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Zusammenfassung 

Permafrost, definiert als mehrjährig gefrorener Untergrund, ist mit 

Fernerkundungsmethoden nicht direkt beobachtbar.  Aktuell wird eine Vielzahl von 

indirekten Messmethoden entwickelt und getestet, welche den Zustand von 

Permafrost anhand spezifischer Prozesse und Umweltparameter erfassen. Die 

Ergebnisse dieser Studien dienen der Entwicklung von zukünftigen 

Satellitenmissionen, die das großräumige Monitoring von Permafrost zum Ziel 

haben. Die vorliegende Doktorarbeit untersucht in diesem Zusammenhang das 

Potenzial von TerraSAR-X (TSX) Zeitreihen zur Erfassung und Auswertung von 

Permafrost relevanten Prozessen der Landoberfläche. Zum ersten Mal wurde eine 

mehrjährige  SAR (Synthetic Aperture Radar)-Zeitreihe mit hoher  zeitlicher (11 Tage) 

und räumlicher (3 m) Auflösung in einem kontinuierlichem Permafrostgebiet in 

Sibirien ausgewertet. Umfassende Messdaten der Landoberfläche wurden während 

drei Sommer- und Winterexpeditionen zur Validie rung und Interpretation der TSX -

Daten gesammelt. Die Doktorarbeit gliedert sich in drei Fallstudien: (i) die Detektion 

von Veränderungen der Landoberfläche (Frieren und Tauen des Bodens, 

Änderungen der Oberflächenfeuchte, Schneebeginn und Schneeschmelze),  (ii) das 

Monitoring von Tiefe un d Phänologie von Eis auf Seen (Zeitpunkt der Bildung und 

des Aufbruchs des Eises) und (iii) die Nutzung differentieller SAR -Interferometrie 

(DInSAR) zur Erfassung der Absenkung der Permafrostoberfläche (Subsidenz). Für 

die ersten zwei Fallstudien wurden aus den TSX-Daten die Intensität der 

Rückstreuung sowie die interferometrische Kohärenz (ein Maß der Phasenstabilität 

zwischen zwei aufeinanderfolgenden Aufnahmen) berechnet und ausgewertet. 

Änderungen in der Rückstreuung waren nur messbar bei Regen, Schneefall oder 

Entstehen einer Schneekruste durch Schmelz- und Gefrierwechsel während des 

Aufnahmezeitpunkt s des Radarbildes. Die interferometrische Kohärenz nahm zu 

Beginn der Schneebedeckung sowie zum Beginn der Schneeschmelze stark ab und 
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bietet damit ein e Möglichkeit zur Erfassung dieser Ereignisse. In der zweiten 

Fallstudie erwies sich die Rückstreuung als exzellentes Maß für die Unterscheidung, 

ob die Eisdecke eines Sees bis zum Grund durchgefroren ist oder sich noch Wasser 

unter der Eisdecke befindet. Außerdem kann durch die hohe zeitliche Auflösung der 

TSX-Daten der Zeitpunkt des Durchfrierens von Seen genauer als bisher bestimmt 

werden. Auch die Eisphänologie konnte mit Hilfe der Rückstreuung gut 

nachvollzogen werden. Die interferometrische Kohärenz erfasste den Zeitpunkt des 

Durchfrierens flacher Seen sowie den Beginn der Eisschmelze auf diesen Seen. Die 

Untersuchung der Kohärenz war eine hilfreiche Vorbereitung für die DInSAR -

Analysen der dritten Fallstudie. Für den Zeitraum von zwei Jahren, in denen TSX-

Daten zur Verfügung standen, konnten kohärente Interferogramme  mit 11- oder 22-

tägigen Intervall nur für  einen Sommer verwendet werden. Im Vergleich zu 

Feldmessungen zeigen die DInSAR-Berechnungen eine zu geringe Subsidenz. 

Feldmessungen zeigen eine hohe kleinräumige Heterogenität der Subsidenz. Dies 

führt vermutlich zu Fehlern in der Phasenintegration (phase unwrapping), die eine 

falsche Subsidenz ergibt. In dieser Hinsicht ist die konventionelle DInSAR-

Prozessierung nicht geeignet, um das Tauen des Permafrostes und die daraus 

resultierende Subsidenz zu erfassen. Die Ergebnisse der DInSAR-Studie 

verdeutlichen, wie wichtig Feldmessungen für die Validierung von DInSAR-

Subsidenzanalysen sind. Insgesamt zeigt die Doktorarbeit das Potenzial und die 

Grenzen der Nutzung von TSX-Daten zur räumlichen und zeitlichen Beobachtung 

des Permafrosts. Sie leistet einen wesentlichen Beitrag zur methodischen 

Entwicklung von systematischen Langzeitüberwachungen des  Permafrosts. 
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Abstract 

Permafrost is a subsurface phenomenon that cannot be directly monitored with 

satellite remote sensing. A variety of indirect approaches are currently being 

developed which aim to measure permafrost-related processes and environmental 

variables. Results of these studies aid the planning of fut ure satellite missions which 

will allow large -scale permafrost monitoring . This thesis contributes to this ongoing 

effort by assessing the potential of repeat-pass TerraSAR-X (TSX) time series for 

permafrost -related applications. For the first time, multi -year Synthetic Aperture 

Radar (SAR) data with high temporal (11 days) and spatial (3 m) resolution was 

analysed for a region characterized by continuous permafrost in the Siberian Arctic. 

