inventar gänzlich fehlen, ist das Ziel dieser Arbeit zu einem besseren 

Verständnis der antarktischen Oberflächenhydrologie beizutragen. Zu diesem Zweck 

wurde ein neuartiges Prozessierungsverfahren für die automatisierte Kartierung von 

supraglazialen Seen in Sentinel-1 und Sentinel-2 Satellitenbilddaten entwickelt. 

Basierend auf einer umfassenden Literaturrecherche in Bezug auf die 

satellitengestützte Fernerkundung von antarktischen supraglazialen Seen wurden 

mehrere Forschungslücken identifiziert, darunter das Fehlen von (1) einem 

automatisierten Klassifikationsalgorithmus für optische und Radar Satellitendaten, der in 

Raum und Zeit übertragbar ist, (2) hochaufgelösten Kartierungen von supraglazialen 

Seen mit jährlicher sowie saisonaler zeitlicher Auflösung und (3) großräumigen 

Kartierungen über der gesamten Antarktis. Darüber hinaus wurde festgestellt, dass sich 

vergangene Methodenentwicklungen auf eine rein visuelle, manuelle oder 

halbautomatisierte Kartierungstechnik stützten, was ihre Anwendung auf multitemporale 

Satellitenbilder über dem gesamten Kontinent verhinderte. Die Entwicklung einer 

automatisierten Kartierungsmethode wurde hierbei vor allem durch sensorspezifische 

Merkmale eingeschränkt, darunter das ähnliche Erscheinungsbild von supraglazialen 

Seen und anderen Landbedeckungsklassen in optischen oder Radar Daten, die 

variierende zeitliche Signatur von supraglazialen Seen sowie Effekte wie Speckle-

Rauschen oder die Windaufrauhung von Seen in Radar Daten. Um diese Limitierungen 
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zu überwinden, basiert der entwickelte Algorithmus zur automatisierten Kartierung von 

supraglazialen Seen in optischen and Radar Satellitendaten auf Methoden der 

künstlichen Intelligenz und der Big-Data-Analytik. Die Kombination von beiden 

Sensortypen ermöglicht es, sowohl supraglaziale als auch mit Schnee bedeckte Seen zu 

erfassen. Für Sentinel-1 wurde ein neuronales Netzwerk basierend auf „residual U-Net“ 

mittels 21,200 Radaraufnahmen über 13 antarktischen Regionen trainiert. In ähnlicher 

Weise wurden optische Sentinel-2 Daten über 14 antarktischen Regionen gesammelt 

und zum Trainieren eines „Random Forest“ Klassifikators verwendet. Die beiden 

Methoden wurden durch die Fusion von optischen und Radar Klassifikationsergebnissen 

kombiniert und als Teil der DLR-internen Prozessierungs-Infrastruktur auf 

Hochleistungsrechnern implementiert, die eine vollautomatische Verarbeitung großer 

Datenmengen einschließlich aller erforderlichen Vor- und Nachverarbeitungsschritte 

ermöglichen. Eine Fehleranalyse über unabhängigen Testszenen zeigte die 

Funktionalität der Algorithmen, die Genauigkeiten von 93% bzw. 95% für supraglaziale 

Seen in Sentinel-1 und Sentinel-2 Daten erreichten. 

Unter Nutzung des gesamten Archivs an Sentinel-1 und Sentinel-2 Daten im 

Zeitraum 2015-2021 ermöglichte die entwickelte Prozessierungs-Kette erstmals die 

Erfassung von saisonalen Merkmalen supraglazialer Seen über sechs großen Schelfeis-

Regionen. Die Ergebnisse für die Antarktische Halbinsel zeigten ein geringes Auftreten 

von supraglazialen Seen im Zeitraum 2015-2018 und ein stark erhöhtes Auftreten von 

supraglazialen Seen während der Schmelzsaison 2019-2020 und 2020-2021. Im 

Gegensatz dazu war die Ostantarktis durch ein stark erhöhtes Auftreten von 

supraglazialen Seen in den Jahren 2016-2019 sowie ein stark reduziertes Auftreten von 

supraglazialen Seen während der Schmelzsaison 2020-2021 gekennzeichnet. Über 

beiden Regionen entwickelten sich ausgeprägte Seen-Netzwerke, die ein erhöhtes 

Risiko für die Stabilität von Schelfeis darstellen. Durch statistische Korrelationsanalysen 

mit saisonalen Klimadaten sowie jährlichen Daten zu atmosphärischen Modi wurden 

Umwelteinflüsse auf die Entstehung von Seen analysiert. In beiden antarktischen 

Regionen wurde festgestellt, dass das komplexe Zusammenspiel von lokalen, regionalen 

und großräumigen Umweltfaktoren die Entstehung von supraglazialen Seen begünstigt. 

Zu den lokalen Einflussfaktoren gehören die Topographie, die Schelfeisgeometrie, das 

Vorhandensein von Oberflächen mit geringer Albedo sowie ein reduzierter Luftgehalt im 

Firn. Andererseits wurde festgestellt, dass die Sonneneinstrahlung, die Lufttemperatur 

und Wind die Entstehung von Seen regional beeinflussen. Während Föhnwinde über der 

Antarktischen Halbinsel auftreten, dominieren katabatische Winde in der Ostantarktis. 

Darüber hinaus wurde verdeutlicht, dass das regionale Klima von atmosphärischen Modi 

beeinflusst wird. Insgesamt deuten die Ergebnisse darauf hin, dass ähnliche 

Umweltfaktoren die Entstehung von supraglazialen Seen über beiden Regionen steuern, 

was Rückschlüsse auf ihre Übertragbarkeit in andere antarktische Regionen zulässt.  
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Resumen en Español 
 

Con el acelerado paso del cambio climático global, la capa de hielo de la Antártida 

está expuesta a un creciente cambio en la dinámica del hielo. Entre 1992 y 2017, la 

Antártida contribuyo con ~7.6 mm en el incremento global del nivel del mar, 

principalmente debido al recalentamiento del océano a lo largo de la Antártida 

Occidental y al calentamiento atmosférico largo de la Península Antártica. Estos 

procesos provocaron el retroceso progresivo de los glaciares y las plataformas de hielo. 

La Antártida almacena 91% del volumen de hielo mundial, equivalente a 58.3 m del nivel 

del mar, y es el factor más importante de un potencial aumento del nivel del mar. 

A pesar de la mejor comprensión de la Antártida, su futuro sigue difícil de 

pronosticar. Teniendo en cuenta que estudios recientes apuntan al recalentamiento de 

la atmósfera y al incremento del deshielo como en una de las principales causas de la 

futura pérdida de masa de hielo antártica, el monitoreo de los lagos supraglaciales es de 

suma importancia. En este contexto, los avances recientes en la observación de la tierra 

proporcionan cuantiosos datos satelitales de alta resolución que apoyan en gran medida 

al monitoreo del continente antártico. Dado a la falta de una metodología automatizada 

para la clasificación de los lagos supraglaciales aplicada a imágenes satélites ópticas y 

de radar además de un inventario antártico de los lagos, esta tesis doctoral proporciona 

un avance en la comprensión de la hidrología de la superficie antártica mediante la 

teledetección espacial. 

Tran un análisis exhaustivo de la teledetección espacial aplicada al monitoreo de los 

lagos supraglaciales antárticos, se identificaron varios vacíos de investigación, como la 

falta de (1) una técnica de clasificación automatizada para datos de satelitales ópticos y 

de radar; (2) cartografías de alta resolución temporal de los lagos supraglaciales; (3) 

mapeo a gran escala del antártico. Además, se encontraron que los métodos 

desarrollados anteriormente se limitaban a técnicas de cartografía puramente visuales, 

manuales o semiautomatizadas, lo que dificultaba su aplicación en imágenes satelitales 

multitemporales a gran escala. Asimismo, el desarrollo de técnicas de mapeo 

automatizado se vio limitado por las características específicas de los sensores, como la 

similitud en apariencia de los lagos supraglaciales y otras características de la superficie 

de la capa de hielo en los datos satelitales ópticos y de radar, la firma temporal variable 

de los lagos supraglaciales, como así también efectos de ruido como el moteado y la 

rugosidad de las superficies de los lagos provocada por el viento en los datos de radar. 

Para superar estas limitaciones, esta tesis utilizo métodos de inteligencia artificial y 

de procesamiento de grandes bases datos para el desarrollo de una cadena de 

procesamiento automatizada para la delineación de los lagos supraglaciales en las 
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imágenes satelitales de radar (Sentinel-1) y ópticas (Sentinel-2). Para Sentinel-1, se 

entrenó una red neuronal convolucional profunda basada en el “residual U-Net” sobre la 

base de 21,200 parches de imágenes de Sentinel-1 distribuidas a lo largo de 13 

regiones antárticas. Igualmente, datos ópticos de Sentinel-2 se recogieron en 14 

regiones antárticas y se utilizaron para el entrenamiento de un clasificador “Random 

Forest”. Los dos métodos se combinaron a través de la fusión de los productos 

clasificación y seguidamente se implementaron como parte de la infraestructura interna 

de computación de alto rendimiento de la DLR, lo cual permitió un procesamiento 

automatizado de grandes cantidades de datos satelitales. Los resultados referentes al 

análisis de exactitud en los datos de prueba independientes confirmaron la funcionalidad 

de los clasificadores, con una precisión del variando entre 93% y 95% para las 

imágenes de los satélites Sentinel-1 y Sentinel-2, respectivamente. 

A través del procesamiento de los archivos completos de Sentinel-1 y Sentinel-2, el 

método desarrollado permitió por primera vez la computación de las características 

estacionales de los lagos supraglaciales antárticos en seis grandes plataformas de hielo 

para el periodo comprendido entre 2015-2021. En particular, los resultados para las 

plataformas de hielo de la Península Antártica revelaron una cobertura baja con lagos 

supraglaciales entre 2015-2018 y una cobertura particularmente alta durante los años 

2019-2020 y 2020-2021. Por el contrario, las plataformas de hielo de la Antártida 

Oriental se caracterizaron por una alta cobertura con lagos supraglaciales durante 2016-

2019 y una cobertura extremadamente baja durante 2020-2021. A través de un análisis 

de correlación estadística con datos climáticos de resolución temporal estacional y anual 

sobre los modos atmosféricos, se revelaron los factores ambientales que influyen en la 

aparición de los lagos supraglaciales. Además, se investigó la influencia del entorno 

glaciológico local mediante el cálculo de los tiempos de recurrencia anual de los lagos 

supraglaciales. En ambas regiones, se descubrió que la compleja interacción entre los 

factores ambientales locales, regionales y a gran escala controlan la formación y 

distribución de los lagos supraglaciales. Los factores de control locales incluyeron la 

topografía y la geometría de las plataformas de hielo, la presencia de superficies de bajo 

albedo, como así también un contenido reducido de aire de nieve. Por otra parte, los 

controles regionales resultaron ser la cantidad de radiación solar, la temperatura del aire 

y la presencia de vientos. Mientras que los “foehn” vientos dictaron la evolución de los 

lagos supraglaciales en la Península Antártica, los vientos catabáticos influyeron en la 

formación de lagos supraglaciales en la Antártida Oriental. Además, se demostró que el 

clima regional está influenciado por los modos atmosféricos a gran escala. En general, 

los resultados ponen en manifiesto que factores similares controlan la formación de 

lagos supraglaciales en la Península Antártica y la Antártida Oriental, lo que apunta a su 

transferibilidad a otras regiones antárticas.   
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Chinese Summary (中文摘要) 
 

随着全球气候变化的加速，南极冰盖面临着日益增加的环境压力。南极冰盖拥有约

91%的全球冰量和57.3米的海平面当量，是迄今为止对未来海平面上升的最大潜在贡献

者。从1992年到2017年，南极洲经历了巨大的变化，为全球海平面上升贡献了约7.6毫

米，其中主要是由于南极洲西部的海洋热力作用和南极半岛（API）的大气变暖。这些过

程共同导致了冰川和冰架的逐步退缩，削弱了其有效支撑力，造成了大面积的冰流加速和

排冰量增加。 

尽管对南极洲冰层动态的理解有所提高，但南极洲的未来仍然难以预测，其中对全球

海平面上升的贡献具有最大的不确定性。最近的研究表明，大气变暖和融化加剧将成为未

来南极洲冰块损失的主要驱动力，因此监测冰上湖泊及其对冰层动态的影响非常重要。在

该方面，地球观测的最新进展提供了大量高分辨率的光学和合成孔径雷达（SAR）卫星数

据，其空间和时间覆盖范围前所未有，极大地支持了对南极大陆上难以进行实地测绘工作

区域的监测。由于光学和SAR卫星图像中划定超冰川湖范围的自动制图技术、以及南极超

冰川湖的泛南极清单的缺失，本论文基于Sentinel-1 卫星的SAR数据和Sentinel-2卫星的光

学数据开发了一个全新的超冰川湖自动分类框架，以推进对南极表面水文的理解。 

本论文在对南极洲超冰川湖的航空遥感进行详细调查后，发现了一些研究空白，包括

（1）缺乏在空间和时间上具有转移性的光学或SAR卫星数据的自动制图技术；（2）缺乏

年内和年际时间分辨率的高分辨率超冰川湖范围图；（3）缺乏整个南极洲的大规模制图

工作。此外，过去的研究方法局限于纯粹的视觉、手动或半自动的制图技术，阻碍了其在

大规模多时空卫星图像上的应用。在该背景下，自动制图技术的发展受到了传感器特定特

性的限制，包括超冰川湖和其他冰原表面特征在光学和SAR卫星数据中的相似外观，超冰

川湖在一年中不同的时间特征，以及SAR数据中的斑点噪声和风的粗糙化或光学数据中频

繁的云层覆盖等影响。为了克服这些限制，本论文利用人工智能和大数据处理的方法，开

发了一个自动处理链，用于在Sentinel-1 的SAR数据和Sentinel-2的光学影像中划定超冰川

湖范围。两种类型的传感器的结合使其能够捕捉到地表和地下湖泊，以及在云层或湖面被
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风吹皱时获取数据。对于Sentinel-1数据，本文在覆盖13个南极地区的21,200个标记的

Sentinel-1 的SAR图像斑块的基础上，训练了一个基于残差U-Net的深度卷积神经网络。

并且，本文在14个南极地区收集了Sentinel-2的光学数据，并训练了一个随机森林分类

器。这两种方法通过光学和合成孔径雷达分类产品的决策级融合方法相结合，并成为了德

国航空航天中心内部高性能计算基础设施的一部分，允许自动处理大量的卫星数据，包括

所有必要的预处理和后处理步骤。对独立检测场景的精度评估结果显示，该分类器在

Sentinel-1和Sentinel-2卫星图像中对超冰川湖的检测准确率分别达到93%和95%。 

通过使用 "哨兵一号 "和 "哨兵二号 "的全部历史数据，本论文开发的框架首次实现了对

2015至2021年期间六个主要冰架上的南极冰川上湖的季节性特征的监测。API冰架的结果

显示，2015至2018年期间湖泊覆盖率低，2019至2020年和2020至2021年融化季节的湖泊

覆盖率特别高。相反，南极洲东部冰架在2016至2019年期间湖泊覆盖率高，而在2020至

2021年融化季节湖泊覆盖率极低。在六个被调查的冰架上都观察到了水系的发展，这凸显

了冰架不稳定的风险增加。对不同时间滞后的气候再分析数据以及南半球大气模式的年度

数据进行的统计学相关性分析，揭示了超冰川融水积水的环境驱动因素。 

此外，通过对湖泊的年重现时间的计算，研究了当地冰川环境的影响。在这两个冰原

区域，尽管有局部和区域的差异，但通过基于像素的相关性分析，发现了局部、区域和大

尺度环境驱动因素之间复杂的相互作用控制着超冰川湖的形成和分布。各种本地控制因素

对超冰川湖的分布产生了强烈的影响，因素包括冰面地形、冰架几何形状、低含水层特征

的存在以及冷空气含量的减少。对超冰川湖演变的区域控制原因是太阳辐射量、空气温度

和风的出现。结果显示，foehn风决定了API上的湖泊演变，katabatic风影响了东南极洲的

湖泊积水。此外，区域近地表气候由大尺度大气模式和与热带地区的远程联系驱动。总的

来说，研究结果指出了API和EAIS的超冰川湖形成的相似驱动因素以及该因素对其他南极

地区的适用性。 
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CHAPTER 1 

 

1 Introduction 
 

1.1 Scientific Relevance 

With accelerating global climate change, cryospheric research received an ever-

increasing attention emphasizing its fundamental role within the Earth system. In 

particular, the components of the cryosphere, including snow, glaciers, ice sheets, 

permafrost as well as lake, river and sea ice, exert strong control on the global water 

cycle, sea level, surface energy budget, primary productivity and surface gas exchange, 

thus large parts of the physical, biological and socio-economic environment (Vaughan et 

al., 2013). As the cryosphere is particularly sensitive to even small-scale meteorological 

changes, it is one of the Earth system components most vulnerable to a changing 

climate. In fact, changing boundary conditions such as rising air temperatures may 

provoke a far-reaching cryospheric response including a further forcing and amplification 

of climate change through feedback mechanisms, thresholds of abrupt change as well as 

irreversible long-term changes (IPCC, 2019a, 2019b; Vaughan et al., 2013). 

Over the last decades, global warming caused dramatic changes of the cryosphere. 

Between 1979 and 2018, the monthly Arctic sea ice extent decreased with 

unprecedented September sea ice reductions up to 12.8 ± 2.3% per decade (IPCC, 

2019b). At the same time, polar and high-mountain permafrost temperatures increased 

by 0.29°C ± 0.12°C between 2007 and 2016 causing widespread permafrost thawing as 

well as a destabilization and failure of slopes (IPCC, 2019b). Furthermore, Arctic June 

snow cover as well as its depth and duration decreased by 13.4 ± 5.4% per decade in 

1967-2018 (IPCC, 2019b). Yet, one of the most alarming consequences of global 

warming are melting glaciers and ice sheets. Together with ocean thermal expansion, 

their rapid melting represents the main cause for global mean sea-level-rise (SLR) 

threatening low-lying coastal populations and environments at all spatial scales (IPCC, 

2019a, 2019b; Larsen et al., 2014; Vaughan et al., 2013). Between 2006 and 2015, 

glaciers worldwide lost an average mass of 220 ± 30 Gt per year, thus contributed 0.61 ± 

0.08 mm annually to global mean SLR (IPCC, 2019b). Likewise, the global ice sheets 
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are losing mass at ever-increasing rates. During 1992-2018, the Greenland Ice Sheet 

lost 3,902 ± 341 billion tons of ice and contributed 10.8 ± 0.9 mm sea-level-equivalent 

(SLE) (Figure 1.1a) (The IMBIE Team, 2020) to an overall global SLR of ~87 mm over 

the same period (Beckley et al., 2017; IPCC, 2019a). Similarly, the loss of 2,720 ± 1,390 

billion tons of ice on the Antarctic Ice Sheet (AIS) caused a total SLR contribution of 7.6 

± 3.9 mm in 1992-2017 (The IMBIE Team, 2018) with accelerating rates since the mid-

2000s (Figure 1.1b) (Bamber et al., 2018; Gardner et al., 2018; Martín‐Español et al., 

2016; Rignot et al., 2019). In this context, the role of the AIS under a changing climate is 

particularly relevant as its vast size accounts for ~91% of the global ice mass 

(Swithinbank, 1988) or ~57.3 m of SLE if melted entirely (Rignot et al., 2019).   

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

Figure 1.1. Cumulative mass changes and sea-level-equivalent over the Greenland (a) and 

Antarctic (b) ice sheets in 1992-2018 and 1992-2017, respectively. Data: (The IMBIE Team, 2018, 

2020). 
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Figure 1.2. Overview map of Antarctica showing the three main sectors Antarctic Peninsula (API), 

West Antarctic Ice Sheet (WAIS) and East Antarctic Ice Sheet (EAIS) as well as major glaciers 

and ice shelves (blue). The background is a gridded bathymetry raster from the General 

Bathymetric Chart of the Oceans (GEBCO). BHS: Bellingshausen Sea. Data: (GEBCO 

Compilation Group, 2020; IMBIE, 2016; SCAR, 2019). 

In agreement with overall Antarctic ice mass loss as well as the regional boundary 

conditions within the three Antarctic regions (Figure 1.2), changes on the AIS were 

spatially varying over the last decades (Figure 1.1b). In particular, Antarctic ice mass 

loss was dominated by the West Antarctic Ice Sheet (WAIS) accounting for ~2,340 Gt of 

the overall negative Antarctic mass balance in 1992-2017 (Figure 1.1b) (The IMBIE 

Team, 2018). Here, ocean thermal forcing led to the upwelling of warm Circumpolar 

Deep Water (CDW) onto the continental shelf (D, Figure 1.3), e.g. along the Amundsen 

Sea embayment and Bellingshausen Sea sector (see Figure 1.2), causing enhanced 

basal melting, ice shelf thinning, grounding line retreat and glacier acceleration which 

ultimately led to increased ice discharge through a reduction in ice shelf buttressing (e.g. 

Christianson et al., 2016; Depoorter et al., 2013; Jacobs et al., 2011; Jenkins et al., 

2018; Martín‐Español et al., 2016; Minchew et al., 2018; Mouginot et al., 2014; Pritchard 

et al., 2012; Rignot et al., 2019, 2013; The IMBIE Team, 2018). The second biggest 

contributor to Antarctic ice mass loss in 1992-2017 was with ~490 Gt the ice sheet 
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section of the Antarctic Peninsula (API) (Figure 1.1b) (The IMBIE Team, 2018). Besides 

ocean thermal forcing and dynamic thinning along the Bellingshausen Sea sector on the 

western API (see Figure 1.2) (Cook et al., 2016; Gardner et al., 2018; Hogg et al., 2017; 

Jenkins and Jacobs, 2008; Walker and Gardner, 2017; Wouters et al., 2015), mainly 

atmospheric warming (Turner et al., 2005) led to enhanced surface melting and 

meltwater ponding (H, I, Figure 1.3) resulting in the progressive retreat and disintegration 

of several API ice shelves as well as consequent ice flow accelerations and increased 

ice discharge (Doake and Vaughan, 1991; Pritchard and Vaughan, 2007; Rack et al., 

1999; Rignot et al., 2019, 2004; Rott et al., 2007; Scambos et al., 2004, 2000; Seehaus 

et al., 2016; The IMBIE Team, 2018; Vaughan and Doake, 1996; Wuite et al., 2015). On 

the other hand, the East Antarctic Ice Sheet (EAIS) was indicated to be gaining mass 

(125 Gt) in 1992-2017 (Figure 1.1b) (The IMBIE Team, 2018). However, mass changes 

on the EAIS remain uncertain (Hanna et al., 2013; Martín‐Español et al., 2017) with a 

recent study directly challenging the assumption of a growing EAIS and suggesting a 

significant negative contribution (1,211 Gt) from East Antarctica in 1979-2017 (Rignot et 

al., 2019). In this context, ice mass loss on the EAIS was associated with mainly ocean 

thermal forcing along Wilkes Land (see Figure 1.2) (Miles et al., 2018; Rignot et al., 

2019; Rintoul et al., 2016; Roberts et al., 2018). To summarize, the main controlling 

factor on present-day Antarctic ice mass loss is dynamic thinning caused by the loss of 

the efficient buttressing force of ice shelves through ocean and atmospheric forcing. 

Other less prevalent controls on Antarctic ice dynamics include modified wind conditions 

that can temporally control oceanic heat supply through CDW upwelling (C, D, F, Figure 

1.3) (Dutrieux et al., 2014; Friedl et al., 2018; Greene et al., 2017; Kimura et al., 2017; 

Walker and Gardner, 2017), changes in pre-frontal marine conditions that can destabilize 

glacier flow (G, Figure 1.3) (Fukuda et al., 2014; Greene et al., 2018; Khazendar et al., 

2009; Lucchitta et al., 1994; Rott et al., 2018; Seehaus et al., 2015) as well as local or 

internal factors such as the glacier and bedrock geometry (Figure 1.3) (Christianson et 

al., 2016; Hogg et al., 2017; Rott et al., 2014; Seehaus et al., 2018) or changing marginal 

and basal conditions (P, Figure 1.3) (Hulbe et al., 2016; Stearns et al., 2008).  

Despite the improved understanding of ice dynamical change on the AIS, the future 

of Antarctica remains difficult to predict with its contribution to SLR representing the 

largest uncertainty in current projections (Rintoul et al., 2018; Vaughan et al., 2013). If 

21st century greenhouse gas (GHG) emissions are not contained, future climate 

scenarios yet suggest a further warming of the Antarctic until 2100 with temperature 

rises up to 3.1 ± 1.2 °C compared to 1986-2005 (Collins et al., 2013). In particular, 

DeConto and Pollard (2016) state that Antarctica has the potential to raise global mean 

sea level by more than 1 m until 2100 and more than 15 m until 2500 if GHG emissions 

continue unabated. Additionally, Trusel et al. (2015) reveal a scenario-independent 

doubling of Antarctic surface melt until 2050 (Figure 1.4). Considering these scenarios, 
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atmospheric warming and melt intensification would soon become a dominant driver of 

Antarctic ice mass loss (DeConto and Pollard, 2016; Trusel et al., 2015).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.3. Sketch of features and processes (A-P) at an ocean-terminating outlet glacier in 

Antarctica with focus on hydrology. Modified after Dirscherl et al. (2021). 

 

 

 

 

 

 

 

 

Figure 1.4. Antarctic surface meltwater volume from simulations of RACMO2 reanalysis data and 

QuikSCAT satellite observations under two climate projections. Right: Mean Antarctic surface 

meltwater volume (±σ) per decade. Source: (Trusel et al., 2015). Reprinted with permission from 

Springer Nature and Copyright Clearance Center. 
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Apart from direct surface runoff and ice thinning, the main consequence of future 

intensified surface melting would be the increasing formation of supraglacial meltwater 

ponds in local surface depressions on the ice sheet or ice shelves (I, Figure 1.3) 

(Echelmeyer et al., 1991). As introduced above, supraglacial lakes are an important 

component in ice sheet hydrology through their impacts on ice dynamics and mass 

balance (Bell et al., 2018). First, an increasing presence of supraglacial lakes can 

intensify surface melting due to their low albedo initiating positive feedback mechanisms 

(Lüthje et al., 2006; Stokes et al., 2019; Tedesco et al., 2012). Second, the temporary 

drainage of supraglacial lakes to the glacier bed (N, Figure 1.3) can alter the basal 

conditions (P, Figure 1.3) and cause basal sliding as well as transient ice flow 

accelerations of grounded ice (Bell et al., 2018). While meltwater-induced basal sliding is 

a known driver for modified ice dynamics over the Greenland Ice Sheet (Bartholomew et 

al., 2010; Bell et al., 2018; Das et al., 2008; Hoffman et al., 2011; Schoof, 2010; 

Shepherd et al., 2009; Tedesco et al., 2013; Zwally et al., 2002), Tuckett et al. (2019) 

were the first to report of similar effects for glaciers along the API. The third mechanism 

involves a process called hydrofracturing resulting from the repeated filling and draining 

of supraglacial lakes into fractures and crevasses of an ice shelf as well as their 

downward propagation through the entire ice shelf thickness (O, Figure 1.3). As 

previously stated, hydrofracturing led to the disintegration of entire ice shelf sections 

along the API and caused rapid ice flow accelerations and dramatic ice mass loss 

through the loss of ice shelf buttressing (Banwell et al., 2019, 2013; Banwell and 

Macayeal, 2015; Bell et al., 2018; Fürst et al., 2016; Glasser and Scambos, 2008; Hulbe 

et al., 2016; Rignot et al., 2004; Rott et al., 2018, 1996; Scambos et al., 2004).  

As ~75% of Antarctica’s coastline is fringed by floating ice shelves that largely 

discharge and stabilize the AIS (Depoorter et al., 2013; Fürst et al., 2016; Rignot et al., 

2013), detailed analyses of supraglacial lakes and their impacts on ice shelf stability and 

buttressing are of paramount importance, yet performed only scarcely. In this context, 

spaceborne remote sensing provides a valuable tool enabling the continuous monitoring 

of the Antarctic continent where ground-based mapping efforts are difficult to perform 

due to its vast size and remote geographical location. Only recently, advances in 

spaceborne remote sensing enabled more detailed research on Antarctic supraglacial 

lakes revealing far more widespread meltwater ponding than previously assumed (e.g. 

Bell et al., 2007; Dell et al., 2020; Kingslake et al., 2017; Langley et al., 2016; Lenaerts et 

al., 2017; Luckman et al., 2014, 2012; Stokes et al., 2019; Tuckett et al., 2019; Zheng 

and Zhou, 2019). Even though studies on Antarctic supraglacial lake dynamics are 

increasing, current research mainly focuses on local to regional-scale investigations of 

supraglacial lake abundance, e.g. along the API (e.g. Banwell et al., 2021; Glasser and 

Scambos, 2008; Kuipers Munneke et al., 2018; Leeson et al., 2020; Tuckett et al., 2019) 

or over individual drainage basins on the EAIS (e.g. Arthur et al., 2020b; Bell et al., 2017; 
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Dell et al., 2020; Halberstadt et al., 2020; Kingslake et al., 2015; Langley et al., 2016; 

Lenaerts et al., 2017; Moussavi et al., 2020; Stokes et al., 2019). At the same time, 

dense time series on supraglacial lake evolution, a circum-Antarctic assessment of 

supraglacial lake occurrence as well as an operational monitoring strategy are entirely 

missing. Additionally, current method developments (Dell et al., 2020; Halberstadt et al., 

2020; Moussavi et al., 2020) are mostly semi-automated relying on optical multi-spectral 

satellite data only, thus are restricted to cloud-free imagery during austral summer (1 

December to 1 March). Given the advantage of Synthetic Aperture Radar (SAR) data for 

detection of buried lakes as well as an illumination-independent monitoring of 

supraglacial lake dynamics, the lack of SAR-based supraglacial lake analyses 

additionally restricts current knowledge of Antarctic surface hydrology. In order to provide 

more detailed insight into Antarctic supraglacial lake distribution and evolution as well as 

to investigate associated drivers and impacts, the development of automated mapping 

strategies using multi-sensor remote sensing data from optical and SAR satellite sensors 

is of pressing need and overdue. 

In particular, several key aspects should be addressed in future research on Antarctic 

meltwater ponding (Arthur et al., 2020a; Bell et al., 2018). First, a pan-Antarctic 

assessment of supraglacial lake distribution on ice shelves and grounded ice has to be 

enabled exploiting the growing archives of high-resolution satellite data. Second, the 

temporal evolution of supraglacial meltwater features throughout the year has to be 

evaluated, e.g. to reveal whether lakes refreeze or drain at the onset of Antarctic winter 

and whether lakes spread farther inland under the pressure of atmospheric warming. 

Third, the dominant control mechanisms on supraglacial lake formation need to be 

investigated more precisely. Finally, the impact of supraglacial meltwater ponding on 

Antarctic ice dynamics and ice shelf stability requires to be evaluated in more detail. In 

this context, the determination of critical meltwater thresholds indicating imminent ice 

shelf fracturing or collapse is of utmost importance (Arthur et al., 2020a; Bell et al., 

2018). Dedicated analysis of these aspects is also relevant for an improved 

parametrization of meltwater processes in current climate models, e.g. on Antarctic SMB 

using RACMO (Regional Atmospheric Climate Model) (van Wessem et al., 2018). In 

parts, the above points are covered in the Scientific Committee on Antarctic Research 

(SCAR) Antarctic and Southern Ocean Science Horizon Scan that identified 80 key 

research questions to direct future Antarctic research (Kennicutt et al., 2015).  

1.2 Research Motivation  

Based on the scientific background information presented in Chapter 1.1, the main 

motivation of the present thesis is to exploit spaceborne remote sensing for an enhanced 

scientific understanding and knowledge of the Antarctic surface hydrological network 
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constraining (1) key characteristics of Antarctic supraglacial lake and stream formation 

and distribution, (2) underlying control mechanisms responsible for increased meltwater 

production and accumulation and (3) the vulnerability of ice shelves to enhanced surface 

melting under a warming climate. In this thesis, the term “supraglacial lake” is used to 

describe all surface meltwater that can be captured with spaceborne remote sensing 

including meltwater ponds and streams as well as partly frozen or buried lakes. 

1.3 Research Objectives 

As outlined in Chapter 1.1, the future of Antarctica largely depends on its ice 

dynamical response to changing boundary conditions including ocean and atmospheric 

forcing. In this context, the response of the AIS to atmospheric warming as well as an 

increasing meltwater production and accumulation on glaciers and ice shelves around 

the periphery of Antarctica is particularly crucial to assess (Bell et al., 2018). As 

previously mentioned, Antarctic meltwater ponding has the potential to initiate dramatic 

ice dynamic change and contribute significantly to global SLR (Doake and Vaughan, 

1991; Leeson et al., 2020; Pritchard and Vaughan, 2007; Rignot et al., 2019; Scambos et 

al., 2004; The IMBIE Team, 2018; Tuckett et al., 2019; Wuite et al., 2015). However, the 

past and present distribution and evolution of Antarctic supraglacial lakes as well as 

underlying control mechanisms and impacts remain poorly understood.  

In order to address this knowledge gap as well as to comply with the research 

motivation outlined in Chapter 1.2, the development of a novel framework for an 

automated mapping of Antarctic supraglacial lake extents in multi-sensor remote sensing 

data from optical and SAR satellite sensors is essential and represents a key objective of 

this thesis. In this regard, the open data archives of the European Space Agency (ESA) 

Copernicus Sentinel missions are particularly suitable providing substantial volumes of 

Earth Observation (EO) data for a continuous year-round monitoring of the Antarctic 

coastal zone where supraglacial lakes are clustered. More specifically, the four main 

research objectives of this thesis can be formulated as follows: 

• Objective 1. The first research objective of this thesis is to conduct a literature 

review on existing studies on Antarctic supraglacial lakes including the 

assessment of fundamental controls and impacts of supraglacial lake distribution 

as well as of established supraglacial lake classification methods, used sensor 

types and the spatio-temporal coverage of studies. 

• Objective 2. The second and central research objective of this thesis is the 

development of a novel and fully automated framework for circum-Antarctic 

supraglacial lake extent mapping in Sentinel-1 SAR and optical Sentinel-2 

imagery. Combining observations from Sentinel-1 and Sentinel-2 is crucial to 
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allow continuous monitoring efforts also during polar darkness and cloud cover, 

limiting the visibility of supraglacial lakes in optical imagery, or when supraglacial 

lake detection is hindered in radar imagery.  

• Objective 3. Following the successful implementation of methods, the third 

research objective addresses their application to the full Sentinel data archives 

over selected Antarctic regions for assessment of (1) the spatial distribution of 

Antarctic supraglacial lakes and (2) their seasonal and inter-annual evolution. 

• Objective 4. Finally, a last research objective is associated with the linkage of 

supraglacial lake dynamics with underlying control mechanisms and drivers 

including the local glaciological setting, the regional near-surface climate and 

large-scale atmospheric modes.  

In order to comply with the overarching objectives of this thesis, several key research 

questions have to be formulated and addressed. The first group of questions refers to 

the literature review on existing work on Antarctic supraglacial lakes. In particular, the 

following research questions shall be answered: 

 

 

 

 

 

 

  

a. Why are Antarctic supraglacial lakes of relevance? 

b. What are known controls on supraglacial lake formation and how 

widespread are supraglacial lakes around Antarctica? 

c. What are potential influences of supraglacial lakes on ice dynamics? 

a. How many studies address Antarctic supraglacial lake dynamics and 

what is their spatio-temporal coverage and resolution? 

e. What are the most frequently applied EO sensors and methods for 

supraglacial lake extent mapping? 

f. Which research gaps exist and how can they be addressed?  

Research Questions 1 
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The second group of research questions focuses on the implementation of a novel 

framework for automated supraglacial lake extent mapping in Sentinel-1 SAR and optical 

Sentinel-2 satellite imagery. In this regard, specific focus is on the evaluation of 

potentials and challenges of satellite remote sensing as well as of state-of-the-art 

Machine Learning (ML) and Deep Learning (DL) techniques for an improved functionality 

and spatio-temporal transferability of methods. 

 

 

 

 

 

 

 

 

 

Next, the third group of research questions addresses the application of developed 

methods for retrieval of intra-annual and inter-annual supraglacial lake dynamics over 

selected Antarctic regions. In addition, supraglacial lake formation and evolution shall be 

linked to climate parameters and ice surface characteristics resulting in the following 

research questions: 

 

 

 

 

 

 

 

 

 

 

 

a. What are intra-annual and inter-annual patterns and anomalies of 

supraglacial lake evolution? 

b. What are the properties of observed supraglacial lakes? 

c. Where do supraglacial lakes cluster on ice shelves and grounded ice 

and how often do they reoccur at the same locations? 

d. Are the observed ice shelf regions particularly vulnerable to ice shelf 

collapse and what are potential implications for future ice shelf stability? 

e. What are the dominant controls on supraglacial lake distribution and 

evolution? What are implications for other Antarctic regions? 

Research Questions 3 

a. What are potentials and challenges for mapping Antarctic supraglacial 

lake extents in optical and SAR satellite imagery and how can they be 

addressed and overcome? 

b. How can recent advances in EO, including innovative Artificial 

Intelligence (AI) approaches, support an improved monitoring and 

understanding of Antarctic supraglacial meltwater features? 

c. How can ML and DL support a fully automated mapping of Antarctic 

supraglacial lakes in Sentinel-1 SAR and optical Sentinel-2 imagery? 

d. What opportunities exist for the implementation of a holistic framework 

for circum-Antarctic supraglacial lake extent mapping?  

Research Questions 2 
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1.4 Thesis Outline 

In Chapter 1.1, a brief introduction into the scientific relevance of the Antarctic Ice 

Sheet under a warming climate was given. Moreover, potential impacts of supraglacial 

meltwater accumulation on Antarctic ice dynamics and mass balance were highlighted 

and research gaps as well as future monitoring requirements were briefly introduced. 

Subsequently, Chapters 1.2 and 1.3 outlined the main research motivation and 

objectives of this thesis. Following this introductory chapter, the subsequent chapters 

can be summarized as follows:  

Chapter 2 briefly introduces Antarctica’s political status and important background 

knowledge on the main physical properties and characteristics of ice sheets. In the 

following, Antarctica’s glaciology, climatology and oceanography are described.  

Chapter 3 provides a review on fundamental characteristics of Antarctic surface 

hydrology. More specifically, details on Antarctic supraglacial lake distribution are given 

and current knowledge on controls and impacts of Antarctic supraglacial meltwater 

ponding is addressed.  

Chapter 4 first outlines the state-of-the-art of current research on Antarctic supraglacial 

lakes through application of spaceborne remote sensing. In the following, potentials and 

challenges of optical and SAR remote sensing for supraglacial lake extent delineation 

are summarized. Lastly, future research requirements with respect to spatial and 

temporal resolution standards as well as method developments are discussed.  

Chapter 5 presents the developed framework for automated supraglacial lake extent 

classification. Following a thorough description of used training and testing sites as well 

as the corresponding data basis, the methods for automated classification and fusion of 

Sentinel-1 SAR and optical Sentinel-2 data are introduced. In addition, mapping results 

are presented for independent test data and an accuracy assessment is performed. At 

last, the implementation of developed methods for large-scale processing over the entire 

Antarctic coastline is outlined and the results are discussed and summarized. 

Chapter 6 investigates the seasonal and inter-annual evolution of Antarctic supraglacial 

lake extents across multiple Antarctic regions in 2015-2021. In addition, the dominant 

control mechanisms on Antarctic supraglacial lake formation are investigated through 

correlation of supraglacial lake extents with environmental data at varying time lags. 

Chapter 7 summarizes the entire thesis and addresses the fulfilment of research 

questions and objectives outlined in Chapter 1.3. Moreover, an outlook into future 

challenges and opportunities is provided. 
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CHAPTER 2 

 

2 Physical Characteristics of Antarctica 
 

All land and ocean between 60°S and the South Pole are considered Antarctic 

territory (see Figure 1.2). Within this region, the continental land mass of Antarctica 

stretches over an area of 14.2 million km2 of which ~98% is covered by ice (CIA, 2021). 

Owing to these conditions, Antarctica is not inhabited. However, there are 112 

permanent and seasonal Antarctic research stations operated by researchers and 

technicians from 30 different countries around the world (CIA, 2021; CONMAP, 2021). 

These countries are part of the Antarctic Treaty coming into force in 1961 for 

establishment of a legal system for international scientific cooperation and governance of 

Antarctica without sovereign claims or military actions (ATS, 2021; CIA, 2021; Dodds, 

2010). Today, a total of 54 nations signed the Antarctic Treaty ensuring environmental 

protection, preservation and sustainability (ATS, 2021). Apart from its political status, 

Antarctica is also unique in terms of its physical properties and characteristics being the 

coldest, windiest, driest and most remote continent on Earth (CIA, 2021; Gossart et al., 

2019). In the following, some fundamental glaciological background information is given 

and the main aspects of Antarctica’s physical geography, including its glaciology, 

climatology and oceanography, are summarized. Being the central topic of this thesis, 

fundamental details on Antarctica’s surface hydrology are given in Chapter 3. 

2.1 Glaciology 

To provide some fundamental glaciological background information, Figure 2.1 

outlines the main processes contributing to ice sheet formation. As can be seen, the 

formation and overall flow regime of an ice sheet is mainly controlled by snow 

accumulation and ablation as well as the regional geographical setting and gravity. More 

specifically, accumulated snow is gradually transformed into firn and ice through 

compaction of the snowpack with increasing precipitation, thus snow load. Under the 

impact of gravity, the formed ice column then flows seaward from regions of 

accumulation to regions of ablation (Figure 2.1). This relocation and metamorphosis of 

ice also results in the formation of different glacier zones (Benson, 1960; Braun et al., 
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2000; Cuffey and Paterson, 2010; Rau et al., 2000). Within each of these zones, different 

snow, firn and ice conditions prevail (see Figure 2.1). In high altitudes of the ice sheet, 

the dry snow zone dominates as melting is absent throughout the entire year. The 

percolation zone is located directly below the dry snow zone and is characterized by 

occasional surface melting during summer. Here, meltwater percolates into the 

snowpack and refreezes at shallow depth forming ice pipes and lenses. In the wet snow 

zone adjacent to the percolation zone, sufficient melting takes place to permit runoff 

during summer. Next, the superimposed ice zone is located at the lower end of the wet 

snow zone. Here, refrozen meltwater forms a continuous layer of ice that is exposed at 

the surface through the loss of overlying snow. The upper boundary of the superimposed 

ice zone marks the snow line and the lower boundary the equilibrium line (Figure 2.1). 

The latter also represents the transition from accumulation to ablation zone where bare 

ice is visible during most of the year. Below the equilibrium line, ablation processes, 

including surface melt, sublimation and evaporation, prevail resulting in a constantly 

negative SMB within this zone. The net balance between mass gains in the accumulation 

zone and mass losses in the ablation zone then returns the overall SMB of the ice sheet. 

