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Abstract

Abstract

The global climate is warming and the northern high latitudes are affected particularly rapidly.
Large areas of this region, or 24% of the northern hemisphere, are influenced by perennially
frozen ground or permafrost. As permafrost is predominantly dependent on cold mean annual
air temperatures, climate warming threatens the stability of permafrost. Since large amounts
of organic carbon are stored within permafrost, its thaw would potentially release large
amounts of greenhouse gases, which would further enhance climate warming (permafrost

carbon feedback).

Thermokarst and thermo-erosion are an indicator of rapid permafrost thaw, and may also
trigger further disturbances in their vicinity. The vast Arctic permafrost regions and the wide
distribution of thaw landforms makes the monitoring of thermokarst and thermo-erosion an
important task to better understand the response of permafrost to the changing climate.
Remote sensing is a key methodology to monitor the land surface from local to global spatial
scales and could provide a tool to quantify such changes in permafrost regions. With the
opening of satellite archives, advances in computational processing capacities and new data
processing technology, it has become possible to handle and analyze rapidly growing amounts

of data.

In the scope of the changing climate and its influence of permafrost in conjunction with recent

advances in remote sensing this thesis aims to answer the following key research questions:

1. How can the extensive Landsat data archive be used effectively for detecting typical

land surface changes processes in permafrost landscapes?

2. What is the spatial distribution of lake dynamics in permafrost and which are the

dominant underlying influencing factors?

3. How are key disturbances in permafrost landscapes (lake changes, thaw slumps and

fire) spatially distributed and what are their primary influence factors?

To answer these questions, I developed a scalable methodology to detect and analyze
permafrost landscape changes in the ~29,000 km? Lena Delta in North-East Siberia. I used all
available peak summer data from the Landsat archive from 1999 through 2014 and applied a

v



Abstract

highly automated robust trend-analysis based on multi-spectral indices using the Theil-Sen
algorithm. With the trends of surface properties, such as albedo, vegetation status or wetness,
I was able identify local scale processes, such as thermokarst lake expansion and drainage,
river bank erosion, and coastal inundation, as well as regional surface changes, such as
wetting and greening at 30m spatial resolution. This method proved to be robust in indicating
typical landscape change processes within an Arctic coastal lowland environment dominated
by permafrost, which has been challenging for the application of optical remote sensing data.
The scalability of the highly automated processing allows for further upscaling and advanced

automated landscape process analysis.

For a targeted analysis of well-known disturbances affecting permafrost (thermokarst lakes,
retrogressive thaw slumps and wildfires), I used advanced remote sensing and image
processing techniques in conjunction with the processed trend data. Here I combined the trend
analysis with machine-learning classification and object based image analysis to detect lakes
and to quantify their dynamics over a period from 1999 through 2014 within four different
Arctic and Subarctic regions in Alaska and Siberia totaling 200,000 km?. I found very strong
precipitation driven lake expansion (+48.48 %) in the central Yakutian study area, while the
study areas along the Arctic coast showed a slight loss of lake area (Alaska North Slope: -
0.69%; Kolyma Lowland: -0.51%) or a moderate lake loss (Alaska Kobuk-Selawik Lowlands:
-2.82%) due to widespread lake drainage. The lake change dynamics were characterized by a
large variety of local dynamics, which are dependent on several factors, such as ground-ice

conditions, surface geology, or climatic conditions.

In an even broader analysis across four extensive north-south transects covering more than 2.3
million km?, T focused on the spatial distribution and key factors of permafrost region
disturbances. I found clear spatial patterns for the abundance of lakes (predominantly in ice-
rich lowland areas), retrogressive thaw slumps (predominantly in ice-rich, sloped terrain,
former glacial margin), and wildfires (boreal forest). Interestingly, apart from frequent
drainage at the continuous-discontinuous permafrost interface, lake change dynamics showed
spatial patterns of expansion and reduction that could not be directly related to specific
variables, such as climate or permafrost conditions over large continental-scale transects.
However, specific variables could get related to specific lake dynamics in within locally

defined regions.
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Abstract

Trend datasets of vegetation status (NDVI) were combined with high-resolution detailed
geomorphological land-cover classification information and climate data to map tundra
productivity in a heterogeneous landscape in northern Alaska. After decades of increasing
productivity (greening), recently tundra vegetation showed a reverse trend of decreased

productivity, which is predicted to continue with increasing temperatures and precipitation.

In this thesis project I developed methods to analyze rapid landscape change processes of
various scales in northern high latitudes with unprecedented detail by relying on spatially and
temporally high resolution Landsat image time series analysis across very large regions. The
findings allow a unique and unprecedented insight into the landscape dynamics of permafrost
over large regions, even detecting rapid permafrost thaw processes, which have a small spatial
footprint and thus are difficult to detect. The multi-scaled approach can help to support local-
scale field campaigns to precisely prepare study site selection for expeditions, but also pan-
arctic to global-scale models to improve predictions of permafrost thaw feedbacks and soil

carbon emissions in a warming climate.
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Zusammenfassung

Zusammenfassung

Das globale Klima erwarmt sich und die hohen nérdlichen Breiten sind besonders stark davon
betroffen. Ein groBer Teil dieser Region, ca. 24% der Nordhalbkugel, sind von saisonal oder
dauerhaft gefrorenen Boden, dem Permafrost beeinflusst. Aufgrund der starken Abhingigkeit
von kalten Temperaturen ist Permafrost besonders anfillig gegeniiber der Klimaerwéarmung.
Grofle Mengen organischen Kohlenstoffs sind bisher im Permafrost gebunden, ein Auftauen
konnte die Emission grofler Mengen von Treibhausgasen in die Atmosphdre bewirken, was

eine noch stirkere Erwdrmung zur Folge hétte (Permafrost Kohlenstoff Kreislauf).