Extensive in situ data was collected during three summer and winter expeditions to 

validate and interpret remote sensing results. Three case studies were carried out : (i) 

the detection of land surface changes (e.g. ground freezing and thawing, surface 

wetness variations, snow cover onset and melt ); (ii) monitoring bedfast lake ice and 

ice phenology (freeze-up, melt onset, break-up); and (iii) differential SAR 

interferometry (DInSAR) for thaw subsidence monitoring. For the first two case 

studies, time series of both backscatter intensity and 11-day interferometric 

coherence (i.e. a measure of phase stability between two SAR images) were 

investigated. Backscatter intensity was generally shown to be insensitive to the land 

surface changes but responded to events that  occurred at the time of TSX acquisition 

(rain, snow shower, melt/ freeze crust on snow). Interferometric coherence decreased 

dramatically across the entire image upon snow cover onset and melt, permitting the 

possible use of coherence for the monitoring of these events. Backscatter intensity 

was found to be an excellent tool for the detection and monitoring of bedfast lake ice 

due in part to improved temporal resolution compared to previously used SAR 

systems. Ice phenology was mostly well tracked with backscatter intensity . 

Interferometric coherence was found to be sensitive to the lake ice grounding  and to 
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the onset of surface melt on the lakes with bedfast ice. The investigation of coherence 

was a useful preparative step for the following DInSAR analysis. For the third case 

study, coherent 11-day and 22-day interfer ograms were available only for one 

summer of the two-year TSX time series. The cumulative DInSAR displacement 

strongly underestimated the subsidence observed on the ground. In situ 

observations revealed high variability of subsidence, which likely caused errors in 

phase unwrapping. Conventional DInSAR processing might therefore not be suitable 

for the accurate representation of permafrost thaw subsidence. This study highlights 

the importance of field measurements for the quantification of thaw subsidence wi th 

DInSAR, which were mostly omitted  in the previous studies. All in all, this thesis 

shows the limitations and potential of TSX time series to spatially and temporally 

monitor permafrost. It thus provides an important contribution to the 

methodological development of a long-term permafrost monitoring scheme. 
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Thesis organization 

This thesis consists of four chapters. The Background and Outline  provides an 

introduction to the state -of-the-art  of remote sensing for permafrost and its current 

challenges, sets the research goals of the thesis, and describes the study area. It 

further summarizes the most important results of the study and closes with 

conclusions and an outlook  for the future . The three main chapters consist of 

original research papers that have been published or prepared for publication in 

internat ional peer-reviewed journals. Chapter 2 explores the opportunities of 

monitoring environmental surface changes with time series of TSX backscatter 

intensity and interferometric coherence. Chapter 3 investigates the prospects of 

monitoring bedfast ice and i ce phenology on shallow thermokarst lakes with time 

series of TSX backscatter intensity and interferometric coherence. Chapter 4 tests 

the viability of TSX data for interferometric analysis of vertical thaw displacements 

of the ground surface. 
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1. Background and Outline 

Background and Outline 

1.1 Introduction  

1.1.1 Importance of permafrost  

According to the International Permafrost Association, permafrost is a soil or rock 

that remains at or below zero degrees Celsius (°C) for  at least 2 consecutive years. 

Permafrost occurs in polar regions as well as in the mid-latitude mountain regions. 

Usually, permafrost areas are divided into several zones depending on the 

occurrence and continuity of permafrost: continuous permafrost (underlying 90 -

100% of the area); discontinuous permafrost (50 -90%), sporadic permafrost (10-

50%) and isolated patches (< 10%) (Brown et al., 1998) (Fig.1). Approximately 24% 

of the Northern Hemisphere is occupied by these permafrost  zones, while only half 

of these zones is characterized by continuous permafrost (Zhang et al., 1999). 
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Figure 1.  Permafrost zones in the Northern H emisphere (Brown et al., 1998) and projected southern 

boundary of permafrost  in the year 2100 (ACIA report, 2005 ). 

The thickness of permafrost can reach hundreds of meters. For example, in 1965, 

frozen ground was observed up to a depth of approximately 1500 m in Yakutia , 

Russia (Melnikov, 1967). Such thick permafrost developed during the last glacial 

period when most of Northeast Siberia was unglaciated and exposed to cold surface 

temperatures. During that time , remnants of plants and animals simultaneously 

accumulated in the ground with the development of permafrost. Therefore, large 

quantities of carbon are preserved in the ground, an amount that is likely twice as 

large as the current quantity  of carbon in the atmosphere (Zimov et al., 2006). A 

recent estimate quantifies the pool of terrestrial permafrost carbon in the Northern 
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Hemisphere to be 1330-1580 gigatons (Gt) (Schuur et al., 2015). Present-day global 

climate warming is more intense in high lat itudes due to Arctic  amplification.  Mean 

surface air  temperatures from > 60 °N over the land have increased by 1.36 °C, 

which is almost two times stronger than the average warming in the Northern 

Hemisphere from 1875 to 2008 (Bekryaev et al., 2010; IPCC report, 2013). The year 

2015 broke all the previous records and was the warmest year since 1880. Global 

land surface temperatures in 2015 were 1.33 °C higher than the 20th century average 

(NOAA, 2016). 

Increased surface temperatures cause permafrost to warm and thaw. In Russia, for 

instance, permafrost borehole temperatures, measured at the depth of zero annual 

amplitude have increased by 0.5 to 2.0 °C since 1970s (Romanovsky et al., 2010). 

Some studies project the global northward retreat of the continuous permafrost zone 

and the complete disappearance of the current discontinuous permafrost zone by the 

next century (ACIA report, 2005) (Fig. 1). Permafrost thaw exposes the previously 

trapped organic carbon to aerobic decomposition and leads to its emission into the 

atmosphere in the form of carbon dioxide and methane. Due to the greenhouse 

effect, the excessive presence of these gases in the atmosphere could potentially 

amplify global warming. As a result, permafrost was identified as an Essential 

Climate Variable in the Global Climate Observing System by the World 

Meteorological Organization ( WMO, 2010). 