Together with mass losses through iceberg calving at the front, the overall mass balance 

can be calculated (Hanna et al., 2013; Rignot et al., 2013). The partitioning between 

mass gains through snow accumulation and mass losses due to ice dynamical discharge 

and ablation processes yet depends on the climatic and geographical setting as well as 

structure of the ice sheet. To provide more detail on the factors affecting mass balance 

partitioning in Antarctica, the following paragraphs and subchapters outline the structure, 

flow regime as well as recent ice dynamical change of the AIS. 

 

 

 

 

 

 

 

 

Figure 2.1. Idealized sketch of gravitational ice sheet flow from regions of snow accumulation to 

regions of ablation including the different glacier zones. The setting on the left shows typical 

ablation conditions at outlet glaciers with ice shelf in Antarctica. The setting on the right 

represents ablation conditions at outlet glaciers in Greenland. DSL: Dry Snow Line. WSL: Wet 

Snow Line. SL: Snow Line. EL: Equilibrium Line. GL: Grounding Line. 
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2.1.1 Ice Sheet Structure 

In general, the AIS can be structured into slow-moving grounded ice, fast-moving ice 

streams and outlet glaciers as well as floating ice shelves (Figure 2.2a) (Bell and 

Seroussi, 2020). Slow-moving grounded ice can be found in the vast interior of the ice 

sheet where ice flow speeds typically do not exceed 1 m/a. Fast-moving ice streams and 

outlet glaciers drain the grounded inland ice towards the ocean and reach peak velocities 

of >4 km/a, as observed over Antarctica’s fastest flowing Pine Island and Thwaites 

glaciers in West Antarctica (Figure 2.2b-d) (Mouginot et al., 2014). On the other hand, 

floating ice shelves fringe ~75% of Antarctica’s 17,968 km long coastline (Figure 1.2) and 

act as the main stabilizing factor on Antarctic inland ice, thus have a slowing effect on 

overall ice flow (Bell and Seroussi, 2020; Rau et al., 2005; Rignot et al., 2013). The 

largest Antarctic ice shelves, including Ross, Filchner-Ronne and Amery, are on average 

300 m thick (Figure 2.3c) providing considerable buttressing on the inland ice (Bell and 

Seroussi, 2020). The transition from grounded ice to floating ice is also referred to as the 

grounding zone and the location where the ice sheet loses contact to the underlying 

bedrock is called the grounding line (Figure 1.3, Figure 2.1) (Friedl et al., 2020). 

In agreement with the spatial division of Antarctica into three major regions (see 

Figure 1.2), the Antarctic ice mass is not equally distributed across the continent. With an 

ice thickness up to 4,897 m above Astrolabe Subglacial Basin (see Figure 2.3b), the 

EAIS holds ~90% of all Antarctic inland ice making it the largest ice sheet worldwide 

(Fretwell et al., 2013; Rignot et al., 2019). Over East Antarctica, the Amery, Filchner and 

Ross-East ice shelves drain ~58% of all East Antarctic ice (Rignot et al., 2019). The 

highest elevation of the EAIS reaches more than 4,000 m over the Gamburtsev 

Mountains (Figure 2.3b,d) and the deepest point of the ice sheet can be found in a 

canyon below Denman Glacier at 3,500 m below sea level (see Figure 2.3b,e) 

(Morlighem et al., 2020). In coastal regions, the bedrock oftentimes breaches the ice 

surface in the form of rock outcrop whereat other parts of the EAIS are grounded well 

below sea level (see Figure 2.3b,d,e). Ice sheets that are largely grounded below sea 

level are also referred to as marine ice sheets and are most vulnerable to marine ice 

sheet instability through CDW intrusion and progressive basal melting (Bamber et al., 

2009; Hughes, 1981; Joughin et al., 2014; Schoof, 2007). 

The WAIS is separated from the EAIS through the Transantarctic Mountain Range 

(Figure 2.3b) and holds an ice mass equivalent to ~9% of all Antarctic inland ice (Rignot 

et al., 2019). The highest point of West Antarctica and of the entire Antarctic continent is 

Vinson Massif (4,892 m) in the Ellsworth Mountains (Figure 2.3b). At the same time, 

large parts of West Antarctica are grounded well below sea level making it particularly 

vulnerable to marine ice sheet instability (see Figure 2.3b,c). For example, the 

Amundsen Sea sector, including Pine Island and Thwaites glaciers (see Figure 2.2b), 
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drains most of West Antarctica (Rignot et al., 2019) of which ~80% is grounded on 

marine sediment below sea level (Fretwell et al., 2013; Morlighem et al., 2020). This 

sector is particularly vulnerable to marine ice sheet instability (Milillo et al., 2019) or even 

collapse (Scambos, 2017) also due to its retrograde bed slope declining towards the 

interior of the continent (Figure 2.3b,c). In addition, most ice in the Amundsen Sea sector 

is buttressed by only small ice shelves. On the contrary, substantial buttressing is 

provided by the larger Ross and Ronne ice shelves in the Ross and Weddell sea 

sectors, respectively (Figure 2.3b,c).  

 

 

 

 

 

 

 

 

 

 

 

(Bamber and Rignot, 2002; Christianson et al., 2016; Groh et al., 2014; Han et al., 2016; Joughin 

et al., 2010, 2009, 2003; Milillo et al., 2017; Mouginot et al., 2014; Rabus et al., 2003; Rignot, 

2008, 2006; Rignot et al., 2008, 2002; Shen et al., 2018; Thomas et al., 2004). 

 

 

 

 

Figure 2.2. Spatio-temporal ice flow pattern over Antarctica. (a) Landsat 8 Ice Speed of 

Antarctica (LISA) during 2013-2017. (b) LISA inset for the Amundsen Sea sector. Central 

grounding line velocity trend over Pine Island (c) and Thwaites (d) glaciers, West Antarctica. The 

plots in c-d are modified after Dirscherl et al. (2020a). Data: (Fahnestock et al., 2016; Mouginot et 

al., 2017b; Rignot et al., 2013; Scambos et al., 2019). 

 

c) d) 

a) b) 

b) 



Physical Characteristics of Antarctica 

17 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.3. Surface (a) and bedrock (b) elevation of the Antarctic continent. (c) Elevation profile 

over West Antarctica. (d-e) Elevation profiles over East Antarctica. The ice thickness of Ross Ice 

Shelf in (c) as well as the water level in Lake Vostok in (d) were sketched. Data: (Morlighem, 

2020; Morlighem et al., 2020; Mouginot et al., 2017b; Rignot et al., 2013; Wessel et al., 2021). 

Holding ~0.5% of the Antarctic ice mass (Rignot et al., 2019), the API is by far the 

smallest Antarctic ice sheet. Here, more than 500 glaciers drain from the central ice 

plateau onto small ice shelves along the north-western API and onto the larger Larsen 

ice shelves in the north-east (Bell and Seroussi, 2020). Along the south-western 

e) 

a) 

c) 

d) 
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Bellingshausen Sea sector, George VI Ice Shelf drains most of the adjacent inland ice, 

equivalent to ~54% of the overall API ice mass (see Figure 1.2). 

2.1.2 Ice Dynamical Change 

Changes of Antarctic ice dynamics can be measured by means of several key ice 

sheet parameters including the calving front, grounding line, ice motion, surface 

elevation as well as overall mass balance. Most of these parameters are in direct 

interaction with large interdependencies requiring a holistic view of overall Antarctic ice 

dynamical change as well as of associated drivers and impacts. For example, enhanced 

basal melting through CDW upwelling can cause ice shelf thinning and grounding line 

retreat inducing glacier acceleration as well as increased ice discharge and iceberg 

calving (Dirscherl et al., 2020; Hogg et al., 2017; Lilien et al., 2018; Shepherd et al., 

2004). Similarly, atmospheric warming can induce ice shelf thinning and iceberg calving, 

both leading to grounding line retreat, glacier acceleration and increased ice discharge 

(Dirscherl et al., 2020; Rott et al., 2011; Scambos et al., 2004; Wuite et al., 2015). As 

mentioned in Chapter 1.1, local and internal instabilities control the magnitude and 

individual response of a glacier or ice shelf to external forcing. In the following, the main 

trends of circum-Antarctic ice dynamical change are summarized. Focus is on the last 

decades, where the AIS underwent dramatic change leading to considerable ice mass 

loss and an unprecedented contribution to global SLR (Figure 1.1b). Additionally, details 

on overall mass balance partitioning are given. 

 To start with, ocean-induced thinning of Antarctic ice shelves was extensive in 1994-

2012 (Paolo et al., 2015). Within this period, by far the largest ice thickness changes 

were documented along the Amundsen and Bellingshausen sea sectors on the WAIS 

and API as well as over coastal sections along Wilkes Land on the EAIS (Paolo et al., 

2015). This pattern is also confirmed by Rignot et al. (2013) reporting of particularly 

strong basal melt rates over the same coastal sections (Figure 2.4a). Similarly, ocean 

forcing caused Antarctic grounding lines to retreat significantly between 2010 and 2016 

(Konrad et al., 2018). More specifically, 22%, 10% and 3% of all observed grounding 

lines on the WAIS, API and EAIS retreated during the observational period whereat 

largest retreat was revealed along the Amundsen Sea sector in West Antarctica as well 

as along the API (Konrad et al., 2018). Next, Antarctic calving front retreat was extensive 

in 1997-2018 leading to an areal loss of -22,510 ± 116 km2 for glaciers and ice shelves 

around Antarctica (Baumhoer et al., 2021). Within this period, most areal loss was found 

over the WAIS, closely followed by the API. At the same time, the only region with frontal 

advance exceeding frontal retreat was the EAIS (Baumhoer et al., 2021). Over the API, 

especially the disintegration of entire ice shelf sections, e.g. along Larsen B, Wilkins and 

Wordie ice shelves as well as of iceberg A-68 from Larsen C Ice Shelf, contributed to 

calving front retreat whereat in West Antarctica, mainly the Ross West, Ronne, Pine 
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Island, Thwaites, Getz and Abbot ice shelves accounted for retreat (Baumhoer et al., 

2021). In this context, the dominant controls of calving front retreat were ocean and 

atmospheric forcing (Baumhoer et al., 2021). Furthermore, recent measurements of 

circum-Antarctic ice motion change revealed strong velocity increases in 2008-2015 

particularly for glaciers along the API, the Amundsen Sea sector on the WAIS and 

Wilkes Land on the EAIS (Gardner et al., 2018; Shen et al., 2018). As expected, ice flow 

accelerations were found to be strongest in regions of strong ice shelf thinning as well as 

substantial grounding line or frontal retreat due to ocean and atmospheric warming, e.g. 

at Pine Island and Thwaites glaciers in the Amundsen Sea embayment (Figure 2.2c-d), 

over Getz Ice Shelf in the southern Amundsen Sea sector as well as around the former 

Larsen ice shelves and in Marguerite Bay on the API (Gardner et al., 2018). Additionally, 

Shepherd et al. (2019) investigated surface elevation change over the entire Antarctic 

continent in 1992-2017. As can be seen in Figure 2.4b, most of the interior of Antarctica 

remained stable over the observational period whereat ~1%, ~24%, and ~8% of the 

coastal EAIS, WAIS, and API were estimated to be in ice dynamical imbalance 

(Shepherd et al., 2019). In agreement with the imbalance of parameters introduced 

above as well as overall Antarctic ice mass loss, most elevation change was observed 

over the ice sheet sections along the Amundsen and Bellingshausen sea sectors of the 

WAIS and API as well as over Totten Glacier in Wilkes Land, EAIS (Figure 2.4b). Over 

Pine Island and Thwaites glaciers in the Amundsen Sea sector, ice drawdown reached 

peak values of 122 m (Shepherd et al., 2019).  

As outlined in the previous paragraphs and in Chapter 1.1, overall Antarctic ice mass 

loss was extensive in 1992-2017 (Figure 1.1b) (Rignot et al., 2019; The IMBIE Team, 

2018) and primarily resulted from ocean-induced basal melting as well as iceberg 

calving. In this context, Figure 2.4a gives insight into the approximate partitioning 

between iceberg calving (2007-2008) and melting (2003-2008). In contrast to the 

Greenland Ice Sheet, where ice mass loss is equally partitioned between 

atmospherically-induced surface runoff in the ablation zone (Fettweis et al., 2013; Khan 

et al., 2015; The IMBIE Team, 2020) and ocean warming leading to iceberg calving 

(Figure 1.1a) (Holland et al., 2008; Seale et al., 2011; Straneo and Heimbach, 2013; The 

IMBIE Team, 2020; Wood et al., 2021), overall Antarctic ice mass loss is dominated by 

ocean-induced basal melting of ice shelves being the main ablation mechanism in 

Antarctica (Figure 2.1, Figure 2.4a) (Fürst et al., 2016; Rignot et al., 2013). As stated in 

Chapter 2.1.1, this is mainly the result of Antarctica being drained through floating ice 

shelves compared to Greenland outlet glaciers that are mostly grounded at their front 

(CIA, 2021; Rau et al., 2005; Rignot et al., 2013; Wood et al., 2021).  
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Figure 2.4. Antarctic ice dynamic change. (a) Basal melting (2003-2008) and iceberg calving 

(2007-2008) of Antarctic ice shelves. Source: (Rignot et al., 2013). Reprinted with permission 

from the American Association for the Advancement of Science and Copyright Clearance Center. 

(b) Antarctic surface elevation change from satellite altimetry in 1992-2017. Source: (Shepherd et 

al., 2019).  
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2.2 Climatology 

In the following, the main aspects of Antarctica’s climatic setting, including wind, air 

temperature and precipitation conditions as well as potential interactions, are 

summarized. 

2.2.1 Wind 

The main wind system circulating the Antarctic continent is a belt of strong Southern 

Westerly Winds (SWW) created through an atmospheric pressure gradient in Southern 

Hemisphere (SH) mid- to high-latitudes (Jones et al., 2016; Moreno et al., 2018). SWW 

form within the mid-latitude Ferrel cell, part of global atmospheric circulation, where air is 

moving poleward from high-pressure to low-pressure regions, while being diverted 

eastward by the Coriolis force (see Figure 2.5) (Moreno et al., 2018). Moreover, SWW 

are centered near the Polar front, the boundary between Ferrel and Polar cell. In the 

Polar cell, air moves from the high-pressure polar high above the South Pole towards 

low-pressure regions in the mid-latitudes. Together with the influence of Coriolis, the 

movement of air in the Polar cell forms the polar easterlies, also referred to as Easterly 

Winds (EW) (see Figure 2.5) (Stewart and Thompson, 2012). EW are dry, cold winds 

that are often weak and irregular. Yet, their impact on Antarctic coastal regions is 

meaningful as they circulate Antarctic ice shelf fronts and impact ocean circulation as 

well as sea ice concentration (Parish and Bromwich, 2007; Stewart and Thompson, 

2012). Similarly, SWW and the ocean around Antarctica form a coupled climate system 

influencing the climate of the entire SH. More details on Antarctic wind-ocean 

interactions as well as implications for the AIS are given in Chapter 2.3.  

The leading mode of Antarctic atmospheric circulation variability is the Southern 

Annular Mode (SAM), a measure for changes in atmospheric pressure between mid- and 

high-latitudes reflecting the strength and position of SWW (Jones et al., 2016). Different 

phases of SAM during summer and autumn affect Antarctic climate in various ways. 

During positive phases of SAM, atmospheric pressure over Antarctica is low intensifying 

the westerly wind belt and moving it poleward (Marshall, 2003). At the same time, 

anomalous air pressure in the mid-latitudes is high and winds tend to weaken (Moreno et 

al., 2018). A contraction of the SWW towards Antarctica affects ocean circulation and 

particularly the Antarctic Circumpolar Current (ACC) and CDW upwelling as well as 

Antarctic air temperature and precipitation, thus the overall state of the AIS (see 

following chapters) (Jones et al., 2016). On the other hand, negative phases of SAM 

move the wind belt towards the Equator affecting SH climate parameters in the opposite 

way (Moreno et al., 2018). Over the last decades, SAM has constantly been positive 

driving glacier and ice shelf recession over Antarctica (Abram et al., 2014; Rignot et al., 

2019). Positive SAM trends have mostly been associated with stratospheric ozone 
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depletion, GHG emissions as well as tropical Pacific climate (Abram et al., 2014; 

Marshall et al., 2004; Moreno et al., 2018; Thompson et al., 2011) and might further 

influence the SH climate through effects such as a deepening of the Amundsen Sea Low 

being a regional low pressure region near the West Antarctic Coast (Mayewski et al., 

2009). Depending on the future climate scenario (Rintoul et al., 2018), SAM will most 

likely strengthen even though opposite effects might arise from tropical Pacific climate 

change (Abram et al., 2014). Under a high-emission scenario, SAM could even 

strengthen to the degree that large parts of the AIS would be lost (Rintoul et al., 2018). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.5. Antarctic ocean fronts and wind systems. The background image is a gridded 

bathymetry raster from GEBCO. Data: (AAD, 2021; GEBCO Compilation Group, 2020; Mouginot 

et al., 2017b; Rignot et al., 2013). 

On the Antarctic continent, regional wind patterns play an equally important role for 

overall climate and ice dynamics. To start with, katabatic winds originate from cold and 

dry high-pressure regions in the interior of Antarctica and flow towards warmer low-

pressure regions near the coast (see Figure 2.5) (Grazioli et al., 2017; Parish and 

Bromwich, 2007; Parish and Cassano, 2003). Katabatic winds flow downslope in the 

form of fall winds and can reach extreme wind speeds well above 300 km/h. In fact, the 

highest recorded wind speed over Antarctica was a measurement of 327 km/h 
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originating from katabatic winds at Dumont d’Urville station in 1972 (Hay, 2016). Similar 

to polar easterlies and SWW, katabatic winds may have important implications on sea 

ice formation as well as ocean and atmospheric circulation (Grazioli et al., 2017; Parish 

and Bromwich, 2007). Apart from cold katabatic winds, warm foehn winds are known to 

initiate enhanced surface melting around Antarctica (Cape et al., 2015; Datta et al., 

2019; Lenaerts et al., 2017). While foehn winds over the API originate from episodic 

interaction of SWW with topography (Lenaerts et al., 2017), EAIS foehn winds mostly 

arise as adiabatically warmed katabatic winds flowing from the ice sheet’s interior to the 

coast (Lenaerts et al., 2017). However, warm katabatic winds on the EAIS were also 

linked to westerly wind interaction with topography, as observed in the McMurdo Dry 

Valleys in the Transantarctic Mountain Range (Speirs et al., 2010). Figure 2.6a shows 

the overall pattern of maximum Antarctic wind speed in 2019 with highest speeds in 

coastal regions around the EAIS and WAIS. 

2.2.2 Air Temperature 

Until recently, the coldest recorded air temperature on Earth was a measurement of   

-89.2°C made at Vostok Station, East Antarctica, in 1983 (see Figure 2.6c) (Turner et al., 

2009). Satellite measurements during the 2004-2016 austral winters yet detected a 

frequent recurrence of snow surface temperatures well below -90°C over the East 

Antarctic plateau (Figure 2.3d) (Scambos et al., 2018). These low-temperature snow 

surface conditions suggest air temperatures of around -94 ± 4 °C over the same periods, 

as revealed through comparison with automated weather stations (Scambos et al., 

2018). Around Antarctica, air temperature varies strongly with respect to geographical 

location and time. As can be seen in Figure 2.6c, the mean Antarctic air temperature in 

1981-2020 was lowest above the central Antarctic plateau and highest around the 

coastal margins and the API (Figure 2.6c), whereat the overall Antarctic average air 

temperature was measured at -36.5°C. Additionally, air temperatures are highest during 

austral summer and lowest during austral winter (Figure 2.6e,f). In this context, austral 

summer represents the months December to February and austral autumn, winter and 

spring represent the periods March to May, June to August and September to 

November, respectively. To provide more detail, Figure 2.6e shows monthly mean air 

temperatures for the period 1961-1990, measured at the German Antarctic Receiving 

Station (GARS) O’Higgins on the API (Figure 2.6c). As can be seen, the maximum 

average air temperature at O’Higgins Station was 0.5°C for the month of January 

whereat the lowest recorded monthly mean air temperature was -8.5°C representing July 

(Figure 2.6e). A contrasting example is given in Figure 2.6f showing monthly mean air 

temperatures at Vostok Station in central East Antarctica (see Figure 2.6c). At Vostok 

Station, monthly mean air temperatures reached a maximum of -31°C in austral summer 

and a minimum of -67.9°C in austral winter. 
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Over recent decades, Antarctic air temperature underwent considerable change 

particularly along the API. At Vernadsky Station on the API west coast, a temperature 

rise of 2.8°C has been observed between 1951 and 2000 (Turner et al., 2016, 2005) 

most likely due to increased GHG emissions and stratospheric ozone depletion 

(Thompson and Solomon, 2002) leading to more positive phases of SAM (Marshall et al., 

2006) but also due to teleconnections with El Niño–Southern Oscillation (ENSO) (Clem 

and Fogt, 2013) and local sea ice loss (Turner et al., 2013). However, since the late 

1990s, the warming trend over the API receded and cooling (-0.47°C per decade) 

dominated the 1999-2014 summers. API cooling was mainly associated with natural 

decadal-scale climate variability and a strengthening mid-latitude jet leading to more 

cyclonic conditions in the Weddell Sea (Bozkurt et al., 2020; Turner et al., 2020, 2016). A 

recent study yet suggests an end of the API cooling phase since the mid-2010s 

(Carrasco et al., 2021). Similarly, the WAIS underwent significant warming over the last 

decades (Bromwich et al., 2013; Clem and Fogt, 2013; Ding et al., 2011; Steig et al., 

2013, 2009). WAIS warming exceeded 0.1°C per decade since the late 1950s being 

particularly pronounced over the interior of the ice sheet (Bromwich et al., 2013; Turner 

et al., 2020) as well as during winter and spring (Ding et al., 2011; Schneider et al., 2012; 

Steig et al., 2009). In a more recent study, WAIS warming was also found to be 

significant during austral summer (Bromwich et al., 2013). The drivers for WAIS 

temperature increase remain uncertain with changes in tropical Sea Surface 

Temperature (SST) and sea ice (Ding et al., 2011; Schneider et al., 2012; Steig et al., 

2013, 2009) being the most likely. More recently, WAIS temperature trends weakened 

(Clem et al., 2020). Over the EAIS, records of air temperature trends are inconsistent 

with slight cooling observed for the period 1979-1998 (Comiso, 2000). In contrast, 

significant EAIS warming of 0.12 ± 0.07 °C per decade has been revealed for the period 

1957-2006 (Steig et al., 2009). In agreement with the latter, Clem et al. (2020) report of 

significant warming at the South Pole with temperature increases up to 0.61 ± 0.34 °C per 

decade over the last three decades. The EAIS warming trend was associated with the 

coupling of a positive SAM and increasing SST in the western tropical Pacific leading to 

a strong cyclonic anomaly in the Weddell Sea sector and allowing the penetration of 

warm moist air into the interior of Antarctica (Clem et al., 2020). Figure 2.6d summarizes 

Antarctic air temperature change over the last two decades similarly revealing the 

observed warming over the EAIS interior and cooling over parts of the WAIS and API. In 

detail, 2000-2010 mean air temperatures are compared to 2010-2020 mean air 

temperatures, as calculated from ERA5-Land reanalysis data.  
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Figure 2.6. Antarctic climatic conditions calculated from ERA5-Land reanalysis (a-d) and station 

data (e-f). (a) Maximum Antarctic wind speed in 2019. (b) Average annual precipitation in 1981-

2020. (c) Mean Antarctic air temperature in 1981-2020. (d) Mean Antarctic air temperature 

change between 2000-2010 and 2010-2020. Monthly mean temperature (red) and precipitation 

(blue) at O’Higgins (e) and Vostok (f) stations in 1961-1990. Data: (DWD, 2021; Mouginot et al., 

2017b; Munoz Sabater, 2019a, 2019b; Rignot et al., 2013).  

a) 

e) 

b) 

c) 

f) 

d) 
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2.2.3 Precipitation 

Antarctic precipitation conditions vary strongly across the continent with an average 

value of ~137 mm per year in 1981-2020. As shown in Figure 2.6b, precipitation is 

usually highest around the coastal margins of the EAIS and WAIS as well as along the 

API. In contrast, lowest precipitation rates can be found in the interior of Antarctica. This 

pattern is also reflected in Figure 2.6e-f showing constantly high monthly precipitation up 

to 88 mm at O’Higgins on the API (Figure 2.6e) and extremely low monthly precipitation 

up to 3 mm at Vostok station in central East Antarctica (Figure 2.6f). 

In general, Antarctic precipitation conditions are influenced by four main SH climate 

parameters including the southern Baroclinic Annular Mode, the austral summer SAM as 

well as the two Pacific-South American teleconnection patterns (Marshall et al., 2017). 

Baroclinic Annular Mode is known to influence storm conditions over the Southern 

Ocean (SO) causing precipitation over East Antarctica to increase. At the same time, 

positive phases of summer SAM result in increased precipitation across West Antarctica 

and the western API as well as reduced precipitation over the eastern API and central 

EAIS, as revealed during 1979-2013 (Marshall et al., 2017). In contrast, Pacific-South 

American patterns mainly influence West Antarctic precipitation through meridional 

moisture fluxes into and out of the continent causing precipitation increases and 

decreases, respectively (Marshall et al., 2017).  

During the 20th century, snowfall over the Antarctic continent increased by 14  ± 1 Gt 

per decade and somewhat compensated SLR contributions from dynamic ice mass loss 

(Medley and Thomas, 2019; Thomas et al., 2017). Over the API, the overall increasing 

precipitation trend was rapid and accelerating. On the other hand, mass gains and 

losses from the eastern and western WAIS were close to balance (Medley and Thomas, 

2019). Over the EAIS and particularly its coastal sections, snow accumulation increased 

until 1979 and then decreased (Medley and Thomas, 2019). In the coming decades, 

atmospheric warming is projected to further increase snow accumulation due to the 

enhanced moisture holding capacity of warmer air, thus will somewhat compensate 

future SLR contributions, e.g. from surface melting and enhanced runoff (Bell et al., 

2018; Bengtsson et al., 2011; Krinner et al., 2007; Lenaerts et al., 2016).  

2.3 Oceanography 

The SO is directly coupled to the Antarctic climate system and is largely responsible 

for present-day Antarctic ice mass loss. The largest ocean current of the SO is the ACC 

encircling the Antarctic continent in eastward direction and being driven by SWW and 

ocean bathymetry (Figure 2.5) (Holland et al., 2020). The ACC is the largest and 

strongest current on Earth connecting all major oceans and providing substantial ocean 
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upwelling of North Atlantic Deep Water (Carter et al., 2008; Holland et al., 2020). 

Towards the north, the ACC creates a sharp boundary with the Polar Front (PF) and the 

Subantarctic Front (SAF) (Figure 2.5). The SAF is considered to be the northern end of 

the ACC whereas the PF lies within the ACC representing the transition between cold 

Antarctic and warmer Subantarctic water (Figure 2.7). At the PF, Antarctic ocean water 

generally sinks below warmer Subantarctic water driving ocean mixing and overturning. 

As shown in Figure 2.5, the southern end of the ACC lies directly south of the PF. During 

positive phases of SAM, the ACC intensifies and CDW is pushed onto the Antarctic 

continental shelf causing basal melting of ice shelves, as observed in the Bellingshausen 

and Amundsen sea sectors as well as along Wilkes Land and the western API (Cook et 

al., 2016; Rignot et al., 2019). CDW is a layer of warm, dense and high-saline ocean 

water located at ~500 m depth beneath the ocean surface (Holland et al., 2020). It is 

separated from surface water through a thermocline, a region of strong temperature 

change. The depth of CDW beneath the ocean surface, regional wind conditions as well 

as local bathymetry determine whether CDW upwelling and subsequent ice shelf basal 

melting can take place. The higher CDW sits within the ocean column, the more likely is 

CDW upwelling into ice shelf cavities close to the grounding line (Holland et al., 2020). In 

this context, EW may increase the depth of the thermocline and reduce the thickness of 

CDW. One component that can block CDW from penetration into ice shelf cavities is the 

impact of winter sea ice cover altering the salinity content of the ocean (Broecker and 

Peng, 1987; Holland et al., 2020). In detail, High Salinity Shelf Water forms through an 

increased sea ice abundance and wind transport away from the coast forming coastal 

polynyas. High Salinity Shelf Water effectively creates a barrier at the continental shelf 

break, the Antarctic Slope Front, hindering CDW from entering the ice shelf cavity 

(Holland et al., 2020). However, even in the case of High Salinity Shelf Water-blockage, 

melting can take place in a cold-water cavity due to the lower melting point of ice under 

increased pressure conditions at depth. At the same time, basal refreezing may take 

place as meltwater rises along the ice shelf base (E, Figure 1.3) (Holland et al., 2020). 

The cold, high-salinity shelf water may further cool through EW blowing across coastal 

polynyas and consequently descend into the deep ocean across the shelf break creating 

Antarctic Bottom Water (Gordon, 2001). Apart from these large-scale ocean circulations, 

two smaller-scale Antarctic ocean currents exist. In detail, the Ross and Weddell gyres 

rotate ocean water clockwise through interaction of ACC with regional seafloor 

topography (Figure 2.5).  

Considering a strengthening of SAM in the future, wind-driven changes of the SO will 

further enhance the penetration of warm ocean water into ice shelf cavities (Rintoul et 

al., 2018). Moreover, changes in ocean circulation due to positive SAM events might 

affect eddy activity (Meredith and Hogg, 2006) as well as the CO2 holding capacity of the 

SO (Quéré et al., 2007). Another aspect that could potentially impact future ocean 
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circulation results from a decreasing salinity of Antarctic Bottom Water, e.g. due to 

increased AIS freshwater discharge. In fact, freshening of Antarctic Bottom Water was 

observed in 1980-2012 (Purkey and Johnson, 2013) and may contribute to future 

enhanced basal melting through a reduction in Antarctic Bottom Water production 

allowing warmer ocean water to flow into ice shelf cavities (Silvano et al., 2018). 

Additionally, warming of the SO has been evident since the 1970s and may cause further 

perturbations to ocean circulation in the future (Meredith et al., 2019). At the same time, 

no significant changes in annual Antarctic sea ice extent have been observed in 1979-

2018 (Ludescher et al., 2019; Meredith et al., 2019) despite large regional and seasonal 

variations, e.g. due to meridional winds (Holland, 2014; Holland and Kwok, 2012). Figure 

2.7 illustrates the average SST for austral summers 1979-2019 as well as median spring 

and autumn sea ice extents in 1981-2010. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.7. Average Antarctic Sea Surface Temperature (SST) for austral summers 1979-2019 

and median sea ice extent for March and September 1981-2010. Data: (Fetterer et al., 2017; 

Hersbach et al., 2019; SCAR, 2019).  
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CHAPTER 3 

 

3 A Review on Fundamentals of Antarctic Surface 

Hydrology 
    

The Antarctic hydrological network plays an important role in overall ice dynamics 

and mass balance and can be divided into a supraglacial, an englacial as well as a 

subglacial component. Antarctic supraglacial hydrology consists of meltwater streams, 

ponds and frontal waterfalls (I-K, Figure 1.3) forming through enhanced meltwater 

production above an impermeable snow/ice layer on top of glaciers, ice shelves and the 

ice sheet (Echelmeyer et al., 1991). Surface hydrological features are often 

interconnected and develop extensive drainage systems that transport meltwater across 

the ice shelves and the ice sheet (Figure 3.1) (Dell et al., 2020; Spergel et al., 2021). The 

Antarctic surface hydrological network is directly connected to englacial hydrological 

features within the ice sheet and ice shelves comprising firn aquifers, moulins, buried 

lakes and water-filled fractures and crevasses (Bell et al., 2018; Chu, 2014; Fountain and 

Walder, 1998). Buried lakes form through freezing of supraglacial lakes as well as their 

subsequent coverage in snow (L, Figure 1.3) (Bell et al., 2018; Lenaerts et al., 2017) and 

perennial firn aquifers store water in a porous matrix of ice crystals within the firn column 

of an ice sheet (M, Figure 1.3) (Bell et al., 2018). On the other hand, meltwater can be 

stored in fractures and crevasses of an ice shelf (O, Figure 1.3) (Bell et al., 2018; Rott et 

al., 2011; Scambos et al., 2004) whereat vertical meltwater drainage through grounded 

ice via moulins can connect the englacial and basal hydrological systems (N, Figure 1.3) 

(Bell et al., 2018; Chu, 2014; Tuckett et al., 2019). Lying at the base of the Antarctic Ice 

Sheet, the subglacial hydrological system (P, Figure 1.3) consists of an extensive 

network of interconnected lakes and channels forming in local depressions of the 

bedrock (Figure 2.3d). Apart from meltwater inflow through englacial drainage systems, 

basal meltwater is produced from pressure melting, frictional heating as well as 

subglacial geothermal activity (Ashmore and Bingham, 2014; Remy and Legresy, 2004; 

Sergienko and Hulbe, 2011; Siegert and Dowdeswell, 1996). One remarkable feature of 

Antarctic subglacial hydrology is Lake Vostok. Situated in a topographic trough east of 

the Gamburtsev Mountains in East Antarctica, Lake Vostok reaches a depth of >1 km at 
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its deepest point with the thickness of overlying ice exceeding 4 km (Figure 2.3b,d) 

(Siegert et al., 2001). 

Despite recent progress in the understanding of Antarctic ice sheet hydrology, 

detailed knowledge of Antarctic surface hydrological features, including meltwater ponds 

and streams, is still limited. To summarize the state-of-the-art of knowledge on Antarctic 

surface hydrology, the following chapters provide a comprehensive review on the main 

factors controlling supraglacial lake formation on ice sheets (Chapter 3.1), the spatio-

temporal distribution of Antarctic supraglacial lakes (Chapter 3.2) as well as potential 

impacts on Antarctic ice dynamics (Chapter 3.3). Chapter 3.4 summarizes the entire 

Chapter 3. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.1. Appearance of Antarctic supraglacial lakes in Sentinel-2 image extracts of (a) 19 

January 2020 on George VI Ice Shelf, (b) 2 February 2017 on Riiser-Larsen Ice Shelf, (c) 21 

January 2019 on Nivlisen Ice Shelf, (d) 2 January 2019 on Amery Ice Shelf, (e) 29 January 2019 

on Shackleton Ice Shelf and (f) 27 December 2019 on Pine Island Ice Shelf. API: Antarctic 

Peninsula. EAIS: East Antarctic Ice Sheet. WAIS: West Antarctic Ice Sheet. Data: (Copernicus 

Sentinel-2 data; IMBIE, 2016; Mouginot et al., 2017b; Rignot et al., 2013). 
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3.1 Controls on Supraglacial Lake Formation and Appearance 

3.1.1 Local Controls 

Local controls on the spatio-temporal evolution of surface hydrological features 

include topographic and ice flow conditions, ice surface characteristics as well as melt-

albedo feedbacks. To start with, supraglacial lakes tend to pond above an impermeable 

snow and ice layer in local surface depressions on grounded and floating ice 

(Echelmeyer et al., 1991). Meltwater ponding on grounded ice is closely connected to the 

subglacial bedrock topography translating into ice surface depressions and permitting 

lakes to reform in the same location annually (Banwell et al., 2014; Echelmeyer et al., 

1991; Gudmundsson, 2003; Ignéczi et al., 2018; Lampkin and VanderBerg, 2011; 

Langley et al., 2016; Stokes et al., 2019). Annual lake clustering on grounded ice can 

also be found in glacier confluence zones where lateral shear stress induces strain and 

glacier deformation (see Figure 3.2b). An important implication of frequent recurrence 

times of lakes in fixed locations is enhanced basal ablation driving lakes on grounded ice 

to grow larger and deeper than lakes on floating ice where they are more transient (Law 

et al., 2020; Lüthje et al., 2006; Tedesco et al., 2012). In particular, lakes on thinner 

floating ice accumulate in migrating ice shelf surface depressions generated by spatio-

temporal variations in ice flow (Figure 3.1) (Arthur et al., 2020b; Glasser and 

Gudmundsson, 2012; LaBarbera and MacAyeal, 2011; Macdonald et al., 2018; Spergel 

et al., 2021). Ice shelf surface depressions may also form in response to channelized 

basal melting causing the ice shelf to subside (Dow et al., 2018; McGrath et al., 2012). 

Over both grounded and floating ice, supraglacial lake formation tends to be more 

prevalent on slow-moving ice at low elevations and low surface slopes (Arthur et al., 

2020b; Bell et al., 2018; Dell et al., 2020; Kingslake et al., 2017; Stokes et al., 2019). 

Another important control on supraglacial meltwater ponding are ice surface 

characteristics and particularly the firn air content (FAC) (Arthur et al., 2020a; Stokes et 

al., 2019). Supraglacial lake formation is suggested to be promoted over snow and firn 

with a reduced FAC impeding an infiltration of meltwater into the firn column, e.g. due to 

firn air depletion and densification caused by firn over-saturation, meltwater refreezing in 

firn pore space or reduced snowfall (Alley et al., 2018; Arthur et al., 2020a; Kuipers 

Munneke et al., 2014; Lenaerts et al., 2017; Spergel et al., 2021; Stokes et al., 2019). 

Contrarily, an increased FAC is suggested to allow the percolation of meltwater into the 

low-density firn layer, thus reduces the likelihood of ponding (Bell et al., 2018; Kuipers 

Munneke et al., 2014; van Wessem et al., 2021). At the same time, an increasing FAC 

may support the formation of firn aquifers (Bell et al., 2018; van Wessem et al., 2021). 

Melt-albedo feedbacks can contribute to intensified surface melting and ponding near 

low-albedo features such as blue ice, exposed bedrock or surface debris (see Figure 



A Review on Fundamentals of Antarctic Surface Hydrology 
 

32 

3.2) (Arthur et al., 2020a; Bell et al., 2018; Kingslake et al., 2017; Lenaerts et al., 2017; 

Tedesco, 2015; Winther et al., 1996). In detail, surface features with a low albedo 

enhance melting through an increased absorption of solar radiation leading to intensified 

heat exchange with the adjacent ice column (Arthur et al., 2020a; Lenaerts et al., 2017). 

Around Antarctica, melt-albedo feedbacks are assumed to control supraglacial lake 

clustering close to and upstream of the grounding line where blue ice and rock outcrop 

are most abundant (Bell et al., 2018; Kingslake et al., 2017; Stokes et al., 2019). In very 

high elevations, melt-albedo feedbacks near rock and blue ice could even be a first-order 

control on supraglacial lake formation due to air temperatures being too low to initiate 

melting under normal conditions (Figure 3.2a,c) (Stokes et al., 2019). Likewise, 

supraglacial lakes themselves can initiate positive melt-albedo feedbacks. Depending on 

their depth, the albedo of supraglacial lakes is around 50% lower than that of snow-

covered and bare ice leading to intensified melting and a further growth of supraglacial 

meltwater features (Malinka et al., 2018; Stokes et al., 2019; Tedesco, 2015). 

 

 

 

 

 

 

 

 

 

 

Figure 3.2. Supraglacial lake formation near rock outcrop and blue ice on (a) 19 January 2020 

upstream of George VI Ice Shelf, (b) 23 January 2021 near Wilkins Ice Shelf, (c) 2 January 2019 

upstream of Amery Ice Shelf and (d) 21 January 2019 around Nivlisen Ice Shelf. The black arrows 

in (b) indicate the direction of ice flow. The grey contour lines in (a-d) show the elevation in 

meters. Data: (Copernicus Sentinel-2 data; Howat et al., 2019). 

3.1.2 Regional Controls 

Regional controls on supraglacial meltwater ponding result from the near-surface 

climate including the amount of incoming solar radiation, air temperature, wind and 

precipitation conditions. To start with, the amount of incoming shortwave radiation has 

important implications on lake ponding providing the necessary energy required for melt 
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(Leppäranta et al., 2016, 2013; Rowley et al., 2020). As mentioned, this particularly 

applies to regions where melt-albedo feedbacks promote supraglacial lake formation 

through an enhanced absorption of solar radiation (Bell et al., 2018; Lenaerts et al., 

2017). Moreover, the availability of solar radiation was stated to play an important role 

during foehn-induced melt on the south-western API (Laffin et al., 2021).  

In agreement with seasonal increases of incoming solar radiation, air temperature is 

suggested to be a first-order control on supraglacial lake formation during summer 

(Banwell et al., 2021; Bevan et al., 2020; Dell et al., 2020; Langley et al., 2016). Summer 

surface melting and ponding primarily occurs on low-lying ice shelves around the margin 

of Antarctica, where air temperatures are higher (Stokes et al., 2019). Depending on the 

geographical location and temperature conditions, supraglacial meltwater features may 

yet persist into Antarctic winter (Kuipers Munneke et al., 2018). 

Furthermore, changes in air temperature and surface melting are directly linked to 

regional wind conditions. For example, episodic foehn wind occurrence was shown to 

drive increased air temperatures and melting on the API (Datta et al., 2019; Laffin et al., 

2021; Luckman et al., 2014; Turton et al., 2020) and adiabatically warmed katabatic 

winds were revealed to drive meltwater ponding across the grounding zones of several 

EAIS ice shelves (Arthur et al., 2020b; Kingslake et al., 2017; Lenaerts et al., 2017). Due 

to their high wind speeds particularly near rock outcrop, katabatic winds lead to wind 

scouring and blue ice exposure that can further promote melt-albedo feedbacks (Das et 

al., 2013; Kingslake et al., 2017; Lenaerts et al., 2017; Stokes et al., 2019). 

As mentioned in Chapter 3.1.1, regional precipitation conditions determine the FAC 

and can be another important control on supraglacial meltwater ponding (Arthur et al., 

2020a; Lenaerts et al., 2017; Stokes et al., 2019). High snow accumulation and FAC can 

be found in coastal regions near the ice front enabling the percolation of meltwater into 

the firn and hindering meltwater ponding on the surface (Arthur et al., 2020a; Kuipers 

Munneke et al., 2014; Lenaerts et al., 2017; Stokes et al., 2019). In contrast, reduced 

snowfall leads to firn densification and is suggested to promote meltwater ponding near 

ice shelf grounding zones (Arthur et al., 2020b; Bell et al., 2018; Leeson et al., 2020). 

3.1.3 Large-Scale Controls 

Large-scale controls on Antarctic supraglacial lakes include SH atmospheric modes 

and teleconnections with the tropics. Over recent decades, the leading mode of SH 

atmospheric circulation variability (SAM) shifted towards more positive values causing 

regional atmospheric warming and enhanced melting on the API (Chapter 2.2.1) (Bell et 

al., 2018; Marshall, 2003; Marshall et al., 2017; Thompson et al., 2011; Turner et al., 

2006). For example, SAM-induced atmospheric warming is suggested to be linked to 

enhanced surface ponding preceding recent ice shelf disintegration events on the north-
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east API (Kwok and Comiso, 2002; Scambos et al., 2003; Vaughan and Doake, 1996). 