Thermokarst und Thermoerosion sind Indikatoren fiir schnelles Permafrosttauen, was
wiederum weitere Erosion und Storungen der ndheren Umgebung ausldsen kann. Die
weitldufige arktische Permafrostregion mit seiner weiten Verbreitung von Auftaulandformen
macht die Beobachtung von Thermokarst und Thermoerosion eine wichtige Aufgabe um die
Auswirkungen der Klimaerwiarmung auf den Permafrost zu verstehen. Fernerkundung ist eine
Schliisselmethode um die Landoberfliche im lokalen bis globalen Maf3stab zu beobachten
und Verinderungen in der Permafrostregion zu quantifizieren. Mit der Offnung und freien
Verfiigbarkeit von Satellitenarchiven, dem technischen Fortschritt der Informatik und neuen
Prozessierungstechniken ist es moglich geworden riesige Datenmengen aus exponentiell

wachsenden Datenarchiven zu prozessieren.

In Anbetracht des fortschreitenden Klimawandels und dessen Einfluss auf den Permafrost in
Kombination mit dem technologischen Fortschritt in der Fernerkundung und Informatik zielt

diese Dissertation auf die Beantwortung folgender wissenschaftlicher Fragestellungen:

1. Wie kann das frei verfligbare Landsatarchiv effektiv genutzt werden um

Verdnderungen der Landoberfliche grordumig in Permafrostregionen zu detektieren?

2. Wie ist die rdumliche Verteilung von Seeverdnderungsdynamiken in

Permafrostregionen und was sind deren Haupteinflussfaktoren?

3. Wie sind die wichtigsten Storungen in Permafrostlandschaften (Seeverdnderungen,
riickschreitende Erosionsformen und Feuer) raumlich verteilt und was sind deren

Haupteinflussfaktoren?
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Zusammenfassung

Um diese wissenschaftlichen Fragen zu beantworten, habe ich eine skalierbare Methode
entwickelt um Landschaftsverdnderungen im Permafrost im ca. 29.000 km? groB3en Lena
Delta in Nordost-Sibirien zu detektieren und zu analysieren. Hierbei wurden alle
Hochsommeraufnahmen des Landsatarchives von 1999 bis 2014 verwendet und eine
hochautomatisierte, robuste Trendanalyse auf multi-spektralen Indizes mit Hilfe des Theil-Sen
Algorithmus durchgefiihrt. Mit der Information iiber zeitliche Trends der Beschaffenheit der
Landoberflache, wie z.B. Albedo, Vegetation oder Feuchtigkeit, konnten sowohl lokale
Veridnderungen, wie z.B. die Expansion oder Drainage von Thermokarstseen, Ufererosion
oder Uberflutung kiistennaher Gebiete, als auch regionale Dynamiken wie Vegetations- oder
Feuchtigkeitsverdnderungen mit einer rdumlichen Auflésung von 30m gemessen werden.
Dieses Vorgehen erwies sich als robuste Methode um typische Landschaftsverdnderungen in
von Permafrost dominierten arktischen Tieflindern, welche sich bisher als &duBerst schwierig
fiir optische Fernerkundung erwiesen. Die Skalierbarkeit der hochautomatisierten
Prozesskette  erlaubt die  Ausweitung auf eine  groBflichige, automatische

Landschaftsprozessanalyse.

Fiir die zielgerichtetete Analyse von bekannten Permafrost beeinflussenden Stérungen
(Thermokarstseen, rilickschreitende Erosion, and Feuer) wurden fortgeschrittene
Fernerkundungs- und Bildprozessierungsmethoden in Verbindung mit den prozessierten
Trenddaten angewandt. Hierbei kombinierte ich die Trendanalyse mit Machine-Learning
Klassifikationsverfahren und objektbasierter Bildanalyse um Seen und deren Dynamiken im
Zeitraum von 1999 bis 2014 in vier verschiedenen arktischen und subarktischen
Studiengebieten in Alaska und Sibirien mit einer Gesamtfliche von 200.000 km?. Das
zentraljakutische Studiengebiet wies eine starke niederschlagsbedingte Seeausdehnung auf
(+48,48%), wihrend die kiistennahen Regionen einen leichten (Alaska North Slope: -0,69%;
Kolyma Lowland: -0.51%) oder moderaten Riickgang (Alaska Kobuk-Selawik Lowlands: -
2.82%) der Wasserfliche durch teils weitverbreitete Seedrainage verzeichneten. Die
Seeverdnderungen waren durch starke rdumliche Unterschiede gekennzeichnet, welche von
unterschiedliche Faktoren wie Bodeneisgehalt, Oberflichengeologie oder klimatischen

Bedingungen beeinflusst wurden.