Much effort is put into mode ling , which aims to predict how much and how fast the 

permafrost carbon pool can be released into the atmosphere over the next one 

hundred years. Large uncertainties in the model projections are related to a poor 

quanti fication of the carbon stored in vast and remote Arctic territories, especially at 

depths greater than one meter. Another reason is the complexity of processes that 

govern permafrost thaw, as well as biogeochemical processes that control the 

decomposition of carbon. For example, abrupt permafrost thaw, which occurs due to 

the melting of ground ice and causes the land surface to collapse, is not included in 

large scale models, although this process typically results in rapid and significant 

carbon loss (Schuur et al., 2015). 

Besides carbon loss, abrupt permafrost thaw also results in ground settlement, slope 

failures, and thaw slumps, all of which can damage infrastructure, as well as affect 
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hydrology, vegetation and energy fluxes of ecosystems (e.g. Nelson et al., 2001; Kääb, 

2008 ; Osterkamp et al., 2009; Jorgenson et al., 2013). 

These severe consequences make it particularly important to better understand the 

current state of permafrost and predict its future dynamics under a changing 

climate. 

1.1.2 Remote sensing for permafrost investigations : state of the art  

In situ observations in vast Arctic areas are often restricted to point measurements 

in accessible areas, but do not represent the strong spatial variability of the processes 

and landscapes features in permafrost regions. Satellite remote sensing is a viable 

alternative as it provides both systematic observations and extensive spatial 

coverage. Remote sensing of many components of the cryosphere, such as glaciers, 

sea ice and snow cover, is well developed and supplies crucial monitoring 

information (e.g. Raup et al., 2015; Meier & Markus, 2015; Hall et al., 2015). On the 

contrary, remote sensing of permafrost is still not we ll developed. A major challenge 

is the fact that permafrost is a sub-surface thermal condition  rather t han a visible 

ground surface substance. Yet, numerous remote sensing applications were 

developed recently for indirect investigations of permafrost ( National Research 

Council, 2014; Bartsch, 2014; Westermann et al., 2015a). 

Some permafrost properties, such as the active layer thickness, ground ice content, 

and the presence of taliks are crucial for the permafrost monitoring and can be 

indirectly retrieved with the he lp of remote sensing. A talik is a year-round unfrozen 

zone within permafrost, which often occurs beneath lakes which do not freeze all the 

way to the bottom in winter. Methods for the retrieval of these properties generally 

include the use of land cover products, which aid to extrapolate field data (e.g. 

Nelson et al., 1997; Gangodagamage et al., 2014) and the use of remote sensing 

products, such as land surface temperature and snow water equivalent for modeling 

(e.g. Langer et al., 2013; Westermann et al., 2015b). Another new and actively 

evolving method is the use of the radar interferometry to measure thaw subsidence 

and consequently estimat e near-surface ground ice content or active layer thickness 

(e.g. Liu et al., 2012). Estimation of taliks distribution can be made based on the 
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identification of lakes that  do not freeze to the bed in winter (e.g. Jeffries et al., 

1999). 

Other than investigating permafrost properties, remote sensing methods can be used 

for studying land surface transformations that occur due to permafrost degradation. 

Among these land transformations are the formation, expansion, and drainage of 

thermokarst lakes (e.g. Riordan et al., 2006 ; Arp et al., 2011), thaw slumps (e.g. 

Lantuit & Pollard, 2005 ; Fraser et al., 2014) and coastal erosion (e.g. Lantuit & 

Pollard, 2008 ; Günther et al., 2013). 

Another approach is monitoring environmental variables, such as the freeze/thaw 

state of the ground, moisture of the upper soil layer, vegetation, and snow cover, 

which largely define the thermal state of permafrost. Also, these variables are often 

used as an input for permafrost thermal models. Optical sensors, as well as active 

and passive microwave sensors are used to monitor these variables (e.g. Naeimi et 

al., 2012; Muskett et al., 2015; Nitze and Grosse, 2016; Pivot et al., 2012). 

Although the described methods and approaches demonstrate progress towards 

remote permafrost monitoring, there are still limitations . Major challenges include 

the lack of ground truth validation , as well as insufficient  spatial and temporal 

coverage and resolution of satellite data and products. That is why it is extremely 

important to assess all the potential  use and drawbacks of current satellite 

observational systems, especially for the design and planning of future missions. 

Active microwave remote sensing is advantageous in polar areas because of its ability 

to penetrate through clouds, which are often present there, and independency from 

daylight. New generation X-band radar satellite TerraSAR-X (TSX), launched by the 

German Aerospace Center, started its service in 2008 and continues to run today. It 

provides SAR data with excellent radiometric and geometric accuracy. Outstanding 

spatial resolution (up to 1 m) makes TSX data immensely useful for detailed ground 

surface observations. A revisit cycle of 11 days is also an improvement compared to 

previous Earth observation SAR systems (e.g. ERS-1/2 and ENVISAT ASAR with 35 

days, RADARSAT-1/2 with 24 days and ALOS-PALSAR with 46 days). Previous 

studies partly assess the potential of TSX data for permafrost investigations. For 

instance, Sobiech (2012) monitor s environmental variables (ground freez ing, snow 

melt, lake and river ice decay) in Siberia with TSX data, which covered one summer 
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season. Short et al. (2011) and Beck et al. (2015) test the viability of TSX data for the 

interferometry analysis in the Canadian Arctic. Regmi et al. (2012) use TSX data for 

one summer season to characterize drained thermokarst lake basins in Alaska. Jones 

et al. (2013) use a single TSX image to detect bedfast ice on the lakes in Alaska. 