At the same time, positive SAM years can have opposite climate effects on air 

temperature and melt over East Antarctica (Abram et al., 2014; Kwok and Comiso, 

2002). Further, teleconnections between the tropics and high latitudes can influence 

Antarctic surface melt (Bell et al., 2018; Nicolas et al., 2017; Nicolas and Bromwich, 

2011; Tedesco and Monaghan, 2009). For example, linkage with ENSO was shown to 

influence West Antarctic melt (Nicolas et al., 2017; Nicolas and Bromwich, 2011) and 

variations in Indian Ocean Dipole (IOD) API melt (Bevan et al., 2020). 

3.2 Supraglacial Lake Distribution 

Around Antarctica, surface ponding is more widespread than previously assumed 

(Figure 3.1, Figure 3.3). In the following, supraglacial lake observations from ground-

based, airborne and spaceborne mapping efforts are briefly summarized. 

3.2.1 Antarctic Peninsula 

Due to regional atmospheric warming between 1951 and 2000 (Turner et al., 2005), 

supraglacial meltwater features were numerous over multiple API ice shelves and 

glaciers (Figure 3.3). On the north-east API, most research focused on the area around 

the Larsen ice shelves where supraglacial lake formation had partly catastrophic effects 

on ice shelf stability and dynamics (see Chapter 3.3) (Banwell et al., 2014, 2013; Leeson 

et al., 2020; Rott et al., 2018; Scambos et al., 2003). For example, supraglacial lakes 

have been observed on the surface of Prince Gustav and Larsen A ice shelves 

preceding their collapse in 1995 (Glasser et al., 2011; Rott et al., 1996; Scambos et al., 

2003). Likewise, surface ponding was extensive on Larsen B Ice Shelf in the decades 

preceding its collapse in 2002 with a continuous southward migration of lakes between 

1979 and 2002 (Banwell et al., 2014; Glasser and Scambos, 2008; Leeson et al., 2020). 

A more recent study by Tuckett et al. (2019) also documented supraglacial lake 

occurrence over tributaries of the former Larsen A and Larsen B ice shelves during 

2014-2016. Supraglacial meltwater features on Larsen C Ice Shelf were repeatedly 

documented in several inlets close to the grounding line (Bell et al., 2018; Holland et al., 

2011; Hubbard et al., 2016; Kuipers Munneke et al., 2018; Luckman et al., 2014). Further 

south, lakes have been sporadically observed on the former Wordie Ice Shelf in 

Marguerite Bay (Doake and Vaughan, 1991) as well as over George VI and Wilkins ice 

shelves in the Bellingshausen Sea sector (Banwell et al., 2021; Bell et al., 2018; Braun 

and Humbert, 2009; Kingslake et al., 2017; LaBarbera and MacAyeal, 2011; Lucchitta 

and Rosanova, 1998; Reynolds, 1981; Scambos et al., 2009, 2003; Vaughan et al., 

1993). Over some API ice shelves, including George VI and Larsen A, surface drainage 

across the ice shelves has been observed (Kingslake et al., 2017; Rott et al., 1996). 
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Figure 3.3. Geospatial distribution of Antarctic supraglacial lake observations. The point layer 

(blue) shows supraglacial lakes across East Antarctica during January 2017 (Stokes et al., 2019). 

Additional sightings of supraglacial lakes are marked in red. API: Antarctic Peninsula. WAIS: West 

Antarctic Ice Sheet. EAIS: East Antarctic Ice Sheet. Data: (IMBIE, 2016; Morlighem, 2020; 

Morlighem et al., 2020; Mouginot et al., 2017b; Rignot et al., 2013; Stokes et al., 2019). 

3.2.2 East Antarctica 

Around East Antarctica, supraglacial lakes have been observed on several glaciers 

and ice shelves around the periphery of the ice sheet. These include observations over 

Riiser-Larsen, Nivlisen, Roi Baudouin, Amery, Shackleton, Moscow University, Nansen 

and McMurdo ice shelves as well as over Langhovde, Polar Record, Rennick, Darwin, 

Law and Shackleton glaciers (Figure 3.3) (e.g. Arthur et al., 2020b; Banwell et al., 2019; 

Bell et al., 2018, 2017; Dell et al., 2020; Kingslake et al., 2015; Langley et al., 2016; 

Lenaerts et al., 2017; Liang et al., 2019; Moussavi et al., 2020; Phillips, 1998; Spergel et 

al., 2021; Winther et al., 1996; Zheng and Zhou, 2019). Meltwater streams terminating as 

waterfalls at the calving front have been observed on Nansen Ice Shelf only but may 

have important implications for future ice shelf stability through meltwater export to the 

ocean (Bell et al., 2017). The first large-scale assessment of East Antarctic supraglacial 

lakes was performed only recently revealing widespread EAIS surface ponding since at 

least 1947 as far south as 85°S and at elevations up to 1,300 m (Kingslake et al., 2017). 

Similarly, a recent study by Stokes et al. (2019) documented >65,000 supraglacial lakes 

around the margin of East Antarctica during January 2017 (Figure 3.3). 

3.2.3 West Antarctica 

Observations on West Antarctic surface hydrological features are so far scarce. Yet, 

Kingslake et al. (2017) report of isolated supraglacial lake occurrence on Pine Island Ice 
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Shelf as well as in the Ford Ranges near Ross Ice Shelf (Figure 3.3). Furthermore, 

Arthur et al. (2020a) report of sporadic supraglacial meltwater features on Sulzberger, 

Nickerson and Dotson ice shelves as well as on Hull Glacier. Supraglacial lakes on the 

WAIS are generally smaller than lakes on the EAIS and API. 

3.3 Supraglacial Lake Impacts on Ice Dynamics 

As mentioned in Chapter 1.1, surface ponding may impact Antarctic ice dynamics 

and mass balance through four main processes. To start with, direct surface runoff 

(Figure 3.4a) can lead to accelerated ice thinning and a negative SMB (Bell et al., 2018; 

Enderlin et al., 2014; The IMBIE Team, 2020). Around Antarctica, surface runoff mainly 

affects peripheral ice shelves due to the higher abundance of melt around the margin of 

the ice sheet (Kingslake et al., 2017). However, Antarctic surface melt is currently low 

resulting in a negligible contribution of ice thinning to overall Antarctic ice mass loss (Bell 

et al., 2018). This stands in contrast to Greenland, where surface runoff accounts for 

~50% of all ice mass loss (Khan et al., 2015; The IMBIE Team, 2020). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.4. Supraglacial lake impacts on ice sheet dynamics. (a) Direct surface runoff leading to 

ice thinning. (b) Meltwater-induced fracturing leading to ice shelf collapse. (c) Basal injection of 

meltwater causing glacier acceleration and frontal melting. (d) Modified ice surface albedo 

initiating melt-albedo feedbacks and accelerated melting and thinning. GL: Grounding Line. 
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Figure 3.4. Continuation. 

A more dramatic consequence of present-day Antarctic surface hydrology are 

supraglacial lakes causing ice shelf collapse through hydrofracturing, as observed along 

the API (Figure 3.4b) (Glasser et al., 2011; Leeson et al., 2020; Rott et al., 1996; 

Scambos et al., 2009). Hydrofracture results from the englacial drainage and penetration 

of meltwater through ice shelves via fractures that either arise due to the downward 

propagation of surface meltwater or the repeated infill and drainage of lakes (Banwell et 

al., 2013; Banwell and Macayeal, 2015; Bell et al., 2018; Braun et al., 2009; Glasser and 

Scambos, 2008; Langley et al., 2016; Lenaerts et al., 2017; Luckman et al., 2014; 

MacAyeal and Sergienko, 2013; Scambos et al., 2009). In this context, the repeated 

filling of lakes on ice shelves results in increased gravitational loading, while lake 

drainage causes the hydrostatic rebound of the ice shelf (Banwell et al., 2013; Banwell 

and Macayeal, 2015). In consequence, the ice shelf bends and flexes triggering radial 

and ring fracturing around supraglacial lakes (Figure 3.4b) (Banwell et al., 2019; Banwell 

and Macayeal, 2015; Bell et al., 2018; Langley et al., 2016; Scambos et al., 2009). 

Depending on the spatial density of water-filled fractures and whether they intersect with 

lakes, a chain reaction of lake drainage is triggered causing the ice shelf to fragment and 

collapse (Banwell et al., 2013; Bell et al., 2018; LaBarbera and MacAyeal, 2011). This 

process is suggested to have occurred preceding the collapse of Larsen B in 2002, 

where the near-synchronous drainage of >2,000 lakes has been associated with fracture 

c) 

d) 
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propagation and ice shelf fragmentation (Banwell et al., 2013; Glasser and Scambos, 

2008; Scambos et al., 2003). The occurrence of such drainage events yet depends on 

the local glaciological setting of an ice shelf. For example, the compressive flow regime 

over George VI Ice Shelf (Hambrey et al., 2015; Holt et al., 2013; Reynolds and 

Hambrey, 1988) currently hinders fracturing despite the widespread abundance of lakes 

each year (Banwell et al., 2021; LaBarbera and MacAyeal, 2011; Reynolds, 1981). The 

dominant impact of meltwater-induced ice shelf collapse on Antarctic ice dynamics 

results from a reduction in ice shelf buttressing initiating glacier acceleration and 

enhanced ice discharge (Rignot et al., 2004; Rott et al., 2018, 2002; Scambos et al., 

2004; Seehaus et al., 2018; Shen et al., 2018; Vaughan and Doake, 1996; Wuite et al., 

2015). Changes in glacier dynamics due to ice shelf collapse can persist over multiple 

years. Over tributaries of the former Prince-Gustav-Channel and Larsen ice shelves on 

the northern API, ice flow velocities were still considerably higher in 2014-2016 than in 

pre-collapse conditions (Figure 3.5) (e.g. Gardner et al., 2018; Rott et al., 2018; Seehaus 

et al., 2018; Shen et al., 2018). Apart from surface lakes, englacial meltwater drainage 

can originate from buried lakes and firn aquifers even though knowledge on the 

distribution of Antarctic firn aquifers and buried lakes is so far scarce (Dunmire et al., 

2020; Hubbard et al., 2016; Lenaerts et al., 2017; Liston et al., 1999; MacDonell et al., 

2020; Montgomery et al., 2020) and mostly results from modelling studies (van Wessem 

et al., 2021, 2016). 

Similarly, the temporary injection of meltwater to the glacier bed results from the 

percolation of surface or subsurface meltwater into fractures and crevasses on grounded 

ice and their subsequent penetration through the entire ice sheet thickness (Figure 3.4c) 

(Bell et al., 2018; Poinar et al., 2017; Willis et al., 2015). Additionally, meltwater can be 

delivered to the glacier bed via moulins (Smith et al., 2015). Meltwater that reaches the 

base of a grounded glacier can affect ice dynamics through frontal ocean melting (Bell et 

al., 2018) or basal lubrication encouraging basal sliding through a reduction in basal 

shear stress (Figure 3.4c) (Siegert et al., 2018). The latter is a known driver for transient 

ice flow accelerations and increased ice discharge over the Greenland Ice Sheet 

(Bartholomew et al., 2010; Bell et al., 2018; Das et al., 2008; Hoffman et al., 2011; 

Schoof, 2010; Tedesco et al., 2013), while Antarctic ice flow change due to a connection 

of the surface and basal hydrological networks was reported for isolated glaciers on the 

north-east API only (Tuckett et al., 2019). Here, meltwater penetration to the glacier bed 

led to short-lived ice flow accelerations up to 100% greater than the annual mean 

(Tuckett et al., 2019). With accelerated global warming and Antarctic surface melting 

expected to double until 2050 (Trusel et al., 2015), the Antarctic surface and basal 

hydrology may further connect and contribute to future enhanced ice mass loss (Bell et 

al., 2018). This may also arise due to meltwater delivery to the basal hydrological 

environment leading to growing subglacial hydrological features and the consequent 
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redistribution of basal meltwater to influence Antarctic ice dynamics. For example, 

subglacial meltwater is a known factor controlling the ice flow of the Ross and Filchner-

Ronne ice streams (Bell et al., 2007; Carter et al., 2013; Siegert et al., 2016; Stearns et 

al., 2005). Here, processes such as the emergence of sticky spots (i.e. localized regions 

of higher basal friction and traction) in the confluence zone of the Ross ice streams, 

subglacial water transport along their shear margins as well as basal meltwater depletion 

were associated with ice dynamic change (Hulbe et al., 2016, 2013; Joughin et al., 2005, 

2002; Stearns et al., 2005). Moreover, drainage of active subglacial lakes can initiate 

transient ice flow accelerations, as observed below Byrd (Stearns et al., 2008) and Cook 

glaciers, EAIS (Miles et al., 2018). 

 

 

 

 

 

 

 

(Rignot, 2006; Rott et al., 2018, 2015, 2014, 2011, 2008, 2007, 2002; Scambos et 

al., 2004; Seehaus et al., 2018, 2016; Wuite et al., 2015) 

 

 

 

 

 

 

Figure 3.5. Temporal trends of central calving front velocity over tributaries of former ice shelves 

including (a) Sjögren, (b) Crane, (c) Drygalski and (d) Hektoria Glacier. PGIS: Prince-Gustav-

Channel Ice Shelf. Modified after Dirscherl et al. (2020a). 

Furthermore, an increasing presence of surface hydrological features leads to a 

modified ice surface albedo causing positive melt-albedo feedbacks through an 

enhanced absorption of incoming solar radiation (Figure 3.4d) (Bell et al., 2018; Lenaerts 

et al., 2017; Lüthje et al., 2006). On the one hand, the low albedo of surface lakes can 

lead to enhanced lake bottom ablation and the warming of the adjacent ice column 

a) 

d) c) 

b) 
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causing a deepening (Bell et al., 2018; Tedesco et al., 2012) and growth of supraglacial 

lakes (Arthur et al., 2020a; Lenaerts et al., 2017). On the other hand, an overall reduced 

ice surface albedo leads to intensified melting across the whole ice sheet which further 

promotes ice thinning and runoff. In this regard, ice thinning leads to a further exposure 

of rock triggering additional surface melting due to its low albedo (Kingslake et al., 2017; 

Stokes et al., 2019). Apart from elevated melt, the higher abundance of rock outcrop also 

causes locally increased wind speeds leading to snow removal by wind erosion and the 

expansion of low-albedo blue ice areas (Das et al., 2013; Kingslake et al., 2017; 

Lenaerts et al., 2017; Winther et al., 1996). These can trigger further melting and ice 

thinning, thus rock outcrop to expand initiating a continuous coupling between melting, 

ice thinning, rock exposure and blue ice formation (Kingslake et al., 2017). In 

consequence, already existing drainage systems are enlarged and can contribute to 

meltwater delivery to ice shelves that are vulnerable to collapse. Ice shelf collapse then 

leads to glacier acceleration and upstream ice thinning initiating further melt-albedo 

feedbacks (Kingslake et al., 2017). Even though future increased precipitation conditions 

due to the enhanced moisture holding capacity of warmer air may partly compensate this 

(Bell et al., 2018; Bengtsson et al., 2011; Krinner et al., 2007; Lenaerts et al., 2016), 

melt-albedo feedbacks will play a crucial role for future ice shelf and ice sheet stability. 

3.4 Summary 

In this chapter, the state-of-the-art of Antarctic surface hydrology, including known 

controls on Antarctic supraglacial lake formation as well as their distribution and potential 

impacts on ice dynamics, was summarized. To start with, the predominant control 

mechanisms on Antarctic supraglacial lake formation were found to be the local setting, 

the regional near-surface climate and large-scale atmospheric circulation patterns. 

Moreover, the literature review revealed that Antarctic supraglacial lakes are numerous 

over the API and EAIS and scarce over the WAIS. Potential impacts of Antarctic 

supraglacial lakes on ice dynamics were shown to result from direct surface runoff, a 

changing albedo, basal meltwater injection and hydrofracture. 

At the same time, current knowledge on Antarctic supraglacial lakes mostly results 

from theoretical considerations, e.g. in comparison to knowledge from the Greenland Ice 

Sheet, or from individual observations over selected ice shelves only. This highlights the 

need for more sophisticated research on Antarctic supraglacial lakes including detailed 

analyses on predominant control mechanisms driving lake formation and evolution as 

well as on potential impacts on Antarctic ice dynamics. For this purpose, the spatio-

temporal distribution of supraglacial lakes is required to be investigated in more detail. 
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* 

_____________________________________________________________________ 

*Parts of this chapter are based on Dirscherl et al. (2020a) and Dirscherl et al. (2021a). 

 

 

CHAPTER 4 

 

4 A Review on Spaceborne Remote Sensing of Antarctic 

Supraglacial Lake Extents 
 

This chapter summarizes recent developments and advancements of spaceborne 

remote sensing for Antarctic supraglacial lake classification (Chapter 4.1). In addition, 

potentials and challenges of earth observation for Antarctic supraglacial lake extent 

delineation are introduced (Chapter 4.2) and future requirements are discussed (Chapter 

4.3). As part of Chapter 4.1, a systematic literature review on the state-of-the-art of 

existing studies on spaceborne remote sensing of Antarctic supraglacial lakes was 

performed on the basis of all available publications (n=43) between January 1980 and 

June 2021. For this purpose, studies were investigated for applied satellite sensors and 

mapping techniques (Chapter 4.1.1, Chapter 4.1.2) as well as their geospatial coverage 

and temporal resolution (Chapter 4.1.3, Chapter 4.1.4). For an improved evaluation of 

studies investigating the influence of meltwater ponding on Antarctic ice dynamics, a 

second review was performed on the basis of 201 publications within the period 1984-

2018. The results of Chapter 4.1 and Chapter 4.2 form the basis for the identification of 

future requirements in Chapter 4.3. Finally, Chapter 4.4 summarizes the entire chapter. 

4.1 Results of the Literature Review on Spaceborne Remote 

Sensing of Antarctic Supraglacial Lakes 

With accelerating global climate change, the monitoring of Antarctic ice dynamics 

received an ever-increasing attention. Historical measurements of the Antarctic Ice 

Sheet were performed with ground-based measurement devices such as theodolites or 

Global Positioning System (GPS) receivers (Bindschadler et al., 2003; Whillans and Van 

Der Veen, 1993). However, due to the remote geographical location, harsh environment 

and vast size of Antarctica, ground-based mapping efforts are difficult to perform and 

time-consuming resulting in incomplete mapping records (Joughin et al., 2010; Rignot et 

al., 2011). In the advent of spaceborne remote sensing, the monitoring of the Antarctic 

Ice Sheet was revolutionized allowing for detailed mapping efforts at unprecedented 
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spatial coverage. Apart from the mapping of Antarctic surface features, including 

supraglacial lakes (Kingslake et al., 2017; Stokes et al., 2019), blue ice (Hui et al., 2014; 

Rivera et al., 2014; Winther et al., 2001), rifts and crevasses (Marsh et al., 2021; Rivera 

et al., 2014) or rock outcrop (Kang et al., 2018), measurements with optical, SAR and 

Light Detection and Ranging satellite sensors enabled the monitoring of ice sheet 

elevation (Seehaus et al., 2015; Shepherd et al., 2019), ice motion (Mouginot et al., 

2017a; Rignot et al., 2011), sea ice and iceberg conditions (Fraser et al., 2020; Zibordi 

and Van Woert, 1993) as well as of grounding line (Fricker et al., 2009; Friedl et al., 

2020) and calving front dynamics (Baumhoer et al., 2019) (see Figure 4.1).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.1. Potentials of EO for the monitoring of Antarctic ice sheet dynamics.  

4.1.1 Applied Satellite Sensors 

The history of spaceborne observations of Antarctic supraglacial lakes dates back to 

the 1970s and 1980s, when the launch of the Landsat satellites led to an increase of 

studies using optical remote sensing data (Figure 4.2a). Early studies on Antarctic 

supraglacial lakes in the 1980s and 1990s were performed only sporadically with most 

studies relying on the use of publicly available optical satellite data from Landsat 1-5. 

During the 1990s, also the use of SAR data, e.g. from the European Remote Sensing 

Satellites (ERS-1/-2), became more popular. In the following decades, studies greatly 

increased peaking in the 2010s as well as in 2020. These peaks were related to the 

recent launches of the Landsat 8 and Sentinel-1/-2 satellite missions in 2013 and 2014-

2017, respectively, but also to the increasing awareness for potential supraglacial lake 

impacts on ice shelf stability following the collapse of several Antarctic ice shelves in the 
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1990s and 2000s (Figure 4.2a-b). In detail, the highest number of studies was found for 

years 2019 and 2020, where multiple algorithms for large-scale derivation of lake extents 

and volumes in optical imagery were tested (Halberstadt et al., 2020; Moussavi et al., 

2020) and where the first large-scale assessment of East Antarctic supraglacial lakes 

during January 2017 was performed on the basis of optical Landsat 8 and Sentinel-2 

data (Stokes et al., 2019). Over the full investigation period 1980 to 2021, ~77% of all 

studies used optical satellite data for evaluation of Antarctic supraglacial lakes, while 

only 11% of all studies were SAR-based. At the same time, ~12% of all studies 

employed a combination of optical and SAR data (Figure 4.2a).  

Figure 4.3 presents a more detailed analysis of used sensor types as well as the 

frequency of use of data from specific satellite missions during the investigation period 

1980-2021. In agreement with the predominant use of optical satellite data (~89%), the 

most commonly used sensors for Antarctic supraglacial lake extrent mapping were from 

the optical Landsat satellite mission. With their launches in 1999 and 2013 (see Figure 

4.2a), data from Landsat 7 and Landsat 8 were most frequently used. Also, data from 

Landsat 1 as well as from Landsat 4-5 were applied in numerous studies. As mentioned, 

these sensors were launched in the 1970s and 1980s providing important data for 

historical supraglacial lake analyses. First results using Landsat data for Antarctic 

supraglacial lake identification were published in the late 1980s (Orheim and Lucchitta, 

1987; Swithinbank, 1988), but also recent studies rely on the use Landsat 1-5 data for 

long-term analyses of supraglacial lake evolution (Arthur et al., 2020b; Kingslake et al., 

2017; Leeson et al., 2020; Spergel et al., 2021). Despite the medium spatial resolution of 

Landsat data, their large scene cover is particularly useful for large-scale assessments of 

Antarctic supraglacial lakes. Further, data from Sentinel-2 and Aqua/Terra were 

frequently used. Due to their launches in 1999 and 2002 (see Figure 4.2a), the 

Moderate-resolution Imaging Spectroradiometer (MODIS) sensors aboard Terra and 

Aqua were used for assessments of past supraglacial lake evolution (e.g. Hubbard et al., 

2016; Kingslake et al., 2015; Spergel et al., 2021). On the other hand, Sentinel-2 data 

were used for more recent investigations of Antarctic supraglacial lakes (e.g. Arthur et 

al., 2020b; Banwell et al., 2021; Moussavi et al., 2020; Stokes et al., 2019; Tuckett et al., 

2019). All other optical sensors listed in Figure 4.3 were used <5 times each.  

Data from SAR sensors were employed less frequently (~11%). The most commonly 

used data were from ERS-1/-2 (Figure 4.3). With their launches in the early 1990s 

(Figure 4.2a), ERS-1/-2 were the first operational SAR missions in space and therefore 

of great value for early investigations of Antarctic supraglacial lakes (Lucchitta and 

Rosanova, 1998; Phillips, 1998; Rott et al., 1996). Moreover, data from the Advanced 

Synthetic Aperture Radar (ASAR) sensor aboard the Environmental Satellite (ENVISAT) 

(Holland et al., 2011; Luckman et al., 2014) as well as from the recently launched 

Sentinel-1 satellite mission (Kuipers Munneke et al., 2018; Spergel et al., 2021) were 
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used in two studies each. Similarly, data from RADARSAT-1/-2 and the Advanced Land 

Observing Satellite (ALOS) were used in one study each.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.2. Temporal evolution of studies on spaceborne remote sensing of Antarctic supraglacial 

lakes between January 1980 and June 2021 with respect to the (a) used sensor types, (b) spatial 

coverage and (c) temporal resolution. The launch years of important satellite missions are marked 

in grey (a). 

a) 

b) 

c) 
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Figure 4.3. Distribution of used sensor types and frequency of use of data from specific satellite 

missions for the mapping of Antarctic supraglacial lakes in 1980-2021. 

4.1.2 Applied Mapping Techniques 

Over the past decades, the mapping of Antarctic supraglacial lake extents in optical 

satellite imagery was performed through visual identification, manual delineation or semi-

automated mapping techniques. Purely visual identification of lakes was mainly done in 

early studies on Antarctic supraglacial lake occurrence during the 1980s and 1990s, but 

also in more recent work (e.g. Kingslake et al., 2015; Lucchitta and Rosanova, 1998; 

Orheim and Lucchitta, 1987; Rott et al., 1996; Swithinbank, 1988; Tuckett et al., 2019; 

Winther et al., 1996). Similarly, the manual delineation of lakes in optical satellite 

imagery was a frequently applied method until the mid-2010s (e.g. Glasser et al., 2011; 

Kingslake et al., 2017; LaBarbera and MacAyeal, 2011; Langley et al., 2016; Vaughan et 

al., 1993). In more recent years, supraglacial lake extent mapping was performed 

through semi-automated Normalized Difference Water Index (NDWI) thresholding in 
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combination with manual post-processing (Arthur et al., 2020a; Leeson et al., 2020; 

Stokes et al., 2019). In particular, NDWIice represents a modified version of NDWI with 

enhanced water detection capabilities over glaciated regions (Yang and Smith, 2013) 

and was frequently applied for classification of Antarctic meltwater ponds, e.g. in 

Sentinel-2 or Landsat 8 imagery (Arthur et al., 2020b; Banwell et al., 2019; Bell et al., 

2017; Dell et al., 2020). NDWIice is calculated as the normalized ratio of blue and red 

reflectance bands: 

 

𝑁𝐷𝑊𝐼𝑖𝑐𝑒 =  
𝑏𝑙𝑢𝑒−𝑟𝑒𝑑

𝑏𝑙𝑢𝑒+𝑟𝑒𝑑
        (1) 

 

Even though no universal NDWIice threshold exists, a value of 0.25 was commonly 

used for pixel-based classification of deep water bodies (Bell et al., 2017; Dell et al., 

2020). Likewise, values between 0.14 and 0.25 were used for medium deep water 

classification and values between 0.12 and 0.14 for shallow water classification and 

slush detection (Bell et al., 2017). Only recently, also threshold-based methods using 

multiple normalized difference indices, including NDWI and Normalized Difference Snow 

Index (NDSI), as well as selected reflectance bands were proposed for future pan-

Antarctic assessments using Landsat 8 and Sentinel-2 (Moussavi et al., 2020). 

Moreover, Halberstadt et al. (2020) tested unsupervised k-means clustering for 

derivation of supraglacial lake extents in Landsat 8 imagery. Semi-automated 

supraglacial lake extent mapping techniques (Box and Ski, 2007; Howat et al., 2013; 

Miles et al., 2017; Moussavi et al., 2016) as well as adaptive thresholding were also 

applied for supraglacial lake extent mapping in satellite imagery over the Greenland Ice 

Sheet (Johansson and Brown, 2013; Liang et al., 2012; Selmes et al., 2011; Sundal et 

al., 2009; Williamson et al., 2017). Yet, these methods were found to be far less accurate 

than manual delineation techniques (Leeson et al., 2013).  

Furthermore, the enhanced spatial and spectral resolution of recent optical satellite 

missions enables the derivation of lake depths and volumes using radiative transfer 

models (Arthur et al., 2020a; Moussavi et al., 2020; Pope et al., 2016; Sneed and 

Hamilton, 2007). These calculate lake depths and volumes based on the rate of light 

attenuation with depth due to absorption and scattering mechanisms (Moussavi et al., 

2020). As these models underly several assumptions that are not always met in 

Antarctica, including the absence of wind-induced surface roughening, an accurate 

discrimination between ice-covered and ice-free lake areas as well as a homogeneous 

lake-bottom albedo (Arthur et al., 2020a; Banwell et al., 2019; Moussavi et al., 2016; 

Pope et al., 2016; Sneed and Hamilton, 2007), lake depths and volumes were not 

considered as part of this thesis and a more in-depth description of physical-based 

models for lake volume derivation is not provided. 
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On the other hand, the detection of Antarctic supraglacial lakes in SAR imagery was 

so far mainly visual (Fricker et al., 2002; Holland et al., 2011; Kuipers Munneke et al., 

2018; Lucchitta and Rosanova, 1998; Phillips, 1998; Rott et al., 1996) or manual (Leeson 

et al., 2020; Lenaerts et al., 2017; Spergel et al., 2021). In addition, a recent study 

employed pixel-based thresholding on Envisat ASAR imagery (Luckman et al., 2014). 

Similar work was done for supraglacial lake extent mapping over the Greenland Ice 

Sheet, where a combination of optical and adaptive SAR thresholding was employed on 

optical Landsat 8 and Sentinel-1 SAR imagery (Miles et al., 2017). Besides, polarimetric 

SAR from Sentinel-1 was used for detection of perennial supraglacial lakes across the 

Greenland Ice Sheet (Schröder et al., 2020). 

4.1.3 Geospatial Coverage of Studies 

Studies on Antarctic supraglacial lakes were also categorized into “local”, “regional” 

and “circum-Antarctic” investigations. In this context, local-scale refers to investigations 

over a single glacier, ice shelf or drainage basin and regional-scale describes studies 

that stretch over multiple glaciers, ice shelves or drainage basins. Circum-Antarctic 

studies include drainage basins that are distributed across all three Antarctic regions. 

Figure 4.2b illustrates the spatial coverage of studies on Antarctic supraglacial lakes 

over time. As can be seen, ~89% of all studies were local-scale investigations, while only 

~9% of all studies represented regional-scale analyses. At the same time, ~2% of all 

investigations on Antarctic supraglacial lakes were performed at circum-Antarctic spatial 

scale. While local-scale investigations increased constantly over time (e.g. Bell et al., 

2017; Dell et al., 2020; Fricker et al., 2002; Kingslake et al., 2015; Orheim and Lucchitta, 

1987; Winther et al., 1996), the first regional-scale analyses were published in 2019 and 

2020. With more detail, regional-scale analyses were mainly performed on the basis of 

optical Landsat 8 and Sentinel-2 data and focusing on ice shelves and drainage basins 

across East Antarctica (Halberstadt et al., 2020; Moussavi et al., 2020; Stokes et al., 

2019) and the API (Tuckett et al., 2019). Similarly, the only circum-Antarctic supraglacial 

lake investigation was published in 2017 identifying meltwater drainage systems in 

Landsat, ASTER and WorldView satellite imagery as well as in aerial photography 

across multiple AIS ice shelves (Kingslake et al., 2017). Even though the investigation by 

Kingslake et al. (2017) primarily focused on the detection of surface meltwater features 

on individual ice shelves and time steps, their analysis was the first to report of Antarctic 

meltwater features to be more widespread than previously assumed.  

Moreover, local- and regional-scale investigations were subdivided according to their 

spatial coverage across the three Antarctic regions. As can be seen in Figure 4.4, local-

scale investigations on Antarctic supraglacial lakes focused on drainage basins on the 

API (~42%) and EAIS (~47%). Likewise, regional studies were conducted for glaciers, 
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ice shelves or drainage basins on the API (~2%) and EAIS (~7%) only. As previously 

mentioned, the remaining 2% of all studies covered regions on the API, WAIS and EAIS.  

 

 

 

 

 

 

 

 

 

Figure 4.4. Spatial extent and focus regions of spaceborne investigations on Antarctic 

supraglacial lakes. API: Antarctic Peninsula. WAIS: West Antarctic Ice Sheet. EAIS: East 

Antarctic Ice Sheet. AIS: Antarctic Ice Sheet. 

To provide more detail on the spatial distribution of studied drainage basins and ice 

shelves, geospatial heat maps were created (Figure 4.5). At this point it has to be noted, 

that EAIS supraglacial lakes that were detected during January 2017 by Stokes et al. 

(2019) (purple points in Figure 4.5) are not included in the study count. As can be seen 

in Figure 4.5, ice shelves on the API and EAIS were studied 21 and 24 times, 

respectively. At the same time, only one study investigated an ice shelf on the WAIS, 

where surface melt is generally less abundant. More specifically, Amery Ice Shelf on the 

EAIS was by far the most frequently studied ice shelf appearing in a total of seven 

studies. Amery is the largest East Antarctic ice shelf and was the first where supraglacial 

lakes were documented to be widespread (Mellor and McKinnon, 1960; Phillips, 1998; 

Swithinbank, 1988). Other frequently studied ice shelves include Larsen C and George 

VI ice shelves on the API with six and five studies each. The large interest in supraglacial 

lakes on George VI Ice Shelf results from the presence of an extensive surface 

hydrological network since at least the 1980s (Reynolds, 1981). On the other hand, 

Larsen C Ice Shelf was frequently studied due to the repeated presence of supraglacial 

lakes having important implications for future ice shelf stability (Buzzard et al., 2018a). 

Besides, Larsen B, Nivlisen and Roi Baudouin ice shelves appeared in four studies each 

and Wilkins and Shackleton ice shelves were studied three times each. Supraglacial 

lakes on Larsen B Ice Shelf were of particular interest due to their suggested influence 

on the collapse of Larsen B in 2002 (Banwell et al., 2014; Glasser and Scambos, 2008; 

Leeson et al., 2020; Scambos et al., 2000). On the other hand, Nivlisen, Wilkins, 

Shackleton and Roi Baudouin ice shelves were revealed to be covered in substantial 
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amounts of surface melt during summer resulting in an increased scientific interest as 

well as their frequent use as test regions during recent method developments using 

Landsat 8 and Sentinel-2 data (Arthur et al., 2020b; Dell et al., 2020; Halberstadt et al., 

2020; Kingslake et al., 2017, 2015; Lenaerts et al., 2017; Moussavi et al., 2020; Stokes 

et al., 2019; Vaughan et al., 1993; Zheng and Zhou, 2019). Ice shelves that were studied 

only two times include Larsen A on the API as well as Riiser-Larsen, McMurdo and 

Nansen ice shelves on the EAIS. On the WAIS, Pine Island Ice Shelf was analyzed only 

once as part of the circum-Antarctic mapping effort by Kingslake et al. (2017). 

 

 

  

 

 

 

 

 

 

 

Figure 4.5. (a) Geospatial distribution of spaceborne studies on Antarctic supraglacial lakes over 

individual drainage basins and ice shelves (circles). Purple points are lakes identified by Stokes et 

al. (2019). (b) Magnification over the northern Antarctic Peninsula. Data: (Morlighem, 2020; 

Morlighem et al., 2020; SCAR, 2019). 

Studies on supraglacial lake occurrence over individual drainage basins are so far 

scarce (Figure 4.5). The most frequently studied drainage basins include Jutulstraumen 

in Queen Maud Land appearing in three studies (Orheim and Lucchitta, 1987; Winther et 

al., 2001, 1996) as well as Polar Record Glacier near Amery Ice Shelf being studied 

twice (Jawak and Luis, 2014; Liang et al., 2019). Several glaciers draining into Ross Ice 

Shelf as well as into the embayments of the former Larsen A and Larsen B ice shelves 

on the API were analyzed in one study each (Kingslake et al., 2017; Tuckett et al., 2019). 

Further, one study analyzed seasonal supraglacial lake dynamics on Langhovde Glacier 

in East Antarctica (Langley et al., 2016) and one investigation dealt with lakes in the 

Fisher-Mellor-Lambert Glacier System feeding Amery Ice Shelf (Hambrey and 

Dowdeswell, 1994). Apart from supraglacial lakes identified in EAIS drainage basins as 
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part of the mapping campaign by Stokes et al. (2019), all other glaciers and ice shelves 

still lack a detailed supraglacial lake mapping record from spaceborne remote sensing. 

4.1.4 Temporal Resolution of Studies 

Apart from spatial characteristics of studies on Antarctic supraglacial lakes, also their 

temporal resolution was investigated. In detail, studies were categorized in agreement 

with their focus on either intra-annual or inter-annual supraglacial lake dynamics. In the 

following, intra-annual refers to the evolution of supraglacial lakes within an individual 

melting season and inter-annual refers to the consideration of supraglacial lake 

dynamics between years or at individual time steps only.  

As shown in Figure 4.2c, ~77% of all studies on Antarctic supraglacial lakes were 

performed at inter-annual temporal resolution or using single satellite observations only. 

This particularly applies to early studies on Antarctic supraglacial lakes that primarily 

dealt with supraglacial lake observations at individual time steps (e.g. Fricker et al., 

2002; Orheim and Lucchitta, 1987; Reynolds, 1981; Swithinbank, 1988; Vaughan et al., 

1993). On the other hand, ~23% of all studies investigated seasonal characteristics of 

Antarctic supraglacial lakes. In particular, seasonal investigations on the evolution of 

Antarctic supraglacial lakes increased strongly since 2016, when the availability of 

spaceborne observations, e.g. from the optical Landsat 8 or Sentinel-2 satellite missions, 

started to improve (Arthur et al., 2020b; Banwell et al., 2021; Dell et al., 2020; Kingslake 

et al., 2017; Langley et al., 2016; Liang et al., 2019; Moussavi et al., 2020; Spergel et al., 

2021; Tuckett et al., 2019). In fact, recent studies on Antarctic supraglacial lakes 

predominantly investigated intra-annual supraglacial lake extent dynamics with a total 

share of 50%, 60% and 100% in 2019, 2020 and 2021, respectively (Figure 4.2c). At the 

same time, also inter-annual or single observations of Antarctic supraglacial lakes are 

still of great interest for the glaciological community, e.g. for large-scale or continent-wide 

investigations of Antarctic supraglacial lakes (Kingslake et al., 2017; Stokes et al., 2019). 

4.2 Potentials and Challenges of Spaceborne Remote Sensing 

for Antarctic Supraglacial Lake Extent Mapping 

Spaceborne remote sensing greatly supports the mapping of Antarctic supraglacial 

lake extents enabling the continuous monitoring of the AIS at unprecedented spatial 

coverage and detail. The extraction of Antarctic supraglacial lake extents from optical 

and SAR imagery yet requires detailed knowledge and understanding of the individual 

advantages and disadvantages of passive optical and active SAR sensors. Additionally, 

the spectral properties and backscattering characteristics of ice sheet surface features, 

clouds and open ocean are required to be considered. Table 4.1 summarizes the key 
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characteristics and limitations of recently launched optical and SAR satellite sensors with 

specific focus on the recently launched Sentinel-1/-2 and Landsat 8 satellite missions. 

Table 4.1. Main characteristics of recently launched optical and SAR satellite sensors for 

supraglacial lake extent mapping in Antarctica. Specific focus is on the Sentinel and Landsat 

satellite missions. S2: Sentinel-2. L8: Landsat 8. 

 

 

 

 

 

 

 

 

 

 
 

4.2.1 Optical Remote Sensing 

As visible in Table 4.1, the recent launch of passive optical satellite sensors such as 

Sentinel-2 or Landsat 8 is of great relevance for supraglacial lake extent mapping in 

Antarctica. The high spatial accuracy, coverage and repeat interval of these sensors 

allows for a detailed, large-scale monitoring of the AIS. For example, Sentinel-2 records 

the sunlight reflected from the earth’s surface in 13 spectral bands in the visible and 

infrared regions of the electromagnetic spectrum. Sentinel-2 provides data at 10 m 

spatial resolution covering an area of ~10,000 km2 at up to daily revisit frequencies over 

polar regions. Due to the open data policy of the Copernicus programme, Sentinel-2 data 

are free of use highlighting their value for Antarctic research. Also, data of the Landsat 8 

satellite mission are relevant for supraglacial lake extent mapping. Landsat 8 OLI 

(Operational Land Imager) images the earth every 16 days in nine spectral bands in the 

visible and infrared regions. The high spatial coverage (~33,000 km2) and resolution (30 

m) of a single Landsat 8 scene is particularly suitable for large-scale ice sheet monitoring 

efforts. However, passive satellite sensors depend on meteorological and illumination 

conditions restricting the use of Sentinel-2 or Landsat 8 data to cloud-free daytime 

acquisitions during Antarctic summer (Table 4.1). 

For an accurate delineation of supraglacial lake extents in optical satellite imagery, 

the discrimination of different ice sheet surface features, clouds and open ocean is 

required. Figure 4.6 provides details on the reflectance and spectral albedo of snow, ice, 

Properties SAR Optical 

Spatial accuracy Medium High (S2, L8) 

Pixel spacing ≤10 m Yes Yes (S2) 

Spatial coverage ≥10,000 km2 Yes Yes (S2, L8) 

Revisit time ≤6 days Yes Yes (S2) 

Dependence on illumination No Yes (S2, L8) 

Dependence on weather conditions No Yes (S2, L8) 

Features that are difficult to 
discriminate from surface lakes 

• Slush  
• Wet snow 
• Dry snow 
• Radar shadow 
• Blue / bare ice 
• Ocean 

• Slush 
• Shadow 
• Blue ice 
• Icebergs and sea 

ice in the ocean 

Other limitations 
• Seasonal changes 
• Wind roughening 
• Speckle noise 

• Seasonal changes 
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rock, meltwater ponds and the open ocean in the visible and near-infrared regions. As 

can be seen, the transition and metamorphism from fresh snow to firn and glacier ice can 

be easily tracked through their varying spectral reflectance at different wavelengths. 

Fresh snow shows highest reflectance, oftentimes similar to clouds, while progressively 

older granular snow shows reduced reflectance values (Dietz et al., 2012). Lowest 

reflectance of 10-30% can be found over polluted snow and glacier ice, rock outcrop as 

well as the open ocean (Figure 4.6) (Tedesco, 2015).  

 

 

 

 

 

 

 

 

 

Figure 4.6. (a) Reflectance properties of basaltic rock and different snow and ice types. (b) 

Spectral albedo of different snow and ice types, open ocean and meltwater ponds. Modified after 

Tedesco (2015). Reprinted with permission from John Wiley and Sons and Copyright Clearance 

Center. 

On the other hand, supraglacial lakes can be easily identified through the low albedo 

of surface ponds creating a sharp boundary with surrounding snow and ice of higher 

reflectance as well as with exposed bedrock and open ocean of considerably lower 

reflectance (Figure 4.6) (Tedesco, 2015). Likewise, also frozen lakes can be detected as 

long as the ice cover is clear and no fresh snow is overlying the ice. However, the correct 

discrimination between supraglacial lakes and features with similar spectral reflectance 

such as blue ice (Figure 4.7a,d), slush (Figure 4.7f), shadow (Figure 4.7a-c), melting sea 

ice (Figure 4.7d-e) or icebergs in the ocean (Figure 4.7e) represents a challenging task 

(Table 4.1). In particular, shadowing on snow, blue ice as well as in crevasses, rifts or at 

the calving front (Figure 4.7a-e) is difficult to discriminate from supraglacial meltwater in 

optical imagery. Similarly, partly submerged icebergs increase the spectral signature of 

the overlying ocean which complicates a correct differentiation from Antarctic 

supraglacial lakes (Figure 4.7e). Another challenge to overcome is the varying spectral 

signature of lakes, snow, ice and shadowing over the course of a year (Figure 4.6b) 

a) b) 
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(Dietz et al., 2012; Tedesco, 2015). For example, shallow meltwater ponds during the 

early melting season show a comparatively high albedo and reflectance, similar to that of 

blue ice or slush, while deep, late-season meltwater ponds show lower reflectance 

values comparable to shadow (Figure 4.6b) (Moussavi et al., 2020). In turn, the transition 

to refreezing lakes towards the end of a summer melting season again leads to higher 

reflectance values similar to blue ice or slush as long as no snow is overlying the ice.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.7. Appearance of Antarctic supraglacial lakes and ice sheet surface features with similar 

spectral reflectance in Sentinel-2 imagery. Lakes adjacent to (a) rock outcrop and cloud shadow, 

(b) topographic shadow on ice, (f) slush as well as within a (c) crevasse and (d) blue ice field or 

(e) atop and around submerged icebergs. Data: (Copernicus Sentinel-2 data). 