In einer noch grof3flachigeren Analyse von iiber 2,3 Mio. km? Fliche fokussierte ich mich auf

die rdumliche Verteilung der Hauptfaktoren von Stérungen im Permafrost. Dabei kamen
IX



Zusammenfassung

deutliche Muster der Seeverteilung (hauptsichlich in bodeneisreichen Tieflindern), von
riickschreitenden Erosionsformen (vorwiegend in eisreichem und hiigeligen Terrain entlang
ehemaliger Eisrandlagen) und Feuer (borealer Wald) zu Tage. In grofrdumigem Malistab
konnten Seeverdnderungen, abgesehen von weitverbreiteter Seedrdnage an der Grenze
zwischen kontinuierlichem und diskontinuierlichem Permafrost, hingegen keine eindeutigen
Einflussfaktoren wie Klima, Permafrostbedingungen oder Geomorphologie zugeordnet
werden. Lediglich in vereinzelten rdaumlich begrenzten Gebieten bestimmten einzelne

spezifische Einflussfaktoren die Seeverdanderung.

In dieser dissertation entwickelte Vegetationstrenddaten wurden zusammen mit einer
detaillierten geomorphologischen Landbedeckungsklassifizierung sowie mit Klimadaten
kombiniert um die Produktivitidt der Tundravegetation in Nordalaska im Zusammenhang mit
dem sich wandelnden Klima zu kartieren und vorherzusagen. Nach Jahrzehnten verstirkter
Vegetationsentwicklung, ist seit kurzem ein umgekehrter Trend mit verringerter Produktivitét
zu beobachten, welcher sich mit weiter steigenden Temperaturen und erhdhtem Niederschlage

fortsetzen wird.

In diesem Projekt entwickelte ich Methoden zur multi-skaligen Analyse unterschiedlicher
schneller Landoberflichendnderungen in hohen noérdlichen Breiten in bisher seltener
Detailgenauigkeit basierend auf zeitlich hochaufgeldsten Landsat Satellitenzeitseriendaten
iiber grofle rdumliche Ausdehnung. Die Ergebnisse erlauben einen einzigartigen und bisher
nicht dagewesenen grofBflachigen Einblick in Permafrostlandschaftsdynamiken, sogar von
kleinflichigen und daher schwierig zu detektierenden Verdnderungsprozessen. Der multi-
skalige Prozessierungsansatz kam einerseits zur Unterstiitzung und Planung von
Feldkampagnen und zur Detektion und Auswahl von relevanten Studiengebieten zum Einsatz,
und kann auch fiir die Parametrisierung und Validierung von pan-arktischen und globalen
Modellen zur  Vorhersage von  Riickkopplungseffekten im  Permafrost und

Kohlenstoffemissionen in einem sich erwidrmenden Klima verwendet werden.
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Notation Full Name / Description

% Percent

< Smaller than

> Greater than

+ Plus-minus

°C Temperature in degrees Celsius (centigrade)
AbT Abalakhskaya Terrace

ACIA Arctic climate impact assessment

ACP Arctic Coastal Plain

AF Acrctic Foothills

AK Alaska

AKS Alaska Kobuk-Selawik Lowlands

AVHRR Advanced Very High Resolution Radiometer
AWI Alfred Wegener Institute for Polar- and Marine Research
BeT Bestyakhskaya Terrace

BFAST Breaks For Additive Season and Trend Algorithm
BRT Boosted Regression Tree

C Continuous Permafrost

CAVM Circum-Arctic Vegetation Map

CH4 Methane

Cl Confidence Interval

CLC Coalescent low-center polygons

C-Lw Change land to water

CO2 Carbon Dioxide

C-PF Continuous Permafrost

CS coastal saline water

C-WL Change water to land

CYA Central Yakutia

D Discontinuous Permafrost

DBEST Rfézcrm?n Breakpoints and Estimating Segments in Trend
DEM Digital Elevation Model

D-PF Discontinuous Permafrost

DS Drained slopes

DUE Data User Element

e.g. exempli gratia (for example)

ECMWF European Centre for Medium-Range Forecast
ECV Essential Climate Variable

EmT Emilskaya Terrace

EROS Earth Resources Observation and Science Center
ESA European Space Agency

ESPA EROS Science Processing Architecture
ETM+ Enhanced Thematic Mapper
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FC
FMask
GCOS
GFC
GHG
GINA
GLOVIS
GPS
ha

HC

|

Ice

ICP
IPA
IPCC
K

km?
KOL
L1T
LaSRC
LC
LGM
LO
LULC
MAAT
MAP
MaT
MERIS
MLC
MODIS
MSI
NDMI
nDTLB
NDVI
NDWI
NIR
NOAA
NSL
NW
OBIA
OCP
OLI
0]0]=]

Y
PANGAEA

Flat-center polygons

Landsat Masking Algorithm

Global Climate Observing System

Global Forest Change

Greenhouse Gas

Geographic Information Network of Alaska
USGS Global Visualization Viewer

Global Positioning System

Hectare

High-center polygons

Isolated (permafrost)

Ice/snow

Inner Coastal Plain

International Permafrost Association
Intergovernmental Panel on Climate Change
Temperature in Kelvin

Square Kilometer

Kolyma Lowland

Level-1 Terrain Corrected

Surface Reflectance Code

Low-center polygons

Last Glacial Maximum

Lake object

Land Use Land Cover

Mean Annual Air Temperature

Mean Annual Precipitation

Maganskaya Terrace

MEdium Resolution Imaging Spectrometer
Machine-learning Classification

Moderate Resolution Imaging Spectrometer
Multi-spectral Index

Normalized Difference Moisture Index
Nonpatterned drained thaw lake basins
Normalized Difference Vegetation Index
Normalized Difference Water Index