Ullmann et al. (2014)  implement  polarimetric analyses of TSX data for classifying 

tundra environments in the Canadian Arctic. Duguay et al. (2015) assess the 

potential of polarimetric TSX data for shrub monitoring in the Canadian subarctic. 

These studies mainly use single TSX images or time series, limited to one season. 

Evaluation of multiyear time series of repeat -pass TSX data in permafrost 

landscapes had been lacking prior to this thesis . 

1.1.3 Research goals  

This thesis aims to estimate the potential of a unique time series of SAR data for a 

variety of permafrost -related applications. The time series consists of a three-year 

long set of TSX imagery (X-band) with high temporal (11 day) and spatial (~3 m) 

resolution. Field data was extensively used to interpret and validate the remote 

sensing results. 

Three different case studies were conducted to assess the potential of TSX data for 

permafrost applications:  

¶ Detection of environmental land surface changes, relevant for permafrost 

areas, such as ground freezing/thaw ing, wetness variations, snow cover onset, 

and snowmelt (Chapter 2). 

¶ Monitoring lake ice regimes (bedfast or floating) and ice phenology (Chapter 

3). 

¶ Detection of thaw subsidence with SAR interferometry (Chapter 4).  

1.1.4 Technical background on SAR  

Unlike optical imagery, t he use of microwave  imagery is favorable in polar areas as 

it is not affected by the often persistent cloud cover and polar night. Compared to 

optical remote sensing, however, interpretation of microwave remote sensing data is 

less straightforward. Microwave in struments are divided into  passive  and active  

sensors. Passive sensors detect natural microwave emissions of objects on Earth and 
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provide low spatial resolution, whereas active sensors (or radars ) transmit pulses of 

energy to the objects and receive an echo of these pulses via an antenna. The spatial 

resolution of radar imagery depends on the size of the antenna. Synthetic 

Aperture Radar (SAR)  uses the motion of the antenna during the time when the 

pulse returns back in order to ñenlargeò the antenna artificially. Radar systems 

operate in a variety of frequency bands from 0.3 GHz to 300 GHz, corresponding to 

wavelengths from 1 m to 1 mm, which define the penetration depth of the signal as 

well as the size of the target which can be detected. The portion of transmitted 

energy that is received by the antenna is called backscatter . The data obtained by 

radar are complex and represented by the amplitude  and phase  of the returned 

signal. The amplitude (after calibration) provides a conventional grey -scale image 

and characterizes the intensity of the backscatter. This intensity is mainly defined by 

two properties of the scattering object: the surface roughness and the dielectric 

constant. As the surface roughness relative to the sensorôs wavelength increases, the 

backscatter intensity increases due to a diffused scattering (Fig. 2a). In case of a 

smooth surface relative to the wavelength of the sensor, the signal is specularly 

reflected away from the antenna, resulting in low backscatter intensity ( e.g. calm 

water or asphalt) (Fig. 2b). Imagine two surfaces that  form a right corner fac ing the 

radar beam. In this case, the signal is reflected twice and most of the transmitted 

energy returns back to antenna, resulting in very high backscatter intensity (e.g. 

man-made constructions and corner reflectors) (Fig. 2c). In the case of 

inhomogeneous media characterized by randomly distributed discrete elements in a 

volume (e.g. snow, ice, or vegetation), the signal can scatter from and between these 

elements, thus creating a complex interaction (Fig. 2d). Depending on the size of the 

scattering elements compared to the wavelength, signal attenuation or amplification 

prevails, resulting in lower or higher backscatter intensity, respectively.  

 

Figure 2 . a) Diffused scattering of the signal from a rough surface results in high backscatter 

intensity; b) specular reflection of the signal from a smooth surface result s in low backscatter 
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intensity; c) double -bounce reflection results in very high backscatter intensity; d) volume scattering 

in a tree. Figures are adapted from ASAR product handbook (Copyright 2000-2007, European Space 

Agency). 

The dielectric constant of the scattering object can significantly increase with water 

content, resulting in shallower signal penetration depth, hi gher reflectivity, and, 

consequently, higher backscatter intensity. However, the latter is not the case for the 

standing water. Based on this effect, it is possible to detect wetness variations of the 

ground, as well as ground freezing and thawing. 

One of the distinctive properties of a radar signal is its capability to penetrate 

through fresh ice. In the case of floating  lake ice, which has liquid water 

underneath, backscattering occurs from the ice-water interface due to the high 

dielectric contrast between ice and water. The backscatter intensity is high due to a 

rough ice bottom (e.g. Atwood et al., 2015). In the case of bedfast  ice, which is ice 

grounded to the lake bottom, the radar signal penetrates through the ice layer. The 

signal partially transmits through the frozen lake bottom due to the low dielectric 

contrast between ice and frozen sediments, which results in low backscatter (Fig. 3). 

Thus, it is possible to detect and monitor bedfast lake ice based on the prominen t 

decrease of backscatter during the winter season. 

Lake ice phenology  (i.e. freeze up, melt onset, and water clear of ice) can be 

monitored using variations in backscatter intensity caused by changes in 

backscattering properties of ice during different growth stages. Thin, newly formed 

ice is characterized by low backscatter intensity due to specular reflection of the 

signal (e.g. Surdu et al., 2015). Ice thickening results in an increase of backscatter 

intensity up to a saturation point after which the backscatter remains stable during 

the rest of the winter in case of the floating ice (e.g. Jeffries et al., 1994). The onset of 

surface melt corresponds to changes (increase or decrease) of backscatter intensity 

from its stable winter condition  (e.g. Jeffries et al., 1994). Water clear of ice can be 

identified by low backscatter caused by specular reflection from the open water, but 

only in the case of calm water. Under windy conditions , backscatter increases and 

open water cannot be easily identified (e.g. Surdu et al., 2015).  
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Figure 3 . Principle of radar backscattering for different ice regimes (floating and grounded) at a 

typical lake in a permafrost landscape.  