4.2.2 SAR Remote Sensing 

Emitting electromagnetic signals in the microwave frequency domain, active SAR 

sensors are of equal importance for Antarctic supraglacial lake extent mapping. In detail, 

the emitted electromagnetic signal interacts with features at the earth’s surface and is 

scattered back to the satellite antenna providing phase and amplitude information. While 

phase-based information describes the distance between the satellite platform and 

scattering object, the amplitude represents the intensity of the backscattered signal. Over 

polar regions, phase-based remote sensing is mostly employed for surface elevation, 

deformation, grounding line or ice velocity derivation through application of 

interferometric SAR (e.g. Fricker et al., 2009; Rack et al., 2000; Rott et al., 2018; Young 

and Hyland, 2002), while backscattering intensity images are commonly used for 

a) b) c) 

d) 

e) 

f) 
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Antarctic calving front (Baumhoer et al., 2019; Mohajerani et al., 2019; Zhang et al., 

2019) or supraglacial lake extent delineation (Luckman et al., 2014; Miles et al., 2017).  

One major advantage of microwave remote sensing is the independence of 

meteorological and illumination conditions enabling continuous data acquisition also 

during cloud cover and Antarctic polar night (Table 4.1). Similar as for optical sensors, 

SAR delivers imagery at high spatial and temporal coverage. For example, Sentinel-1 

images the Earth every 6 days at a swath width and pixel spacing of 250 km and 10 m in 

Interferometric Wide (IW) swath mode. Even higher spatial coverage of 400 km can be 

achieved in Extra Wide (EW) swath mode providing data at a reduced spatial resolution 

of 40 m. Although Sentinel-1 has a revisit time of 6 days, the overlapping orbit tracks in 

high latitudes enable polar regions to be revisited up to daily. Another advantage of C-

band SAR sensors such as C-SAR aboard Sentinel-1 is their increased penetration 

capability improving the detection of subsurface features including buried and partly 

frozen lakes on ice sheets.  

 

 

 

 

 

 

 

 

Figure 4.8. Radar backscattering characteristics of different radar glacier zones and sea ice in 

Antarctica. Overview maps (a,d) showing the locations of the mean SAR intensity images over the 

East Antarctic Ice Sheet (EAIS) (b-c) and the Antarctic Peninsula (API) (e-f) during austral 

summer (b,e) and winter (c,f). The grounding line is illustrated in grey. WAIS: West Antarctic Ice 

Sheet. Data: (Copernicus Sentinel-1 data; IMBIE, 2016; Morlighem, 2020; Morlighem et al., 2020; 

Mouginot et al., 2017b; Rignot et al., 2013). 

Despite the great potentials of SAR remote sensing, the similar backscattering 

characteristics of ice sheet surface features make their correct discrimination difficult. 

This particularly applies to different snow and ice types showing varying dielectric 

properties throughout the year or across different glacier elevation zones, thus leading to 

strongly fluctuating backscattering values (Figure 4.8, Figure 4.9). In detail, high moisture 

contents as well as open water result in particularly low backscattering values and low 

moisture contents result in high backscattering intensities (Kwok et al., 1992; Mätzler, 
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1987; Stiles and Ulaby, 1980). In agreement with the dielectric properties of snow, the 

ice sheet can be divided into different radar glacier zones (see Figure 2.1). As mentioned 

in Chapter 2.1, the dry snow zone can be found in high altitudes where melting is absent 

(Figure 4.8). Here, the radar signal penetrates several meters into the snowpack 

resulting in volume scattering and low backscattering throughout the whole year (Figure 

4.9) (Liu et al., 2006). The percolation zone is located directly below the dry snow zone 

returning high backscattering values due to scattering from ice pipes and lenses that 

form within the snowpack and firn as a result of occasional melting and refreezing during 

summer (Figure 2.1, Figure 4.8, Figure 4.9) (Liu et al., 2006). In the glacier zones 

stretching over lower altitudes, seasonal variations in surface air temperature lead to 

more substantial fluctuations in radar backscatter. As can be seen in Figure 4.8 and 

Figure 4.9, the wet snow zone undergoes substantial melting during summer leading to 

very low radar penetration and low backscattering values, while radar intensity during 

winter is usually intermediate due to reduced scattering from refrozen ice lenses within 

the high-density firn (Liu et al., 2006). Meltwater ponds and streams are present within 

the wet snow zone having very low radar backscattering values similar to that of wet 

snow due to the specular reflection of microwaves over smooth water (Figure 4.8, Figure 

4.10e) (Bernier, 1987; Stiles and Ulaby, 1980). In the superimposed and bare ice zones, 

a continuous layer of ice is exposed at the surface leading to comparatively low winter 

backscattering values similar to that in the wet snow zone (Liu et al., 2006). During 

summer, the superimposed and bare ice zones generally return higher radar intensity 

values than the wet snow zone (Fahnestock et al., 1993).  

 

 

 

 

 

 

 

 

 

Figure 4.9. Exemplary backscattering signature of different snow and ice types as well as of liquid 

water throughout the course of a year, as extracted from single-polarized Sentinel-1 imagery over 

a selected test site on the Antarctic Peninsula. Data: (Copernicus Sentinel-1 data). 

In agreement with these properties, supraglacial lakes are particularly difficult do 

discriminate from low backscatter wet or dry snow in SAR imagery even if temporal 
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image metrics are available (Figure 4.8, Figure 4.9, Figure 4.10e,f,k) (Liu and Jezek, 

2004). Similarly, the low backscattering signature of open ocean or radar shadow (Figure 

4.10h-j) can be a challenge for supraglacial lake identification (Liu and Jezek, 2004). Due 

to the frequent occurrence of wind across the Antarctic continent, also wind roughening 

of lake surfaces or the ocean has to be considered (Liu and Jezek, 2004). Here, diffuse 

radar reflection results in increased backscattering intensities than under calm weather 

conditions making a correct discrimination between ice and water even more difficult. In 

particular, wind roughened water surfaces can be easily confused with ice sheet surface 

features of slightly higher backscattering values such as bare ice or blue ice (Figure 4.8, 

Figure 4.10k,l). Furthermore, shallow slushy lakes or the strong refreezing of lakes lead 

to higher backscattering values and speckle noise results in inhomogeneous 

backscattering values (Figure 4.10a,b,c,d,g). Additionally, these properties can lead to 

fuzzy lake edges and low visual contrast. Finally, the seasonally varying sea ice cover or 

meltwater accumulation on sea ice (Figure 4.10j) complicates an accurate differentiation 

between land and ocean as well as between lakes on sea ice and lakes on ice shelves 

or the ice sheet (Figure 4.8) (Kwok et al., 1992). 

4.2.3 Optical versus SAR 

To summarize, each sensor type has different potentials and limitations. While 

supraglacial lake detection in optical satellite imagery is primarily affected by the similar 

appearance of supraglacial lakes and surface features such as shadow, blue ice or slush 

as well as the lack of data during cloud cover and Antarctic polar night, SAR remote 

sensing is subject to speckle noise, surface roughening, e.g. due to wind or lake 

refreezing, as well as the similar backscattering signature of surface lakes, wet snow, dry 

snow, bare ice, radar shadow and the open ocean (Table 4.1). At the same time, SAR 

remote sensing provides continuous data coverage and improves the detection of slightly 

frozen and buried lakes whereas optical remote sensing is particularly advantageous due 

to the possibility of mapping lakes at high spatial accuracy. In addition, optical data 

enable the mapping of lakes that are subject to strong wind roughening or refreezing in 

case of the overlying ice being clear and snow-free. 

Due to these sensor-specific characteristics, optical and SAR data of the same date 

oftentimes do not reflect the same supraglacial lake extents (Figure 4.11). For example, 

severe wind roughening of lake surfaces as well as the occurrence of strongly frozen 

lakes leads to a greatly reduced visibility of lakes in SAR imagery, as shown in Figure 

4.11. Here, lakes either appear bright or are considerably smaller in extent than in optical 

imagery, where they are clearly visible also during wind roughening and refreezing as 

long as the overlying ice is clear and snow-free. In this context, also different acquisition 

times during a day could be responsible for differences in supraglacial lake visibility, e.g. 

due to short-term refreezing or melting events. 
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Figure 4.10. Appearance of Antarctic supraglacial lakes and resembling ice sheet surface 

features in Sentinel-1 imagery. Lakes and lake refreezing on George VI (a) and Amery ice 

shelves (b-c). (d) Lakes with low visual contrast on Amery Ice Shelf. (e-f) Lakes and wet snow on 

George VI Ice Shelf. (g) Shallow lakes adjacent to slush on George VI Ice Shelf. Shadowing in ice 

shelf fractures on Shackleton Ice Shelf (h) as well as near rock outcrop (i) and at a fractured ice 

tongue (j) close to Larsen C Ice Shelf. Bare ice and dry snow near rock on Rennick Ice Shelf (k) 

and bare ice near Nivlisen Ice Shelf (l). Data: (Copernicus Sentinel-1 data). 
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Figure 4.11. Appearance of supraglacial lakes in SAR (a,c) and optical (b,d) satellite imagery of 

19 January 2020 over George VI Ice Shelf. (a-b) and (c-d) show the same locations. Data: 

(Copernicus Sentinel data). 

4.3 Discussion of Requirements of Spaceborne Remote Sensing 

of Antarctic Supraglacial Lakes 

Despite the shown potentials and advances in the mapping and understanding of 

Antarctic surface hydrology using EO, current knowledge on Antarctic supraglacial lakes 

is still restricted. In agreement with the results of the literature review outlined in Chapter 

4.1 as well as the potentials and challenges of optical and SAR remote sensing (Chapter 

4.2), several key challenges and requirements of future research on Antarctic surface 

hydrology were defined, as summarized in the following. In particular, future 

requirements were formulated in order to enable the answering and addressing of the 

following overarching key research questions: 

• What are the drivers of Antarctic supraglacial lake occurrence? 

• How do supraglacial lakes evolve spatially and temporally? 

• What are the impacts of meltwater ponding on Antarctic ice dynamics? 

• Which ice shelves are vulnerable to hydrofracture and meltwater-induced ice 

shelf collapse? 

4.3.1 Requirement of a Higher Temporal and Spatial Coverage of Studies 

on Antarctic Supraglacial Lakes 

As summarized in Chapter 4.1, studies on Antarctic supraglacial lake extents are so 

far scarce with only limited spatial and temporal coverage and resolution. In particular, 

past studies primarily focused on local-scale investigations at low temporal resolution, 

oftentimes restricted to observations from single satellite scenes (Figure 4.2b-c). At the 

same time, existing large-scale investigations focused on image snapshots over 

individual drainage basins (Kingslake et al., 2017) or during individual melting seasons 

only (Stokes et al., 2019), thus did not provide complete mappings of the spatio-temporal 

distribution and evolution of Antarctic supraglacial lakes. Future investigations on 

Antarctic surface hydrology should therefore capture the full picture of Antarctic 



A Review on Spaceborne Remote Sensing of Antarctic Supraglacial Lake Extents 

59 

supraglacial lake dynamics and focus on analyses at regional or circum-Antarctic spatial 

scale if data coverage is sufficient. In fact, sophisticated mapping efforts are needed over 

regions where no or only incomplete supraglacial lake extent mapping records exist. This 

includes most glaciers and ice shelves on the WAIS, where only one ice shelf and 

drainage basin were investigated, but also large coastal sections along the EAIS and 

API, respectively (see Figure 4.5). In particular, drainage basins on the EAIS, the biggest 

potential contributor to global sea-level-rise (Rignot et al., 2019) call for increased 

monitoring efforts. Moreover, also the API and surrounding islands should be studied in 

more detail considering their maritime climate and increased vulnerability to climate 

change and surface melting (Hock et al., 2009). Given the potential consequences that 

supraglacial lakes can have on ice shelf stability (Alley et al., 2018; Banwell et al., 2019, 

2013; Lai et al., 2020; Leeson et al., 2020) as well as on overall ice dynamics and mass 

balance, as revealed over the Greenland Ice Sheet (e.g. Bartholomew et al., 2010; Bell 

et al., 2018; Das et al., 2008; Khan et al., 2015; Tedesco et al., 2013; The IMBIE Team, 

2020), detailed mapping efforts are in fact overdue. In this regard, the availability of 

spatially complete mapping products is of utmost importance since varying micro-climatic 

conditions on ice shelves and grounded ice may result in supraglacial lake evolution to 

vary down- and upstream of the grounding line (see Chapter 3.1) (Stokes et al., 2019). 

Likewise, an inland migration of lakes due to regional atmospheric warming, as observed 

over the Greenland Ice Sheet (Howat et al., 2013), can only be captured with large-scale 

supraglacial lake extent mapping products. 

Apart from large-scale mapping efforts, time series on supraglacial lake evolution at 

intra-annual and inter-annual temporal resolution are required for an improved evaluation 

and understanding of Antarctic supraglacial lake extent dynamics. This particularly 

applies to seasonal investigations of Antarctic surface hydrology during a summer 

melting season but also to analyze the exact onset of supraglacial lake formation and 

whether lakes refreeze or drain during Antarctic autumn or winter (Arthur et al., 2020b; 

Dell et al., 2020; Langley et al., 2016). Seasonal investigations of Antarctic surface 

hydrology are of particular relevance also for an improved understanding of 

environmental drivers of meltwater ponding as well as of potential impacts on Antarctic 

ice dynamics. Even though a trend towards more frequent analyses of seasonal 

supraglacial lake extent dynamics exists (Figure 4.2c), links to associated drivers and 

impacts were investigated only sporadically. For example, the influence of supraglacial 

lake drainage on the motion of grounded ice remains understudied (Arthur et al., 2020a; 

Tuckett et al., 2019), as most investigations on Antarctic ice motion focus on tributaries 

of former ice shelves along the API (e.g. Rott et al., 2018; Scambos et al., 2004; 

Seehaus et al., 2018, 2016) or drainage basins that experience ice motion change due to 

factors such as CDW upwelling (e.g. Groh et al., 2014; Han et al., 2016; Jenkins et al., 

2010; Mouginot et al., 2014; Rignot, 2006; Shepherd et al., 2004). This is also reflected 



A Review on Spaceborne Remote Sensing of Antarctic Supraglacial Lake Extents 
 

60 

in the geospatial heat maps in Figure 4.12 showing the distribution of spaceborne remote 

sensing studies on Antarctic ice motion. Likewise, investigations on drivers of Antarctic 

surface ponding are so far scarce with most knowledge resulting from theoretical 

considerations or studies on the Greenland Ice Sheet (Chapter 3). Accurate 

representations of Antarctic meltwater ponding are also required in the light of the poor 

performance of current model simulations of Antarctic supraglacial lakes revealing their 

influence on ice shelf stability and calving (Arthur et al., 2020a; Banwell et al., 2013; 

Buzzard et al., 2018a, 2018b; Lenaerts et al., 2018; Stokes et al., 2019). 

 

 

 

 

 

 

 

 

  

 

 

Figure 4.12. (a) Geospatial distribution of spaceborne studies on Antarctic ice motion over 

individual drainage basins. (b) Magnification over the northern Antarctic Peninsula. The heat 

maps are assembled from 201 scientific papers published in 1984-2018. Modified after Dirscherl 

et al. (2020a). Data: (Morlighem, 2020; Morlighem et al., 2020; SCAR, 2019). 

To enable the comparison of supraglacial lake extent mapping products from 

different studies or satellite sensors, temporal resolution standards for intra-annual and 

inter-annual supraglacial lake extent mappings should be defined within the feasibility of 

available satellite missions. For example, inter-annual supraglacial lake extent mapping 

products should be composed of data from consistent time spans, e.g. covering the peak 

of a summer melting season, as performed by Stokes et al. (2019), and intra-annual 

supraglacial lake extent mappings should be produced at the highest possible temporal 

resolution providing full spatial coverage (e.g. bi-weekly). For circum-Antarctic 

supraglacial lake investigations, the generation of intra-annual mapping records might 

still be challenging as full spatial coverage can presently be achieved at inter-annual 

resolution only. However, with the increasing availability of satellite data, e.g. from the 
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Sentinel satellites, future circum-Antarctic supraglacial lake extent mappings should 

equally be produced at intra-annual temporal resolution.  

4.3.2 Future Method Requirements for Antarctic Supraglacial Lake Extent 

Mapping 

Over recent years, research on Antarctic supraglacial lakes increasingly exploited 

data of the optical Landsat 8 and Sentinel-2 satellite missions (Figure 4.2a, Figure 4.3). 

Due to its increased radiometric precision, higher signal-to-noise ratio and narrower 

spectral bands compared to Landsat 1–7, Landsat 8 enabled major advances in the 

mapping of Antarctic supraglacial lake extents. Likewise, the availability of Sentinel-2 

data at unprecedented 10 m spatial resolution offered new opportunities for the mapping 

of Antarctic supraglacial lake extents. To date, data from Landsat 8 and particularly 

Sentinel-2 remain underexploited (Figure 4.3) and no time-efficient mapping method has 

been implemented for a systematic and automated review of Antarctic supraglacial lake 

extents. In fact, current methods for supraglacial lake extent mapping in optical satellite 

imagery were shown to be purely manual, visual or semi-automated being subject to 

substantial misclassifications and requiring time-consuming manual post-processing. 

Therefore, future method developments should exploit advanced image classification 

techniques including ML in order to provide an automated mapping method for 

supraglacial lake extent derivation in optical satellite data at full ice sheet coverage, thus 

with spatio-temporal transferability. 

As optical satellite data will always be restricted to the use of cloud-free daytime 

acquisitions, SAR imagery represents a valuable additional data source for supraglacial 

lake extent mapping. Apart from the possibility of delineating buried lakes as well as a 

continuous data acquisition during cloud cover and night-time, SAR sensors operate 

during Antarctic winter allowing for more detailed investigations of intra-annual 

supraglacial lake dynamics including lake refreezing or drainage events (see Table 4.1). 

So far, only few studies employed SAR data for supraglacial lake extent derivation 

(Figure 4.2a). In this context, SAR-based method developments were either visual, 

manual or semi-automated (Chapter 4.2.2). Therefore, future work should equally focus 

on the implementation of advanced mapping methods for automated supraglacial lake 

extent derivation in SAR satellite imagery over Antarctica. In this context, the detected 

potentials and challenges outlined in Chapter 4.2 are required to be exploited and 

overcome. Regarding SAR, particularly data of the recently launched Sentinel-1 mission 

should be used but also data of other missions such as the C-band RADARSAT 

Constellation Mission (RCM) of the Canadian Space Agency could be of interest. These 

sensors are so far understudied with Sentinel-1 SAR being applied in only two studies 

(Figure 4.3). 
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Furthermore, the combination of mapping products from optical and SAR sensors 

would enable a more complete mapping of Antarctic supraglacial lake extent dynamics 

during a given time period and allow to exploit and overcome sensor-specific advantages 

and limitations (see Chapter 4.2.3). In particular, the exploitation of advantages of both 

sensor types is particularly crucial in Antarctica where a frequent cloud coverage as well 

as polar darkness during austral winter oftentimes restrict the availability of optical 

satellite data and where SAR data may be limited due to the frequent occurrence of 

wind. For this purpose, spatial and temporal resolution standards should be defined 

within the feasibility of the individual optical and SAR satellite sensors. The development 

of a global mapping method for supraglacial lake extent derivation using both SAR and 

optical data would greatly support the fulfilment of requirements identified in Chapter 

4.3.1 and enable an improved understanding of environmental drivers of Antarctic 

supraglacial meltwater ponding as well as of potential influences on overall Antarctic ice 

dynamics. 

4.4 Summary 

This chapter summarized the state-of-the art of spaceborne remote sensing for 

Antarctic supraglacial lake extent delineation and discussed potentials and challenges of 

supraglacial lake classification in optical and SAR satellite imagery. Despite recent 

progress in the understanding of Antarctic surface hydrology using EO, current mappings 

of Antarctic supraglacial lakes are still restricted in terms of their spatial and temporal 

coverage and resolution. In addition, data of high-resolution satellite sensors including 

the Sentinels remain underexploited and method developments were mostly visual, 

manual or semi-automed. In agreement with the shown potentials and challenges of 

optical and SAR remote sensing, future requirements therefore include the combination 

of data from high-resolution optical and SAR satellite sensors for derivation of fused 

supraglacial lake extent classifications as well as the development of automated 

mapping methods with spatio-temporal transferability. In addition, the results showed 

that future studies should address historical, present-day and future supraglacial lake 

evolution using intra-annual and inter-annual supraglacial lake extent mappings at 

regional to circum-Antarctic spatial scale. 
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*Parts of this chapter are based on Dirscherl et al. (2020b) and Dirscherl et al. (2021a). 

* 
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5 A Novel Framework for Antarctic Supraglacial Lake 

Extent Mapping 
 

As outlined in Chapter 4, current knowledge on Antarctic supraglacial lakes is mainly 

restricted by the lack of an automated, time-efficient classification technique with pan-

Antarctic mapping capabilities. Considering the increasing availability of satellite data 

over the Antarctic coastline since the launch of Landsat 8, Sentinel-1 and Sentinel-2, the 

development of an automated processing chain for supraglacial lake identification in 

optical and SAR data is overdue. 

In order to address the lack of an adequate mapping technique and thus the 

identified potentials, challenges and future requirements of spaceborne remote sensing 

of Antarctic supraglacial lakes (Chapter 4), a novel framework for automated supraglacial 

lake extent mapping was developed as part of this thesis. The developed workflow 

combines recent advances in artificial intelligence with data from the Sentinel-1 SAR and 

optical Sentinel-2 satellite sensors of the Copernicus programme for an improved 

monitoring of Antarctic supraglacial lake extents. In order to obtain most accurate 

classification results for each sensor type as well as to comply with sensor-specific 

advantages and limitations and thus the varying visibility of supraglacial lakes in optical 

and SAR satellite data (Figure 4.11), two separate machine learning and deep learning 

mapping methods were developed. In this context, the use of state-of-the-art image 

classification techniques from supervised machine learning and deep learning was 

particularly important given that traditional image classification techniques, including 

thresholding or unsupervised learning (e.g. clustering), were not suitable in the light of 

the difficulties outlined in Chapter 4.2. In fact, it is well known that methods from 

computer vision including supervised learning outperform conventional classification 

techniques when it comes to an automated or large-scale processing of extensive 

amounts of image data with varying characteristics (Hoeser and Kuenzer, 2020). To 

provide more detail, a Random Forest (RF) classifier (Breiman, 2001) from supervised 

learning was implemented for optical Sentinel-2 data, while a Deep Convolutional Neural 

Network (DCNN) based on a modified U-Net (Ronneberger et al., 2015) was found to 



A Novel Framework for Antarctic Supraglacial Lake Extent Mapping 
 

64 

perform best for classification of Sentinel-1 SAR imagery (Chapter 5.3). The two 

methods were combined through decision-level fusion of optical and SAR classification 

results at bi-weekly temporal intervals allowing for detailed seasonal investigations of 

supraglacial lake evolution. 

The following chapters first introduce the study sites selected for training and testing 

the machine learning models (Chapter 5.1) to then outline the corresponding data basis 

including all data required for pre- and post-processing (Chapter 5.2). Next, Chapter 5.3 

presents the methodological framework developed for automated supraglacial lake 

extent classification in Sentinel-1 SAR and optical Sentinel-2 imagery and Chapter 5.4 

shows selected classification results from automated mapping. In Chapter 5.5, the 

outcome of a comprehensive performance evaluation of both classifiers is outlined and 

Chapter 5.6 describes the implemented steps for a fully automated processing of the 

satellite data. Finally, Chapter 5.7 discusses the main advantages and remaining 

limitations of the developed workflow and Chapter 5.8 provides a summary of the entire 

Chapter 5.  

5.1 Training and Testing Sites 

As a sub-discipline of artificial intelligence, supervised machine learning and deep 

learning are commonly used for remote sensing image classification (Baumhoer et al., 

2019; Hoeser and Kuenzer, 2020; Ji et al., 2019; Wang et al., 2016; Zhong et al., 2019) 

and are based upon the use of labeled data for training of machine learning models that 

can accurately predict unlabeled imagery. For machine learning models to perform well 

on unlabeled data, a sensible choice of training data is of fundamental importance. In the 

context of remote sensing, training data should include imagery of varying dates and 

locations to ensure an appropriate representation of different land surface types and 

conditions during model training as well as to allow for an accurate recognition of image 

objects in data that were not presented to the model before. For evaluation of the 

performance of trained classifiers, unlabeled or labeled test data can be used. In this 

context, another prerequisite for an accurate and representative evaluation of the trained 

model is to ensure a different spatial and temporal coverage of training and testing sites. 

In agreement with the outlined specifications as well as to fulfil the requirement of a 

spatially and temporally transferable mapping method for supraglacial lake extent 

delineation across the whole Antarctic continent, the training sites had to be selected to 

cover (1) multiple dates throughout a summer melting season in order to capture the 

temporally varying signature of supraglacial lakes and of different snow and ice types 

and (2) the entire variety of surface features and conditions on the AIS including rock 

outcrop, bare ice, blue ice, dry snow, wet snow, polluted snow, slush as well as shallow, 

deep and slightly frozen supraglacial lakes (Dirscherl et al., 2020b, 2021a). In addition, 
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locations with extensive shadowing around rock outcrop or in fractures and crevasses 

had to be included to ensure an accurate discrimination from lakes. On the other hand, 

the independent test sites had to be chosen to cover locations different to the selected 

training data (Figure 5.1, Figure 5.2) as well as regions that are particularly difficult to 

differentiate from supraglacial lakes in Sentinel-1 or Sentinel-2 satellite imagery.  

In detail, the training and test sites were equally distributed around the Antarctic 

continent and across different elevation zones (Figure 5.1), in agreement with previously 

documented supraglacial lake locations (Kingslake et al., 2017; Lenaerts et al., 2017; 

Stokes et al., 2019; Zheng and Zhou, 2019) as well as lakes that were visually identified 

in spaceborne remote sensing imagery on Google Earth Engine (Dirscherl et al., 2020b, 

2021a). To ensure the temporal transferability of developed algorithms, the selection of 

training and testing sites was further restricted by the occurrence of supraglacial lakes 

during specific summer seasons with particularly strong melting events, e.g. during 

January 2020 over the API and WAIS or during 2016-2017 and 2018-2019 over the EAIS 

(Dirscherl et al., 2021a). In detail, supraglacial lake occurrences during the summer 

melting seasons of years 2018-2019 and 2019-2020 were considered as Sentinel-1 

training regions and supraglacial lake observations during 2016-2017, 2017-2018 and 

2019-2020 were chosen as Sentinel-1 testing regions (Table 5.1, Figure 5.3a) (Dirscherl 

et al., 2021a). In contrast, Sentinel-2 training regions were determined in agreement with 

supraglacial lake abundance during melting seasons 2016-2017, 2017-2018 and 2018-

2019 and Sentinel-2 testing regions capture lake occurrences during 2016-2017, 2017-

2018 and 2019-2020 (Table 5.3, Figure 5.3b) (Dirscherl et al., 2020b). Overall, this 

resulted in 13 training and 10 test sites for Sentinel-1 and 14 training and 14 test sites for 

Sentinel-2 (Table 5.1, Table 5.3, Figure 5.1).  

For an improved evaluation of the spatio-temporal transferability of the developed 

classification workflows, additional test sites covering George VI and Amery ice shelves 

were selected and analyzed for intra-annual and inter-annual supraglacial lake 

dynamics, respectively (Figure 5.1, Figure 5.2). In detail, George VI Ice Shelf was used 

for assessment of the Sentinel-1 classification workflow. Here, rock outcrop, blue ice, dry 

snow, wet snow, slush as well as shallow and deep supraglacial lakes are widespread 

(Figure 3.1a, Figure 3.2a, Figure 4.8) which greatly supports the assessment of the 

classifier. On the other hand, Amery Ice Shelf was used for evaluation of the developed 

Sentinel-2 classification method. Over Amery Ice Shelf, meltwater accumulation is 

particularly widespread (Spergel et al., 2021; Stokes et al., 2019) and rock outcrop and 

blue ice (e.g. Figure 3.2c) can be found adjacent to both wet and dry snow in low and 

high elevations, respectively. In addition, both ice shelves were used as exemplary test 

regions to create fused Sentinel-1 and Sentinel-2 classification products highlighting the 

relevance of multi-sensor mappings. Finally, two independent test sites on the Greenland 

Ice Sheet were defined for evaluation of the methods in regions beyond Antarctica. 
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Figure 5.1. Spatial distribution of training and testing regions for Sentinel-1 (a) and Sentinel-2 (b). 

Stars highlight regions where training and testing data of different dates were overlapping. The 

dashed red line in (b) shows the test site over Amery Ice Shelf (Figure 5.2). API: Antarctic 

Peninsula. WAIS: West Antarctic Ice Sheet. EAIS: East Antarctic Ice Sheet. Modified after 

Dirscherl et al. (2020b) and Dirscherl et al. (2021a). Data: (IMBIE, 2016; Morlighem, 2020; 

Morlighem et al., 2020; Mouginot et al., 2017b; Rignot et al., 2013). 

a) 

b) 
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Figure 5.2. Geospatial coverage of Sentinel-2 data over Amery Ice Shelf during melting seasons 

2016-2017 to 2019-2020. The grey area shows the overlap area of all years and the red area 

shows the region of interest (ROI) that was analyzed in Figure 5.21. GL: Grounding Line. Modified 

after Dirscherl et al. (2020b). Data: (Mouginot et al., 2017b; Rignot et al., 2013). 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 5.3. Temporal availability of Sentinel-1 (a) and Sentinel-2 (b) training and test data during 

melting seasons 2016-2017 to 2019-2020. The green stars in (a) highlight acquisitions that were 

used for training and testing despite training data being aggregated monthly data products. The 

green stars in (b) highlight additional test data over Amery. Modified after Dirscherl et al. (2021a). 

a) 

b) 
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5.2 Input Data 

The following chapters summarize the required input data used for model training 

and testing over the regions described in Chapter 5.1. These include satellite imagery 

from Sentinel-1 and Sentinel-2 (Chapter 5.2.1, Chapter 5.2.2) as well as corresponding 

ground truth labels (Chapter 5.2.3). For Sentinel-1, labels were created for land surface 

classes “water” and “non-water”, while Sentinel-2 data were labeled in agreement with 

classes “water”, “snow/ice”, “rock” and “shadow”. A more detailed categorization, e.g. in 

agreement with varying lake depths or different snow and ice types, was not performed 

as the main aim during method development was to derive supraglacial lake extents. In 

addition, lake depths can only be retrieved over completely ice-free lakes in optical 

satellite data being a condition that is rarely met in Antarctica. Finally, the data needed 

for pre- and post-processing are introduced in Chapter 5.2.4 and Chapter 5.2.5. 

5.2.1 Sentinel-1 Data 

The Sentinel-1 constellation consists of two polar-orbiting satellites, Sentinel-1A and 

Sentinel-1B, that were launched in 2014 and 2016, respectively (Figure 4.2a). Sentinel-1 

operates in the microwave frequency domain at C-band (5.405 GHz center frequency) 

enabling data acquisition during day and night and independent of meteorological 

conditions (ESA, 2021a). The continuous data availability from Sentinel-1 offers new 

opportunities for the monitoring of the Earth’s surface at unprecedented spatial and 

temporal coverage and resolution compared to its predecessors ERS-1/-2 and ENVISAT 

(ESA, 2021a). As outlined in Chapter 4.2.2, the two-satellite constellation allows for a 

revisit time of 6 days at the Equator with up to daily revisit frequencies in high latitudes 

due to overlapping orbit tracks (Figure 5.4a). Over the Antarctic coastline, Sentinel-1 

acquires data in either IW or EW swath mode (Figure 5.4b). While IW products are 

provided at 10 m pixel spacing in single polarization (HH), EW products can also be 

retrieved in dual polarization (HH-HV) at a spatial resolution of 40 m (Figure 5.4b). In 

addition, both data products can be obtained in either Single Look Complex (SLC) or 

Ground Range Detected (GRD) format. Due to the advanced pre-processing of GRD 

data, including focusing, multi-looking and ground range projection, GRD data are to be 

preferred over SLC data when only amplitude information is required (ESA, 2021a). 

In order to achieve the highest possible resolution standard for Antarctic supraglacial 

lake extent mapping as well as to resolve even small or elongated supraglacial lakes and 

streams (e.g. Figure 3.1, Figure 4.7f), the Sentinel-1 data used in this thesis were 

acquired in IW acquisition mode and GRD format. Even though dual-polarized EW data 

allow for a more accurate discrimination between different ice types (Wesche and 

Dierking, 2014), the use of higher-resolution IW data was preferred as the main aim 

during method development was to discriminate between water and non-water. To 
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provide more detail, the IW acquisition mode delivers data at a swath width of 250 km 

(Figure 5.1a) with incidence angles in the range between 29° and 46° (ESA, 2016). Each 

IW data product is assembled from three sub-swaths captured using the Progressive 

Scans SAR technique whereat each sub-swath consists of a series of bursts. To obtain 

the final IW image product, all bursts and sub-swaths are merged (ESA, 2016). Figure 

5.5a shows an exemplary 14-day acquisition coverage of Sentinel-1 IW data. 

 

 

 

 

 

 

 

 

Figure 5.4. Sentinel-1 observation scenario over the Antarctic coastline. (a) Revisit and coverage 

frequency. (b) Acquisition modes and polarization scheme. Modified after ESA (2021a). 

 

 

 

 

 

  

 

 

Figure 5.5. Sentinel-1A/B (a) and Sentinel-2A/B (b) acquisition segments during exemplary 14-

day intervals. API: Antarctic Peninsula. WAIS: West Antarctic Ice Sheet. EAIS: East Antarctic Ice 

Sheet. Data: (ESA, 2021b; IMBIE, 2016; Mouginot et al., 2017b; Rignot et al., 2013). 

For deep learning model training and testing over the regions shown in Figure 5.1a, a 

total of 70 Sentinel-1 image products was retrieved (Figure 5.3a). Of these, 57 were 

used for model training and nine were selected for testing the model in spatially and 

b) a) 

a) 

b) 
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temporally independent regions. In detail, training acquisitions were filtered to include the 

maximum number of available acquisitions in either ascending or descending orbit for a 

given study region and month in order to compute the monthly backscattering minimum 

product for each region in the following (Table 5.1, Chapter 5.3). Regarding the 

acquisitions used for testing, no further processing to temporally aggregated products 

was performed. For the additional test site over George VI Ice Shelf, the eight individual 

training acquisitions covering January and February 2020 (green stars in Figure 5.3a) as 

well as four additional Sentinel-1 scenes for December 2019 were used for derivation of 

intra-annual supraglacial lake extents to highlight the potential of the developed workflow 

for time series analyses (Table 5.1) (Dirscherl et al., 2021a). Moreover, the January 2020 

acquisitions over George VI Ice Shelf (Figure 5.3a) as well as all available Sentinel-1 

acquisitions covering early January 2019 over Amery Ice Shelf (not shown in Figure 

5.3a, Chapter 5.3.3) were used for derivation of fused classification products. Finally, the 

Sentinel-1 scene covering Greenland was acquired on 28 July 2018 (Table 5.1).  

Table 5.1. Training and testing regions used for method developments with Sentinel-1. Each 

training region corresponds to an aggregated monthly backscattering minimum raster and each 

testing region corresponds to one Sentinel-1 IW acquisition except for region 3, where multiple 

data products were evaluated. API: Antarctic Peninsula. WAIS: West Antarctic Ice Sheet. EAIS: 

East Antarctic Ice Sheet. Modified after Dirscherl et al. (2021a). 

ID Time period/Date Study area Region 
Relative 
orbit 

Orbit 
direction 

Training regions Antarctica 

1 December 2019 Pine Island Bay WAIS 53 Descending 

2 January 2020 Pine Island Bay WAIS 53 Descending 

3 January 2020 George VI Ice Shelf API 169 Descending 

4 February 2020 George VI Ice Shelf API 169 Descending 

5 January 2020 Larsen Ice Shelf API 38 Descending 

6 December 2019 Nivlisen Ice Shelf EAIS 93 Descending 

7 January 2020 Nivlisen Ice Shelf EAIS 93 Descending 

8 January 2020 Roi Baudouin Ice Shelf EAIS 59 Ascending 

9 January 2019 Mawson Coast EAIS 72 Ascending 

10 December 2018 Amery Ice Shelf EAIS 3 Descending 

11 January 2019 Amery Ice Shelf EAIS 3 Descending 

12 February 2019 Amery Ice Shelf EAIS 3 Descending 

13 January 2020 Shackleton Ice Shelf EAIS 85 Ascending 

 Testing regions Antarctica 

1 06 January 2020 Abbot and Cosgrove ice shelves WAIS 68 Descending 

2 28 January 2020 Bach Ice Shelf  API 38 Descending 

3 Dez/Jan/Feb 2019-2020 George VI Ice Shelf API 169 Descending 

4 14 January 2018 Larsen C Ice Shelf API 38 Descending 

5 20 January 2017 Riiser-Larsen Ice Shelf EAIS 50 Descending 

6 02 January 2020 Enderby Land  EAIS 14 Ascending 

7 04 January 2017 Amery Ice Shelf EAIS 3 Descending 

8 01 February 2018 Shackleton Ice Shelf East EAIS 41 Ascending 

9 23 January 2020 Moscow University Ice Shelf  EAIS 55 Ascending 

10 10 January 2020 Rennick Ice Shelf EAIS 43 Descending 

Testing regions Greenland 

1 28 July 2018 Nordenskiöld Glacier  West 90 Ascending 
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5.2.2 Sentinel-2 Data 

Likewise, the high spatial resolution and coverage of Sentinel-2 offers new 

opportunities for Antarctic supraglacial lake extent mapping (Table 4.1). In detail, the 

Sentinel-2 constellation consists of two polar-orbiting satellites, Sentinel-2A and Sentinel-

2B, enabling the monitoring of the Earth’s surface every 5 days under cloud-free 

conditions. Due to overlying orbit tracks, polar regions can be monitored up to daily. 

Figure 5.5b shows exemplary acquisition segments of Sentinel-2 during a 14-day period 

in December 2020 and January 2021 over the Antarctic coastline. 

Both Sentinel-2A and Sentinel-2B carry a passive Multispectral Instrument (MSI) 

recording the sunlight reflected from the Earth’s surface in 13 spectral bands in the 

visible and infrared regions (ESA, 2015). Of these, four provide data at 10 m spatial 

resolution, six at 20 m spatial resolution and three at 60 m spatial resolution (Table 5.2). 

Sentinel-2 data are provided as Level-1C Top-of-Atmosphere products covering 100 x 

100 km granules on the Earth’s surface (see Figure 5.1b) (ESA, 2015). 

The Sentinel-2 granules used for model training and testing are shown in Table 5.3 

and Figure 5.3b. In agreement with the study sites in Figure 5.1b, 14 training and 14 

testing scenes were selected. In particular, only acquisitions with a cloud cover ≤10% 

and a sun elevation angle ≤20° were considered. For the additional study site on Amery 

Ice Shelf, all available Sentinel-2 data during January 2017-2020 were retrieved for 

evaluation of inter-annual supraglacial lake dynamics. Further, the data covering Amery 

Ice Shelf during early January 2019 as well as all available January 2020 data over 

George VI Ice Shelf (not shown in Figure 5.3b) were used for the derivation of fused 

mappings. Finally, the Sentinel-2 scene covering Greenland was from 10 August 2019. 

Table 5.2. Sentinel-2 MSI spectral bands. NIR: Near-Infrared. SWIR: Shortwave Infrared. S2A: 

Sentinel-2A. S2B: Sentinel-2B. Modified after Dirscherl et al. (2020b). 

Band 
number 

Band 
description 

Central wavelength 
S2A / S2B (nm) 

Bandwidth 
S2A / S2B (nm) 

Spatial 
resolution (m) 

1 Aerosols 442.7 / 442.2 21 / 21 60 

2 Blue 492.4 / 492.1 66 / 66 10 

3 Green 559.8 / 559.0 36 / 36 10 

4 Red 664.6 / 664.9 31 / 31 10 

5 Red Edge 1 704.1 / 703.8 15 / 16 20 

6 Red Edge 2 740.5 / 739.1 15 / 15 20 

7 Red Edge 3 782.8 / 779.7 20 / 20 20 

8 NIR 832.8 / 832.9 106 / 106 10 

8A Red Edge 4 864.7 / 864.0 21 / 22 20 

9 Water vapor 945.1 / 943.2 20 / 21 60 

10 Cirrus 1373.5 / 1376.9 31 / 30 60 

11 SWIR1 1613.7 / 1610.4 91 / 94 20 

12 SWIR2 2202.4 / 2185.7 175 / 185 20 
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Table 5.3. Training and testing regions used for method developments with Sentinel-2. API: 

Antarctic Peninsula. WAIS: West Antarctic Ice Sheet. EAIS: East Antarctic Ice Sheet. Modified 

after Dirscherl et al. (2020b). 