Near Infrared

National Oceanic and Atmospheric Administration
North Slope

Northwest

Object-based image analysis

Outer Coastal Plain

Operational Land Imager

Out-of-bag accuracy

Probability

Data Publisher for Earth & Environmental Science
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1 - Introduction

1. Introduction

1.1 Scientific Background

1.1.1 Climate and Permafrost

The Earth’s climate has been changing over the last decades and is projected to be affected by
further increasing temperatures (IPCC, 2013). In the northern high latitudes, the climate is
warming about twice as strong as the entire northern Hemisphere, an effect which is termed
Arctic amplification (Serreze & Barry, 2011). Temperatures are projected to increase on
average by 5°C to more than 10°C until the end of the century (IPCC, 2013) (Scenario RCP
8.5) over large parts of the northern high latitudes (see Figure 1.1).

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

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

Figure 1.1: Global climate change model results for temperature (a) and precipitation (b) anomalies based
on low (left) (RCP 2.6) and high (right) (RCP8.5) emission scenarios for the end of the 21* century
compared to the recent climate (1986-2005) (from IPCC, 2013).
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1 - Introduction

Arctic warming particularly affects the cryosphere, including ice sheets, glaciers, sea ice,
freshwater ice, snow cover, and permafrost. As the cryosphere is largely dependent on cold

temperatures, it is highly vulnerable against further increasing temperatures.

The permafrost region is located where some of the strongest climate changes are projected
and covers about 23 million km? or 24% of the land mass of the northern hemisphere (Zhang,
Barry, Knowles, Heginbottom, & Brown, 2008). Permafrost occurs mainly across the large,
unglaciated regions of Siberia and North America (see Figure 1.2), as well as high mountain
regions such as the Tibetan Plateau. Permafrost is defined as any ground material, which has a
temperature of 0°C or less for at least two consecutive years (Van Everdingen, 2005). It is
primarily dependent on a negative thermal energy balance, resulting from low mean annual
air temperatures as the primary large scale forcing as well as more local or regional influences
on the ground-thermal regime, such as land cover, snow depth, surface hydrology, and
geology (Shur & Jorgenson, 2007). Changes of these primary drivers may exceed thresholds
where permafrost becomes subject to degradation (Jorgenson, Racine, Walters, & Osterkamp,
2001) and eventually irreversible thaw (Schaefer, Lantuit, Romanovsky, Schuur, & Witt,
2014)This potentially leads to the thaw of permafrost organic matter, microbial
decomposition, and the release of carbon to the atmosphere as carbon dioxide or methane
(Walter Anthony, Anthony, Grosse, & Chanton, 2012). The release of these potent greenhouse
gases could trigger further warming and therefore intensify permafrost thaw, also known as
the permafrost carbon feedback (Schuur, et al., 2015). Since permafrost is a significant
reservoir of soil organic matter, currently storing about 1035+150 Pg SOC in the upper 3 m of
soils (Schuur, et al., 2015), widespread permafrost thaw has a strong potential to impact the
global carbon budget. The permafrost carbon feedback, not yet considered in IPCC global
climate models (Lawrence, Slater, & Swenson, 2012) and thus climate projections, may
represent an additional challenge to reach political climate targets such as the Paris Agreement

goal to limit climate warming to 1.5°C above pre-industrial values.
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Figure 1.2: Distribution of Permafrost on the northern Hemisphere (Brown, Ferrians Jr, Heginbottom, &

Melnikov, 1997) and the modern treeline (Walker, et al., 2005)

In addition to the projected large scale climatic changes, permafrost is also affected by local
dynamics, which have the potential to quickly alter the local thermal state of permafrost and
lead to degradation and thaw. One such process is thermokarst, where permafrost degrades
quickly after initial thaw of excess ground ice (Grosse, Jones, & Arp, 2013; Jorgenson &
Shur, 2007). Typically, after initial thaw of ground ice and subsidence ponds are developing.
Consequentially, ponds expand into the surrounding permafrost and thaw the permafrost
around and below. Once the water body becomes deep enough to not completely refreeze each
winter, it decouples the ground from the cold winter air temperatures and forms a talik
(unfrozen sediments within permafrost) below the lake bottom. The unfrozen taliks are an
important zone for microbial decomposition of former permafrost organic matter (Schuur, et
al., 2008). This decomposition triggers the release of carbon, largely in the form of methane,
into the atmosphere. Larger water bodies retain summer heat energy and further enhance
active and now year-round thaw of the underlying permafrost even during winter. Finally,
laterally growing lakes or ponds may drain after reaching a drainage gradient due to incision
or bank overflow as well as talik penetration and ground-water connection in thin
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discontinuous permafrost, leaving parts of the former lake basin exposed to cold mean annual
air temperatures again. Permafrost thus can build up again in high northern latitudes. In some
lowland regions, this process of lake formation, growth, and drainage may undergo several
generations and cycles (see Figure 1.3) (Jorgenson & Shur, 2007; Grosse, Jones, & Arp,
2013). The occurrence of thermokarst lakes even under very cold climatic conditions suggests
that this disturbance is not purely climate-driven and makes thermokarst lake dynamics a

widespread and highly important landscape shaping process within permafrost regions