In contrast to SAR backscatter intensity analysis, SAR interferometry (InSAR)  

uses the phase component of the microwave signal. This method is used to produce 

Digital Elevation Models (DEMs) or to detect surface displacements. It is based on 

measuring a phase difference between two SAR datasets which are taken 

simultaneously by two sensors from different positions (for DEM generation) or at 

different times from  exactly the same positions (for displacement detection) (Fig. 4).  

 

Figure 4 . Principle of InSAR: two SAR acquisitions are taken over the same area at different times 

and the phase difference is converted to the physical displacement of the object. 
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InSAR has been successfully applied for detecting ground movements associated 

with earthquakes and volcanic eruptions (e.g. Massonnet et al., 1993). Ground 

subsidence, which occurs in permafrost landscapes due to the melting of ground ice, 

can potentially be monitored with InSAR as well. Recently , the method has been 

tested by a number of studies (e.g. Rykhus & Lu, 2008 ; Liu et al., 2010; Short et al., 

2011; Strozzi et al., 2012; Liu et al., 2014; Short et al., 2014; Liu et al., 2015; Beck et 

al., 2015). One of the main limitations for InSAR is the insufficient phase 

coherence  between SAR images due to land surface changes that occur between 

SAR acquisitions (Zebker and Villasenor, 1992). The coherence varies between 0 

(completely decorrelated signals) and 1 (perfectly correlated signals). Low coherence 

restricts the use of InSAR. However, the low coherence can be used in this case as a 

direct geophysical signal for the detection of such land surface changes (e.g. Rignot & 

van Zyl, 1993; Wegmüller & Werner, 1997). Examples of land surface changes, 

resulting in coherence loss, are snow cover onset and snow melt (i.e. when the nature 

of backscattering elements is completely changed). The wavelength of a SAR system 

impacts the coherence. Longer waves (such as L-band) penetrate through vegetation, 

resulting in the main backscatter originating  from the underlying soil, whereas 

shorter waves (such as X-band) scatter mainly from leaves and branches and 

therefore are much more vulnerable to the motion of these elements. The underlying 

soil is more stable over time than the vegetation above; therefore, the coherence of 

longer waves can be much higher than that of shorter waves over the same time 

period. 

1.2 Study area  

The Lena River Delta is situated in  northeastern Russia, and is bordered by the 

Laptev Sea from the North, East and West, as well as by the Chekanovsky and 

Kharaulakh mountain ridges from the South (Fig. 5). It occupies more than 1500 

islands of various sizes and totals about 30 000 km² in area, and is the largest delta 

in the Arctic. The Lena River Delta belongs to the Lena Delta Wildlife Reserve, the 

largest protected area in Russia, founded in 1985. The fauna of the Reserve includes 

109 species of birds, 43 species of fish, and 32 species of mammals amongst which 

lemming, polar fox, wolf and wild reindeer are the most abundant ( Sofronov, 2001). 
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Figure 5 . The study area located in the Siberian North (upper left) in the Lena River Delta, Siberia 

shown on Landsat-8 mosaic (NASA 2016). The Kurungnakh Island (upper right, enlarged red square) 

is the main study site. The TSX image frame is delineated in the black dashed rectangle. Landscape 

classification of the delta includes polygonal tundra, active floodplains  and Ice Complex remnants 

(Morgenstern et al., 2011; Zubrzycki et al., 2013). 

The climate in the Lena River Delta area is polar marine  and characterized by 

extremely cold, long winters and short, cool summers. Boike et al. (2013) 

summarizes the recent climatic characteristics for the period 1999 to 2011 from the 

meteorological measurements in the central-southern part of the delta. The annual 
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mean air temperature is -12.5 °C (10.1 °C mean temperatures for July and -33.1 °C 

for February). Rainfall usually comprises more than half of the annual precipitation 

with a mean value of 125 mm. Snow accumulation typically starts in late September 

and snow-melt lasts from mid -May to early June. Wind -induced snow redistribution 

results in uneven snow thicknesses; however, snow depths are typically low on the 

order of a few decimeters.  

The delta is located in the zone of continuous permafrost, which largely defines the 

geomorphology of the region. Permafrost depths reach up to 500-650 m, but 

decrease significantly towards the coast (Grigoriev, 1993). Active layer thickness 

varies from 0.3 to 0.9 m. Permafrost in the Lena Delta is classified as cold with 

temperatures of -9 °C at the depth of zero annual amplitude (Boike et al., 2012). A 

large submeridional fault splits the delta in to two parts. Past tectonic movements are 

responsible for different altitudes of elevated units ( Grigoriev, 1993). Modern 

uplifting comprises 0.5 -1.9 mm per year (Borisov, 1973) resulting in regional seismic 

activity.  

Geomorphologically, the major part of the delta is represented by active floodplains 

and a slightly elevated (up to 12 m above sea level (a.s.l.)) unit, which features 

regular polygonal relief (Fig. 5, 6a, 6c). The floodplains tend to grow in areal extent 

through sedimentation (Fig. 6b), while the elevated parts of the delta experience 

severe erosion due to permafrost thaw and river activity (Fig. 6c). Typically, the 

polygons have relatively dry elevated rims and wet (or water filled) low centers; 

however, high-center polygons are also present (Grigoriev, 1993). Mosses cover the 

largest fraction of the land surface. Additionally, dry tundra on polygon rims and 

high centers is represented by a few species of herbaceous and flowering plants, as 

well as willow shrubs and lichens. Wet tundra in low polygon centers is dominated 

by hydrophilic mosses, sedges, and marsh cinquefoils. Water bodies in this area 

mainly consist of numerous polygonal ponds a few meters in diameter and large 

thermokarst and oxbow lakes up to a few hundred meters in diameter ( Muster et al., 

2013) (Fig. 6c). The floodplain areas can include vegetated tundra (predominantly 

shrubs and sedges) and non-vegetated sandbanks (Fig. 6b) (Boike et al., 2013). 