ID Date Study area Region 
Relative 
orbit 

Orbit 
direction 

 Training regions Antarctica 

1 27 January 2018 Pine Island Bay WAIS 139 Descending 

2 24 January 2019 Wilkins Ice Shelf API 95 Descending 

3 28 January 2019 George VI Ice Shelf API 9 Descending 

4 02 February 2017 Riiser-Larsen Ice Shelf EAIS 7 Descending 

5 21 January 2019 Nivlisen Ice Shelf EAIS 49 Descending 

6 14 January 2019 Roi Baudouin Ice Shelf EAIS 91 Descending 

7 04 February 2019 Shirase Bay EAIS 105 Descending 

8 17 January 2019 Mawson Coast EAIS 133 Descending 

9 02 January 2019 Amery Ice Shelf  EAIS 61 Descending 

10 13 January 2019 Amery Ice Shelf  EAIS 75 Descending 

11 11 February 2019 Amery Ice Shelf EAIS 61 Descending 

12 13 January 2019 Publications Ice Shelf  EAIS 75 Descending 

13 29 January 2019 Shackleton Ice Shelf EAIS 17 Descending 

14 02 January 2019 Nordenskjöld Ice Tongue EAIS 71 Descending 

Testing regions Antarctica 

1 08 January 2020 Hull Glacier WAIS 83 Descending 

2 12 January 2017 Abbott Ice Shelf  WAIS 139 Descending 

3 12 January 2017 Cosgrove Ice Shelf WAIS 139 Descending 

4 27 December 2019 Pine Island Bay WAIS 53 Descending 

5 19 January 2020 George VI Ice Shelf API 95 Descending 

6 19 January 2020 George VI Ice Shelf API 95 Descending 

7 19 January 2020 Larsen C Ice Shelf API 95 Descending 

8 11 January 2018 Nivlisen Ice Shelf EAIS 49 Descending 

9 09 January 2020 Roi Baudouin Ice Shelf EAIS 91 Descending 

10 04 January 2017 Amundsen Bay (Enderby Land) EAIS 19 Descending 

11 14 January 2018 Wilhelm II Coast EAIS 89 Descending 

12 28 December 2019 Moscow University Ice Shelf EAIS 59 Descending 

13 23 December 2019 Adelie Coast EAIS 1 Descending 

14 06 January 2017 Drygalski Ice Tongue EAIS 57 Descending 

Testing regions Greenland 

1 10 August 2019 Nordenskiöld Glacier West 68 Ascending 

 

5.2.3 Training Labels 

For supervised machine learning classifiers to learn from training data, ground truth 

labels are required. As no circum-Antarctic lake inventory exists to date and as ground-

based measurements of Antarctic supraglacial lakes are difficult to perform, labels were 

created manually on the basis of the underlying Sentinel-1 and Sentinel-2 imagery 

(Table 5.1, Table 5.3). 

As mentioned, Sentinel-1 training labels were created for land surface classes 

“water” and “non-water” only. Due to the similar backscattering characteristics of different 

ice sheet surface features (Figure 4.10) in the absence of additional image information, 

e.g. from multiple polarizations, a more detailed categorization was not performed. As 

Sentinel-1 data were classified by means of a deep learning model, all training data had 

to be labelled at full extent meaning that each image pixel is required to be assigned a 
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land surface class (see Figure 5.11). To support the labelling of particularly difficult 

image regions, optical Landsat-8 and Sentinel-2 data were used for comparison.  

On the other hand, training labels for Sentinel-2 were created for classes “water”, 

“snow/ice”, “rock” and “shadow” (Dirscherl et al., 2020b). Here, the availability of multi-

spectral information enabled to differentiate between a larger number of classes 

supporting a more accurate discrimination between “water” and “non-water”. In addition, 

the classification of “rock” is particularly useful for geoscientific analyses, e.g. on melt-

albedo feedbacks (see Chapter 6). Due to the use of a pixel-based RF classifier for 

classification of Sentinel-2 data, the labeling of image subsets was sufficient which 

greatly reduced the time required for manual labeling. Depending on their visibility in the 

corresponding Sentinel-1 or Sentinel-2 imagery, training labels for the “water” class were 

drawn for open water, slightly frozen lakes and buried lakes. Lakes in Sentinel-1 SAR 

imagery that were subject to speckle noise or wind roughening leading to fuzzy lake 

edges and low contrast were delineated as accurate as possible. 

5.2.4 Topographic Data 

To provide the RF model with additional input variables during model training as well 

as to support the pre- and post-processing of Sentinel-1 and Sentinel-2 data, the 

TanDEM-X PolarDEM 90 m of Antarctica (Figure 2.3a) (Wessel et al., 2021) and thereof 

derived topographic variables were used (Dirscherl et al., 2020b, 2021a). In detail, the 

TanDEM-X PolarDEM is generated from SAR data covering the period between April 

2013 and October 2014. Due to erroneous elevation values over sea ice and icebergs 

close to the Antarctic calving front, the DEM was refined by clipping it to a TanDEM-X 

coastline product and by manually editing it subsequently. Due to its complete coverage 

over the Antarctic continent, the TanDEM-X PolarDEM is superior to the higher-

resolution Reference Model of Antarctica (REMA) being subject to substantial data gaps 

across large parts of the Antarctic continent (Howat et al., 2019). An accuracy 

assessment of the TanDEM-X PolarDEM over blue ice areas additionally revealed its low 

mean vertical height error of -0.3 ± 2.5 m (Wessel et al., 2021). 

5.2.5 Coastline Data 

In addition, the post-processing of Sentinel-1 and Sentinel-2 classifications was 

supported by a Sentinel-1 coastline product (Chapter 5.3) (Baumhoer et al., 2021, 2019). 

In particular, the circum-Antarctic coastline was derived through semantic segmentation 

of single- and dual-polarized Sentinel-1 imagery covering the period between June and 

August 2018 (Baumhoer et al., 2021). For improvement of the Sentinel-1 coastline 

product, morphological erosion and topographic masking was performed, while 

remaining minor errors were corrected manually (Baumhoer et al., 2021). 
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5.3 Methodological Framework 

This chapter describes the full classification workflow for supraglacial lake extent 

delineation in Sentinel-1 (Chapter 5.3.1) and Sentinel-2 imagery (Chapter 5.3.2). In 

addition, the criteria for the fusion of classification products from both sensor types are 

outlined (Chapter 5.3.3).  

5.3.1 Sentinel-1 

In order to comply with the stated future method requirements for Antarctic 

supraglacial lake extent mapping in SAR imagery (Chapter 4.3.2), the development of a 

fully automated processing chain with pan-Antarctic mapping capabilities was required. 

Due to the limitations outlined in Chapter 4.2.2 (Figure 4.9, Figure 4.10), conventional 

image classification techniques, including pixel-based thresholding, unsupervised 

learning or time series analysis, could not be employed for classification of supraglacial 

lake extents in SAR imagery and advanced image classification techniques from 

machine learning were exploited (Dirscherl et al., 2021a). Being a sub-discipline of 

machine learning, deep learning outperforms common machine learning classifiers, 

including RF or Support Vector Machines, in the solving of complex image classification 

problems (Hoeser and Kuenzer, 2020) and was therefore employed for supraglacial lake 

identification in SAR imagery. 

To provide more detail, deep learning uses Artificial Neural Networks (ANN) with 

multiple hidden layers to extract complex information from large datasets. ANNs are 

usually fully connected where all input, hidden and output layers, the neurons, are 

connected through weights and non-linear activations. The weights are learned during 

model training and allow to extract complex features from an input dataset that support 

an accurate prediction of a previously unknown output. With an increasing number of 

hidden layers, the model gets deeper and more complex features can be extracted. In 

this context, Convolutional Neural Networks (CNN) belong to the class of ANNs and are 

particularly suitable for the processing of 2D image data (Krizhevsky et al., 2012), e.g. for 

image recognition, image segmentation or object detection tasks (Hoeser and Kuenzer, 

2020). CNNs outperform traditional image classification techniques due to the 

consideration of the spatial image context via convolutional extraction of feature maps 

from a given input image. Considering the shift towards growing data volumes from 

satellite sensors and increasingly complex image classification problems to solve, the 

use of CNNs considerably gained in popularity also in EO and remote sensing (e.g. 

Baumhoer et al., 2019; Hoeser et al., 2020; Ji et al., 2019; Mohajerani et al., 2019; 

Zhang et al., 2019, 2018).  
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Accordingly, the deep learning workflow developed for automated supraglacial lake 

extent mapping in Sentinel-1 SAR imagery is based upon a CNN (Chapter 5.3.1.2) and 

can be subdivided into (1) pre-processing and data preparation, (2) deep learning model 

training, (3) post-processing and (4) accuracy assessment (see Dirscherl et al., 2021a). 

While the methods employed for the accuracy assessment are outlined in Chapter 5.5, 

the following chapters provide details on all remaining steps. In addition, the full 

classification workflow is summarized in Figure 5.6. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.6. Workflow for Antarctic supraglacial lake extent classification in Sentinel-1 SAR 

imagery using deep learning. Modified after Dirscherl et al. (2021a). 

5.3.1.1 Data Preparation and Pre-Processing 

Before ingesting the Sentinel-1 IW data to the implemented deep learning pipeline 

(Chapter 5.3.1.2), the data were required to be pre-processed using sensor-specific 

processing tools. For this purpose, the open-source ESA Sentinel Application Platform 

(SNAP) was used. At first, the orbit metadata was updated with restituted orbit files and 

thermal noise was removed. In the following, the data were radiometrically calibrated to 
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retrieve the backscattering coefficient sigma naught (𝜎0) and speckle noise was 

removed. Finally, the calibrated data were corrected for topographic distortions using the 

TanDEM-X PolarDEM 90 m of Antarctica (Figure 5.6).  

The pre-processed Sentinel-1 training data were then aggregated to monthly 

backscattering minimum products covering the 13 training regions shown in Figure 5.1a. 

In this context, the calculation of backscattering minimum products allowed to reinforce 

model training on low backscatter regions that are particularly difficult to discriminate 

from surface lakes with a comparatively low amount of data. The backscattering 

minimum products were then normalized to standardize all data to the same range. Z-

score normalization was performed by subtracting the mean of the entire dataset from 

each backscattering minimum product and by dividing the result by the standard 

deviation. To increase the training dataset as well as to reduce border effects during 

scene prediction, the normalized data were tiled into 480 x 480-pixel patches (see Figure 

5.11) with 200-pixel overlap. This patch size was found to capture both small and large 

supraglacial lakes. At the same time, sufficient spatial image context was included and 

GPU (Graphics Processing Unit) memory was kept low.  

For an efficient training of the deep learning network, an even larger training dataset 

was yet required (Ronneberger et al., 2015). For this purpose, artificial data 

augmentation was performed through tile flipping, rotating and shifting. To achieve an 

improved consideration of the less representative “water” class, patches with particularly 

numerous water pixels were augmented at an increased rate. Here, patches with 

numerous lake pixels are defined as the upper quartile of all image patches sorted by 

their overall count of water pixels. In particular, tile flipping was performed down- and 

sideward, rotating was implemented for angles in the range of 45-315 degrees at 45-

degree intervals and shifting was performed by moving the image patches by 100 pixels 

side- and downward. For the latter, the created empty space was filled through reflection 

of the adjacent image area. Overall, this resulted in 11 augmentation steps and 

reinforced model training on supraglacial meltwater. Pixels with fewer lake pixels, thus 

the remaining three quarters of all patches, were augmented only eight times. Here, tile 

rotation was performed at angles of 90, 180 and 270 degrees only. Likewise, patches 

covering difficult ice sheet surface features, including shadow, wet snow or blue ice, 

were augmented eight times, while patches covering non-water features were included 

at a low random selection rate. Overall, this augmentation strategy resulted in 21,200 

Sentinel-1 image patches of which 64% covered the “water” class and 36% the “non-

water” class. To support model calibration, the training dataset was further split into a 

random training (80%) and validation (20%) subset, to be fed to the deep learning 

network described below (Figure 5.7, Figure 5.8) (Dirscherl et al., 2021a). In this context, 
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the validation data are used to evaluate the loss and support the model in updating its 

parameters. 

5.3.1.2 Deep Learning Model Training 

The deep learning architecture used for semantic segmentation of supraglacial lakes 

in Sentinel-1 SAR imagery is based upon U-Net, a Fully Convolutional Network (FCN) 

that was originally developed for biomedical image segmentation (Ronneberger et al., 

2015). In detail, U-Net was implemented with the aim of obtaining increased 

segmentation accuracies with only few training samples through the extensive use of 

data augmentation. The architecture of U-Net follows an encoder-decoder design where 

a contracting path with successive image convolutions and pooling operations captures 

the spatial image context and where a symmetrical expansion path with upsampling and 

convolution operations restores the original image size enabling localization (Figure 5.7) 

(Ronneberger et al., 2015). In addition, skip connections pass information from each 

downsampling block in the encoder to the decoder allowing to maintain fine-grained 

details. Besides the requirement of only few training samples, U-Net outperforms other 

DL networks due to its low training time and the consideration of the spatial image 

context. The latter can be improved through integration of additional modules such as 

Atrous Spatial Pyramid Pooling (ASPP) (Figure 5.7) (Hoeser et al., 2020). Encoder-

decoder designs such as U-Net are commonly used for EO applications and are superior 

to naïve-decoder models due to the improved consideration and preservation of image 

detail (Hoeser et al., 2020). Approaches from object detection, including multi-task 

instance segmentation, were not considered as the main aim during method 

development was to extract pixel-based classifications.  

In detail, the modified U-Net designed in this thesis consists of four downsampling 

blocks and four upsampling blocks that were adapted in order to fit the classification task 

at hand. As shown in Figure 5.8, each downsampling block consists of two successive 

image convolutions with a 3 x 3 filter and one-pixel-width padding for patch size 

conservation, a residual connection to the original input layers as well as a max pooling 

operation. In addition, a 0.3 dropout of input features is performed to prevent overfitting, 

thus to make the model more robust to different input data by training it by means of 

different reduced versions of it. The dropout value of 0.3 outperformed higher and lower 

values, respectively.  

To provide more detail, the 3 x 3 image convolutions are performed to double the 

number of feature maps in each downsampling block starting with 32 in the first block 

and reaching 512 in the deepest block. In this context, the weights of the 3 x 3 

convolutions are randomly initialized and updated during training. For activation, the 

Leaky non-linear Rectified Linear Unit (LeakyReLU) activation function was used. 
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LeakyReLU was chosen over the default ReLU activation function due to the broader 

range of accepted values that are passed to the following operation (Figure 5.9). 

Moreover, one specific feature of the designed architecture is the implementation of each 

downsampling block with residual connections (Figure 5.7, Figure 5.8). Residual 

connections combine the convoluted output of each downsampling unit with the original 

input images allowing deep architectures to perform considerably better than shallow 

networks (He et al., 2016). Before adding the input images to the convoluted output, the 

depth of the input images first had to be increased by convolution and activated with 

LeakyReLU (Figure 5.8, Figure 5.9). Residual connections were first introduced with the 

ResNet architecture (He et al., 2016) and were frequently employed in combination with 

CNNs such as U-Net due to the enhanced preservation of fine-grained detail being 

particularly relevant in EO (Chu et al., 2019; Diakogiannis et al., 2020; Miao et al., 2018; 

Sun et al., 2018; Zhang et al., 2018). As a last step, max pooling was performed with a 2 

x 2 kernel in order to halve the image size before passing the data to the next 

downsampling block where an increasing number of feature maps is created.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.7. Deep learning architecture based on residual U-Net used for semantic segmentation 

of Sentinel-1 SAR imagery. Modified after Dirscherl et al, (2021a). 
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Figure 5.8. Sketch of a single downsampling unit with a residual connection and dropout. To 

simplify, no activation function (act.) is applied. Modified after Dirscherl et al. (2021a).  

 

 

 

 

 

 

 

Figure 5.9. Exemplary functions available for activation of convoluted layers. ReLU: Rectified 

Linear Unit. LeakyReLU: Leaky non-linear Rectified Linear Unit. ELU: Exponential Linear Unit.  

In contrast to the conventional U-Net, the bottleneck of the designed deep learning 

architecture is an ASPP module. ASPP was first introduced with the DeepLab family 

(Chen et al., 2016) and uses dilated convolution kernels to increase the receptive field of 

the filters for extraction of multiscale information at constant image resolution (Figure 

5.7) (Chen et al., 2017, 2018a). The use of ASPP greatly improves the consideration of 

the spatial image context and enables the detection of image features with varying sizes 

making it particularly suitable for the extraction of Antarctic supraglacial lakes in Sentinel-

1 SAR imagery (e.g. Figure 3.1a). In addition, ASPP reduces the occurrence of blobby 

segmentation results and further improves the detection of fine-grained detail (Hoeser et 

al., 2020). Due to its numerous advantages, the integration of ASPP in CNNs such as U-

Net was frequently performed (e.g. Baheti et al., 2020; He et al., 2019; Liu et al., 2019; 

P. Zhang et al., 2018). Apart from a simple 1 x 1 convolution, ASPP was implemented 

with atrous rates of 2, 4, 8 and 12 (Figure 5.7) enabling an improved detection of image 
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features of varying sizes and high density (Baheti et al., 2020) compared to the originally 

proposed rates of 6, 12, and 18 in DeepLabV3+ (Chen et al., 2018b). Before passing the 

multiscale feature maps to the following upsampling block, the results were 

concatenated and convoluted.  

On the other hand, the decoder of the modified U-Net restores the original patch size 

through successive 2 x 2 upsampling operations as part of four residual blocks designed 

symmetrical to the downsampling units (Figure 5.7). At each convolutional block in the 

decoder, the up-sampled output is combined with feature maps from the encoder via skip 

connections enabling precise localization and improving the preservation of image detail. 

The last 32 feature maps are finally converted to a 480 x 480-pixel prediction probability 

map for the “water” class (see Figure 5.11) using a 1 x 1 convolution that is activated 

with the sigmoid activation function (Figure 5.9). For model compilation, the Adamax 

optimizer, the binary crossentropy loss function as well as an initial learning rate of 0.001 

was used. In this context, the learning rate can be regarded as one of the most crucial 

hyperparameters for model calibration. For this reason, an additional callback was set to 

automatically multiply the learning rate by 0.1 if the validation loss did not improve over 

three epochs. The deep learning model finally converged after 30 epochs (Figure 5.10a) 

and outperformed shallow and deep versions of the modified U-Net as well as 

architectures without ASPP or residual connections. The final model consists of 10.6 

million trainable parameters and was trained with a batch size of 2 on a GeForce GTX 

1,080 GPU using the (Python) Keras Application Programming Interface built on top of 

TensorFlow 2.2. Figure 5.10 provides details on the performance of the full training 

process including loss and accuracy metrics. Moreover, Figure 5.11 shows an exemplary 

prediction outcome for a 480 x 480-pixel input patch.  

 

 

 

 

 

 

Figure 5.10. Performance metrics of the training process. (a) Loss obtained from the training 

(blue) and validation (red) subset with the best model performance marked at epoch 30 (black 

cross). (b) Accuracy obtained from the training (blue) and validation (red) subset. 
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Figure 5.11. Prediction results for an exemplary 480 x 480-pixel patch. (a) Original Sentinel-1 

input patch. (b) Manually drawn label. (c) Prediction outcome for the input patch in (a). The x- and 

y-axes show the number of pixels in both directions. Data: (Copernicus Sentinel-1 data) 

5.3.1.3 Post-Processing 

In order to obtain the final classification products, the model was used to predict the 

Sentinel-1 testing data and the corresponding outcomes were refined as part of post-

classification. As can be seen in Figure 5.6, four main post-processing steps were 

implemented. At first, the image patches had to be reshaped into the original image size 

of the Sentinel-1 scenes whereat overlap regions between adjacent image patches were 

averaged. Next, the reshaped prediction probability maps had to be thresholded in order 

to retrieve binary classification products. For this purpose, all pixels above a threshold of 

0.5 were assigned to the “water” class and all pixels below that threshold were assigned 

to the “non-water” class. Higher and lower thresholds were also tested but resulted in 

increased rates of false negatives and positives, respectively. In a next step, the 

thresholded classification maps were masked using the TanDEM-X PolarDEM as well as 

a buffered version of the 2018 Sentinel-1 coastline (Chapter 5.2). For the latter, buffering 

was necessary in order to mask classification errors over open ocean where the 

coastline strongly retreated inland since the acquisition of the coastline data. On the 

other hand, topographic masking allowed to exclude remaining misclassifications in high 

altitudes >1,500 m as well as over particularly steep terrain (>5%). Here, supraglacial 

lake formation is usually not promoted, as shown in previous work (Stokes et al., 2019). 

In addition, surface slopes greater than the radar look angle may cause image regions to 

appear in shadow, thus with backscatter values as low as surface lakes (Figure 4.10i). 

Finally, a last step involved morphological erosion for elimination of lake area <300 m2. 

During the same step, isolated islands within the boundary of surface lakes were 

removed. The final classification rasters were provided at 10 m pixel spacing. 
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5.3.2 Sentinel-2 

Similar as for Sentinel-1, the development of an automated supraglacial lake extent 

mapping technique for Sentinel-2 had to fulfil the requirements outlined in Chapter 4.3.2. 

In this context, particularly the limitations stated in Chapter 4.2.1 were required to be 

overcome. These mainly include difficulties in discriminating between supraglacial lakes 

and ice sheet surface features such as shadow, blue ice or slush but also the similar 

appearance of supraglacial lakes and submerged icebergs in frontal embayments. Due 

to these challenges as well as the requirement of a mapping technique with spatio-

temporal transferability to the entire Antarctic Ice Sheet, simple thresholding, clustering 

or time series methods were not suitable and a supervised machine learning classifier 

was employed (Dirscherl et al., 2020b). As mentioned, supervised machine learning is 

commonly employed for remote sensing image classification and is based upon the 

categorization of training data with prior information. In contrast to Sentinel-1, method 

developments with Sentinel-2 did not require the use of more advanced image 

classification techniques, e.g. from deep learning, due to the availability of multi-spectral 

information as well as the less complex classification task (Table 4.1). In fact, deep 

learning model training is far more time-consuming and computationally intensive and 

should only be applied if the classification problem at hand cannot be solved with 

conventional machine learning techniques. 

To provide more detail, the Sentinel-2 data were classified by means of a RF 

classifier. RF belongs to the family of decision trees aiming at the deduction of rule sets 

from a set of input variables (Breiman, 2001). The full workflow for classification of 

Antarctic supraglacial lakes in optical Sentinel-2 data is outlined in Figure 5.12 consisting 

of (1) pre-processing and data preparation, (2) RF model training, (3) post-classification 

and (4) accuracy assessment. While the methods for the accuracy assessment are 

outlined in Chapter 5.5, the following chapters provide details on the remaining steps. 

5.3.2.1 Data Preparation and Pre-Processing 

To start with, the Sentinel-2 data were pre-processed to correct for atmospheric 

effects. For this purpose, Sen2Cor, a processing tool enabling the conversion from 

Level-1C Top-of-Atmosphere products to Level-2A Bottom-of-Atmosphere reflectance 

data, was used (ESA, 2015; Louis et al., 2016). Following atmospheric correction, a 

discrimination analysis between land surface classes “water”, “snow/ice”, “rock” and 

“shadow” was performed on the basis of the Sentinel-2 training data revealing the high 

suitability of Sentinel-2 reflectance bands 2, 3, 4 and 8 as input variables for RF image 

classification (Figure 5.13). In addition, the selected bands, together with the available 

shortwave infrared bands (Table 5.2), were used to calculate a range of spectral indices 

as additional input variables for RF model training. In total, 10 spectral indices were 
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derived (Table 5.4, Figure 5.13) for an improved identification of water (Ding, 2009; 

Feyisa et al., 2014; Kauth and Thomas, 1976; McFeeters, 1996; Schwatke et al., 2019; 

Williamson et al., 2017; Yang and Smith, 2013), rock (ESA, 2019; Huete, 1988), 

snow/ice (Hall et al., 1995; Keshri et al., 2009; Xu, 2006) and shadow (Feyisa et al., 

2014; Li et al., 2016). 

Furthermore, the TanDEM-X topographic data, including elevation, slope, relief and 

roughness information, as well as the rasterized training labels were resampled to the 

highest resolution of Sentinel-2 (10 m) using the nearest neighbor algorithm (Figure 

5.12). In this context, the four topographic variables were included to test their suitability 

for an improved discrimination between “water” and “non-water” in high altitudes or steep 

terrain where supraglacial meltwater usually does not accumulate. Finally, the 18 training 

variables were clipped to the extent of the training labels and split into a random training 

(70%) and validation (30%) subset used for model calibration (Chapter 5.3.2.2). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.12. Workflow for Antarctic supraglacial lake extent classification in optical Sentinel-2 

imagery using machine learning. Modified after Dirscherl et al. (2020b). 
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Figure 5.13. Discrimination analysis for classes “rock”, “shadow”, “snow/ice” and “water”. 

Sentinel-2 bands 2, 3, 4 and 8 (a-d), normalized indices (e-n) and scaled topographic variables 

(o-r). The boxplots show the interquartile ranges, the median, the full data range and outliers. 

Modified after Dirscherl et al. (2020b). 
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Figure 5.13. Continuation. 

Table 5.4. Selected spectral indices for supraglacial lake classification with a RF classifier. See 

Table 5.2 for more detailed information on the spectral bands used for index calculation. NDWI: 

Normalized Difference Water Index. NWI: New Water Index. AWEIsh: Automated Water Extraction 

Index with shadow removal. AWEInsh: AWEI with dark area removal. TCwet: Tasseled Cap for 

wetness. SWI: Soil/Water Index. NDGI: Normalized Difference Glacier Index. SAVImod: modified 

Soil Adjusted Vegetation Index. SImod: modified Shadow Index. ρ: surface reflectance. Modified 

after Dirscherl et al. (2020b). 

Index Mathematic Formulation References 

NDWI1 (𝜌𝑏𝑙𝑢𝑒 − 𝜌𝑟𝑒𝑑)/(𝜌𝑏𝑙𝑢𝑒 + 𝜌𝑟𝑒𝑑) 
(Williamson et al., 2017; 
Yang and Smith, 2013) 

NDWI2 (𝜌𝑔𝑟𝑒𝑒𝑛 − 𝜌𝑁𝐼𝑅)/(𝜌𝑔𝑟𝑒𝑒𝑛 + 𝜌𝑁𝐼𝑅) (McFeeters, 1996) 

NWI (𝜌𝑏𝑙𝑢𝑒 − (𝜌𝑁𝐼𝑅 + 𝜌𝑆𝑊𝐼𝑅1+𝜌𝑆𝑊𝐼𝑅2))/(𝜌𝑏𝑙𝑢𝑒 + (𝜌𝑁𝐼𝑅 + 𝜌𝑆𝑊𝐼𝑅1+𝜌𝑆𝑊𝐼𝑅2)) (Ding, 2009) 

AWEIsh 𝜌𝑏𝑙𝑢𝑒 + (2.5 × 𝜌𝑔𝑟𝑒𝑒𝑛) − (1.5 × (𝜌𝑁𝐼𝑅 + 𝜌𝑆𝑊𝐼𝑅1)) − (0.25 × 𝜌𝑆𝑊𝐼𝑅2) (Feyisa et al., 2014) 

AWEInsh 4 × (𝜌𝑔𝑟𝑒𝑒𝑛 − 𝜌𝑆𝑊𝐼𝑅1) − ((0.25 × 𝜌𝑁𝐼𝑅) + (2.75 × 𝜌𝑆𝑊𝐼𝑅2)) (Feyisa et al., 2014) 

TCwet 

(0.1509 × 𝜌𝑏𝑙𝑢𝑒) + (0.1973 × 𝜌𝑔𝑟𝑒𝑒𝑛) + (0.3279 × 𝜌𝑟𝑒𝑑)

+ (0.3406 × 𝜌𝑁𝐼𝑅) − (0.7112 × 𝜌𝑆𝑊𝐼𝑅1)
− (0.4572 × 𝜌𝑆𝑊𝐼𝑅2) 

(Kauth and Thomas, 
1976; Schwatke et al., 
2019) 

SWI (𝜌𝑏𝑙𝑢𝑒 − 𝜌𝑆𝑊𝐼𝑅1)/(𝜌𝑏𝑙𝑢𝑒 + 𝜌𝑆𝑊𝐼𝑅1) (ESA, 2019) 

NDGI (𝜌𝑔𝑟𝑒𝑒𝑛 − 𝜌𝑟𝑒𝑑)/(𝜌𝑔𝑟𝑒𝑒𝑛 + 𝜌𝑟𝑒𝑑) (Keshri et al., 2009) 

SAVImod ((𝜌𝑁𝐼𝑅 −  𝜌𝑔𝑟𝑒𝑒𝑛)/(𝜌𝑁𝐼𝑅 + 𝜌𝑔𝑟𝑒𝑒𝑛 + 1)) × 2 (Huete, 1988) 

SImod (𝜌𝑏𝑙𝑢𝑒 − 𝜌𝑁𝐼𝑅)/(𝜌𝑏𝑙𝑢𝑒 + 𝜌𝑁𝐼𝑅) (Li et al., 2016) 

 

5.3.2.2 Random Forest Model Training 

RF is a frequently employed classifier for remote sensing image classification 

(Berhane et al., 2018; Immitzer et al., 2012; Son et al., 2018; Tsai et al., 2019) and is 

superior to other classification algorithms (e.g. Support Vector Machines) due to its easy 

implementation, simple parameter tuning, low risk of overfitting, low computational time 

and parallel processing capabilities (Belgiu and Drăguţ, 2016; Breiman, 2001; Pal, 2005; 

Sazonau, 2012). RF is based upon the use of multiple uncorrelated decision trees that 

are trained on random subsets of the original training data (Figure 5.14). This random 

selection strategy is referred to as bootstrap aggregating or bagging whereat each 

subset accounts for two thirds of the training data (Belgiu and Drăguţ, 2016; Breiman, 

2001). The remaining data, the Out-Of-Bag samples, are used for internal cross-

validation. To obtain the final classification outcome, the predictions of all uncorrelated 

p) q) r) 
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decision trees are aggregated and the class with the maximum votes is assigned (Figure 

5.14) (Breiman, 2001). Furthermore, RF enables the deduction of variable importance 

plots describing the relevance of each input dataset provided to the classifier. These are 

particularly beneficial for further model testing and selection with restricted input 

variables. To retrieve the average variable importance for all training regions and 

classes, the mean decrease in Gini, a metric for retrieval of the best split at each node of 

a decision tree (Breiman, 2001), is calculated during training. Figure 5.14 shows a sketch 

of a RF decision tree classifier with multiple decision trees. 

 

 

 

 

 

 

 

 

 

Figure 5.14. Sketch of Random Forest with multiple decision trees and majority voting. 

 

 

 

 

 

 

Figure 5.15. Sketch of 3-fold cross-validation for robust Random Forest model training. 

For implementation of RF, Python’s scikit-learn library was used (Pedregosa et al., 

2011). In particular, the “RandomizedSearchCV” and “GridSearchCV” functionalities 

were employed for hyperparameter tuning ensuring a suitable use of model parameters 

during training (Pedregosa et al., 2011). First, “RandomizedSearchCV” was used to 

narrow down a randomly created grid of initial parameter inputs that were defined in 

agreement with the default parameters of scikit-learn (Table 5.5). Here, 50 random 

iterations were performed with 3-fold cross-validation resulting in a total number of 150 

tested combinations. Cross-validation is a frequently employed method to prevent an 

overfitting of the model to the training data. For 3-fold cross-validation, the training 
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dataset is split into three instances (or folds) and each parameter combination is 

iteratively trained on two random subsets (Figure 5.15). The remaining subset is used for 

internal cross-validation. Cross-validation is performed until all possible combinations are 

tested allowing to obtain more robust parameter estimations (Figure 5.15). The results of 

the random parameter search were then used to present a refined parameter grid to 

“GridSearchCV” testing all possible parameter combinations on three folds and returning 

the final optimum parameter combination. Table 5.5 provides details on the initial random 

parameter grid, the refined parameter grid as well as the final parameter selection. In this 

context, the optimized model parameters include the total number of trees in the forest, 

the maximum depth of a single tree, the number of features to consider when looking for 

the best split, the minimum number of samples required to split a node as well as the 

minimum number of samples required at leaf node (Table 5.5). Furthermore, an 

additional parameter was set in order to train the model with balanced class samples, 

thus to avoid an overfitting of the model to the class representing most data points in the 

training data. 

Table 5.5. Hyperparameter tuning for supraglacial lake extent classification in Sentinel-2 imagery 

with the RF classifier. sqrt: square root. n_features: number of features.  

Parameter  Initial random search grid Refined search grid Final parameters 

Number of trees [200, 400, 600] [400, 600, 800] [600] 

Maximum depth of a tree [60, 80, None*] [80, None*] [80] 

Number of features for 
best split 

[sqrt(n_features), 4, 6, 8] [sqrt(n_features), 4] [sqrt(n_features)] 

Minimum number of 
samples to split a node 

[2, 5, 10] [2, 5] [2] 

Minimum number of 
samples at leaf node 

[1, 2, 4] [1, 2] [1] 

*nodes are expanded until all leaves are pure or until all leaves contain less than the minimum number of 

samples required to split a node 

In addition to model training with all 18 input variables (Figure 5.16a), three further 

models were calibrated on the basis of restricted input data. In detail, one model was 

trained without topographic variables (Figure 5.16b) and one model was trained without 

topographic variables and with 10 m Sentinel-2 bands and indices only (Figure 5.16c). A 

final model was trained with only half of all features (Figure 5.16d). Here, only variables 

with importance weights above the median of all feature importances were considered. 

In this context, the training of different versions of the original RF model allowed to 

evaluate the influence of different variable combinations and whether topographic data 

can adequately support model training.  

As can be seen in Figure 5.16a, the included topographic variables in fact returned 

lowest importance values (<3), thus are not informative for overall image classification. 

On the other hand, the feature importances of Sentinel-2 surface reflectance bands were 
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comparatively high with bands 3-4 showing importance values >5 in all four model 

versions. Comparatively high importance values were also computed for various indices 

including SWI, NWI, AWEIsh, AWEInsh, TCwet and NDGI. Lower importance values were 

found for indices NDWI1, NDWI2, SI and SAVI with the exception of the model trained on 

10 m variables only. Here, also indices SI and SAVI returned high importance values. 

  

 

 

 

 

 

 

 

 

 

 

 

Figure 5.16. Variable importance plots obtained from training the Random Forest model (a) with 

all features, (b) without topographic variables, (c) with 10 m bands and indices only and (d) with 

variables representing the upper median of all importance values only. Importance values 

represent the mean of all classes and training regions. Modified after Dirscherl et al. (2020b). 

5.3.2.3 Post-Processing 

Following model training and test scene prediction, the obtained classification results 

were further refined using a range of universal post-processing steps (Figure 5.12) 

(Dirscherl et al., 2020b). At first, the prediction probabilities were converted to class 

values. For this purpose, the probability values of all four classes were aggregated over 

each pixel and the class with the highest probability was assigned. During this step, a 

rock classification map was extracted as side-product. The remaining post-classification 

steps were mainly performed to mask remaining misclassifications, e.g. over shadow, 

blue ice or slush (Chapter 4.2.1). For this purpose, a dilated version of the Scene 

Classification Layer (SCL), an automated output of data pre-processing, was used to 

mask defective pixels, dark area pixels and cloud shadow. Moreover, a dilated version of 

a) b) 

c) d) 
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the Sentinel-1 coastline of 2018 (Baumhoer et al., 2021) was used for the masking of 

pixels seaward of the coastline where submerged icebergs or meltwater atop calved 

icebergs might have introduced false positive classifications. Another step involved 

topographic masking. Similar as for Sentinel-1 (Chapter 5.3.1.3), pixels in high altitudes 

>1,500 m and in particularly steep terrain >5% were excluded. In contrast to Figure 

5.13p suggesting the use of a lower slope threshold, this value was set rather 

conservative due to the TanDEM-X PolarDEM being from a different time step as well as 

its lower spatial resolution compared to Sentinel-2. In fact, lower slope thresholds were 

found to cause the masking of true positive supraglacial lake pixels, e.g. where steep 

crevasses or fractures used to be present during the acquisition of the underlying SAR 

data. Following this, a range of band and index thresholds were employed to further 

improve the masking of misclassifications over shadow, blue ice and slush. As this 

resulted in the final classification maps to be rather conservative estimates of 

supraglacial lake occurrence, the final classification layers were additionally buffered by 

12 pixels and all pixels above a “water” probability threshold of 0.8 within that boundary 

were accepted as supraglacial lake pixels. Finally, a last step involved morphological 

erosion in order to eliminate lake area and isolated islands <300 m2. The final Sentinel-2 

classification products were provided at 10 m pixel spacing. 

5.3.3 Fusion of Sentinel-1 and Sentinel-2 Classifications 

Following Sentinel-1 and Sentinel-2 scene prediction and post-classification, the 

obtained classification results covering George VI Ice Shelf during January 2020 as well 

as Amery Ice Shelf during January 2019 were combined through decision-level fusion. 

Decision-level fusion describes the process of mosaicking all obtained classification 

results within a given time period to maximum supraglacial lake extent mapping products 

considering all classified supraglacial lake pixels in a single satellite scene as valid. In 

particular, a bi-weekly temporal interval of approximately 14 days was chosen for data 

fusion. This interval allows the analysis of time series at intra-annual temporal resolution 

while ensuring a sufficient amount of data to be included. At the same time, the selected 

time span keeps potential errors due to the movement of lakes with ice flow at minimum. 

In fact, regions with particularly fast ice flow can lead to overestimations of supraglacial 

lake coverage when particularly long observational periods (>1 month) are considered. 

For George VI Ice Shelf, two fused mappings were derived, one covering early January 

2020 and one covering late January 2020. Over Amery Ice Shelf, only the first half 

January 2019 was considered. As stated in Chapter 4.3.2, fused classification products 

allow to obtain a more complete mapping of supraglacial lakes and are of particular 

importance to exploit and overcome sensor-specific advantages and limitations. 
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5.4 Results 

In the following chapters, the classification results for the Sentinel-1 and Sentinel-2 

test data are presented. In addition, the results of the intra-annual and inter-annual 

analysis of supraglacial lake dynamics on George VI and Amery ice shelves are shown. 

Finally, Chapter 5.4.3 presents the fused supraglacial lake extent classification products 

for George VI and Amery ice shelves at sub-monthly temporal resolution. 

5.4.1 Sentinel-1 

For Sentinel-1, a total of 10 test scenes (Figure 5.1a, Table 5.1) was classified for 

evaluation of the implemented deep learning framework. Figure 5.17 shows extracts of 

the final classification results highlighting the good functionality of the developed 

workflow. In particular, lakes with low visual contrast (Figure 5.17a-c), roughened lake 

surfaces (Figure 5.17b-c) as well as lakes of strongly varying sizes (Figure 5.17b) were 

classified correctly. As can be seen in Figure 5.17, also the differentiation between 

supraglacial lakes and open ocean (Figure 5.17c,f), shadowing (Figure 5.17d,g) or 

different snow and ice types (Figure 5.17a,c,d,f,h,j) was successful. At the same time, 

particularly large or elongated lakes, e.g. on Riiser-Larsen or Rennick ice shelves (Figure 

5.17e,i), showed minor gaps in the lake classifications. Moreover, the results reveal 

highly fluctuating lake extents with particularly numerous and large lakes (diameter or 

length ≥1 km) over George VI (Figure 5.17b), Bach (Figure 5.17c), Riiser-Larsen (Figure 

5.17e), Amery (Figure 5.17g), Moscow University (Figure 5.17i) and Rennick ice shelves 

(Figure 5.17j). Fewer lakes with diameters ≤1 km were observed over Abbot (Figure 

5.17a), Larsen C (Figure 5.17d) and Shackleton ice shelves (Figure 5.17h) as well as in 

Enderby Land (Figure 5.17f).  

Furthermore, Figure 5.18 shows intra-annual supraglacial lake extent dynamics over 

northern George VI Ice Shelf. In detail, months December 2019 and February 2020 are 

represented by monthly supraglacial lake extent mapping products and January 2020 

classifications result from single Sentinel-1 acquisitions. While supraglacial lake 

coverage during December 2019 was comparatively low (~5 km2), lake extents started to 

increase significantly during January 2020. On 7 January 2020, supraglacial lakes on 

George VI Ice Shelf covered an area of 93 km2 and further expanded until 13 January, 

when the peak of supraglacial lake coverage was reached. Here, a total area of ~341 

km2 was covered by supraglacial lakes. Six days later, on 19 January 2020, lakes 

stretched over an area of ~30 km2 and again expanded until 25 January, when a total ice 

shelf area of ~102 km2 was covered by surface meltwater. Overall, the maximum lake 

extent during January 2020 was computed at ~385 km2. In February 2020, supraglacial 

lakes were found to extend over an ice shelf area of ~107 km2 only.  
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Finally, an additional study region covering the south-west Greenland Ice Sheet on 

28 July 2018 was evaluated in order to highlight the spatio-temporal transferability of the 

developed method to regions beyond Antarctica (Figure 5.19). Here, supraglacial lakes 

were comparatively large with well-defined boundaries. This is also reflected in the 

automated classification results where lakes appear distinctively and well-delineated. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.17. Classification results for the Sentinel-1 test data. From left to right, each sub-plot in 

(a-j) shows an overview map of the location of the Sentinel-1 test scene (blue shading), an extract 

of the Sentinel-1 test scene at the location of the red circle in (a-j) as well as the automated 

classification result for the image extract. (a) Abbot, (b) Bach, (c) George VI, (d) Larsen C, (e) 

Riiser-Larsen, (g) Amery, (h) Shackleton and (i) Moscow University ice shelves. (f) Enderby Land. 

(j) Rennick Glacier. The red line in (c,f) shows the 2018 Sentinel-1 coastline. The background in 

(a-j) is the LISA velocity mosaic. Modified after Dirscherl et al. (2021a). Data: (Copernicus 

Sentinel-1 data; Fahnestock et al., 2016; Mouginot et al., 2017b; Rignot et al., 2013; Scambos et 

al., 2019). 
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Figure 5.17. Continuation. 
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Figure 5.17. Continuation. 
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Figure 5.18. (a) Overview map of the study region covering northern George VI Ice Shelf (blue 

shading). (b) Intra-annual supraglacial lake evolution during summer 2019-2020. December 2019 

and February 2020 represent maximum lake extent mapping products and January 2020 

represents four individual Sentinel-1 acquisitions. Modified after Dirscherl et al. (2021a). Data: 

(Morlighem, 2020; Morlighem et al., 2020; Mouginot et al., 2017b; Rignot et al., 2013). 

 

 

 

 

 

 

Figure 5.19. Automated classification result (c) for an image extract (b) of a Sentinel-1 acquisition 

of 28 July 2018 over the south-west Greenland Ice Sheet (a). Modified after Dirscherl et al. 

(2021a). Data: (Copernicus Sentinel-1 data; GEUS, 2020). 

 

 

 

 

 

 

a) b) 



A Novel Framework for Antarctic Supraglacial Lake Extent Mapping 

95 

5.4.2 Sentinel-2 

For evaluation of the RF classifier, 14 independent Sentinel-2 test scenes were 

acquired and classified (Table 5.3, Figure 5.1b). At this point it has to be noted that the 

classification of the test scenes was performed with the 10 m bands and indices model 

only due to its superior performance compared to all other tested model versions (see 

Chapter 5.5). As shown in Figure 5.20, supraglacial lakes appear well delineated in the 

automated classification results, yet with strongly varying shapes and sizes ranging from 

small and round lakes, e.g. on Abbot and Cosgrove ice shelves (Figure 5.20b-c), to 

extensive meltwater streams as part of inter-connected surface hydrological networks, 

e.g. on George VI, Nivlisen or Roi Baudouin ice shelves (Figure 5.20f,h,i). In addition, 

some lake features were frozen at their surface or started to freeze over making an 

accurate delineation more difficult. As can be seen in Figure 5.20h and Figure 5.20n, 

partly frozen lakes were still classified correctly highlighting the suitability of the 

developed classifier. Furthermore, difficult image features, including blue ice (Figure 

5.20k-n), slush (Figure 5.20i), shadow (Figure 5.20a,g,h,i), melt on sea ice (Figure 

5.20a,j,k) and submerged icebergs (Figure 5.20a), were accurately differentiated from 

supraglacial lakes.  