¥ 7 ]Ice wedge I water
-Talik ETree
El Permafrost table Terrain surface

Figure 1.3: Schematic drawing of thermokarst evolution (from Grosse, Jones, & Arp, 2013) and

corresponding examples from tundra regions in Alaska and northern Siberia. I-a: Nearly
undisturbed permafrost; I-b: Initial thermokarst with surface deformation due to ice-wedge
degradation; I-c: Development of thermokarst ponds; I-d: Small thermokarst lake with shallow
developing talik; I-e: Large thermokarst lake with deep talik. II-a: Nearly undisturbed permafrost in
NE-Siberia; II-b: Ice-wedge degradation in N-Alaska; II-c: Small thermokarst lake/pond in W-
Alaska (photo: J.Strauss); II-d: Large deep thermokarst lake in NE-Siberia; II-e: Recently drained
thermokarst lake with bare lake-sediments, initial vegetation and lake remnants in W-Alaska; II-f:

Complex thermokarst landscape with several generations of thermokarst lakes and basins.
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(Olefeldt, et al., 2016).

Land surface changes in permafrost regions can be an indicator of permafrost degradation due
to disturbances such as thermokarst or thermo-erosion. In turn, these permafrost region
disturbances (PRD) can have a direct influence on the surrounding ground stability.
Therefore, they can cause further degradation and trigger new PRD beyond their original
extent. The most influential PRD include thermokarst lake development, retrogressive thaw
slumps, or fire, but also anthropogenic influences, such as agriculture, road construction or
mining of mineral resources. Their irregular abundance and often rapid development, from
days to several years, makes it difficult to track and monitor these disturbances across large

regions.

Although sparsely populated, changes in permafrost may also influence the livelihood of
communities in the permafrost region (Crate, et al., 2017; Marino, 2012). The stability of
infrastructure (Nelson, Anisimov, & Shiklomanov, 2001), availability of natural resources,
such as drinking water (Chambers, et al., 2007; White, Gerlach, Loring, Tidwell, &
Chambers, 2007), traditional subsistence lifestyle (White, Gerlach, Loring, Tidwell, &
Chambers, 2007), but also the existence of entire northern communities (Marino, 2012) might
be highly endangered as a consequence of the rapidly warming climate and degrading

permafrost in the Arctic.

Due to these many factors, permafrost is a key component of northern environments that
requires monitoring in order to understand the local to global consequences of climate change
in the Arctic. Local-scale changes from permafrost thaw, due to their widespread abundance
and rapid development, may potentially have global-scale implications. The importance of
permafrost on the climate system has been recognized by the scientific community and
political stakeholders and was therefore identified as an Essential Climate Variable (ECV) by
the World Meteorological Organization (WMO) (GCOS, 2010). Although permafrost is
defined as an ECV, to date it is not sufficiently implemented in global-scale climate models
(Schaefer, Lantuit, Romanovsky, Schuur, & Witt, 2014). Recently, first approaches have been
undertaken to model the influence of permafrost carbon feedbacks on the global climate
(Koven, et al., 2011; Schneider von Deimling, et al., 2015). However, many variables are still
missing or are insufficiently implemented to fully understand the influence of climate change
on permafrost and vice versa and current models have a wide range of uncertainties

(Lawrence, Slater, & Swenson, 2012). The knowledge gap concerning the abundance,
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distribution, and rates of rapid landscape dynamics within the permafrost region and the gap
between spatial scales of field investigations to climate model grids continue to be one of the
main obstacles for estimating the impact of permafrost thaw on global climate in this century.
To overcome this knowledge gap, this project aimed at observing and quantifying the

processes that are related to permafrost changes over large regions.

1.1.2 Remote Sensing

Permafrost regions are characterized by harsh environmental conditions, remoteness and an
expansive spatial extent, which makes detailed field-based observations and monitoring only
feasible on local spatial scales in limited accessible sites. For the detection and monitoring of
regional or larger scale landscape processes, remote sensing has been proven to be an
excellent methodology (Westermann, Duguay, Grosse, & Kédb, 2015). Remote sensing helps
to analyze changing landscape information over large regions, in different spectral

wavelengths, and with several acquisitions over longer periods.

Airborne earth observation data are available since the mid-20™ century for many Arctic
regions, but accessibility and especially observation frequency of the data is usually very
limited for these sources. With the launch of the Landsat mission in the 1970’s, with its
several generations of satellites, a new age of global-scale space-borne earth observation was
launched. In addition to the 30m multi-spectral Landsat data, many other optical imaging
sensors and platforms (e.g. SPOT, MODIS, Sentinel 1-3, Worldview) were launched over the
last 20 years, adding a wide variety of potential earth-observation data, from single snapshot
very-high-resolution (VHR) acquisitions, to high frequency observations, but only low spatial

resolution.

With the opening of the Landsat archive for free data usage in 2008 (Woodcock, et al., 2008)
and the latest open-data strategy of many space agencies, the amount of freely available
remote sensing data has been growing quickly. This plethora of image data stimulated
completely new data-centric applications, which focus on change analyses using multi-
temporal acquisitions, a practice, which would have been cost-prohibitive without freely
available data (Wulder, Masek, Cohen, Loveland, & Woodcock, 2012) (Zhu Z. , 2017). Until
recently, remote sensing based time-series analysis was largely carried out with low resolution
data, such as MODIS, MERIS or AVHRR. With these data, spatially extensive processes, such

as vegetation changes, or large-scale land-cover patterns can be monitored (Hansen, DeFries,
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Townshend, & Sohlberg, 2000; Friedl, et al., 2002). Local-scale changes, which are typical for
landscape dynamics in permafrost regions, e.g. thermokarst lake expansion or retrogressive
thaw slump growth, are usually too small to be detected with spatial resolutions of 250 m or
coarser. Therefore, data in finer resolution are necessary to detect the major indicators of

permafrost landscape dynamics and to quantify these on decadal time scales.