The north-western part of the delta is elevated by 20-30 m a.s.l. and represented by a 

few large sandy islands, with the largest, Arga Muora Sise Island, occupying 18% of 
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the delta (Fig. 5). Unlike other part s of the delta, this part  is not dissected by river 

branches but characterized by numerous north-northeast oriented therm okarst lakes 

(Grigoriev, 1993). 

About 6% of the delta is occupied by the remnants of a late Pleistocene accumulation 

plain, elevated by up to 60 m a.s.l., containing the so-called Ice Complex (or 

Yedoma) deposits (Fig. 5). The upper part of the Ice Complex deposits features large 

ice wedges up to 20 m deep, which can be observed from the natural cliff exposures 

(Fig. 6d). Typical topographic features of the Ice Complex uplands are thermokarst 

basins (known as alases), large thermokarst lakes, and thermo-erosional valleys 

(Morgenstern et al., 2011) (Fig. 6e, 6f). The vegetation is dominated by sedges and 

dwarf shrubs with a well -developed moss layer. Larger dwarf shrubs grow on the 

slopes of the gullies and in the depressions. 
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Fig ure 6 . a) Aerial photograph of  typical polygonal tundra relief; b) aerial photograph of a sandbank, 

floodplain , and elevated unit with polygonal tundra; c) aerial photograph of eroding polygons and 

water bodies, typical for polygonal tundra; d) cliff of the Ice Complex featuring giant ice wedges, 

which are up to 20 m deep; e) aerial photograph of a thermo-erosional gully with a thermokarst basin 

on the Ice Complex; f) aerial photograph of an Ice Complex island. The dimensions of these 

characteristic landscape elements range between orders of meters for the polygonal tundra in picture 

a) to the order of kilometers for the thermokarst lakes in picture f). All pictures are courtesy of the 

author.  
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The German Aerospace Center has recognized the Lena River Delta as a long-term 

permafrost -monitoring site and started seven new TSX acquisitions over the central 

part of the delta in August 2012 (Fig. 7a). Extensive field measurements were 

conducted in differ ent parts of the delta by international research groups since the 

1990s. A new research station opened on Samoylov Island in 2013, which facilitat es 

year-round  access to the site (Fig. 5, 7b). 

The main focus area of this thesis was Kurungnakh Island in the central part of the 

delta belonging to the Ice Complex unit (Fig. 5, 6d, 6e, 6f). 

 

Figure 7.  a) Seven relative TSX orbits over the central Lena River Delta (source: DLR); b) Aerial 

photograph of the new research station ñSamoylov Islandò (credit: M. Grigoriev).  

1.3 Data and methods  

1.3.1 SAR data  

The SAR dataset used in this study includes 95 Single-Look Slant Range Complex 

(SSC) dual-polarisation (HH/HV or HH/VV) repeat -pass images acquired by TSX 

between August 2012 and October 2015. Since the work on this thesis began in 2013, 

parts of the study made use of shorter time series, including data which were 

available at the time. Only HH -polarised data were used. Table 1 provides all the 

technical details of the used TSX dataset.  
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Table 1 . Details of TSX data (2012-2015) used in this study. 

Wavelength  3.1 cm 
Frequency  9.6 GHz 
Slant range pixel spacing  0.9 m 
Azimuth pixel spacing  2.4 m 
Scene size  ca. 18x56 km 
Revisit cycle  11 days*  
Incidence angle  ~32 ° 
Overpass  Descending 
Looking  Right 
Polariz ation  HH  
Local time of acquisition  08:34 (UTC 22:34)  

*there were some gaps in acquisitions 

Details of SAR data processing can be found in the next chapters. 

1.3.2 Field data  

A variety of field data was used to interpret and validate the remote sensing results. 

Meteorological data, including air temperature, snow height, rainfall,  wind speed, as 

well as daily descriptions of weather and surface conditions were available from the 

automated weather stations on Samoylov Island and from the human-operated 

meteorological station Khabarova (also known as Stolb, WMO ID: 21721). 

Photographs of the ground from an automated time-lapse camera on Samoylov 

Island were available as well. In spring 2015, in situ ice thickness was measured at 14 

locations on a number of lakes with varying depths on Kurungnakh Island. 

Measurements of surface displacement due to melt and re-freezing of ground ice 

were conducted using steel pipes and fiberglass rods installed at least 1 m below the 

maximum active layer depth. 12 steel pipes were installed in the spring of 2013 and 

provided measurements up to 2015. In addition,  19 fiberglass rods were installed in 

the spring of 2014 and provided measurements up to 2015 as well. 

1.3.3 Methods  

The following methods were used for the three different case studies (i.e. 

environmental change detection, ice phenology and bedfast ice monitoring, and thaw 

subsidence detection). 
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1.3.3.1 Analysis of backscatter intensity and interferometric coherence 

for the detection of environmental change s 

A one-year time series (2012-2013) of 35 TSX backscatter intensity images and 31 11-

day coherence images were analysed. Six different landscape types that were likely to 

exhibit differences in backscatter and coherence variations were chosen for the 

extraction of regions of interest (ROIs): wet polygonal  tundra , drier and more 

homogeneous Ice Complex upland , well-vegetated recently drained lake basin , 

partly vegetated/partly barren floodplain , sandbank , and area of rocky 

outcro ps  with absent or sparse vegetation. A variety of ground information , such as 

meteorological data (air temperatures, precipitation, wind speed), daily descriptions 

of weather and surface conditions, as well as photographs from an automatic time -

lapse camera were used for the interpretation of backscatter intensity and coherence 

variations . Additionally, principal component analysis (PCA) was applied to the time 

series of backscatter and coherence images. PCA aids in extracting the maximum 

information from redundant data, such as multi -temporal imagery. Axes of multi -

dimensional data are transformed in such a way that the new axes, which are the 

principal components, stand for variances within the data, with the first principal 

component accounting for the largest variance and the last principal component 

accounting for the smallest variance. Therefore, PCA can be useful for change 

detection. The eigenvector values of this transformation represent a correlation 

between each original image and each principal component. A more detailed 

description of the applied methods can be found in Chapter 2. 