For an improved evaluation of the spatio-temporal transferability of the developed 

classification method, Amery Ice Shelf was investigated for inter-annual supraglacial lake 

dynamics. Figure 5.21 and Figure 5.22 highlight the dynamic nature of supraglacial lake 

formation over Amery Ice Shelf with January 2017 (Figure 5.21b) and January 2019 

(Figure 5.21d) showing particularly high supraglacial lake coverage and January 2018 

(Figure 5.21c) and January 2020 (Figure 5.21e) showing comparatively low supraglacial 

lake coverage. This applies to the small region of interest in the center of the ice shelf 

(Figure 5.21b-e), the Sentinel-2 overlap area for all years (see Figure 5.2) as well as the 

total ice shelf area (Figure 5.22). As can be seen in Figure 5.22, peak lake coverage was 

detected during January 2019 (see Figure 5.21a), when meltwater features reached a 

total areal coverage of ~1,356 km2. In comparison, lake coverage over the full ice shelf 

area in years 2017, 2018 and 2020 was calculated at ~927 km2, ~475 km2 and ~366 

km2, respectively. During all four years, meltwater was most abundant in the southern 

section of Amery as well as along its eastern grounding line (Figure 5.21a). 

Similar as for Sentinel-1, an additional study region covering the south-west 

Greenland Ice Sheet was analyzed for improved evaluation of the spatio-temporal 

transferability of the classification algorithm to regions beyond Antarctica. Figure 5.23 

shows the classification result for an extract of the Sentinel-1 scene of 10 August 2019. 

As can be seen, lakes appear well delineated and comparatively large in extent. Yet, it 

has to be noted that small parts of particularly deep lakes were missed in the 

classification. 



A Novel Framework for Antarctic Supraglacial Lake Extent Mapping 
 

96 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.20. Automated classification results for the Sentinel-2 test data. From left to right, the 

sub-plots in (a-n) show the Sentinel-2 test scene, an extract at the location of the red outline in (a-

n) as well as the automated classification result for the image extract. (a) Hull Glacier. (b) Abbot, 

(c) Cosgrove, (e-f) George VI, (g) Larsen C, (h) Nivlisen, (i) Roi Baudouin and (l) Moscow 

University ice shelves. (d) Pine Island Bay. (j) Enderby Land. (k) Wilhelm II and (m) Adelie Coast. 

(n) Drygalski Ice Tongue. Modified after Dirscherl et al. (2020b). Data: (Copernicus Sentinel-2 

data).  
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Figure 5.20. Continuation. 
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Figure 5.20. Continuation. 
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Figure 5.21. Maximum lake extent in January 2019 over Amery Ice Shelf (a). Mappings over 

region of interest (ROI) 1 for January 2017 (b), 2018 (c), 2019 (d) and 2020 (e). Modified after 

Dirscherl et al. (2020b). Data: (Dirscherl et al., 2020b; Mouginot et al., 2017b; Rignot et al., 2013). 

 

 

 

 

 

 

 

 

Figure 5.22. Inter-annual evolution of maximum supraglacial lake extents during January 2017-

2020 over Amery Ice Shelf. See Figure 5.2 for the outlines of the spatial units. Modified after 

Dirscherl et al. (2020b). 

a) 

b) c) d) e) 
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Figure 5.23. Classification result (c) for an image extract (b) of the additional Sentinel-2 test 

scene of 10 August 2019 over Greenland (a). Data: (Copernicus Sentinel-2 data; GEUS, 2020). 

5.4.3 Fused Classification Products 

In addition to single-sensor classification products, fused supraglacial lake extent 

mappings were derived for George VI and Amery ice shelves. To start with, Figure 5.24 

shows a fused classification product covering northern George VI Ice Shelf during a 2-

week period in early January 2020. As can be seen, supraglacial lakes were widespread 

across the entire ice shelf ranging from small, elongated lakes to larger surface 

meltwater features with diameters >10 km (Figure 5.24a). During the two-week interval, 

only Sentinel-1 SAR imagery delivered input data for supraglacial lake extent mapping 

as optical Sentinel-2 data were subject to continuous cloud cover (e.g. Figure 5.24d). 

During the considered period, total lake coverage reached ~379 km2. 

Figure 5.25 shows that supraglacial lakes were widespread on George VI Ice Shelf 

during the second half of January 2020. During the 2-week period, both satellite sensors 

delivered valuable information on supraglacial lake coverage. As shown in Figure 5.25a, 

the southern section of George VI Ice Shelf was mostly covered by Sentinel-2, while the 

northern ice shelf section was covered by both satellite sensors. Over some isolated 

regions, only Sentinel-1 classifications were available. In particular, SAR data were 

advantageous where slightly frozen and buried lakes could not be detected in optical 

Sentinel-2 imagery (Figure 5.25b-d). To provide more detail, ~629 km2 of all lake area 

was classified in Sentinel-2 imagery only, ~10 km2 was classified in SAR imagery only 

and 166 km2 was detected with both Sentinel-1 and Sentinel-2. Overall, this resulted in a 

total supraglacial lake coverage of 805 km2 during the 2-week interval.  

On the other hand, Figure 5.26 shows the fused supraglacial lake extent mapping 

product covering Amery Ice Shelf during the first two weeks of January 2019. Similar as 

in Figure 5.21, supraglacial lakes were widespread in the southern and eastern sections 

of the ice shelf. In the central ice shelf section, particularly large lakes with lengths >25 

km were detected. Overall, most supraglacial lake classifications are from optical 

Sentinel-2 data, while only few mappings represent overlap regions or data from 
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Sentinel-1 (Figure 5.26a,b). In particular, ~16 km2, ~1,232 km2 and ~124 km2 of all 

classified lake pixels result from Sentinel-1, Sentinel-2 and both sensors, respectively. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.24. Decision-level fusion of automatically generated Sentinel-1 and Sentinel-2 maximum 

lake extent classification products covering the first half of January 2020 over George VI Ice Shelf 

(a). (b) Inset over the region outlined in (a) (red). (c) Sentinel-1 SAR backscattering minimum 

product for January 2020. (d) Sentinel-2 imagery of 9 January 2020. The fused classification 

product is shown as an overlay with Sentinel-2 data of 19 January 2020. Data: (Copernicus 

Sentinel data). 
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Figure 5.25. Decision-level fusion of automatically generated Sentinel-1 and Sentinel-2 maximum 

lake extent classification products covering the second half of January 2020 over George VI Ice 

Shelf (a). (b) Inset over the region outlined in (a) (red). (c) Sentinel-1 SAR backscattering 

minimum product for January 2020. (d) Sentinel-2 imagery of 19 January 2020. The fused 

classification product is shown as an overlay with Sentinel-2 data of 19 January 2020. Modified 

after Dirscherl et al. (2021a). Data: (Copernicus Sentinel data). 
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Figure 5.26. Decision-level fusion of automatically generated Sentinel-1 and Sentinel-2 maximum 

lake extent classification products covering the first half of January 2019 over Amery Ice Shelf (a). 

(b) Inset over the region outlined in (a) (red). (c) Sentinel-1 SAR imagery of 12 January 2019. (d) 

Sentinel-2 imagery of 2 January 2019. The fused classification product is shown as an overlay 

with the Landsat Image Mosaic of Antarctica (LIMA). The data basis for the additional Sentinel-1 

scenes over Amery Ice Shelf is outlined in Chapter 6.2. Data: (Copernicus Sentinel data; 

Bindschadler et al., 2008). 
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5.5 Accuracy Assessment 

For evaluation of the obtained classification results, an accuracy assessment was 

performed for the ”water” and the “non-water” class. In this context, the “water” class 

comprises all supraglacial meltwater features and the “non-water” class refers to all 

remaining ice sheet surface features. As no reference data on Antarctic supraglacial 

lakes exist to date, the accuracy assessment was carried out on the basis of the original 

Sentinel-1 and Sentinel-2 test data. In detail, random point samples were created for all 

classified test imagery. To focus on regions that are particularly difficult to discriminate 

from surface meltwater as well as to obtain an adequate sampling rate in regions where 

misclassifications may exist, a buffer of 250 m around each water pixel in the 

corresponding classification maps was introduced. For evaluation of the Sentinel-1 

classification algorithm, point sampling was performed for all nine independent test 

scenes as well as the 13 January 2020 acquisition covering George VI Ice Shelf (see 

Table 5.1). In total, 23,000 points were sampled within the buffered “water” class of all 

test scenes and labeled in agreement with their true class membership, as visually 

determined in the underlying SAR data. As supraglacial lake coverage in some Sentinel-

1 test scenes was comparatively low, the number of point samples per scene was 

defined in agreement with the areal share of classified lake pixels compared to all other 

test data. Similarly, a total of 28,000 points was sampled in the buffered “water” class of 

the classified Sentinel-2 test data. Here, point labeling was performed on the basis of the 

underlying Sentinel-2 RGB imagery. 

Following point sampling and labeling, the point data of each test scene were 

compared to the corresponding classification results and the number of true and false 

positives and negatives was extracted and evaluated as part of a confusion matrix. In 

this context, a confusion matrix allows deriving common statistical accuracy metrics 

including Precision (P), Recall (R), F-score (F1), error of omission (ERO), error of 

commission (ERC) and Cohen’s Kappa (K) (Cohen, 1960; Jolly, 2018; Landis and Koch, 

1977; Müller and Guido, 2016). To start with, Precision and Recall are calculated dividing 

the number of true positive (TP) classifications by the number of predicted class samples 

and the number of true class samples, respectively: 

 

𝑃 =  
𝑇𝑃

𝑇𝑃+𝐹𝑃
                 (2) 

 

𝑅 =  
𝑇𝑃

𝑇𝑃+𝐹𝑁
                 (3) 

 

where FN is the rate of false negatives and FP is the rate of false positives.  
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Next, the harmonic mean of Recall and Precision was calculated to retrieve the F-

score, an overall quality measure on both statistical accuracy metrics: 

 

𝐹1 =  
2 𝑥 (𝑅 𝑥 𝑃)

(𝑅+𝑃)
              (4) 

 

On the other hand, the errors of omission and commission capture the rate of false 

negatives and false positives with respect to all true class samples and all predicted 

class samples, respectively. Finally, the Kappa coefficient is an overall quality measure 

on the similarity between classification results and ground truth. Kappa is derived from 

the overall accuracy (OA) and the expected accuracy (EA): 

 

 𝑂𝐴 =  
𝑇𝑃 + 𝑇𝑁

𝑇𝑆
                         (5) 

 

𝐸𝐴 =  
(𝑇𝑁 + 𝐹𝑃) 𝑥 (𝑇𝑁 + 𝐹𝑁)+(𝐹𝑁 + 𝑇𝑃) 𝑥 (𝐹𝑃 + 𝑇𝑃)

𝑇𝑆 𝑥 𝑇𝑆
                (6) 

 

𝐾 =  
𝑂𝐴 − 𝐸𝐴

1 − 𝐸𝐴
                 (7) 

 

where TN are the true negatives and TS are the total samples (Cohen, 1960; Jolly, 2018; 

Landis and Koch, 1977; Müller and Guido, 2016). The Kappa coefficient returns values in 

the range of 0-1 where values close to one represent a high agreement between 

classification results and ground truth and values close to zero a low agreement between 

classifications and ground truth. In contrast to P, R, F1, ERO and ERC, Cohen’s Kappa 

measures the accuracy of both classes conjointly. 

5.5.1 Sentinel-1 

The results of the accuracy assessment for the Sentinel-1 test data are shown in 

Table 5.6. In addition, Figure 5.27a visualizes the results of the calculation of Cohen’s 

Kappa. As can be seen, the average ERC and ERO across all test sites were slightly 

higher for the “water” class than for the “non-water” class. At the same time, both error 

rates were comparatively low revealing the high accuracy of the classification results. In 

agreement with this, the average Precision (88.9%) and Recall (98.83%) returned an 

average F-score of 93% for the “water“ class compared to values of 99.86%, 99.17% 

and 99.51% for Precision, Recall and F-score of the “non-water” class. In this context, 

the slightly reduced Precision and F-score of the “water“ class mostly result from 

classification errors over Enderby Land, Shackleton Ice Shelf and Rennick Glacier (Table 

5.6). In agreement with this, these regions show lowest values of Kappa (Figure 5.27a). 

The average Kappa coefficient across all test sites was computed at 0.925. 
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Table 5.6. Results of the accuracy assessment for the Sentinel-1 test data. From left to right, the 

columns for each class represent the Precision, Recall, F-score, error of commission and error of 

omission. Modified after Dirscherl et al. (2021a). 

Classes Water Non-water 

Accuracy 
metrics 

P 
[%] 

R 
[%] 

F1 
[%] 

ERC 
[%] 

ERO 
[%] 

P 
[%] 

R 
[%] 

F1 

[%] 
ERC 
[%] 

ERO 
[%] 

Abbot  100.0 100.0 100.0 0.0 0.0 100.0 100.0 100.0 0.0 0.0 
Bach  99.32 99.32 99.32 0.68 0.68 99.9 99.9 99.9 0.1 0.1 
George VI  98.88 99.13 99.0 1.12 0.87 99.83 99.79 99.81 0.17 0.21 
Larsen C  93.1 99.39 96.14 6.9 0.61 99.95 99.44 99.7 0.05 0.56 
Riiser-Larsen  90.84 99.13 94.8 9.16 0.87 99.83 98.09 98.95 0.17 1.91 
Enderby Land 69.81 100.0 82.22 30.19 0.0 100 97.96 98.97 0.0 2.04 
Amery  100.0 96.32 98.13 0.0 3.68 99.54 100.0 99.77 0.46 0.0 
Shackleton  77.78 100.0 87.5 22.22 0.0 100.0 99.48 99.74 0.0 0.52 
Moscow U. 98.99 98.2 98.59 1.01 1.8 99.72 99.84 99.72 0.28 0.16 
Rennick  60.29 86.85 74.32 39.71 3.15 99.86 97.19 98.5 0.14 2.81 

Average 88.90 98.83 93.0 11.1 1.17 99.86 99.17 99.51 0.14 0.83 
 

 

 

 

 

 

 

 

Figure 5.27. Kappa coefficient for the Sentinel-1 (a) and Sentinel-2 (b) test data. 

5.5.2 Sentinel-2 

The classification accuracies and error rates for the Sentinel-2 test data are 

presented in Table 5.7 and Figure 5.27b. As the model version with 10 m bands and 

indices returned the highest average Kappa coefficient (0.943) across all test sites 

(Figure 5.27b), the accuracy metrics in Table 5.7 refer to this model version only.  

As can be seen in Table 5.7, the average Precision, Recall and F-score of the “water” 

and the “non-water” class were computed at comparatively high values of 95.71%, 

93.95% and 94.71% as well as of 99.8%, 99.89% and 99.84%, respectively. In 

agreement with this, the corresponding error rates were comparatively low reaching 

maximum values of 4.3% and 6.05% for the false positive (ERC) and false negative 

(ERO) rate of the “water” class. Lowest accuracy values and highest error rates were 

detected for the “water” class over Abbot Ice Shelf, Cosgrove Ice Shelf and Drygalski 

Glacier. Similarly, these regions returned lowest values of Kappa (Figure 5.27b). 

a) b) 
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Table 5.7. Results of the accuracy assessment for the Sentinel-2 test data. From left to right, the 

columns for each class represent the Precision, Recall, F-score, error of commission and error of 

omission. Modified after Dirscherl et al. (2020b). 

Classes Water Non-water 

Accuracy 
metrics 

P 
[%] 

R  
[%] 

F1 
[%] 

ERC 
[%] 

ERO 
[%] 

P 
[%] 

R 
[%] 

F1 

[%] 
ERC 
[%] 

ERO 
[%] 

Hull  100.0 92.86 96.3 0.0 7.14 99.95 100.0 99.97 0.05 0.0 
Abbot  100.0 69.84 82.24 0.0 30.16 99.03 100.0 99.51 0.97 0.0 
Cosgrove 97.87 86.79 92.0 2.13 13.21 99.64 99.95 99.8 0.36 0.05 
Pine Island Bay  88.68 100.0 94.0 11.32 0.0 100.0 99.69 99.85 0.0 0.31 
George VI  98.04 98.68 98.36 1.96 1.32 99.89 99.84 99.86 0.11 0.16 
George VI 99.57 98.73 99.15 0.43 1.27 99.83 99.94 99.89 0.17 0.06 
Larsen C  96.15 100.0 98.04 3.85 0.0 100.0 99.95 99.97 0.0 0.05 
Nivlisen  98.57 92.0 98.17 1.43 8.0 99.36 99.89 99.63 0.64 0.11 
Roi Baudouin 95.83 99.14 97.46 4.17 0.86 99.95 99.73 99.84 0.05 0.27 
Enderby Land  88.1 100.0 93.67 11.9 0.0 100.0 99.75 99.87 0.0 0.25 
Wilhelm II Land 94.29 97.06 95.65 5.71 2.94 99.95 99.9 99.92 0.05 0.1 
Moscow U. 100.0 92.5 96.1 0.0 7.5 99.85 100.0 99.92 0.15 0.0 
Adelie Coast 97.06 91.67 94.29 2.94 8.33 99.85 99.95 99.9 0.15 0.05 
Drygalski 85.71 96.0 90.57 14.29 4.0 99.95 99.8 99.87 0.05 0.2 

Average 95.71 93.95 94.71 4.3 6.05 99.8 99.89 99.84 0.2 0.12 

 

5.6 Implementation of Methods for Circum-Antarctic Processing 

In order to enable the fully automated classification of supraglacial lake extents in 

Sentinel-1 SAR and optical Sentinel-2 imagery over the Antarctic continent, the 

developed methods were implemented as part of the High-Performance Computing 

(HPC) infrastructure of the German Remote Sensing Data Center at the German 

Aerospace Center (DLR). The final implementation of the developed framework 

combines all method developments outlined in Chapter 5.3 and can be easily applied to 

other glaciated regions such as the Greenland Ice Sheet (Figure 5.19, Figure 5.23). The 

following paragraphs outline the individual tools and processes of the full methodological 

framework encompassing study site selection as well as automated data retrieval, pre-

processing, image classification and post-processing.  

As can be seen in Figure 5.28, the first step towards fully automated supraglacial 

lake extent delineation comprises the creation of a shapefile for a given Area of Interest 

(AOI). In the following, the shapefile is ingested into DLR’s Internal Data Access (IDA) 

and all available Sentinel-1 and Sentinel-2 data meeting a pre-defined set of criteria (e.g. 

temporal resolution, product specifications) are automatically retrieved and stored on 

IDA. For facilitated data access, IDA is mounted on DLR’s Calvalus Hadoop cluster 

where the data can be readily processed. Therefore, the next step involves the 

automated pre-processing of all satellite data on Calvalus. For this purpose, Extensible 

Markup Language (XML) scripts are used to open docker containers comprising all 

required pre-processing tools for each sensor type. Within the docker containers, the 

pre-processing tools are launched using shell scripts. For Sentinel-1, the SNAP 

command line Graph Processing Tool (GPT) is used (Chapter 5.3.1.1). On the other 
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hand, Sentinel-2 data are pre-processed using the SNAP Sen2Cor plugin (Chapter 

5.3.2.1). Following automated data pre-processing, further shell and XML scripts are 

executed for Senintel-1 and Sentinel-2, respectively. In particular, these scripts open 

docker containers where Python scripts are launched with further shell scripts in order to 

prepare, classify and post-process all Sentinel-1 and Sentinel-2 imagery. As Sentinel-1 

data are classified on the Calvalus GPU cluster, the prepared data first need to be 

transferred to cvtensorflow, one of the core processors of the cluster. Similar as for IDA 

and Calvalus, this is achieved through the GPU cluster being mounted on Calvalus. 

Following the automated processing of all satellite imagery, the same Python scripts can 

be used for an automated fusion of Sentinel-1 and Sentinel-2 classification results 

whereat the parameter settings for data fusion, including the temporal aggregation 

interval, can be adjusted in agreement with the user requirements. Therefore, either 

single classification maps for each satellite scene or temporally aggregated supraglacial 

lake extent mapping products can be retrieved with the implemented workflow. The final 

classification results are automatically stored on Calvalus. More detailed examples of 

automatically derived supraglacial lake extent mapping products are shown in Chapter 6. 

 

 

 

 

 

 

Figure 5.28. Sketch of the automated processing pipeline for classification of Sentinel-1 and 

Sentinel-2 imagery on DLR’s High-Performance Computing infrastructure. AOI: Area of Interest. 

IDA: Internal Data Access. SNAP: Sentinel Application Platform. GPU: Graphics Processing Unit. 

S1: Sentinel-1. S2: Sentinel-2. The copyright of the logos belongs to the respective institutions. 
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5.7 Discussion 

This chapter discusses the main advantages and remaining limitations of the 

developed classification workflow for Antarctic supraglacial lake extent delineation in 

Sentinel-1 SAR and optical Sentinel-2 satellite imagery. In detail, Chapter 5.7.1 

discusses the obtained classification results for Sentinel-1, Sentinel-2 and fused 

mappings. In the following, Chapter 5.7.2 addresses the results of the accuracy 

assessment and Chapter 5.7.3 summarizes future research requirements on the basis of 

remaining limitations. 

5.7.1 Mapping Results 

5.7.1.1 Sentinel-1 

As shown in Chapter 5.4.1, the classification results for the Sentinel-1 test data 

reveal reliable lake extent delineations as well as an accurate differentiation from image 

features such as wet snow, dry snow, bare ice, shadowing or the open ocean. In 

addition, the delineation of lakes being subject to refreezing, wind roughening or speckle 

noise was successful. Across the AIS, supraglacial lakes appeared to be widespread 

with strongly varying shapes and sizes in agreement with previous documentations of 

Antarctic supraglacial lakes (Kingslake et al., 2017; Moussavi et al., 2020; Stokes et al., 

2019). Furthermore, an intra-annual analysis on supraglacial lake evolution over George 

VI Ice Shelf during 2019-2020 was performed (Figure 5.18). Being the first SAR-based 

analysis on intra-annual supraglacial lake dynamics, the results reveal strongly 

fluctuating supraglacial lake extents throughout the melting season which highlights the 

value of the developed method for time series analyses. Even though the results do not 

reflect the detected peak of lake coverage on 19 January 2020 in Banwell et al. (2021), 

likely due to the corresponding SAR acquisition being affected by severe wind 

roughening, the results similarly reveal lake coverage to be peaking during mid-January. 

At the same time, the comparatively low lake extents in the Sentinel-1 scene of 19 

January 2020 (Figure 5.18b) highlight the importance of fused supraglacial lake extent 

mapping products, where also optical data are considered. In addition, the classification 

result for the additional test site covering the south-west Greenland Ice Sheet (Figure 

5.19) highlights the spatio-temporal transferability of the method to other glaciated 

regions. 

5.7.1.2 Sentinel-2 

Similarly, the mapping results for the Sentinel-2 test data (Figure 5.20) reveal 

strongly varying supraglacial lake extents across Antarctica, in agreement with the 

results for Sentinel-1 as well as previous investigations (e.g. Kingslake et al., 2017; 
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Moussavi et al., 2020; Stokes et al., 2019). In particular, the differentiation between 

supraglacial meltwater and shadow, slush, blue ice, submerged icebergs, melt on sea 

ice and the open ocean was successful. In addition, the classification results over Amery 

Ice Shelf emphasize the potential of the developed method for multi-temporal analyses 

on supraglacial lake coverage. Here, inter-annual analyses were performed revealing 

varying supraglacial lake coverage during January 2017-2020. The obtained results are 

in good agreement with other investigations. For instance, Moussavi et al. (2020) used 

Landsat 8 data to calculate supraglacial lake extents over Amery Ice Shelf during 

January 2017 and January 2018. In detail, their threshold-based approach revealed lake 

extents of 720 km2 and 380 km2 for January 2017 and 2018 being in excellent agreement 

with the obtained results of ~721 km2 and ~359 km2 for the Sentinel-2 overlap area. 

Minor differences most likely result from the use of different satellite data and mapping 

methods as well as different temporal and areal coverages. Furthermore, the 

classification results for the additional study region over the Greenland Ice Sheet 

highlight the good functionality and spatio-temporal transferability of the developed 

classification workflow even though few pixels over particularly deep lakes were missed 

in the classification. 

5.7.1.3 Fused Classification Products 

Furthermore, the derivation of fused supraglacial lake extent classification products 

over Amery and George VI ice shelves demonstrates the value of multi-sensor remote 

sensing data for a more detailed mapping of Antarctic supraglacial lakes. To start with, 

the fused mapping product covering George VI Ice Shelf during early January 2020 

(Figure 5.24) revealed supraglacial lake classifications to result from Sentinel-1 SAR 

imagery only. Here, optical data were subject to continuous cloud cover highlighting the 

importance of SAR-based mappings due to their independence of meteorological and 

illumination conditions. On the other hand, Figure 5.25 shows the fused classification 

product for George VI Ice Shelf during the second half of January 2020. In contrast to 

Figure 5.24, the fusion of optical and SAR classifications revealed a large number of lake 

pixels to result from optical Sentinel-2 data as well as a comparatively large overlap area 

between optical and SAR classifications. At the same time, few classifications, e.g. over 

buried and slightly frozen lakes, resulted from Sentinel-1 data only. Therefore, the 

combination of data from both sensor types enabled a more complete mapping of 

supraglacial lake coverage which again emphasizes the benefits of multi-sensor 

mappings. Comparing the maximum supraglacial lake extent over George VI Ice Shelf 

during the second half of January 2020 (805 km2) to the estimate of ~1,200 km2 on 19 

January 2020 in Banwell et al. (2021), the presented result is slightly lower. This likely 

results from the use of different sensor data, mapping techniques as well as AOI sizes. 

In fact, Banwell et al. (2021) use optical Landsat 8 data of coarser spatial resolution (30 
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m) as well as a threshold-based mapping technique that was calibrated over East 

Antarctica, thus can be subject to substantial misclassifications when applied without an 

appropriate adaption of thresholds. Finally, Figure 5.26 presented a bi-weekly 

supraglacial lake extent mapping product covering the first half of January 2019 over 

Amery Ice Shelf. Similar as in Figure 5.25, optical classifications were of great relevance, 

while overlap area and Sentinel-1 classifications occurred less frequently.  

To summarize, fused supraglacial lake extent mapping products from Sentinel-1 SAR 

and optical Sentinel-2 classifications are of great relevance in order to capture a more 

complete picture of Antarctic supraglacial lake formation. In this context, optical Sentinel-

2 data deliver important information on supraglacial lake coverage during wind 

roughening and cloud-free conditions in Antarctic summer. Contrarily, Sentinel-1 SAR 

data are of particular relevance in order to enable data acquisition during cloud cover, 

nighttime and polar darkness. Furthermore, Sentinel-1 SAR has the ability to detect 

subsurface meltwater including partly frozen and buried lakes (Figure 5.25b-c). 

5.7.2 Accuracy Assessment 

5.7.2.1 Sentinel-1 

The results of the accuracy assessment for the Sentinel-1 test data (Chapter 5.5.1) 

revealed overall high accuracy values and low error rates confirming the functionality and 

performance of the developed classification algorithm. Through application of a modified 

CNN for an improved consideration of the spatial image context, it was possible to 

reliably extract supraglacial lakes of varying appearances, as reflected in the overall high 

accuracy metrics for Kappa and the F-score (Table 5.6, Figure 5.27). This includes small 

to large meltwater features that are either round or elongated as well as lakes with fuzzy 

edges or strongly fluctuating backscattering values, e.g. due to wind roughening or 

speckle noise. Despite the excellent performance of the overall classification workflow, 

some test scenes returned comparatively low accuracy values. Reduced classification 

accuracies mainly occurred due to false positive lake classifications resulting in 

increased values for the error of commission. In particular, misclassifications affected the 

test scenes covering Enderby Land, Shackleton Ice Shelf and Rennick Glacier but also 

Riiser-Larsen and Larsen C ice shelves (Table 5.6). One reason for false positive lake 

classifications is the use of the Sentinel-1 coastline product of 2018 for ocean masking. 

In fact, the use of a static coastline product for temporally varying data can lead to 

misclassifications over open ocean where the calving front strongly retreated since the 

acquisition date of the coastline data. This effect is enhanced where ocean polynyas 

(i.e., small patches of open ocean within sea ice) are present or where rifts form close to 

the calving front. In fact, the deviating date of the used coastline product was found to be 

responsible for some of the misclassifications and increased errors of commission in 
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Enderby Land as well as over Riiser-Larsen Ice Shelf and Rennick Glacier (Table 5.6). 

Furthermore, false positive lake classifications occurred due to remaining weaknesses of 

the classifier over dark area patches caused by shadow, bare ice or wet snow. Through 

investigation of the full classification maps, dark area patches similar to lakes were found 

to account for increased error rates over Rennick Glacier, Enderby Land as well as 

Riiser-Larsen and Moscow University ice shelves. At this point it has to be noted that 

Rennick Glacier and Moscow University Ice Shelf are located most distant from training 

regions (Figure 5.1a) which can potentially explain the lower performance of the 

classifier over these regions. As mentioned in Chapter 5.4.1, small patches of particularly 

large lakes were missed in the classifications resulting in slightly increased false 

negative rates (ERO), e.g. over Amery and Rennick ice shelves. In detail, large lakes 

were underrepresented in the training data requiring extensive augmentation. This likely 

resulted in an overfitting of the model towards the training data causing the described 

underestimations (Figure 5.17). 

5.7.2.2 Sentinel-2 

Likewise, the accuracy assessment for the Sentinel-2 test data revealed an excellent 

performance of the developed classification workflow. In fact, the F-score was above 

90% for most test sites with the exception of the study region covering Abbot Ice Shelf 

returning a value of ~82% for the “water” class. At the same time, multiple regions were 

subject to false positive lake classifications and multiple regions returned increased rates 

of false negatives. To start with, false positive lake classifications were present over the 

test regions covering Pine Island Bay, Enderby Land and Drygalski Ice Tongue (Table 

5.7). Similar as for Sentinel-1, the deviating date of the used coastline product for the 

masking of pixels seaward of the calving front introduced false positive classifications 

over melt on sea ice in Pine Island Bay despite being successfully masked in the image 

extracts in Figure 5.20. Moreover, false positive lake classifications over Pine Island Bay 

resulted from the widespread presence of slush being misclassified as surface lakes. In 

contrast to that, false positive lake classifications over Enderby Land can be explained 

by mixed ice and water pixels at the edges of refreezing lakes. Similarly, 

misclassifications at lake edges as well as near the calving front explain the increased 

rate of false positives over Drygalski Ice Tongue. On the contrary, false negative lake 

classifications mainly influenced the performance of the classifier over Abbot and 

Cosgrove ice shelves as well as in Adelie Land. In all three regions, false negative 

classifications resulted from mixed pixels at lake edges as well as lake regions that were 

obscured by cloud shadow. 
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5.7.3 Future Requirements 

Despite the shown potential of the automated classification workflow, the Sentinel-1 

and Sentinel-2 classification algorithms could be further refined. For Sentinel-1, the most 

important method refinement would be to increase the dataset used for deep learning 

model training. In this context, more training samples covering lakes of varying 

appearances as well as ice sheet surface features that are difficult to discriminate from 

lakes would be helpful. Apart from increasing the availability of training samples over 

shadow, wet snow, dry snow, bare ice and the open ocean, one important measure 

would be to include more samples covering large lakes. As small lake features are more 

widespread around Antarctica, training data covering large lakes could be collected over 

Greenland which would also contribute to a further improved spatio-temporal 

transferability of the method. When increasing the training dataset, particular focus 

should be on regions that are most distant from current training regions (Figure 5.1a) in 

order to support future pan-Antarctic mapping strategies. This applies to large parts of 

Victoria Land on the EAIS as well as to Marie Byrd Land on the WAIS. 

Furthermore, variations of the model architecture and training parameters could be 

tested. In this context, the use of a weighted loss function (Lu et al., 2019; Sun et al., 

2018) or of sample weights could be of interest. However, due to the high accuracy of 

the classification results obtained with the current deep learning architecture and 

parameter settings, weighted loss functions were not considered as part of this thesis. In 

this context, the implemented data augmentation strategy with focus on patches with 

numerous lake pixels and difficult regions as well as the use of backscattering minimum 

products certainly contributed to the obtained high classification accuracies. 

Furthermore, the extension of U-Net with suitable modules, including ASPP for multi-

scale feature extraction and residual connections for optimized performance, was of 

particular advantage for an improved consideration of the spatial image context. Apart 

from that, the model could be trained with a larger number of input bands. In this regard, 

dual-polarized SAR data, temporal image metrics or DEM data could be fed to the deep 

learning pipeline. As dual-polarized Sentinel-1 data are currently available at a spatial 

resolution of 40 m only, it would greatly reduce the visibility of small or elongated lakes 

and was therefore not considered. On the other hand, the integration of temporal image 

metrics or of DEM data would drastically increase the computational load. At the same 

time, high-resolution topographic data, e.g. from the REMA DEM, are still restricted in 

terms of their incomplete spatial coverage. Furthermore, the temporal acquisition interval 

of the REMA DEM deviates from the Sentinel-1 acquisitions which would likely result in 

further inaccuracies. 

On the other hand, the accuracy of classifications from Sentinel-2 could be further 

improved through consideration of additional training data covering Adelie Coast and 
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Wilkes Land on the EAIS as well as Marie Byrd Land on the WAIS (Figure 5.1b). These 

regions are so far underrepresented in the training data and could be of great help to 

improve the classification accuracies for future pan-Antarctic assessments. In particular, 

more training data covering slush, lake edges and lakes affected by cloud shadow could 

be included. However, as the integration of more training data covering slush or lake 

edges might lead to reduced classification accuracies, e.g. over shallow lake area, 

alternative methods (Chapter 5.3.2.3) should also be considered. Similar as for Sentinel-

1, also the consideration of temporal image metrics during model training could improve 

the accuracy of the classifier, while being at the cost of an increased computational load. 

Another aspect to consider in future research is the use of more up-to-date coastline and 

DEM data during post-processing. In fact, this applies to both Sentinel-1 and Sentinel-2 

being subject to misclassifications, e.g. where the coastline retreated inland since the 

acquisition of the underlying data (Chapter 5.7.2). For example, more up-to-date 

coastline data could be retrieved from the acquisitions themselves through application of 

automated coastline extraction methods (e.g. Baumhoer et al., 2019). Furthermore, the 

integration of more up-to-date DEM data, e.g. from the REMA DEM, would allow for less 

conservative thresholds during post-classification (Chapter 5.3.1.3, Chapter 5.3.2.3). In 

fact, lower elevation and slope thresholds could potentially support a further masking of 

misclassifications around rock outcrop. As mentioned, this step would be at the cost of 

an increasing computational load. 

Apart from method improvements, future efforts should consider the collection and 

integration of ground truth data, e.g. from field measurements or flight campaigns. This 

would allow for a more representative evaluation of the obtained classification results. 

However, as reference data are difficult to collect over the Antarctic Ice Sheet, alternative 

locations over glaciated regions beyond Antarctica could be considered. Furthermore, 

velocity mappings could be beneficial in order to account for overestimations due to the 

movement of lakes with ice flow. This is particularly relevant when fused supraglacial 

lake extent mappings are derived at temporal intervals greater than one month. 

5.8 Summary 

In this chapter, a novel framework for automated supraglacial lake extent mapping in 

multi-sensor remote sensing data was introduced. As outlined in Chapter 5.3, the novel 

framework for Antarctic supraglacial lake extent derivation combines recent advances in 

artificial intelligence with the increasing availability of open access satellite data provided 

by the European Copernicus programme. In particular, a combination of Sentinel-1 SAR 

and optical Sentinel-2 data was chosen in order to exploit and overcome sensor-specific 

advantages and limitations (Chapter 4.2) for retrieval of more complete mapping 

products. To provide more detail, Sentinel-1 SAR imagery were classified by means of a 



A Novel Framework for Antarctic Supraglacial Lake Extent Mapping 

115 

convolutional neural network based on residual U-Net that was trained on 21,200 single-

polarized Sentinel-1 SAR image patches covering 13 Antarctic regions. Similarly, optical 

Sentinel-2 data were collected over 14 Antarctic regions and used for training of a pixel-

based RF classifier. The two methods were combined through decision-level fusion of 

optical and SAR classification products and implemented as part of DLR’s internal HPC 

infrastructure allowing for an automated processing of large amounts of satellite data 

over the entire Antarctic continent. The combination of optical and SAR classification 

products was shown to be of particular relevance over Antarctica where optical data are 

often limited by cloud cover (Figure 5.24d) and polar darkness and where SAR data can 

be subject to effects such as severe wind roughening. In addition, SAR-based mappings 

are of particular importance in order to capture both surface and subsurface meltwater 

accumulation. As an efficient large-scale mapping technique for supraglacial lake extent 

derivation is so far lacking, the developed approach is of great relevance for the scientific 

community allowing for detailed intra-annual and inter-annual analyses on Antarctic 

supraglacial lake formation. In particular, the developed mapping technique for the first 

time enables an automated mapping of Antarctic supraglacial lake extents without the 

requirement of manual post-processing or user intervention (Chapter 5.6). In addition, 

the developed framework can be easily applied to other glaciated regions such as 

Greenland (Chapter 5.4) highlighting its potential for spatio-temporal transferability. 

Furthermore, the obtained mapping results and accuracy metrics revealed the good 

functionality of the developed classification methods for both Sentinel-1 and Sentinel-2. 

With an average F-score of ~93% for the “water” class in all Sentinel-1 test data, the 

performance of the deep learning pipeline was shown to be particularly robust. In this 

regard, the design of the data augmentation strategy as well as the extension of U-Net 

with suitable modules for an improved consideration of the spatial image context was 

particularly beneficial. On the other hand, the main remaining limitations of the SAR-

based mapping technique include (1) the lack of high-resolution and up-to-date 

topographic and coastline data, (2) the underrepresentation of large lakes and several 

Antarctic regions in the training data, (3) misclassifications over radar shadow and small 

bare ice and wet snow patches and (4) the lack of ground truth data for an improved 

evaluation of the classification results. Likewise, the accuracy metrics of the developed 

Sentinel-2 classification method reveal the good functionality and spatio-temporal 

transferability of the RF classifier. Here, the average F-score of the “water” class across 

all test sites was computed at ~95%. Similar as for Sentinel-1, remaining limitations of 

the implemented RF algorithm include the lack of high-resolution and up-to-date 

topographic and coastline data as well as of ground truth data. Furthermore, 

misclassifications over slush and lake edges as well as an underrepresentation of 

individual ice sheet regions in the training data contributed to increased errors rates. 
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Considering the defined future requirements in Chapter 4.3, the developed workflow 

greatly contributes to their fulfilment. In particular, the stated future requirement of intra-

annual and inter-annual supraglacial lake extent mappings at regional to circum-Antarctic 

scale was shown to be fulfilled through derivation of multi-temporal supraglacial lake 

extent mapping products over Amery and George VI ice shelves as well as the 

implementation of developed methods for large-scale processing. Furthermore, the 

stated requirement of a multi-sensor classification technique with pan-Antarctic mapping 

capabilities is equally fulfilled through combination of Sentinel-1 SAR and optical 

Sentinel-2 satellite data as well as the training and testing of the classifiers across 

multiple independent regions including locations on the Greenland Ice Sheet. 

Additionally, the requirement of spatial and temporal resolution standards was 

formulated. As stated in Chapter 5.3.3, the implemented methodological framework 

suggests the use of bi-weekly observational periods in order to capture intra-annual 

supraglacial lake extent dynamics at sufficient spatial coverage whilst avoiding 

overestimations of lake area due to their movement with ice flow. Furthermore, a spatial 

resolution of 10 m was chosen for the final classification products, in agreement with the 

pixel spacing of the used sensor data. 

To summarize, the developed workflow presents the first automated mapping method 

for Antarctic supraglacial lake extent derivation in multi-sensor remote sensing data from 

the Sentinel-1 SAR and optical Sentinel-2 satellite missions. In detail, the main benefits 

of the developed mapping technique include (1) the efficient and fast processing of large 

amounts of satellite data from Sentinel-1 and Sentinel-2 through implementation of the 

developed methods on a High-Performance Computing infrastructure, (2) the automated 

and highly accurate classification of supraglacial lake extents in optical and SAR satellite 

imagery through application of supervised machine learning, (3) the spatio-temporal 

transferability of the developed algorithm to regions across the entire Antarctic continent 

as well as to regions beyond Antarctica and (4) the possibility of an automated extraction 

of high resolution classification maps from single satellite scenes as well as of fused 

optical and SAR classification products at flexible temporal intervals ensuring continuous 

mapping efforts during Antarctic winter, cloud coverage or wind roughening. Through the 

mentioned advantages and benefits, the developed mapping technique will greatly 

support future research on Antarctic surface hydrology and improve current knowledge 

on Antarctic supraglacial lake formation, evolution and impacts. In this context, 

automated mapping products will also contribute to an improved representation of 

meltwater transport across Antarctic ice shelves in modelling efforts being crucial for 

future assessments of Antarctica’s contribution to global sea-level-rise.  
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*Parts of this chapter are based on Dirscherl et al. (2021b). 

 

 

CHAPTER 6 

 

6 Environmental Controls on Antarctic Supraglacial 

Lake Formation in 2015-2021  
 

Recent ice shelf disintegration events along the Antarctic Peninsula were driven by 

atmospheric warming resulting in an increased presence of meltwater ponds on ice 

shelves to cause hydrofracturing and ice shelf collapse (Cook and Vaughan, 2010; 

Leeson et al., 2020; Scambos et al., 2004). Ice shelf collapse leads to a reduction in 

buttressing forcing glacier acceleration and increased ice discharge (Rott et al., 2018; 

The IMBIE Team, 2018). Considering that Antarctic surface melting and ponding is 

expected to increase under future atmospheric warming (Bell et al., 2018; Gilbert and 

Kittel, 2021; Kingslake et al., 2017; Meredith et al., 2019; Trusel et al., 2015), further 

Antarctic ice shelves will likely become unstable triggering ice shelf collapse and ice 

dynamic change. This particularly applies to regions that are classified as vulnerable to 

hydrofracture (Alley et al., 2018; Fürst et al., 2016; Lai et al., 2020) or are structurally 

weakened by fractures and crevasses (Lhermitte et al., 2020) or firn air depletion 

(Kuipers Munneke et al., 2014; Lenaerts et al., 2017; Spergel et al., 2021). As mentioned 

in Chapter 3.3, also an inland migrating of lakes under global warming can result in the 

connection of surface and basal hydrological systems causing basal lubrication and 

sliding to initiate ice flow accelerations (Bartholomew et al., 2010; Bell et al., 2018; 

Siegert et al., 2018; Tuckett et al., 2019). Further, the low albedo of rock, blue ice and 

supraglacial lakes themselves can trigger enhanced melting contributing to a more 

frequent occurrence of the described impacts (Bell et al., 2018; Lenaerts et al., 2017; 

Lüthje et al., 2006). In this context, other suggested control factors on supraglacial lake 

distribution and evolution include the local glaciological setting, the regional near-surface 

climate as well as large-scale atmospheric modes (Chapter 3.1) (Arthur et al., 2020a; 

Cape et al., 2015; Laffin et al., 2021; Lenaerts et al., 2017; Stokes et al., 2019).  