With the growth of data archives, processing and storage capabilities fortunately have grown
as well to allow efficient storage and processing of large amounts of image data. These
different factors promoted the application of time-series analysis with finer resolution data
(Hansen, et al., 2013; Pekel, Cottam, Gorelick, & Belward, 2016). The analysis of permafrost
features and dynamics in the high latitudes may also benefit from these developments, since
observable features often are small in extent and characterized by rapid changes but also

spread out over large regions.

Due to frequent cloud cover, low sun angles and a very short summer season, optical remote
sensing in the high latitudes is a highly challenging task (Stow, et al., 2004). However, at the
same time the polar proximity provides a strong overlap of satellite overpasses, improving the
satellite revisit times two- to five-fold, compared to tropical regions. Such high imaging
frequency partially offsets the challenging conditions. Other sensor systems, e.g. radar can be
a suitable alternative or addition to optical sensors, because they are independent of favorable
weather conditions or illumination. However, their automated operational application for land
monitoring over longer time-series is rather limited, due to the lack of a consistent data stream
in the past caused by the strong variety and limited availability of sensors, inconsistent
acquisition patterns and costly data access. With the launch of radar missions that provide data
for free (e.g. Sentinel-1), operational applications started to include these potentially valuable

data sources.

With new technical approaches to analyze the continuously growing stream and archives of
earth observation data, it is now possible to analyze temporal trends and patterns. In
conjunction with a sufficiently high spatial resolution, new pathways emerge for the remote

sensing-based analysis of changes in permafrost landscapes.
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1.1.3 Research Questions

Due to the latest technological advances and arising questions of permafrost science we aim

to answer the following research questions.

1. How can the extensive Landsat data archive be used effectively for detecting typical

land surface changes processes in permafrost landscapes?

2. What is the spatial distribution of lake dynamics in permafrost and which are the

dominant underlying influencing factors?

3. How are key disturbances in permafrost landscapes (lake changes, thaw slumps and

fire) spatially distributed and what are their primary influence factors?

1.2 General Approach

Within this project I used optical remote sensing data, machine-learning and advanced image
processing techniques to answer the key research questions. The remote sensing processing
included the development of highly automated processing chains for the creation of datasets,
which then were used for the detection of spatio-temporal changes in permafrost landscapes.
A highly automated processing chain allows for the fast processing of large amounts of data
with minimal user intervention in order upscale processing and analysis to large regions. The
processing chain developed here was built in the programming language python and wraps all
individual processing steps together from image acquisition (data ordering, download, file
operations) to image pre-processing (image stacking, masking, sub-setting) to radiometric
data operations (calculation of multi-spectral indices), to multi-temporal image analysis. The
same principle of automation was applied to the processing of higher-level information,
where I used state-of-the-art machine-learning classification and object based image-analysis
for the detection and characterization of lake changes, retrogressive thaw slumps, and wildfire

burn scars.

For the support and validation of the remote sensing based methods, I gathered different local
scale data during several field expeditions to the Lena Delta region in north-eastern Siberia

(2014), northern Alaska (2015, 2016), and western Alaska (2016), as well as synthesized such

data from collaborators. During field campaigns I acquired ground based information, such as
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GPS data, lake bathymetry profiles, and airborne information from aerial survey flights. More

detailed information on specific methodologies is given in Chapters 2 to 5.

1.3 Thesis Structure

The introductory chapter provides background information, state-of-the-art and key objectives
for this study. The main part is structured into four chapters where each chapter consists of
one original research article, which are published, in revision (minor) or in preparation for
submission to international peer-reviewed journals. The details of the publications are listed in
1.4. The study in chapter 2 “Detection of landscape dynamics in the Arctic Lena Delta with
temporally dense Landsat time-series stacks” describes a methodology to derive typical
change processes in the north-east Siberian Lena Delta, which is based on automated image
processing and robust trend analysis of data from the Landsat archive. The study in chapter 3
“Landsat-Based Trend Analysis of Lake Dynamics across Northern Permafrost Regions™ uses
the developed trend analysis as well as machine learning and advanced image processing
techniques to find lake dynamics in four Arctic and Subarctic regions in Alaska and Siberia.
The study in chapter 4 “Remotely sensing recent permafrost region disturbances across Arctic
to Subarctic transects” analyzes the extent, distribution and key influencing factors of
permafrost related disturbances (lakes, retrogressive thaw slumps and wildfire) based on the
developed methodologies in chapters 2 and 3, as well as additional publicly available data
sources. This study covers over 2.3 million km? over four large north-south transects in North
America and Siberia, which envelop a wide range of permafrost types, geological and
ecological conditions. The study in chapter 5 “Tundra landform and vegetation productivity
trend maps for the Arctic Coastal Plain of northern Alaska™ presents the methodology and
technical aspects of the analysis of the response of tundra vegetation productivity on recent
and predicted future climate change in northern Alaska using remote sensing data, GIS
analysis and modelling approaches. The accompanying paper in the appendix of this thesis,
“Reduced arctic tundra productivity linked with landform and climate change interactions”,

focusses on the results and implications of tundra productivity changes.