1.3.3.2 Analysis of backscatter intensity and interferometric coherence 

for the monitoring of lake ice phenology and bedfast ice  

A three-year time series (2012-2015) of 95 TSX backscatter intensity images and 83 

11-day coherence images were analysed. In situ measurements of ice thickness were 

conducted on a number of lakes on Kurungnakh Island. ROIs were chosen to contain 

the location of each in situ measurement. Temporal variations in the mean values of 

backscatter and coherence within the ROIs were analysed. Based on these variations, 

lake ice was attributed to a grounded or floating regime. This was verified with in 

situ measurements. Additionally, ice thickness was simulated with the one-
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dimensional thermodynam ic Canadian Lake Ice Model (CLIMo). Based on TSX-

derived timing of ice grounding and simulated ice thickness, the thicknesses of 

grounded ice were obtained at the points of in situ measurements, which were used 

to validate the results. Ice phenology was monitored based on backscatter intensity 

variations caused by events related to lake ice evolution. A more detailed description 

of applied methods can be found in Chapter 3. 

1.3.3.3 Differential SAR interferometry for the detection of thaw 

subsidence  

During  the course of working on the first case study, the 11-day coherence time series 

was analysed for one year (2012-2013). The annual coherence cycle exhibited large 

variability and coherence was found to be poor for many pairs. The summer of 2013 

featured suitable coherence for a continuous series of 11-day and 22-day 

interferograms. Differential interferograms were produced using a DEM, which was 

derived from an interferogram from the same TSX dataset. These individual 

interferograms were affected by atmospheric artefacts; therefore, cumulative 

displacement over the summer was obtained. Field measurements of vertical ground 

displacement were used for the validation of interferometry. A more detailed 

description of applied methods can be found in Chapter 4. 

1.4 Main results  

The following section summarizes the results of the three case studies, which are 

documented in detail in the corresponding articles (Chapters 2, 3 and 4). 

1.4.1 Environmental land surface changes detection  

Due to its short wavelength, the TSX signal has limited penetration through the 

vegetation layer. Therefore, the backscatter intensity for the vegetated land surfaces 

expectedly demonstrated little variations throughout the annual cycle. Sequential 11-

day coherence time series, on the other hand, demonstrated remarkable variability 

during the same time period. Seasonal and intra-seasonal land surface changes, 

detected by meteorological records and time-lapse camera photographs, were 

compared to variations in backscatter intensity and coherence. Backscatter intensity 

was insensitive to ground freezing and thawing and generally to variations in 
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precipitation. However, a continuous rain event, which lasted for nine hours before 

and also at the time of TSX acquisition, resulted in a 2-3 decibel (dB) increase of 

backscatter intensity. Backscatter intensity was also found to be generally insensitive 

to the presence of snow cover; however, a strong snow shower, which coincided with 

abnormally high air temperature of -13 °C in December, resulted in a 1 dB decrease 

of backscatter intensity. The spring snowmelt period featured a refrozen crust on the 

surface of the snowpack at the time of TSX acquisition and resulted in a 3 dB 

increase of backscatter intensity. Flooding of the sandbank was evident from 

remarkably low backscatter values on the order of -23 dB. Various surface types 

demonstrated differences in backscatter intensities: rough and poorly vegetated 

rocky outcrops generally returned the highest backscatter; the smooth barren 

sandbank yielded the lowest backscatter, and vegetated regions yielded intermediate 

backscatter values. 

The coherence dropped significantly after the snow cover onset and snow melt for all 

of the land surface types. Generally, coherence was higher in winter, reaching 0.8 in 

January and February for vegetated surfaces, as well as the sandbank, and 0.9 for the 

rocky outcrops. In summer, vegetated regions yielded low coherence on the order of 

0.3ï0.4 and rocky outcrops showed variable coherence in the range from 0.4 to 0.8. 

The lack of more detailed information on vegetation (i.e. phenology stages) and 

snowpack properties (e.g. moisture, grain size, and density), as well as the absence of 

any on-site observations at the remote locations (e.g. rocky outcrops), did not allow 

for an explanation of  coherence variability except when the latter was caused by 

snow cover onset and melt. 

PCA of the backscatter intensity stack revealed that the PC2 eigenvector was highly 

correlated (0.91) with surface air temperatures. This could indicate a latent 

relationship between backscatter and temperature, which was not observed by direct 

comparison.  