Despite recent progress in the understanding of Antarctic surface hydrology, the 

spatio-temporal distribution of Antarctic supraglacial lakes as well as associated 

environmental drivers and impacts remain poorly constrained. To improve the 

understanding of present-day Antarctic surface hydrology as well as to constrain the 
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dominant control factors on supraglacial lake formation, the monitoring of Antarctic 

supraglacial lake extent dynamics is of utmost importance. Therefore, the implemented 

framework for automated supraglacial lake extent classification (Chapter 5.6) is 

employed on the full archive of Sentinel-1 SAR and optical Sentinel-2 data over six major 

ice shelves on the API and EAIS. In particular, fused supraglacial lake extent mappings 

are derived for the period 2015-2021 at bi-weekly temporal scale and 10 m spatial 

resolution. As described in Chapter 4.3.2, the combination of optical and SAR data is 

particularly beneficial in order to exploit and overcome sensor-specific advantages and 

limitations as well as to obtain more complete mapping records than with single-sensor 

data. In detail, this chapter aims to (1) analyze intra-annual and inter-annual supraglacial 

lake extent dynamics in 2015-2021, (2) investigate anomalous supraglacial meltwater 

ponding above or below average with respect to the observational period 2015-2021, (3) 

establish a link between 2015-2021 supraglacial meltwater ponding and environmental 

controls, including the local glaciological setting, the regional near-surface climate and 

large-scale atmospheric modes, through application of multi-temporal linear correlation 

analysis and (4) reveal first-order controls on supraglacial lake formation and highlight 

potential implications for other ice sheet regions and future ice shelf stability. 

The investigated study sites, used datasets and employed methods are introduced in 

Chapters 6.1-6.3. Chapter 6.4 presents the obtained results and Chapter 6.5 provides a 

thorough discussion on environmental drivers of 2015-2021 supraglacial meltwater 

ponding. Finally, Chapter 6.6 summarizes the key findings and conclusions of Chapter 6. 

6.1 Study Sites 

The six investigated ice shelves are among the largest across the entire Antarctic 

continent and include George VI, Bach and Wilkins on the south-west API as well as 

Riiser-Larsen, Nivlisen and Amery on the EAIS (Figure 6.1). The choice of ice shelves 

was made in agreement with their spatial distribution around Antarctica where different 

climatic conditions and local glaciological settings prevail. This allows to investigate the 

agreement of drivers among different regions and thus their potential transferability to 

other ice sheet regions. In addition, study sites were selected to cover regions of 

frequent lake recurrence with lakes being most abundant on the API and EAIS, while 

showing only sporadic occurrence on the WAIS (Chapter 3.2) (Banwell et al., 2021; Dell 

et al., 2020; Kingslake et al., 2017; Moussavi et al., 2020; Reynolds, 1981; Spergel et al., 

2021; Stokes et al., 2019; Wagner, 1972). Further, the ice shelves were selected on the 

basis of satellite data availability with respect to Sentinel-1 and Sentinel-2.  

The three investigated API ice shelves cover an area of ~23,370 km2, ~4,540 km2 

and 11,144 km2 representing the neighboring George VI, Bach and Wilkins ice shelves in 

the Bellingshausen Sea sector (Figure 6.1a-c) (Cook and Vaughan, 2010; Holt et al., 



Environmental Controls on Antarctic Supraglacial Lake Formation in 2015-2021 

119 

2013). To start with, George VI Ice Shelf is located in a narrow channel between 

Alexander Island and Palmer Land. The latter provides most of its ice inflow, 

compressing laterally against the western grounding line (Hambrey et al., 2015; Holt et 

al., 2013; LaBarbera and MacAyeal, 2011; Reynolds and Hambrey, 1988). On the other 

hand, Bach and Wilkins receive most of their ice inflow from Alexander Island. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.1. Overview map of Antarctica showing the locations of the six investigated ice shelves 

George VI (a), Bach (b), Wilkins (c), Riiser-Larsen (d), Nivlisen (e) and Amery (f). The area of 

interest for satellite data acquisition and lake extent mapping corresponds to the red outlines and 

the area of interest used for statistical analyses corresponds to the shaded blue area in (a-f). Over 

Amery, a permanent lake feature at the western grounding line (Beaver Lake) was excluded from 

analyses to avoid misclassifications in optical imagery. FML: Fisher, Mellor and Lambert glacier 

systems. MB: Marguerite Bay. RE; Ronne Entrance. Modified after Dirscherl et al. (2021b). Data: 

(Bindschadler et al., 2008; IMBIE, 2016; Mouginot et al., 2017b; Rignot et al., 2013). 

On the other hand, the three investigated EAIS ice shelves include Riiser-Larsen, 

Nivlisen and Amery, each covering an area of ~48,180 km2, 7,600 km2, 62,620 km2, 

respectively (Figure 6.1d-f) (Dell et al., 2020; Foley et al., 2013). To start with, Riiser-

Larsen Ice Shelf is located in western Dronning Maud Land with most of its ice inflow 

originating from the adjacent Plogbreen and Veststraumen ice streams. Nivlisen Ice 

Shelf is located several hundred kilometers to the east of Riiser-Larsen Ice Shelf, in 
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central Dronning Maud Land, and is nourished by ice draining through the Wholthat 

Mountains (Horwath et al., 2006). Finally, Amery Ice Shelf is located in Mac-Robertson 

Land and is the largest of all EAIS ice shelves. Amery is fed by Fisher, Mellor and 

Lambert glaciers (Figure 6.1f). 

For each ice shelf, AOIs were drawn for both satellite data acquisition and 

classification as well as statistical analyses. For satellite data acquisition and 

classification, the red outlines in Figure 6.1 ensured a spatially complete data record 

over the full ice shelves. On the other hand, statistical analyses were performed on the 

basis of the shaded blue areas in Figure 6.1a-f. These areas were drawn in agreement 

with confirmed supraglacial lake occurrences during at least one time step within the 

period 2015-2021 as well as on the basis of resampled ERA5-Land pixel footprints 

(Chapter 6.2). For George VI, Bach, Wilkins, Riiser-Larsen, Nivlisen and Amery ice 

shelves, this resulted in AOI subsets of 27,324 km2, 9,504 km2, 15,660 km2, 1,512 km2, 

5,292 km2, and 41,760 km2, respectively. Where lake coverage expanded onto the 

adjacent grounded ice, regions upstream of the grounding line were included explaining 

the partly larger AOI sizes compared to the ice shelf areas (Dirscherl et al., 2021b).  

 

 

 

 

 

 

 

 

Figure 6.2. Sentinel-2 imagery showing supraglacial lakes on (a) George VI (19 January 2020), 

(b) Bach (29 January 2020), (c) Wilkins (23 January 2021), (d) Riiser-Larsen (2 February 2017), 

(e) Nivlisen (21 January 2019) and (f) Amery (2 January 2019) ice shelves. Modified after 

Dirscherl et al. (2021b). Data: (Copernicus Sentinel-2 data). 

6.2 Datasets  

6.2.1 Satellite Imagery 

For automated supraglacial lake extent mapping, the full archive of Sentinel-1 and 

Sentinel-2 was exploited. Satellite data retrieval was performed automatically on IDA 

using the implemented workflow outlined in Figure 5.28. In detail, all available Sentinel-1 

data in GRDH format, IW swath mode and horizontal transmit-and-receive polarization 
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(HH) were acquired for the AOI outlines considering the period 1 November to 31 March 

in 2015-2021. Over API ice shelves, data were available for the entire investigation 

period 2015-2021 (Figure 6.3, Figure 6.4). Yet, over Riiser-Larsen, Nivlisen and Amery 

ice shelves, no data were available during melting season 2015-2016. Considering the 

high revisit frequency of Sentinel-1 over polar regions (<6 days), this resulted in a total 

number of 3,075 Sentinel-1 acquisitions (Table 6.1).  

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

  

 

Figure 6.3. Data source of bi-weekly lake extent classifications over George VI (a), Bach (b) and 

Wilkins (c) ice shelves from Sentinel-1, Sentinel-2 or both. Modified after Dirscherl et al. (2021b). 

The acquisition of Sentinel-2 data was performed on the basis of a cloud coverage 

<75%. This comparatively high cloud threshold was chosen to ensure a complete data 

record also for acquisitions where only parts of the image scenes were affected by cloud 

cover. In addition, the performance of cloud masking algorithms over ice sheets can be 

degraded due to the spectral similarity between clouds and snow/ice resulting in a higher 

specified cloud cover than is present in the actual satellite acquisition and thus an 

incomplete data record. Considering the high revisit frequency of Sentinel-2 over polar 

regions (<5 days), a total of 2,167 Sentinel-2 acquisitions was retrieved for the six 

a) 

b) 

c) 



Environmental Controls on Antarctic Supraglacial Lake Formation in 2015-2021 
 

122 

investigated ice shelves (Table 6.1). As no Sentinel-2 data were available during melting 

season 2015-2016, data retrieval was yet restricted to years 2016-2021.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 6.4. Data source of bi-weekly lake extents over Riiser-Larsen (a), Nivlisen (b) and Amery 

(c) ice shelves from Sentinel-1, Sentinel-2 or both. Modified after Dirscherl et al. (2021b).  

Table 6.1. Sentinel-1 and Sentinel-2 data availability over the six investigated ice shelves. 

Area of interest 
Number of 
Sentinel-1 
scenes 

Number of 
Sentinel-2 
scenes 

Total 
number of 
scenes 

George VI, Bach, Wilkins  1,048 623 1,671 

Riiser-Larsen 160 380 540 

Nivlisen  302 192 494 

Amery 1,565 972 2,537 

Total 3,075 2,167 5,242 
 

6.2.2 ERA5-Land Climate Reanalysis Data 

For analysis of environmental controls on Antarctic supraglacial lake formation in 

2015-2021, hourly ERA5-Land climate reanalysis data were used (Munoz Sabater, 

2019a). Replacing the former ERA-Interim reanalysis of the European Centre for 

a) 

b) 

c) 
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Medium-Range Weather Forecasts, ERA5-Land provides estimates for a range of land 

variables at a grid spacing of ~9 km (0.1°) and a temporal coverage dating back to 1950. 

Over Antarctica, the use of climate reanalysis data is of particular advantage as its vast 

size, harsh climate and remote geographical location complicate detailed ground-based 

monitoring efforts. Besides, data from weather stations are available only sparsely 

requiring extensive interpolation when used for large-scale analyses. 

The ERA5-Land variables used for statistical analyses include surface net solar 

radiation, 2 m air temperature, 10 m wind components, total precipitation and modelled 

snowmelt. Hourly ERA5-Land estimates were retrieved for the period 1 October to 31 

March in 2015-2021. In this context, October and November data were used for analysis 

of climate drivers at different time lags. In addition, estimates of ERA5-Land total 

precipitation were acquired for all remaining months in 2015-2020 enabling the 

investigation of links to previous-year precipitation. Data on previous-year precipitation 

provide important insight into the influence of the FAC where previous-year low 

precipitation leads to a reduced FAC facilitating ponding and previous-year high 

precipitation leads to an increased FAC allowing the infiltration of meltwater into the firn.  

To provide more detail on the quality of used climate datasets, the following 

paragraph briefly outlines their main characteristics. To start with, ERA5-Land reanalysis 

data on surface net solar radiation represent the difference between downward 

shortwave radiation incident upon the Earth’s surface and the amount of radiation 

reflected back to space. Even though data on surface net solar radiation have not been 

validated over Antarctica, investigations over China and Europe point towards an 

improved performance compared to the other reanalysis datasets (Jiang et al., 2020; 

Urraca et al., 2018). Next, ERA5-Land air temperature data are provided at 2 m above 

the surface and are the best estimate of the seasonal cycle of air temperature over 

coastal Antarctica and particularly the API (Gossart et al., 2019; Tetzner et al., 2019). 

The low bias and low mean absolute error of 2°C over Antarctica make ERA5-Land air 

temperature data superior to other reanalysis datasets (Gossart et al., 2019). On the 

other hand, ERA5-Land wind data reflect the horizontal speed of air at 10 m above the 

surface moving towards the north and east, respectively. Reanalysis of wind data 

captures the typical annual cycle of wind with a mean underestimation during katabatic 

wind forcing in winter and over coastal Antarctica during summer resulting in an overall 

mean absolute error of 2.8 m s-1 (Gossart et al., 2019). Furthermore, estimates of total 

precipitation are provided in meters depth and include all liquid and frozen water 

accumulated on the Earth’s surface. ERA5-Land total precipitation data perform well in 

detecting precipitation events over the API. At the same time, a bias may exist, e.g. due 

to the negligence of the redeposition of snow (Tetzner et al., 2019). Finally, the ERA5-

Land modelled snowmelt product is available in meters of water equivalent. To date, no 

evaluation of ERA5-Land snowmelt data has been performed over Antarctica. 
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6.3 Methods 

6.3.1 Pre-Processing of ERA5-Land Climate Reanalysis Data 

Before statistical correlation analysis could be performed, the ERA5-Land climate 

reanalysis data required to be pre-processed. First, hourly estimates of surface net solar 

radiation were converted to daily energy fluxes in watts per square meter (W m-2). 

Similarly, hourly estimates of air temperature were converted from Kelvin (K) to degrees 

Celsius (°C) and aggregated to daily average air temperature. Hourly estimates of zonal 

(𝑢) and meridional (𝑣) wind stress components were first resampled to daily averages. 

Following aggregation to time series (Chapter 6.3.2), the data were converted to wind 

magnitude (𝑤𝑚 =  √𝑢2 + 𝑣2) and wind direction (𝑤𝑑 = 180 + (arctan(𝑣, 𝑢) 𝑥 180/𝜋)). 

Next, daily estimates of total precipitation and snowmelt were obtained from hourly 

ERA5-Land data through consideration of the total accumulated value of a day. 

Subsequently, daily estimates of total precipitation and snowmelt were converted to 

millimeters depth and millimeters water equivalent, respectively. Finally, all climate 

reanalysis data were reprojected to the Antarctic Polar Stereographic projection. 

6.3.2 Time Series Generation 

Since the acquired Sentinel-1 and Sentinel-2 satellite data were automatically pre-

processed, classified and post-processed to fused supraglacial lake extent classification 

products at 10 m spatial resolution and bi-weekly temporal scale using the implemented 

processor for circum-Antarctic supraglacial lake extent mapping (Chapter 5.6), the only 

remaining processing step was to fill data gaps in the bi-weekly time series over Riiser-

Larsen and Nivlisen ice shelves. For this purpose, the respective bi-weekly long-term 

mean of the period 2016-2021 was used for interpolation. Given that data gaps were 

mostly present during months of low lake coverage during the early or late melting 

season (Figure 6.4a-b), this interpolation strategy was considered acceptable. To 

support statistical analyses with previous-year precipitation and annual SAM (Marshall, 

2018, 2003), an atmospheric index used for investigation of large-scale drivers, the bi-

weekly time series covering January of each year in 2016-2021 were further aggregated 

to monthly supraglacial lake extent mappings. Monthly lake extent mapping products 

were also used for investigation of local controls and of inter-annual supraglacial lake 

recurrence times. In the following, the automatically derived bi-weekly and monthly 

supraglacial lake extent time series were converted to time series of fractional lake 

extent considering the ERA5-Land pixel footprints (Figure 6.1a-f).  

Likewise, the daily ERA5-Land data were aggregated to average bi-weekly time 

series. In addition, bi-weekly maxima were calculated for air temperature in order to 

capture temperature extreme events and positive degree days. Overall, this resulted in 
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seven climate variables used for bi-weekly statistical analyses. To investigate whether 

above or below normal climatic conditions resulted in above or below normal meltwater 

ponding, the bi-weekly fractional lake extent and climate time series were also converted 

to time series of anomalies considering the 2015-2021 long-term mean of each bi-weekly 

interval. Furthermore, data on bi-weekly precipitation were converted to annual 

aggregates of previous-year precipitation considering the period March to October of 

each year in 2015-2020. As previously mentioned, previous-year precipitation was used 

as an indirect indicator of the FAC of snow. 

6.3.3 Multi-Temporal Statistical Correlation Analysis 

For multi-temporal statistical correlation analysis between fractional lake extent and 

regional and large-scale climate variables, the Pearson correlation coefficient (r) was 

used. The Pearson correlation measures the linear relationship between two variables 

returning values in the range of [-1, +1] where -1 and +1 represent a strong negative and 

strong positive linear relationship, respectively. Lower correlation values close to 0 

represent the existence of a weak statistical link between two variables. Furthermore, the 

statistical significance of correlations can be measured with the p-value (p). In the 

following, significance levels of p<0.05 (*), p<0.01 (**) and p<0.001 (***) are used.  

To obtain more robust correlation values, only bi-weekly data covering summer 

months (December, January and February) were considered for statistical correlation. 

During these months, lake extents are highest and data gaps and misclassifications are 

lowest. For the study regions on the API and EAIS, this resulted in a total of 36 and 30 

observations for each bi-weekly time series in the period 2015-2021 and 2016-2021, 

respectively. Apart from correlating fractional lake extent and climate time series at 

identical time intervals (lag 0), cross-correlation with climate data at time lags 1-4 was 

performed. In this context, each lag represents a shift by half a month with respect to the 

previous lag resulting in the maximum cross-correlation at lag 4 to cover the period 

October to December of a year. Statistical correlation analysis was performed with 

spatial averages representing the full ice shelves, anomalies of spatial averages as well 

as at pixel level. For correlations between time series of January fractional lake extent 

and annual SAM as well as previous-year precipitation, six and five observations were 

available for the API and EAIS, respectively. At this point it has to be noted that the low 

number of observations used for correlation with previous-year precipitation and SAM 

may result in unreliable values of p and rather the r-value should be considered for 

interpretation. For completeness, links to local controls, including melt-albedo feedbacks 

and topographic factors, were investigated through visual comparison of lake density to 

topographic DEM data (Wessel et al., 2021), blue ice occurrence in optical imagery as 

well as the distribution of rock outcrop in Sentinel-2 classifications (Dirscherl et al., 
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2020b). In the following, also previous-year precipitation is considered a local control 

factor due to the FAC being part of the local glaciological setting (Dirscherl et al., 2021b). 

6.4 Results 

The following chapters present the results for the Antarctic Peninsula (Chapter 6.4.1) 

and East Antarctic Ice Sheet (Chapter 6.4.2) separately. At first, supraglacial lake extent 

dynamics are described using time series of bi-weekly spatial averages and anomalies 

thereof (Chapter 6.4.1.1, Chapter 6.4.2.1). In the following, the results of the multi-

temporal statistical correlation analysis are outlined. In detail, correlations with respect to 

spatial averages (Chapter 6.4.1.2, Chapter 6.4.2.2) and over individual pixels are shown 

(Chapter 6.4.1.3, Chapter 6.4.2.3). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.5. Supraglacial lake extent dynamics in 2015-2021 over George VI (a), Bach (b), Wilkins 

(c), Riiser-Larsen (d), Nivlisen (e) and Amery (f) ice shelves. The periods represent bi-weekly 

temporal intervals where “A” is the first half of a month and “B” the second half. Modified after 

Dirscherl et al. (2021b). 
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Figure 6.6. Anomalies of bi-weekly supraglacial lake extent time series during November to 

March of a melting season in the reference period 2015-2021 (a-c) and 2016-2021 (d-f) over 

George VI (a), Bach (b), Wilkins (c), Riiser-Larsen (d), Nivlisen (e) and Amery (f) ice shelves. For 

Riiser-Larsen and Nivlisen, data gaps are visible due to the interpolation with the bi-weekly long-

term mean 2016-2021. Melting seasons are separated with dashed lines. Modified after Dirscherl 

et al. (2021b). 

6.4.1 Antarctic Peninsula Ice Shelves 

6.4.1.1 Supraglacial Lake Extent Dynamics in 2015-2021 

As can be seen in Figure 6.5a-c, the bi-weekly supraglacial lake extent time series 

over George VI, Bach and Wilkins ice shelves on the API reveal strongly fluctuating 

supraglacial lake extents both intra-annually and inter-annually. During summer melting 

seasons 2015-2018, lake extents were generally low with the exception of melting 

season 2017-2018 over George VI Ice Shelf. On the other hand, melting seasons 2019-

2020 and 2020-2021 were characterized by particularly strong surface melting and 

ponding over all three ice shelves. In this context, the highest supraglacial lake extents 

over George VI (~805 km2), Bach (~110 km2) and Wilkins (~45 km2) ice shelves were 



Environmental Controls on Antarctic Supraglacial Lake Formation in 2015-2021 
 

128 

observed during January 2020. Over all three ice shelves, late January marked the peak 

of a melting season and early or late February the end of a melting season. Moreover, 

Figure 6.6a-c shows anomalies of intra-annual supraglacial lake evolution with respect to 

the reference period 2015-2021. For melting season 2019-2020, API lake coverage was 

generally below average during the early melting season and above average during the 

peak of the melting season. Similarly, intra-annual anomalies of supraglacial lake extent 

time series reveal above-average meltwater ponding during the peak of the 2020-2021 

melting season and below-average meltwater ponding during the late 2020-2021 melting 

season.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.7. Inter-annual January recurrence of supraglacial lakes over George VI (a), Bach (b), 

Wilkins (c), Riiser-Larsen (d), Nivlisen (e) and Amery (f) ice shelves. The overview map in the 

middle shows the approximate location of the AOIs. In some regions, the movement of lakes with 

ice flow might have biased the calculation of annual lake recurrence times. API: Antarctic 

Peninsula. WAIS: West Antarctic Ice Sheet. EAIS: East Antarctic Ice Sheet. Modified after 

Dirscherl et al. (2021b). Data: (Dirscherl et al., 2020b; Howat et al., 2019; IMBIE, 2016; Mouginot 

et al., 2017b; Rignot et al., 2013). 

Figure 6.7a-c shows the spatial pattern of the inter-annual recurrence of API lakes 

during January 2016-2021. Over all three ice shelves, supraglacial lakes tend to cluster 

at low elevations and low surface slopes downstream of the grounding line. Due to 
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supraglacial lake coverage being comparatively low in 2015-2018, the inter-annual 

recurrence time of lakes was generally below three years with only few locations 

showing higher recurrence times. Over George VI Ice Shelf, lakes during low-melt years 

clustered closer to the grounding line and rock outcrop than during high-melt years, 

where they accumulated in flow stripes stretching over vast parts of the ice shelf (Figure 

6.7a). Over Bach and Wilkins ice shelves, lakes generally clustered closer to the 

grounding line than on George VI Ice Shelf. For Wilkins Ice Shelf, lakes expanded 

farthest onto the adjacent grounded ice where rock outcrop is present (Figure 6.7c). 

6.4.1.2 Multi-Temporal Correlation Analysis with Spatial Averages 

Figure 6.8 shows the results of the statistical correlation analysis between time series 

of bi-weekly fractional lake extent and climate variables considering spatial averages 

(Figure 6.8a) and anomalies of spatial averages (Figure 6.8b). Considering both 

quantities, all three API ice shelves show strong positive correlation with lag 0-1 average 

and maximum air temperature. Further, spatial averages of lag 2 solar radiation correlate 

positively with spatial averages of fractional lake extent over George VI Ice Shelf. Over 

Wilkins Ice Shelf, anomalies of lag 1 solar radiation and lag 1 wind direction correlate 

negatively with anomalies of fractional lake extent. In this context, correlation with solar 

radiation mostly reflects an anomalous low availability of incoming solar radiation during 

periods of high meltwater ponding in 2019-2020 and 2020-2021 (Figure 6.9c-d). On the 

other hand, negative lag 1 correlation with wind direction over Wilkins Ice Shelf reflects a 

shift to north(-easterly) winds (i.e., north-easterly winds that are inclined more towards 

northerly direction) preceding recent increased lake ponding (Figure 6.9a-b). Finally, 

correlations with snowmelt show a positive linear relationship over both Wilkins and Bach 

ice shelves (Figure 6.8a-b). 

Table 6.2 presents the correlation results between monthly fractional lake extent and 

previous-year precipitation as well as annual SAM. For all three API ice shelves, 

correlations with previous-year precipitation and annual SAM returned a negative linear 

relationship even though correlations with annual SAM were more significant. Strongest 

correlation with annual SAM was found for George VI Ice Shelf (-0.82*), closely followed 

by Bach (-0.78) and Wilkins (-0.74) ice shelves. 
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Figure 6.8. Results of the statistical correlation analysis for variables average air temperature 

(temp), maximum air temperature (temp max), solar radiation (solar rad), precipitation (precip), 

wind magnitude (wind) and direction (wind dir) as well as snowmelt (melt). Correlations are shown 

for spatial averages (a) and anomalies of spatial averages (b) of bi-weekly fractional lake extent 

and climate time series at lags 0-4. The correlation coefficient r is illustrated for significant 

correlations with p<0.05 only. Modified after Dirscherl et al. (2021b). 

 

 

  

 

 

 

 

 

 
Figure 6.9. Spatially averaged fractional lake extents shown with lag 1 wind direction (a) and lag 

1 solar radiation (c) as well as anomalies thereof (b,d) for melting seasons 2019-2020 and 2020-

2021 over Wilkins Ice Shelf. Wind from north, east, south and west corresponds to 0°, 90°, 180° 

and 270° in degrees (deg). Modified after Dirscherl et al. (2021b). 

a) b) 

c) d) 
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6.4.1.3 Multi-Temporal Correlation Analysis at Pixel Level 

Figure 6.10 shows selected results for pixel-based correlations between bi-weekly 

fractional lake extents and climate variables over George VI, Bach and Wilkins ice 

shelves. The selection of maps was made in agreement with Figure 6.8 and considering 

meaningful mapping results only. Similar as in Figure 6.8, only significant pixels with the 

highest correlations considering all performed cross-correlations as well as the 

corresponding lags are shown. Pixels below a significance level of p<0.05 are masked.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.10. Pixel-based Pearson correlation (a,c,e,g,i,k,m,o,q,s,u,w) and corresponding 

temporal lags (b,d,f,h,j,l,n,p,r,t,v,x) between fractional lake extents and climate variables air 

temperature (temp), solar radiation (rad), wind direction (dir) and snowmelt (melt) over George VI 

(a-h), Bach (i-p), and Wilkins (q-x) ice shelves for pixels with p<0.05. Modified after Dirscherl et al. 

(2021b). Data: (Mouginot et al., 2017b; Rignot et al., 2013). 

Over George VI Ice Shelf, the pixel-based correlation analysis revealed a strong 

positive relationship between fractional lake extent and average air temperature as well 

as solar radiation. Both variables correlate at highest lags in the central ice shelf section 
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and at lower lags near the western and eastern grounding lines (Figure 6.10a-d). On the 

other hand, wind direction correlates positively in the east and negatively in the west and 

snowmelt correlates positively across large parts of the ice shelf (Figure 6.10e-h). 

Likewise, the statistical correlation analysis over Bach Ice Shelf (Figure 6.10i-p) revealed 

a strong positive linear relationship between fractional lake extent and air temperature, 

solar radiation and snowmelt, while wind direction revealed positive correlations in the 

east and negative correlations in the west. Even though the spatial correlation pattern 

over Wilkins Ice Shelf is rather heterogeneous (Figure 6.10q-x), regions of frequent lake 

recurrence (Figure 6.7) show positive correlations for climate variables air temperature 

and snowmelt and negative correlations for wind direction. At the same time, wind 

direction shows strong positive correlations in the surrounding area reflecting short-lived 

shifts to north-westerly winds preceding recent high lake coverage.  

Finally, pixel-based correlation analysis between January fractional lake extents and 

previous-year precipitation revealed negative correlations to prevail in regions of frequent 

lake recurrence (Figure 6.7a-c) over all three API ice shelves (Figure 6.15a-c). 

6.4.2 East Antarctic Ice Shelves 

6.4.2.1 Supraglacial Lake Extent Dynamics in 2016-2021 

Figure 6.5d-f and Figure 6.6d-f show temporal dynamics of supraglacial lake 

evolution over Riiser-Larsen, Nivlisen and Amery ice shelves. In contrast to API ice 

shelves, supraglacial lake extents were comparatively high during melting seasons 2016-

2019 and at minimum during 2020-2021. Highest supraglacial lake coverage on Riiser-

Larsen (~85 km2), Nivlisen (~107 km2) and Amery (~1,373 km2) ice shelves was detected 

during early January 2020, late January 2019 and early January 2019, respectively 

(Figure 6.5d-f). In general, the average onset of supraglacial meltwater ponding on the 

EAIS was during late December. At the same time, supraglacial lakes on the EAIS 

persisted considerably longer throughout the melting seasons than lakes on the API. 

Likewise, the annual January recurrence time of lakes is higher on the EAIS than on 

the API (Figure 6.7). Over Riiser-Larsen, Nivlisen and Amery ice shelves, the January 

recurrence time of lakes reached up to 4-5 years over local surface depressions on 

grounded ice as well as in supraglacial meltwater channels on ice shelves (Figure 6.7d-

f). In addition, Figure 6.7 reveals supraglacial lake clustering near a blue ice area (Figure 

6.2) at the grounding line of Riiser-Larsen Ice Shelf, supraglacial lakes spreading across 

Nivlisen Ice Shelf with a progressive advance in north-easterly direction during January 

2017-2020 (Figure 6.11) as well as supraglacial lake occurrence near the southern and 

eastern grounding zone of Amery Ice Shelf where rock outcrop and blue ice is 

widespread (Figure 6.1f). During years of high lake coverage, lakes expanded further 

onto the ice shelves than during years of low lake coverage where lakes accumulated 
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closer to the grounding line, rock outcrop or blue ice (Figure 6.7d-f, Figure 6.11). Over all 

three ice shelves, lakes are generally clustered at low elevations and low surface slopes. 

 

 

 

 

 

 

Figure 6.11. Supraglacial lake evolution during January 2017 (a), 2018 (b), 2019 (c), 2020 (d) 

and 2021 (e) over Nivlisen Ice Shelf. Modified after Dirscherl et al. (2021b). Data: (Dirscherl et al., 

2020b; Mouginot et al., 2017b; Rignot et al., 2013). 

6.4.2.2 Multi-Temporal Correlation Analysis with Spatial Averages 

The results of the statistical correlation analysis with time series of bi-weekly spatial 

averages and anomalies revealed EAIS supraglacial lake formation to be positively 

coupled to lag 0-3 average and maximum air temperature (Figure 6.8a-b). Similarly, 

correlations with surface net solar radiation revealed a positive linear relationship at 

varying time lags over all three ice shelves. Furthermore, statistical correlation analysis 

over Riiser-Larsen Ice Shelf revealed a negative linear relationship between fractional 

lake extent and lag 0 precipitation as well as lag 0 wind magnitude and a positive linear 

relationship between fractional lake extent and lag 0 wind direction. On the one hand, 

this indicates supraglacial lakes to be peaking during periods of low precipitation. On the 

other hand, this pattern reflects high lake coverage to be coincident with low speed 

winds from (south-)easterly direction following periods of anomalous high wind speeds 

from north-easterly direction (Figure 6.8a-b, Figure 6.12a-b, Figure 6.13a-b). Over 

Nivlisen Ice Shelf, lag 1 wind direction correlates negatively. Here, shifts in wind direction 

from south-easterly winds to (south-)easterly winds preceding high supraglacial lake 

coverage can be attributed to the observed correlations (Figure 6.12c-d). At the same 

time, lake formation followed minor peaks in wind magnitude (Figure 6.13c-d). Even 

though Figure 6.8 reveals no significant link between wind direction and fractional lake 

extent for Amery Ice Shelf, Figure 6.12e-f and Figure 6.13e-f highlight supraglacial lake 

coverage to be peaking following shifts from comparatively high-speed south-westerly 

winds to southerly winds at low and high wind speeds. Finally, lag 1 snowmelt correlates 

positively with fractional lake extent over Riiser-Larsen and Amery ice shelves (Figure 

6.8a,b). 
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As can be seen in Table 6.2, the multi-temporal linear correlation analysis between 

January fractional lake extents and previous-year precipitation revealed a weak negative 

correlation over Riiser-Larsen Ice Shelf, a strong negative correlation over Amery Ice 

Shelf and a weak positive correlation over Nivlisen Ice Shelf. On the other hand, 

correlations between January fractional lake extents and annual SAM returned a 

negative linear relationship over Riiser-Larsen Ice Shelf and a weak positive linear 

relationship over Nivlisen and Amery ice shelves.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.12. Spatially averaged fractional lake extents shown with wind direction (a,c,e) and 

anomalies (b,d,f) during 2016-2021 at lag 0 over Riiser Larsen Ice Shelf (a,b) at lag 1 over 

Nivlisen Ice Shelf (c,d) and at lag 1 over Amery Ice Shelf (e-f). Wind from north, east, south and 

west corresponds to 0°, 90°, 180° and 270° in degrees (deg). Modified after Dirscherl et al. 

(2021b). 

6.4.2.3 Multi-Temporal Correlation Analysis at Pixel Level 

Figure 6.14 shows the results of the pixel-based correlation analysis over Riiser-

Larsen, Nivlisen and Amery ice shelves. Over all three ice shelves, pixel-based 

correlations revealed a strong positive link between bi-weekly fractional lake extent and 

average air temperature as well as solar radiation. For both climate variables, lags were 

a) b) 

d) 

c) 

e) f) 
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highest downstream of the grounding lines and lowest near and upstream of the 

grounding zones (Figure 6.14b,d,n,p,r,t). Over Riiser-Larsen Ice Shelf, lag 0 wind 

magnitude and precipitation correlate negatively (Figure 6.14e,f,I,j) and lag 0 wind 

direction correlates positively over the entire ice shelf (Figure 6.14g,h). Moreover, the 

pixel-based correlation analysis over Amery Ice Shelf revealed a negative link with wind 

magnitude over the south-eastern ice shelf and a positive link along the eastern 

grounding zone (Figure 6.14u,v). At the same time, wind direction showed mostly 

negative correlations over both regions (Figure 6.14w,x). Along the north-east grounding 

line, this correlation pattern reflects that supraglacial lakes peak shortly after occurrence 

of high-speed (south-)easterly winds. In the south of Amery Ice Shelf, the correlations 

reveal supraglacial lakes to peak during low-speed winds from south(-east) or south-

(west) following high-speed southerly winds. 

Furthermore, Figure 6.15d-f reveals a strong negative linear relationship between 

January fractional lake extents and previous-year precipitation over Riiser-Larsen and 

Amery ice shelves and mostly positive correlations over Nivlisen Ice Shelf. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.13. Spatially averaged fractional lake extents shown with wind magnitude (a,c,e) and 

anomalies (b,d,f) during 2016-2021 at lag 0 over Riiser Larsen Ice Shelf (a,b) at lag 1 over 

Nivlisen Ice Shelf (c,d) and at lag 1 over Amery Ice Shelf (e-f). 

a) b) 

d) c) 

f) e) 
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Figure 6.14. Pixel-based Pearson correlation (a,c,e,g,i,k,m,o,q,s,u,w) and corresponding 

temporal lags (b,d,f,h,j,l,n,p,r,t,v,x) between fractional lake extents and climate variables air 

temperature (temp), solar radiation (rad), wind magnitude (mag), wind direction (dir), precipitation 

(prec) and snowmelt (melt) over Riiser-Larsen (a-l), Nivlisen (m-p), and Amery (q-x) ice shelves 

for pixels with p<0.05. Modified after Dirscherl et al. (2021b). Data: (Mouginot et al., 2017b; Rignot 

et al., 2013). 

Table 6.2. Results of the statistical correlation analysis between January fractional lake extent 

and annual SAM as well as previous-year precipitation. Due to the low number of observations 

used for correlation, the p-value might not be representative and rather the Pearson correlation 

coefficient (r) should be considered for interpretation. Modified after Dirscherl et al. (2021b). 

Variable Precipitation SAM 

Statistical parameter r p r p 

George VI Ice Shelf -0.35 0.50 -0.82* 0.04 

Bach Ice Shelf -0.22 0.68 -0.78 0.07 

Wilkins Ice Shelf -0.36 0.48 -0.74 0.09 

Riiser-Larsen Ice Shelf -0.40 0.51 -0.48 0.42 

Nivlisen Ice Shelf 0.17 0.79 0.10 0.87 

Amery Ice Shelf -0.87* 0.05 0.44 0.46 
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Figure 6.15. Pixel-based correlation between January fractional lake extents and previous-year 

precipitation over George VI (a), Bach (b), Wilkins (c), Riiser-Larsen (d), Nivlisen (e) and Amery 

(f) ice shelves. Due to the low number of observations, also correlations with p>0.05 are shown. 

Modified after Dirscherl et al. (2021b). Data: (Mouginot et al., 2017b; Rignot et al., 2013). 

6.5 Discussion 

6.5.1 Antarctic Peninsula Ice Shelves 

6.5.1.1 Local Controls 

The investigation of local control factors revealed API supraglacial lake formation to 

be coupled to the distribution of low-albedo surface features, the local ice surface 

topography as well as the firn air content. To start with, supraglacial lake formation on 

George VI and Wilkins ice shelves was found to be enhanced near low-albedo rock. 

Over George VI Ice Shelf, low-melt years were characterized by lakes forming closer to 

the grounding line where rock outcrop is present (Figure 6.7a). Similarly, lakes on 

Wilkins Ice Shelf expanded upstream of the grounding line in regions where exposed 

rock is widespread (Figure 6.7c). The dependence on low-albedo surface features is also 

reflected in pixel-based correlations showing lower temporal lags near the grounding 

zone of George VI Ice Shelf (Figure 6.10b,d) and thus a faster response time to climate 

drivers where low-albedo surface features promote supraglacial melting and ponding. 

Next, supraglacial lakes were found to be clustered at low elevations and low surface 

slopes (Figure 6.7a-c) being favorable to surface ponding (Arthur et al., 2020a; Stokes et 

al., 2019). Over George VI Ice Shelf, meltwater accumulated in flow stripes forming as 

part of the prevailing compressive flow regime (Hambrey et al., 2015; LaBarbera and 

MacAyeal, 2011) which again highlights the influence of the local ice surface topography. 

In addition, also the refreezing of meltwater in firn pore space and channelized basal 

melting could have influenced meltwater ponding through a modified ice surface 

topography (Dow et al., 2018; McGrath et al., 2012; Spergel et al., 2021). Furthermore, 

supraglacial lake formation was dictated by the ice shelf geometry and grounding line 

location where lakes primarily clustered (Figure 6.7a-c). Another important control on 
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supraglacial lake formation is the FAC of snow, shown to influence lake formation over 

all three API ice shelves. In fact, correlation analysis with previous-year precipitation 

revealed supraglacial lake coverage to be peaking in regions that received comparatively 

low precipitation during the previous year (Table 6.2, Figure 6.15a-c). This highlights 

supraglacial lake formation to be facilitated over more compact, air-depleted firn (Arthur 

et al., 2020a; Leeson et al., 2020), while fresh snow dampens lake evolution allowing the 

percolation of meltwater into the low-density firn layer (Kuipers Munneke et al., 2014; 

Lenaerts et al., 2017; Stokes et al., 2019). Consequently, low precipitation in 2017, 2019 

and 2020 likely contributed to increased firn air depletion and enhanced meltwater 

ponding during melting seasons 2017-2018, 2019-2020 and 2020-2021.  

6.5.1.2 Regional Controls 

Regional control factors include the near-surface climate with variables air 

temperature, solar radiation, wind and snowmelt. To start with, cross-correlation with 

average and maximum air temperature revealed a positive relationship over all three API 

ice shelves with lag 1 dominating on the central ice shelves where lakes form during 

high-melt years and lag 0 close to and upstream of the grounding zones where lakes 

form during low-melt years (Figure 6.8, Figure 6.10b,j,r). In agreement with Chapter 

6.5.1.1, these findings point towards supraglacial formation to be initiated directly after 

temperature rises particularly in regions where melt-albedo feedbacks promote lake 

formation. Additionally, meltwater transport across the ice shelves later in the melting 

season (Figure 6.2) (Kingslake et al., 2017) likely contributed to the observed higher lags 

on the central ice shelves. In agreement with the observed positive correlations for air 

temperature, Banwell et al (2021) suggest that 2019-2020 meltwater ponding on George 

VI Ice Shelf was driven by sustained air temperatures ≥0°C. Likewise, the influence of 

air temperature was found to be coupled to lake formation over other Antarctic ice 

shelves (Dell et al., 2020; Kingslake et al., 2015; Langley et al., 2016). 

Moreover, solar radiation was found to be positively coupled to supraglacial lake 

formation over George VI and Bach ice shelves (Figure 6.8a-b, Figure 6.10c,d,k,l). This 

particularly applies to regions where supraglacial lakes form during high-melt years. With 

Laffin et al. (2021) suggesting that solar radiation is a primary driver for foehn-induced 

melt on Bach and George VI ice shelves, foehn wind conditions likely contributed to the 

observed peaks in meltwater ponding during 2019-2020 and 2020-2021. Over Wilkins 

Ice Shelf, the correlation of anomalies of fractional lake extent and solar radiation 

revealed a negative relationship pointing towards the higher influence of effects such as 

sensible heat transport caused by cloud cover and enhanced longwave radiation 

(Banwell et al., 2021; Laffin et al., 2021). Even though the overall heterogeneous 

correlation pattern over Wilkins Ice Shelf could reflect spurious correlation, weak 

negative lag 0-1 correlation was also found for George VI and Bach ice shelves reflecting 
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an anomalous low availability of incoming shortwave radiation during melting seasons 

2019-2020 and 2020-2021 (Figure 6.9c-d), thus supporting the assumption of sensible 

heat transfer to contribute to increased API meltwater ponding. 

In agreement with these findings, an equally important driver for supraglacial melting 

and ponding are regional wind conditions. The detected negative link with anomalies of 

wind direction over regions of frequent lake recurrence on Wilkins Ice Shelf as well as 

positive correlations in the surrounding area (Figure 6.8, Figure 6.9a-b, Figure 6.10u) 

were revealed to be linked to shifts in wind direction towards north(-easterly) and north-

westerly winds, respectively. Similar trends have been observed along the western and 

eastern grounding lines of George VI and Bach ice shelves (Figure 6.10e,m). This 

pattern is in good agreement with previous studies reporting of north-westerly and north-

easterly winds to promote warm air temperatures over George VI Ice Shelf through 

sensible heat transport as well as a shift towards more frequent north-easterlies (Banwell 

et al., 2021). Similar to westerly foehn wind occurrence on the north-eastern API (Cape 

et al., 2015; Datta et al., 2019; Luckman et al., 2014; Turton et al., 2020), (north)-easterly 

foehn winds are known to influence surface melting on the western API (Laffin et al., 

2021) and likely explain lake clustering near the grounding lines of the ice shelves where 

the influence of foehn wind is highest (Lenaerts et al., 2017). In addition, the detected 

positive link with lag 0-1 snowmelt (Figure 6.8, Figure 6.10) potentially reflects short-lived 

foehn-induced melt events (Cape et al., 2015; Turton et al., 2020). Overall, this suggests 

the occurrence of both foehn winds and sensible heat transport over the API. 