Chapter 6 synthesizes and discusses the results of the presented studies and puts them into the
broader scientific context. The final chapter provides an outlook of yet untapped fields, which

should be addressed in future research.
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1.4 Author’s contributions

1.4.1 Chapter2

Nitze, 1., & Grosse, G. (2016). Detection of landscape dynamics in the Arctic Lena Delta with

temporally dense Landsat time-series stacks. Remote Sensing of Environment, 181, 27-41.

Ingmar Nitze designed the study, carried out the programming, data processing and analysis,
and wrote the manuscript. Guido Grosse provided guidance for the study design and
reviewed, edited, and revised the manuscript. Ingmar Nitze and Guido Grosse conducted field

work in the Lena Delta for ground truthing activities.

1.4.2 Chapter3

Nitze, 1., Grosse, G., Jones, B.M., Arp, C.D., Ulrich, M., Fedorov, A., & Veremeeva, A.
(2017). Landsat-Based Trend Analysis of Lake Dynamics across Northern Permafrost
Regions. Remote Sensing, 9(7), 640.

Ingmar Nitze designed the framework of this study, developed the data processing and
analysis pipeline, conducted the analysis, and wrote the manuscript with input of the co-
authors. Guido Grosse provided guidance for the framework of this study and revised and
commented the manuscript. Ingmar Nitze and Guido Grosse conducted ground truthing
activities in the Lena Delta, on the Alaska North Slope, and in Northwestern Alaska. All other
authors conducted field work in one of the study regions and provided local lake specific data,

field knowledge specific to each study site, and revised and commented the manuscript.

1.4.3 Chapter4

Nitze, 1., Grosse, G., Jones, B.M., Boike, J. & Romanovsky V. (in prep). Remotely sensing
recent permafrost region disturbances across Arctic to Subarctic transects. Nature

Communations

Ingmar Nitze designed the study, developed the data processing and analysis pipeline,
conducted the analysis, and wrote the manuscript. Guido Grosse provided guidance for the
framework of this study and revised and commented the manuscript. Ingmar Nitze and Guido
Grosse conducted ground truthing activities in the Lena Delta, on the Alaska North Slope, and

in Northwestern Alaska. Benjamin Jones provided oblique aerial imagery for specific sites.
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All other authors conducted field work in one of the study regions and provided local specific
data, valuable field knowledge specific to each study site, and revised and commented the

manuscript.

1.4.4 Chapter5

Lara M.J., Nitze, I. Grosse, G. & McGuire, A.D. (in revision). Tundra landform and
vegetation productivity trend maps for the Arctic Coastal Plain of northern Alaska. Nature

Scientific Data.

Mark J. Lara designed the study, developed the analysis, including remote sensing processing,
GIS Analysis and modelling, and wrote the manuscript. Ingmar Nitze and Guido Grosse
developed and processed NDVI trend data and edited, commented and revised the manuscript.
Guido Grosse and A. David McGuire edited, commented and revised the manuscript and

provided site specific and permafrost related knowledge.

1.4.5 Appendix Paper 1

Lara M.J., Nitze, I. Grosse, G. Martin, P., and McGuire, A.D. (in revision). Reduced arctic
tundra productivity linked with landform and climate change interactions. Nature Scientific

Reports.

Mark J. Lara designed the study, analyzed the data, developed the polygonal tundra map, and
wrote the manuscript. Ingmar Nitze and Guido Grosse developed and processed NDVI trend
data and edited, commented and revised the manuscript. Philip Martin was pivotal in the
conceptualization of the polygonal tundra map. A. David McGuire assisted in model
forecasting. All authors reviewed the manuscript and made significant contributions to the

writing.
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2.1 Abstract

Arctic permafrost landscapes are among the most vulnerable and dynamic landscapes
globally, but due to their extent and remoteness most of the landscape changes remain
unnoticed. In order to detect disturbances in these areas we developed an automated
processing chain for the calculation and analysis of robust trends of key land surface
indicators based on the full record of available Landsat TM, ETM+, and OLI data. The
methodology was applied to the ~29,000 km* Lena Delta in Northeast Siberia, where robust
trend parameters (slope, confidence intervals of the slope, and intercept) were calculated for
Tasseled Cap Greenness, Wetness and Brightness, NDVI, and NDWI, and NDMI based on
204 Landsat scenes for the observation period between 1999 and 2014. The resulting datasets
revealed regional greening trends within the Lena Delta with several localized hot-spots of
change, particularly in the vicinity of the main river channels. With a 30-m spatial resolution
various permafrost-thaw related processes and disturbances, such as thermokarst lake
expansion and drainage, fluvial erosion, and coastal changes were detected within the Lena
Delta region, many of which have not been noticed or described before. Such hotspots of
permafrost change exhibit significantly different trend parameters compared to non-disturbed
areas. The processed dataset, which is made freely available through the data archive

PANGAEA, will be a useful resource for further process specific analysis by researchers and
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land managers. With the high level of automation and the use of the freely available Landsat
archive data, the workflow is scalable and transferrable to other regions, which should enable
the comparison of land surface changes in different permafrost affected regions and help to

understand and quantify permafrost landscape dynamics.