The demonstrated level of coherence was, in general, suitable for the interferometric 

analysis of seasonal ground subsidence associated with the thawing of the active 

layer. The freezing period featured poor coherence for many pairs. Interferometry 

analysis is the subject of the third case study of this thesis (Chapter 4). 
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1.4.2 Monitorin g ice phenology and bedfast ice  

TSX backscatter intensity demonstrated excellent viability for monitoring floating 

and bedfast (or grounded) ice regimes. Backscatter intensity of floating ice 

demonstrated a stable response during the winter on the order of -10 to -4 dB, 

whereas shallow lakes eventually experienced a decrease in backscatter intensity, 

indicating the ice grounding. Backscatter intensity signatures were mostly confirmed 

by in situ ice thickness measurements conducted during the last year of the study 

period. For a number of cases, backscatter intensity demonstrated an abrupt and 

clear drop (up to 8 dB); however, for some other cases backscatter intensity 

decreased gradually over one to two months, complicating the monitoring of ice 

grounding. The high temporal resolution of the TSX time series generally allowed for 

the extraction of the timing of ice grounding within the 11 days intervals, but 

sometimes posed a challenge due to a multi -step backscatter drop. Such a multi -step 

drop was possibly caused by the freezing of sediments or non-uniform grounding of 

the ice within the area of the mean backscatter extraction. Also, ice thickness was 

simulated using the lake ice model CLIMo and the thickness of grounded ice for each 

season was retrieved using the TSX-extracted timing of ice grounding. Comparison 

with groun ded ice thicknesses, measured in situ in the last year of study period, 

showed fairly good agreement in the year of in situ measurements and poor 

agreement in the previous two years. The poor agreement might be due to 

differences in the lake water level between years, or incorrect extraction of the time 

of ice grounding. 

Coherence generally demonstrated sensitivity to the ice grounding as well as to 

backscatter intensity. An increase of coherence from 0.2 (steady noise) to the range 

of 0.3 to 0.6 indicated ice grounding for two of three winter seasons. This increase 

occurred typically later than the backscatter drop and often coherence gradually 

increased until the onset of spring melt . 

Ice phenology stages were generally tracked by TSX backscatter intensity time series. 

Freeze onset was characterized by low backscatter (on the order of -20 dB) which 

was often indiscernible from open water. However, contrasting cracks and ridges 

visible in the image provide evidence of the onset of freezing. Backscatter intensity 
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then gradually increased, reaching the stable condition (o n the order of -10 to -5 dB), 

which persisted, in the case of floating ice, until the melt onset. Melt onset was 

detected in most cases by an alteration of backscatter intensity from its winter stable 

condition.  However, the timing of alterations differed between locations and 

alterations were both positive and negative. Furthermore, a prominent drop of 

backscatter intensity up to 13 dB, consistent in time for most of the locations, was 

observed in each season and could be due to water ponding on the ice surface. A 

rapid drop of interferometric coherence in spring, observed for grounded ice in the 

first and last seasons, was consistent in time for all grounded locations, and could 

therefore serve as an additional more robust indicator of snow melt onset. On the 

other hand, the use of coherence was limited to shallow water bodies characterized 

by grounded ice. Water clear of ice was detected visually in the case of no-wind by 

low backscatter from the open water. 

1.4.3 Vertical ground displacement detection  

Field measurements showed tangible seasonal and inter-annual subsidence for two 

years of observations. The magnitude of seasonal subsidence was different for the 

two climatically different summer seasons. The cooler summer (2013) showed a 

mean subsidence at the end of August (relative to the observation from the previous 

spring) of 1.7±1.5 cm (mean for 8 sites). The warmer summer (2014) showed a mean 

subsidence of 4.8±2 cm (mean for 31 sites).The different summer climatic settings 

and, consequently, different summer subsidence magnitudes were responsible for 

the different inter -annual displacement patterns of the two following winter seasons. 

Measurements in the spring after the cooler summer showed both uplift and 

subsidence relative to the initial reference, in the range of -2 to +1.5 cm. 

Measurements in the next spring, after the warmer summer, showed a well-

pronounced subsidence over two years, with a mean of 4.4±2.6 cm. 

High spatial variability of displacements was detected with the in situ 

measurements. It is likely that the main controlling factors that  influence the spatial 

variability are local topography and wetness variations. Two sites in wet local 

depressions demonstrated almost no displacement, whereas two other sites on 

relatively high and dry spots showed a subsidence of 2.5 cm each during the cooler 
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summer. Sub-meter variability in subsidence of up to 5.6 cm was observed in the 

warmer summer.  

DInSAR cumulative displacement demonstrated slight displacements from -1 to +0.5 

cm for the cooler summer. Subsidence was more pronounced in thermokarst basins, 

although still not larger than 1 cm. Obvious was significant underestimation of 

DInSAR-derived subsidence compared to in situ data. A large part of the 11-day 

interferograms for the warmer summer was strongly decorrelated and consequently 

precluded DInSAR analysis for this year. 

1.5 Conclusions and Outlook  

This thesis contributes to ongoing efforts aimed at developing remote sensing 

schemes for permafrost landscape observations by assessing the potential of 

unprecedented TSX time series with an 11-day repeat cycle, multi-year length, and 

high spatial resolution. Different applications for indirect permafrost monitoring in 

the Lena River Delta were addressed by a comprehensive TSX time series analysis. 

Extensive use of ground truth data were made in this study for the interpretation and 

validation of the remote sensing observations. The main findings are as follows. 

1.5.1 Applicability of TSX backscatter intensity  

TSX backscatter intensity was generally found to be insensitive to land surface 

changes, except for events occurring at the time of TSX acquisition (rain, snow 

shower, melt/freeze crust on snow). Therefore, the development of soil moisture and 

freeze/thaw monitoring algorithms for the tundra environment does not appear to 

be viable for X-band sensors. PCA of a one-year time stack of backscatter intensity 

images revealed a very curious dependency between a principal componentôs 

eigenvector and surface air temperature. Therefore, one of the future tasks is to 

check whether this dependency is valid for other years, areas, and radar data, as well 

as to determine a physical explanation of this phenomenon. 

Much more promising is the prospect to monitor Arctic lake ice with TSX backscatter 

time series. This study shows that TSX backscatter intensity can very successfully 

detect bedfast lake ice. The improved temporal resolution of the TSX time series, 

compared to previously investigated SAR data, allows for a more accurate detection 






























































































































































































































































