6.5.1.3 Large-Scale Controls 

The investigation of large-scale atmospheric modes was performed on the basis of 

correlations between January fractional lake extents and annual SAM. Over API ice 

shelves, the correlation results in Table 6.2 revealed a strong negative relationship with 

annual SAM mostly due to a negative SAM year in 2019 (Figure 6.16) coincident with 

high lake coverage during 2019-2020 (Figure 6.6a-c). Even though negative SAM years 

usually lead to cold conditions and low melt on the API, the influence of teleconnections 

between the tropics and high latitudes in 2019 (Bevan et al., 2020) is suggested to have 

caused increased API melting during 2019-2020. In detail, teleconnections between the 

tropics and high latitudes caused unusual perturbations of Southern Hemisphere 

atmospheric flow, including sudden stratospheric warming (SSW) and a positive Indian 

Ocean Dipole (IOD) (BOM, 2021), to result in SAM to be negative and warm air to 

penetrate the API via northerly winds. The IOD can be represented via the Dipole Mode 

Index (DMI) (Figure 6.16), a measure of the east to west SST gradient across the 

tropical Indian Ocean. This large-scale atmospheric driver is well in line with the obtained 

correlations for air temperature and wind and could potentially explain high meltwater 

ponding in 2019-2020. With DMI being neutral in 2020, other overarching drivers, 
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including SAM returning to positive values (Figure 6.16) as well as modified pressure 

conditions in the Amundsen Sea Low (ASL) (NSIDC, 2021), likely contributed to high and 

low lake extents during the early and late 2020-2021 melting season, respectively. 

To summarize the results for the API, the complex interplay between local, regional 

and large-scale environmental factors is suggested to influence supraglacial lake 

formation. In this context, the local glaciological and geomorphological setting, including 

the FAC, the ice surface topography, the ice shelf geometry and the surface albedo, 

were found to influence supraglacial lake distribution and evolution. Moreover, the 

regional near-surface climate, including air temperature, solar radiation, (foehn) wind 

conditions and sensible heat transport, is a primary driver for meltwater ponding in 2015-

2021. Regional climatic conditions are mainly driven by large-scale atmospheric modes 

including SAM, IOD and ASL. Considering the good agreement between lake evolution 

and detected driving factors over all three API ice shelves (Table 6.3), a similar evolution 

of lakes over other API ice shelves, e.g. during 2019-2020 and 2020-2021, is suggested. 

 

 

 

 

 

 

Figure 6.16. Annual observations of Southern Annular Mode (SAM) and Dipole Mode Index (DMI) 

between 1981 and 2020. The study period is highlighted in blue. Modified after Dirscherl et al. 

(2021b). Data: (Marshall (2018), https://stateoftheocean.osmc.noaa.gov/sur/ind/dmi.php (last 

accessed 28 October 2021)). 

6.5.2 East Antarctic Ice Shelves 

6.5.2.1 Local Controls 

EAIS supraglacial lake formation is controlled by local factors including melt-albedo 

feedbacks, the ice surface topography and the FAC. To start with, the influence of a 

reduced FAC is reflected in the negative correlation between fractional lake extent and 

short-term precipitation over Riiser-Larsen Ice Shelf (Figure 6.8, Figure 6.14i). At the 

same time, correlation with previous-year precipitation raised a strong negative 

relationship over Riiser-Larsen and particularly Amery Ice Shelf (Table 6.2, Figure 

6.15d,f). Over the latter, a strong link between 2016-2017 and 2018-2019 increased 

meltwater ponding and low precipitation during 2016 and 2018 was found. Over Nivlisen 

Ice Shelf, correlations with previous-year precipitation were mostly positive (Table 6.2, 
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Figure 6.15e) pointing towards the higher influence of other drivers. For example, the 

high recurrence time of lakes on the EAIS (Figure 6.7d-f) highlights that supraglacial lake 

formation is controlled by the ice surface topography (Arthur et al., 2020a; Echelmeyer et 

al., 1991; Langley et al., 2016) with lakes recurring in the same ice surface depressions 

each year. This particularly applies to meltwater ponding in elongated ice surface 

depressions on Nivlisen and Riiser-Larsen ice shelves but also to Amery Ice Shelf, 

where meltwater recurs in ice surface depressions on grounded ice and in longitudinal 

flow stripes migrating with ice flow (Figure 6.7d-f) (Glasser and Gudmundsson, 2012; 

Spergel et al., 2021). At the same time, lakes tend to cluster at low elevations and low 

surface slopes (Figure 6.7d-f) as well as near rock outcrop and blue ice (Figure 6.1d-f, 

Figure 6.2d, Figure 6.7e-f) reflecting a link to melt-albedo feedbacks. Other local control 

factors that could have contributed to facilitated meltwater ponding include the refreezing 

of meltwater in firn pore space potentially leading to a modification of the ice surface 

topography or firn air depletion (Kuipers Munneke et al., 2014; Spergel et al., 2021). 

6.5.2.2 Regional Controls 

Similarly, regional control factors, including air temperature, solar radiation and wind, 

were found to influence lake ponding on the investigated EAIS ice shelves. First, cross-

correlation with air temperature revealed EAIS supraglacial lake formation to be 

controlled by lag 0-2 average and maximum air temperature (Figure 6.8, Figure 

6.14a,b,m,n,q,r). As lags were higher on the floating ice shelves where lakes accumulate 

during high-melt years (Figure 6.14b,n,r), the temporal evolution of drainage systems 

later in the melting season is suggested to be responsible for the observed pattern 

(Figure 6.2d-f, Figure 6.7d-f, Figure 6.11) (Dell et al., 2020; Kingslake et al., 2017; 

Spergel et al., 2021). At the same time, a longer response time of lake evolution to 

increased air temperatures in regions where no albedo feedbacks promote supraglacial 

lake formation could potentially explain the higher temporal lags on the central ice 

shelves (Figure 6.14b,n,r). 

Further, cross-correlation with solar radiation revealed EAIS supraglacial lake 

formation to be coupled to the amount of incoming shortwave radiation (Figure 6.8, 

Figure 6.14c,o,s). In detail, solar radiation correlated at lags 0-2 whereat highest lags 

were observed on the central ice shelf sections and lowest lags near and upstream of 

the grounding lines (Figure 6.14d,p,t). This likely reflects similar effects as found for air 

temperature, also considering the presence of rock outcrop and blue ice near all three 

ice shelves (Figure 6.1e-f, Figure 6.2d, Figure 6.7e-f). Similar links between supraglacial 

lake formation and solar radiation were observed over Roi Baudouin Ice Shelf, where 

katabatic-wind-driven blue ice exposure triggered enhanced surface melting through an 

increased absorption of solar radiation (Lenaerts et al., 2017). 
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Another important control factor on EAIS supraglacial lake formation in 2016-2021 

was found to be the regional wind regime. Over Riiser-Larsen Ice Shelf, the observed 

correlation pattern revealed supraglacial lake formation to be coincident with low-speed 

(south-)easterly winds following periods of high-speed north-easterly winds (Chapter 

6.4.2.2). This indicates supraglacial lake formation on Riiser-Larsen Ice Shelf to be 

linked to katabatic wind forcing. Similar results were found for Nivlisen Ice Shelf, where 

strong (south-)easterly winds preceding increased lake ponding likely reflect katabatic 

winds (see Chapter 6.4.2.2) that also influence supraglacial lake formation through wind-

induced blue ice exposure near the Wohlthat Mountains (Figure 6.1e) (Horwath et al., 

2006). Over Amery Ice Shelf, the detected correlation pattern was twofold revealing 

supraglacial lakes to be peaking after occurrence of high-speed (south-)easterly winds 

along the north-eastern grounding line and after high-speed southerly winds along the 

south-eastern grounding zone (see Chapter 6.4.2.3). The observed pattern along the 

north-east grounding line likely reflects katabatic winds flowing onto the ice shelf via the 

adjacent eastern ice plateau (Stokes et al., 2019). Along the south-east grounding line, 

katabatic wind inflow originates in the south highlighting that katabatic winds drive 

melting in agreement with the local topography determining the direction of wind inflow. 

In agreement with these results, lag 1 correlation with modelled snowmelt events over 

Riiser-Larsen and Amery ice shelves (Figure 6.8, Figure 6.14k-l) likely reflects localized 

katabatic wind-induced peaks in melting. In general, (easterly) katabatic winds warm 

adiabatically through vertical mixing (Arthur et al., 2020a) and often trigger melt-albedo 

feedbacks through wind-induced blue ice and firn exposure (Lenaerts et al., 2017).  

6.5.2.3 Large-Scale Controls 

Large-scale atmospheric modes including SAM revealed a varying correlation pattern 

over the three investigated ice shelves. For Riiser-Larsen Ice Shelf, a weak negative 

linear relationship was detected likely pointing towards SH atmospheric modes affecting 

western East Antarctica in a similar manner as revealed for the API. This likely results 

from the spatial proximity of both regions to the Weddell Sea. In particular, supraglacial 

lake extents on Riiser-Larsen Ice Shelf were above average during January 2020 

considering years 2016-2021 as reference period. This is in line with observations on the 

API (Chapter 6.5.1.3) as well as a positive IOD/DMI and a negative SAM in 2019 (Figure 

6.16). On the other hand, correlations with SAM over Nivlisen and Amery ice shelves 

were weak positive likely reflecting the opposite climate effects SAM can have on the 

API and EAIS (Kwok and Comiso, 2002). Likewise, also the influence of an atypical ASL 

driving below-average air temperature in 2020-2021 (NSIDC, 2021) has to be considered 

and can likely be attributed to the observed low lake extents over EAIS ice shelves 

during melting season 2020-2021. 
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In summary, controls on East Antarctic meltwater ponding in 2016-2021 result from 

the complex interplay of local, regional and large-scale environmental drivers. While local 

controls, including the FAC, the ice surface topography and melt-albedo feedbacks, 

primarily influence supraglacial lake distribution, regional climate variables are found to 

control above or below normal meltwater ponding. In this context, air temperature, solar 

radiation and (katabatic) wind forcing are first-order controls on supraglacial lake 

formation. Similar as found for the API, regional climate variability was found to be driven 

by large-scale atmospheric modes including SAM, IOD and ASL. 

At this point it has to be noted, that the complex interplay of climate variables might 

have led to non-linear interactions that are not captured using the Pearson correlation. At 

the same time, the comparatively low number of observations might have led to 

statistically insignificant correlations despite the existence of causal links. Further, also 

the coarse resolution of climate reanalysis data might have affected correlation values 

particularly at small-scale. However, since ERA5-Land data are the only public 

reanalysis dataset at global coverage, they are of great value for scientific analyses on 

climate drivers. 

6.5.3 Implications for the Antarctic Continent 

Table 6.3 summarizes environmental controls on 2015-2021 supraglacial meltwater 

ponding for the API and EAIS. Despite the existence of slightly different drivers for each 

ice shelf, local control factors, including melt-albedo feedbacks, the ice surface 

topography and the FAC, show an overall good agreement over all ice shelves. Likewise, 

regional climatic conditions, including air temperature and solar radiation, were found to 

influence all six ice shelves in a similar manner. The same applies to wind conditions, 

with foehn winds promoting supraglacial lake formation on the API and katabatic winds 

influencing supraglacial lake ponding on the EAIS. Furthermore, large-scale atmospheric 

modes were revealed to influence entire ice sheet sections. For example, the intense 

ASL in 2020-2021 was shown to influence all six ice shelves in a similar manner 

highlighting the potential influence of atmospheric modes at continent-wide scale (Table 

6.3). Likewise, SAM and IOD showed similar effects on neighboring ice sheet regions of 

the API and EAIS (Table 6.3).  

Overall, these findings point towards the transferability of detected drivers to other 

Antarctic regions as well as their role as first-order controls on lake formation. For 

instance, similar trends in lake evolution can be expected in terms of the intense ASL 

driving low lake coverage over other Antarctic regions during the 2020-2021 melting 

season. In addition, the observed relationship with SAM and IOD suggests high lake 

extents to prevail during the 2019-2020 melting season over other API regions and 
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adjacent ice sheet sections on the EAIS and WAIS. Further, high lake extents likely 

prevailed over other API regions during the peak of the 2020-2021 melting season.  

Table 6.3. Summary of environmental controls on 2015-2021 meltwater ponding on six 

investigated Antarctic ice shelves. The table summarizes pixel-based and spatially averaged 

correlations, also considering weak correlations and neglecting spurious results. Positive and 

negative signs indicate positive and negative relationships, respectively. The signs ‘+/-’ and ‘/’ 

denote the coexistence of positive and negative links as well as no observed links, respectively. 

The strength or lag of correlations is not shown. Modified after Dirscherl et al. (2021b). 

*the positive sign refers to the existence of a link without directional component **not investigated but likely weak negative 

6.5.4 Potential Implications for Future Ice Shelf Stability 

With accelerating global climate change, Antarctic surface melting and ponding will 

intensify (Bell et al., 2018; Gilbert and Kittel, 2021; Kingslake et al., 2017; Trusel et al., 

2015). This is also reflected in the correlation results with climate variables highlighting 

the high sensitivity of surface melting and lake ponding to climate variability and average 

and maximum air temperature in particular. In this context, ice shelves on the API as well 

as surrounding islands will be particularly susceptible to increasing air temperatures due 

to their maritime climate and the location in comparatively low latitudes (Hock et al., 

2009). At the same time, atmospheric warming will also lead to enhanced surface 

melting over other Antarctic ice shelves, e.g. on the WAIS (Bromwich et al., 2013), where 

surface ponding is so far limited. With an increasing abundance of supraglacial lakes on 

Antarctic ice shelves, their stability is at risk. As previously mentioned, supraglacial lakes 

threaten ice shelf stability through stress causing flexure and ultimately hydrofracturing 

and ice shelf collapse (Banwell et al., 2019; Banwell and Macayeal, 2015; Fürst et al., 

2016; Leeson et al., 2020; Rott et al., 2018; Scambos et al., 2004). Ice shelf regions that 

  Antarctic Peninsula East Antarctica 

Scale Driving variable George Bach Wilkins 
Riiser-
Larsen 

Nivlisen Amery 

Local  

Melt-albedo feedbacks + / + + + + 

Elevation and slope - - - - - - 

Ice surface morphology* + + + + + + 

Firn air content - - - - / - 

Regional 

 

Air temperature + + + + + + 

Max. air temperature + + + / + + 

Solar radiation +/- +/- - + + + 

Short-term precipitation / / / - - - 

Wind speed / / / - + +/- 

Wind direction +/- +/- +/- + - - 

Snowmelt + + + + + + 

Large-
scale 

SAM - - - - + + 

DMI and SSW + + + + ** ** 

Intense ASL - - - - - - 
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are vulnerable to hydrofracture are widespread around Antarctica (Alley et al., 2018; Lai 

et al., 2020) particularly when they are pre-weakened by firn air depletion (Kuipers 

Munneke et al., 2014; Lenaerts et al., 2017; Spergel et al., 2021) or fractures and 

crevasses (Lhermitte et al., 2020). In addition, lateral meltwater transport across ice 

shelves delivers meltwater to regions that receive only little or no surface melt making 

them more susceptible to hydrofracture through a reduced FAC (Dell et al., 2020). This 

particularly applies to ice shelves with isolated drainage systems that do not deliver 

meltwater to the ocean (Bell et al., 2017). 

Since lateral meltwater transport was observed across all six EAIS and API ice 

shelves (Figure 6.7), that are classified as potentially vulnerable to hydrofracture (Lai et 

al., 2020), ice shelf destabilization could be inevitable. Furthermore, recent increased 

meltwater ponding during 2019-2020 and 2020-2021 on the API likely contributed to a 

further reduction in the FAC making the ice shelves more susceptible to future meltwater 

ponding. Even though the enhanced moisture holding capacity of warmer air may partly 

compensate this through an increase in future precipitation (Bell et al., 2018; Bengtsson 

et al., 2011; Krinner et al., 2007; Lenaerts et al., 2016), additional research is required for 

an improved assessment of all contribution factors. For example, these include an 

increased risk for hydrofracture due to the development of firn aquifers under high-

precipitation scenarios (Bell et al., 2018; van Wessem et al., 2021) as well as a faster 

response time of surface melt to increased air temperatures than atmospheric-driven 

gain through precipitation (Holland et al., 2020). On the other hand, a more frequent 

occurrence of positive IODs under high-emission scenarios may counteract API warming 

in the absence of SH atmospheric perturbations such as SSW (Bevan et al., 2020). At 

the same time, teleconnections with the tropics and increasingly positive SAM years in 

the future might cause additional atmospheric warming and AIS meltwater ponding.  

6.6 Summary 

This chapter provided new insight into the intra-annual and inter-annual evolution of 

present-day Antarctic surface hydrology applying the novel processor for automated 

supraglacial lake extent mapping (Chapter 5.6) on spaceborne observations from 

Sentinel-1 SAR and optical Sentinel-2. Through exploitation of the full data archives of 

both satellite sensors, fused supraglacial lake extent mapping products were derived at 

bi-weekly temporal scale and unprecedented 10 m spatial resolution covering six major 

API and EAIS ice shelves during November to March in 2015-2021. The supraglacial 

lake extent mapping results for API ice shelves revealed comparatively low lake 

coverage during 2015-2018 and high lake coverage during melting seasons 2019-2020 

and 2020-2021. EAIS ice shelves were characterized by above-average lake coverage 

during most of the melting seasons 2016-2019 and below-average lake coverage during 
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2020-2021 with respect to the observational period 2016-2021. Over all six investigated 

ice shelves, the development of drainage systems was revealed highlighting an 

increased risk for ice shelf instability due to meltwater delivery to regions with only little 

or no surface melt. This particularly applies to API ice shelves, where recent increased 

meltwater ponding likely contributed to further firn air depletion. 

Moreover, intra-annual supraglacial lake extent evolution in 2015-2021 was linked to 

climate drivers from ERA5-Land reanalysis data through application of multi-temporal 

linear correlation analysis at varying time lags using spatially averaged as well as pixel-

based observations. In addition, inter-annual observations of January supraglacial lake 

extents were linked to large-scale atmospheric modes and previous-year precipitation, 

used as an indirect indicator of the FAC. The results of the analysis reveal API 

supraglacial lake distribution to be linked to the local glaciological setting including the 

ice surface topography, the ice shelf geometry, the presence of low-albedo features as 

well as a reduced firn air content. Furthermore, API lake coverage was shown to be 

coupled to the regional near-surface climate with variables air temperature, solar 

radiation and (foehn) wind showing highest correlations. In addition, sensible heat 

transport was found to be an important regional control on supraglacial lake formation on 

the API as well. In this context, large-scale atmospheric modes were found to exert 

strong control on the regional climate with SAM, IOD and SSW influencing recent 

increased API meltwater ponding during 2019-2020 and 2020-2021 and ASL causing 

low meltwater ponding during the late 2020-2021 melting season. For EAIS ice shelves, 

similar driving factors were found to influence lake ponding. To start with, the local 

geomorphological setting as well as melt-albedo feedbacks were found to control 

supraglacial lake distribution across all three ice shelves. Besides, a reduced FAC 

showed strong influence on lake ponding over Riiser-Larsen and Amery ice shelves. 

Further, the regional near-surface climate, including air temperature, solar radiation and 

(katabatic) winds, was shown to exert strong control on EAIS meltwater ponding. Similar 

as for API ice shelves, large-scale atmospheric modes were shown to influence the 

regional climatic setting with SAM, IOD, SSW and ASL influencing both above- and 

below-average meltwater ponding. On the one hand, these findings indicate that 

supraglacial lake formation is coupled to the complex interplay of local, regional and 

large-scale environmental controls. On the other hand, they highlight similar driving 

factors to control supraglacial lake formation on the API and EAIS pointing towards their 

transferability to other Antarctic regions. 
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7 Synthesis and Outlook 
 

This chapter provides a synthesis of the conclusive findings of this dissertation. In 

particular, Chapter 7.1 discusses the results of this dissertation in consideration of the 

research questions defined in Chapter 1.3 and Chapter 7.2 addresses future challenges 

and opportunities of spaceborne remote sensing of Antarctic supraglacial lakes. 

7.1 Summary and Conclusive Findings 

In the introductory chapter of this thesis, future climate scenarios were summarized 

suggesting atmospheric warming and melt intensification to become a dominant driver 

for future Antarctic ice mass loss. Despite the availability of estimations from climate 

scenarios, the future of Antarctica remains difficult to predict with its contribution to SLR 

representing the largest uncertainty in current projections. However, if GHG emissions 

continue undiminished, Antarctica’s contribution to global SLR could exceed 15 m until 

2500. Given that the Antarctic Ice Sheet has the potential to raise global mean sea level 

by 57.3 m and that a considerable share of Antarctic ice mass loss during recent 

decades resulted from supraglacial meltwater ponding, a detailed evaluation of Antarctic 

supraglacial lakes on ice shelves as well as of associated controls and impacts is of 

utmost importance. In this context, earth observation provides valuable data for a 

continuous, continent-wide monitoring of the Antarctic surface hydrological network. 

This dissertation addressed the pressing need for an improved understanding and 

spatio-temporal monitoring of Antarctic surface hydrology. Apart from establishing a 

novel methodological framework for automated delineation of Antarctic supraglacial lake 

extents in large volumes of high-resolution Sentinel-1 SAR and optical Sentinel-2 data, 

the main research objectives of this thesis were to provide new insight into the intra-

annual and inter-annual evolution of present-day Antarctic surface hydrology as well as 

to assess links to environmental drivers of supraglacial lake formation at local, regional 

and continental scale. These overarching research objectives were formulated as part of 

several research questions (Chapter 1.3). While detailed answering of the research 
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questions is provided in Chapters 3-6, the following paragraphs provide a short summary 

thereof. 

 

 

 

 

 

 

 

 

 

A detailed literature review on fundamentals of Antarctic surface hydrology (Chapter 

3) revealed that supraglacial lakes can have considerable impact on ice sheet mass 

balance and global SLR affecting the entire physical, biological and socioeconomic 

environment. Even though knowledge on the spatio-temporal distribution of Antarctic 

supraglacial lakes as well as their influence on ice mass loss is still restricted, Antarctic 

supraglacial lakes were revealed to be more widespread than previously assumed and 

linked to recent ice shelf disintegration events along the API. Considering that an 

expansion of the Antarctic surface hydrological network is expected in the future, 

supraglacial lakes will likely trigger further ice shelf destabilization and collapse leading 

to accelerated ice discharge and an increasing contribution of the AIS to global SLR. 

Since links to environmental controls and implications for global SLR remain poorly 

constrained, an improved understanding of Antarctic surface hydrology is of highest 

relevance. This is also required for models on SMB or supraglacial lake behavior 

enabling an improved investigation of their influence on ice shelf stability and global SLR. 

To provide more detail on known controls on supraglacial lake formation, the 

literature review on fundamentals of Antarctic surface hydrology further revealed 

supraglacial lake evolution to be driven by local, regional and large-scale environmental 

factors. In this context, local control mechanisms were found to include the ice surface 

topography, the firn air content and melt-albedo feedbacks. Regional controls on 

Antarctic meltwater ponding were suggested to result from the near-surface climate 

including the amount of incoming solar radiation, air temperature, wind and precipitation. 

Finally, large-scale atmospheric modes and teleconnections were shown to exert control 

on meltwater ponding, e.g. in connection to positive SAM years.  

a. Why are Antarctic supraglacial lakes of relevance? 

b. What are known controls on supraglacial lake formation and how 

widespread are supraglacial lakes around Antarctica? 

c. What are potential influences of supraglacial lakes on ice dynamics? 

d. How many studies address Antarctic supraglacial lake dynamics and 

what is their spatio-temporal coverage and resolution? 

e. What are the most frequently applied EO sensors and methods for 

supraglacial lake extent mapping? 

f. Which research gaps exist and how can they be addressed? 

Research Questions 1 



Synthesis and Outlook 

149 

Furthermore, it was shown that Antarctic supraglacial lakes occur across all three 

Antarctic regions even though most studies report of supraglacial lake occurrence over 

individual ice shelves and drainage basins on the API and EAIS. Regions of frequent 

lake coverage were shown to be George VI, Wilkins and the Larsen ice shelves on the 

API as well as Riiser-Larsen, Nivlisen, Roi Baudouin, Amery and Shackleton ice shelves 

on the EAIS. Observations of supraglacial lakes on the WAIS are so far scarce.  

On the other hand, potential impacts of supraglacial lakes on Antarctic ice dynamics 

and mass balance were highlighted to result from melt-albedo feedbacks, direct surface 

runoff, hydrofracture and meltwater penetration to the glacier bed. First, melt-albedo 

feedbacks arise due to the low albedo of supraglacial lakes themselves triggering 

enhanced melting due to an increased absorption of solar radiation. On the other hand, 

direct surface runoff leads to enhanced ice thinning and a negative SMB. A more 

dramatic consequence of supraglacial lakes is their penetration into fractures and 

crevasses of ice shelves initiating hydrofracture and ice shelf collapse. Ice shelf collapse 

leads to a reduction in buttressing causing ice flow accelerations and increased ice 

discharge. Likewise, the penetration of supraglacial meltwater to the glacier bed can 

initiate basal sliding and transient glacier accelerations. At this point, it has to be noted 

that most knowledge on fundamentals of Antarctic surface hydrology resulted from 

theoretical considerations and from observations over individual ice shelves or the 

Greenland Ice Sheet. 

Furthermore, a literature review on spaceborne remote sensing of Antarctic 

supraglacial lakes was conducted on the basis of all investigations that were published 

between January 1980 and June 2021. In agreement with the distribution of supraglacial 

lakes across the AIS, spaceborne remote sensing primarily revealed supraglacial lake 

occurrence on the API and EAIS, while only one study investigated lakes on the WAIS 

as part of a pan-Antarctic assessment. Overall, ~89% of all investigations were 

performed at local-scale and ~9% of all studies were performed at regional-scale. The 

only pan-Antarctic study covered all three Antarctic regions, yet at incomplete spatial 

coverage and limited temporal resolution. In particular, ~77% of all investigations were 

performed at inter-annual temporal resolution or using single satellite observations and 

~23% of all studies investigated intra-annual supraglacial lake extent dynamics. 

However, recent studies marked a shift towards more frequent intra-annual analyses at 

regional-scale primarily due to the launch of Landsat 8 and the Sentinel satellites in the 

2010s. Furthermore, the literature review revealed that ~77% of all studies relied on the 

use of optical imagery, while only ~11% of all studies were SAR-based. At the same 

time, ~12% of all studies on Antarctic supraglacial lakes employed a combination of 

optical and SAR data. In this context, optical data were most frequently from the 

Landsat, Sentinel-2 and the Aqua/Terra satellites and SAR data were most frequently 

from C-band SAR sensors aboard ERS-1/-2, Envisat and Sentinel-1. However, due to 



Synthesis and Outlook 
 

150 

the lack of automated mapping techniques for optical and SAR data, past studies on 

Antarctic supraglacial lakes relied on mainly visual, manual or semi-automated 

supraglacial lake identification.  

In agreement with these findings, several research gaps were identified as part of the 

literature review. To start with, current research on Antarctic supraglacial lakes was 

found to be limited by the overall low number of investigations as well as their insufficient 

spatial and temporal coverage and resolution. In this context, the lack of automated 

mapping techniques with spatio-temporal transferability was found to be the main 

drawback hindering analyses of Antarctic supraglacial lake evolution using optical or 

SAR satellite data. Therefore, a main conclusion of the literature review was that future 

studies should exploit data from spaceborne remote sensing together with advanced 

image classification techniques, e.g. from artificial intelligence, to address historical, 

present-day and future supraglacial lake evolution using intra-annual and inter-annual 

supraglacial lake extent mappings at regional to circum-Antarctic spatial scale. This 

particularly applies to regions that remain understudied including most glaciers and ice 

shelves on the WAIS but also large coastal sections along the EAIS and API. To enable 

a more complete mapping record, also the combination of optical and SAR data was 

found to be of utmost importance, while being rarely performed. In this regard, the 

combination of mappings should be performed at a pre-defined pixel spacing and 

temporal coverage that is short enough to avoid misclassifications due to the movement 

of lakes with ice flow and long enough to capture the full picture of lake coverage.  

 

 

 

 

 

 

 

 

 

Spaceborne remote sensing provides a valuable tool for the large-scale monitoring of 

the Antarctic Ice Sheet where ground-based mapping efforts are difficult to perform due 

to its vast size and remote location. In particular, recent progress in EO offers new 

opportunities for the monitoring of Antarctica enabling continuous mapping efforts at high 

spatial accuracy, coverage and repeat intervals. Over the Antarctic coastline, data of the 

a. What are potentials and challenges for mapping Antarctic supraglacial 

lake extents in optical and SAR satellite imagery and how can they be 

addressed and overcome? 

b. How can recent advances in EO, including innovative Artificial 

Intelligence (AI) approaches, support an improved monitoring and 

understanding of Antarctic supraglacial meltwater features? 

c. How can ML and DL support a fully automated mapping of Antarctic 

supraglacial lakes in Sentinel-1 SAR and optical Sentinel-2 imagery? 

d. What opportunities exist for the implementation of a holistic framework 

for circum-Antarctic supraglacial lake extent mapping?  

Research Questions 2 
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recently launched Sentinel-1 SAR and optical Sentinel-2 satellite missions provide a 

wealth of data at sub-weekly temporal resolution. However, due to the lack of automated 

mapping techniques, data of these missions remain underexploited.  

In this context, a review on potentials and challenges of spaceborne remote sensing 

for Antarctic supraglacial lake extent delineation revealed sensor-specific advantages 

and limitations for optical and SAR satellite data. To start with, supraglacial lake extent 

delineation in optical satellite imagery was found to be particularly advantageous due to 

the high spatial accuracy and resolution of data from current satellite missions such as 

Sentinel-2 as well as the ability to map surface lakes that are subject to environmental 

effects such as severe wind roughening hindering supraglacial lake identification in SAR 

imagery. At the same time, limitations of optical satellite data include the similar 

appearance of supraglacial lakes and surface features such as shadow, blue ice or slush 

as well as the general lack of data during cloud cover and Antarctic polar night. On the 

other hand, SAR remote sensing provides continuous data coverage due to the 

independence of meteorological and illumination conditions and enables the delineation 

of buried and partly frozen lakes. However, SAR data are subject to speckle noise as 

well as the similar backscattering signature of supraglacial lakes, wet snow, dry snow, 

bare ice, radar shadow and open ocean. As previously mentioned, also strong wind 

roughening of lake surfaces complicates supraglacial lake extent mapping in SAR 

imagery. While some of these limitations, including the lack of optical data during cloud 

cover or the severe roughening of lake surfaces, can be overcome through combination 

of optical and SAR satellite imagery, other limitations, including difficulties in 

discriminating lakes from other ice sheet surface features as well as the general wealth 

of available satellite data, were found to complicate an automated mapping of Antarctic 

supraglacial lake extents with conventional image processing techniques. Therefore, the 

use of advanced image classification techniques is required. In this context, methods 

from artificial intelligence are frequently employed for big data processing and can 

greatly support an automated mapping of Antarctic supraglacial lakes in time series of 

optical and SAR satellite data at full ice sheet coverage. For example, the ability of 

machine learning algorithms to learn from a given training dataset allows to adjust the 

training process to the regional environmental setting enabling method developments 

with spatio-temporal transferability.  

In agreement with these requirements, a novel framework for supraglacial lake extent 

delineation in high-resolution Sentinel-1 SAR and optical Sentinel-2 satellite imagery was 

developed through exploitation of state-of-the-art machine learning methods for image 

classification. In particular, two separate machine learning models were trained for 

Sentinel-1 and Sentinel-2 and combined by means of the fusion of classifications from 

both sensors at decision-level. In this context, the classification of Sentinel-1 SAR 

imagery was performed with a deep convolutional neural network based on residual U-



Synthesis and Outlook 
 

152 

Net enabling the semantic segmentation of satellite scenes through consideration of the 

spatial image context. Being trained on 21,200 multi-temporal Sentinel-1 image patches 

covering 13 Antarctic regions, the final deep learning model reached a classification 

accuracy of ~93% (F-score) for supraglacial lakes in 10 independent test scenes. On the 

other hand, Sentinel-2 data were classified by means of a pixel-based Random Forest 

classifier that was trained on the basis of a range of spectral bands and indices as well 

as topographic data covering 14 Antarctic regions. The best performing classification 

model returned an average F-score of ~95% for supraglacial lakes in 14 independent 

test scenes. Finally, the fusion of optical and SAR classifications resulted in bi-weekly 

mapping products at 10 m spatial resolution. The overall workflow ranging from data 

acquisition and pre-processing over image classification to post-processing was 

implemented as part of DLR’s internal HPC infrastructure enabling the automated 

processing of large amounts of satellite data over the entire Antarctic continent. Further, 

the application of the developed classification algorithm to study regions on the 

Greenland Ice Sheet highlighted the spatio-temporal transferability of the developed 

workflow to glaciated regions beyond Antarctica. With the planned launches of Sentinel-

1C and Sentinel-1D as well as Sentinel-2C and Sentinel-2D, the presented framework 

will enable a continuous monitoring of Antarctic supraglacial lakes also in the future.  

 

 

 

 

 

 

 

 

To demonstrate the functionality and potentials of the developed framework for 

automated supraglacial lake extent delineation in optical and SAR satellite imagery, it 

was applied on the full archive of Sentinel-1 and Sentinel-2 over six major Antarctic ice 

shelves on the API and EAIS. In detail, fused supraglacial lake extent mapping products 

were derived for the period November to March in 2015-2021. For the first time, the 

results provide insight into present-day Antarctic surface hydrology at bi-weekly temporal 

scale and unprecedented 10 m spatial resolution. 

Over the API, the intra-annual supraglacial lake extent mapping results revealed 

comparatively low lake extents during 2015-2018 and particularly high lake coverage 

during melting seasons 2019-2020 and 2020-2021. Peak lake coverage was observed 

a. What are intra-annual and inter-annual patterns and anomalies of 

supraglacial lake evolution? 

b. What are the properties of observed supraglacial lakes? 

c. Where do supraglacial lakes cluster on ice shelves and grounded ice 

and how often do they reoccur at the same locations? 

d. Are the observed ice shelf regions particularly vulnerable to ice shelf 

collapse and what are potential implications for future ice shelf stability? 

e. What are the dominant controls on supraglacial lake distribution and 

evolution? What are implications for other Antarctic regions? 

Research Questions 3 
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during January 2020 reaching 805 km2, 110 km2 and 45 km2 over George VI, Bach and 

Wilkins ice shelves, respectively. Furthermore, the intra-annual time series revealed late 

January to mark the peak of a melting season with lake extents reducing significantly 

during early or late February. During the 2019-2020 and 2020-2021 melting seasons, 

anomalies of intra-annual lake extent time series additionally revealed below-average 

meltwater ponding during the early and late melting seasons, respectively. Lake 

evolution on the investigated EAIS ice shelves showed particularly high lake coverage 

during melting seasons 2016-2019 and extremely low lake coverage throughout 2020-

2021. Here, peak lake extents reached areal coverages of 85 km2, 107 km2 and 1,373 

km2 over Riiser-Larsen, Nivlisen and Amery ice shelves. In addition, the average onset of 

lake formation on the EAIS was found to be in late December with lakes persisting 

considerably longer throughout the melting seasons than on the API. 

Furthermore, the analysis of inter-annual January recurrence times of lakes on the 

API showed lake clustering near the grounding lines of the ice shelves with the exception 

of George VI, where lakes covered vast parts of the central ice shelf during years of peak 

lake coverage. Over George VI and Wilkins ice shelves, years of low lake coverage were 

additionally characterized by lake clustering close to low-albedo rock outcrop near the 

grounding zones. At the same time, lakes predominantly formed at low elevations and 

low surface slopes with comparatively low recurrence times of mostly 2-3 years. Over 

EAIS ice shelves, the January recurrence time of lakes was considerably higher reaching 

4-5 years in local surface depressions on grounded ice as well as in elongated 

supraglacial meltwater channels or in longitudinal flow stripes on ice shelves. Further, 

supraglacial lake distribution on the EAIS was found to be coupled to the location of low-

albedo rock and blue ice, while they generally clustered at low elevations and low 

surface slopes. Over all six ice shelves, lateral meltwater transport across the ice 

shelves was observed. Since the development of drainage systems delivers meltwater to 

regions with only little or no surface melt, this points towards an increased risk for 

hydrofracture also considering the classification of corresponding API and EAIS ice shelf 

regions as potentially vulnerable to hydrofracture. Further, recent increased meltwater 

ponding during 2019-2020 and 2020-2021 on the API likely contributed to a further 

reduction in the FAC suggesting that ice shelf destabilization could be imminent. 

Moreover, the multi-temporal statistical correlation analysis with climate variables 

uncovered drivers of intra-annual and inter-annual supraglacial lake evolution in 2015-

2021. Over both ice sheet regions, the complex interplay of local, regional and large-

scale environmental drivers was found to control supraglacial lake evolution. For ice 

shelves on the API, local controls on supraglacial lake distribution were found to include 

the ice surface topography, the ice shelf geometry, the presence of low-albedo features 

as well as a reduced FAC. On the other hand, regional controls on supraglacial lake 

evolution were revealed to be the amount of incoming solar radiation, air temperature, 
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(foehn) wind occurrence and sensible heat transport. In this context, the regional near-

surface climate was driven by large-scale atmospheric modes including SAM, IOD, SSW 

and ASL. While SAM, IOD and SSW caused increased meltwater ponding during the 

peaks of the 2019-2020 and 2020-2021 melting seasons, ASL caused below-average 

meltwater ponding during the late 2020-2021 melting season. For the EAIS, similar local 

drivers were found to control supraglacial lake distribution despite some variations over 

each ice shelf. In addition, the regional climate setting, including solar radiation, air 

temperature and (katabatic) wind conditions, was revealed to drive supraglacial lake 

evolution over all three ice shelves. Similar as for the API, regional climatic drivers were 

influenced by large-scale atmospheric modes including SAM, IOD, SSW and ASL. 

Overall, the results highlight similar driving factors to control supraglacial lake formation 

on the API and EAIS pointing towards their transferability to other Antarctic regions. In 

agreement with this, high meltwater ponding is suggested to have prevailed over other 

API ice shelves and surrounding ice sheet regions during 2019-2020 and 2020-2021 and 

low meltwater ponding is suggested to have prevailed over large parts of the AIS during 

the 2020-2021 melting season. 

7.2 Future Challenges and Opportunities 

With accelerating global climate change, the Antarctic Ice Sheet will be exposed to 

increasing ice dynamic change in the future. Due to supraglacial lakes being important 

precursors of ice shelf collapse as well as their potential effects on Antarctic ice 

dynamics, the continuous monitoring of Antarctic surface hydrology is of utmost 

importance. This particularly applies as future climate scenarios suggest a dramatic 

expansion of the Antarctic surface hydrological network in the coming decades. In this 

regard, the novel framework for automated supraglacial lake extent mapping in Sentinel-

1 SAR and optical Sentinel-2 imagery enables a fast and efficient processing of remote 

sensing imagery providing dense time series on intra-annual and inter-annual 

supraglacial lake evolution at unprecedented spatial and temporal resolution and 

coverage. Through the future integration of the developed framework into a near-real 

time web service such as DLR’s GeoService, the data will be made publicly available for 

the entire Antarctic continent and provide the scientific community with high-resolution 

supraglacial lake extent mappings. These will be particularly valuable for an improved 

representation of meltwater transport across Antarctic ice shelves in modelling efforts, 

e.g. on ice shelf stability or SMB, and contribute to an improved understanding of 

Antarctica’s present and future contribution to global SLR. With the future launch of 

additional satellites for the Sentinel-1 and Sentinel-2 constellations, the developed 

methodological framework presents a sustainable, long-term contribution to the field.  
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Before ingestion of the developed framework into a web service, further method 

improvements would be required in order to obtain reliable classification results for the 

entire Antarctic continent. For Sentinel-1, an integration of additional training data with 

focus on regions that are most distant from current training regions, including coastal 

sections along the EAIS and WAIS, would contribute to an enhanced model performance 

and improved spatio-temporal transferability. In this regard, additional training samples 

should be collected over particularly large lakes as well as surface features that are 

difficult to discriminate from lakes. Similarly, more training data should be collected for 

Sentinel-2 focusing on regions on the EAIS and WAIS. In detail, additional training data 

should cover slush, lake edges and lakes affected by cloud shadow. Another future 

opportunity would be the integration of additional training data covering the Greenland 

Ice Sheet. While the potential of the developed method for supraglacial lake extent 

delineation in south-west Greenland was already highlighted, an integration of additional 

training data covering the Greenland Ice Sheet would enable the application of the 

developed workflow over both ice sheets or even other glaciated regions. In this context, 

the development of an uncertainty layer providing extra detail on the quality of obtained 

classification results would be of particular advantage.  

For an additional derivation of lake depths and volumes in optical data, another future 

requirement would be to accurately discriminate between open water and slightly frozen 

lakes. As this remains challenging with conventional machine learning classification 

techniques, including Random Forest or Support Vector Machines, additional deep 

learning method developments would be required. The derivation of lake depths and 

volumes would provide valuable information on temporal lake evolution and support 

numerical models in constraining volume-dependent drainage thresholds. In addition, 

method developments with data of the Landsat missions would allow to extend the 

observational period back in time even though data of the Landsat missions are 

restricted in terms of their lower spatial and temporal resolution compared to Sentinel-2.  

In light of predictions of future enhanced precipitation conditions, e.g. over the API, 

another opportunity would be to establish a mapping method for englacial drainage 

structures including firn aquifers. Even though the literature review on fundamentals of 

Antarctic surface hydrology showed that observations of Antarctic firn aquifers are so far 

scarce, results from modelling suggest their widespread occurrence, e.g. along the API. 

As firn aquifers may have similar effects on ice shelf stability as meltwater ponding, their 

monitoring is overdue. In this context, future L-Band missions such as TanDEM-L or the 

NASA/ISRO SAR will be particularly suitable due to their increased penetration 

capabilities into snow and ice. 

To summarize, this dissertation greatly contributed to an improved understanding of 

Antarctic surface hydrology. For the first time, time series on intra-annual and inter-
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annual supraglacial lake evolution were derived over six major Antarctic ice shelves and 

linked to environmental drivers for investigation of the main control mechanisms 

influencing Antarctic supraglacial lake formation. In this context, a novel processing 

chain for the automated mapping of Antarctic supraglacial lake extents in Sentinel-1 SAR 

and optical Sentinel-2 satellite imagery was developed. The methodological framework 

exploits methods from artificial intelligence and forms the basis for the development of an 

ice sheet wide monitoring system delivering data on supraglacial lake evolution at 

unprecedented spatial and temporal resolution. Overall, the results of this dissertation 

are of particular importance for establishment of an improved understanding of 

Antarctica’s future contribution to global sea-level-rise.  
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