2.2 Introduction

The Arctic has been subject to a significant increase in air temperatures during the last
decades, which are projected to further rise about 6 °C in terrestrial and around 10 °C in
marine areas by the end of the 21st century (IPCC, 2013 — RCP 6.0). Such significant and,
on geological time scales, sudden changes of climatic conditions have a potentially massive
impact on thaw-vulnerable permafrost landscapes, which cover about 24 % of the northern
hemisphere's land mass (Zhang, Barry, Knowles, Heginbottom, & Brown, 2008). Increasing
air and ground temperatures can lead to widespread thaw of permafrost soils and frozen
deeper deposits, which are estimated to account for a carbon stock of more than 1.5 times that
of the atmosphere (Hugelius, et al., 2014; Strauss, et al., 2013). Thaw and further warming of
portions of this soil carbon pool would initiate and accelerate the decomposition of the largely
inactive frozen soil carbon to carbon dioxide and methane, which in turn will contribute to
further warming. The result is a positive feedback cycle with potentially global implications
for climate and society (Grosse, et al., 2011; Schuur, et al., 2015). In particular, low-lying
permafrost-dominated Arctic river deltas, located at the interface of terrestrial and marine
realms, are highly vulnerable to landscape-scale changes driven by global warming. Important
factors for these regions are permafrost thaw and terrain subsidence as well as changes in
runoff patterns and sediment transport, seasonality and ice regimes, and relative sea level and
coastline position (Burn & Kokelj, 2009; Ericson, Vorosmarty, Dingman, Ward, & Meybeck,
2006; Solomon, 2005; Walker H. J., 1998; Terenzi, Jorgenson, Ely, & Giguere, 2014).

Therefore, it is necessary to closely monitor the dynamics of Arctic river deltas to better
estimate landscape scale climate change impacts and to quantify carbon fluxes. Due to the
large size and remoteness of Arctic regions, many local and medium scale geomorphological,
ecological, and hydrological processes remain unnoticed because field studies can only focus
on limited and logistically accessible sites. Data on landscape-scale changes is sparse and

heterogeneously distributed among few field study sites (e.g., Samoylov field station in the
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southern Lena Delta, Siberia) or natural resource exploration sites (e.g. Prudhoe Bay, Alaska).
Various remote sensing data and techniques can provide excellent tools for detecting,
monitoring, and scaling rapid disturbances as well as gradual changes in permafrost
landscapes and overcome knowledge gaps. Field and high resolution remote sensing studies
that have focused on local spatial extents include observations of permafrost thaw dynamics
(Raynolds, et al., 2014), surface hydrology (Karlsson, Lyon, & Destouni, 2014; Muster,
Langer, Heim, Westermann, & Boike, 2012; Plug, Walls, & Scott, 2008) or coastal erosion
(Giinther, Overduin, Sandakov, Grosse, & Grigoriev, 2013; Lantuit, et al., 2011).

Broad-scale processes in the Arctic or even globally, such as hydrological, vegetation or
climate dynamics, are generally monitored with remote sensing data at a high temporal-, but a
limited spatial resolution of 250m or coarser (Stow, et al., 2004; Beck & Goetz, 2011;
Fensholt & Proud, 2012; Goetz, et al., 2011; Urban, et al., 2014). While these approaches
capture hemispheric-scale patterns, a large proportion of relevant landscape changes occurs at
rather small spatial scales with high temporal dynamics, such as thermokarst lake changes or
thaw slump development and escapes observations. The magnitude and abundance of these

processes thus remains unnoticed in most places.

With increasing computation capacities and novel processing techniques in conjunction with
the free availability of the entire Landsat archive, it becomes viable to exploit this valuable
and consistent data source to assess multi-scaled land surface dynamics in the high latitude
permafrost regions. Recently, the focus of monitoring high resolution land cover changes or
disturbances shifted from the analysis of single, widely spaced observations towards a high-
frequency multi-temporal analysis using the entire Landsat archive, with over 40 years of
continuous acquisitions. Examples include mostly forestry applications, for example
disturbance and recovery monitoring (Fraser R. , Olthof, Carriére, Deschamps, & Pouliot,
2012; Hansen, et al., 2013; Kennedy, Cohen, & Schroeder, 2007; Olthof & Fraser, 2014;
Pflugmacher, Cohen, & Kennedy, 2012), monitoring of glacial flow velocities (Rosenau,
Scheinert, & Dietrich, 2015), or observations of snow cover persistence in Alaska (Macander,
Swingley, Joly, & Raynolds, 2015). These studies are predominantly based on the analysis of
temporal trajectories of multi-spectral indices (MSI) or the original spectral bands. In
terrestrial permafrost areas, robust linear trend analysis of Landsat Tasseled Cap (TC) index

time-series has been proposed (Fraser R. , Olthof, Carri¢re, Deschamps, & Pouliot, 2012) and
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applied in different studies of land changes in Northwestern Canada, such as post-fire forest
recovery (Fraser R. H., et al., 2014), the evolution of thaw slumps (Brooker, Fraser, Olthof,
Kokelj, & Lacelle, 2014) and land cover change classification (Olthof & Fraser, 2014). Other
studies on disturbances and changes in permafrost regions, based on multi-temporal Landsat
data are available, such as thermokarst lake evolution or permafrost degradation (Beck,
Ludwig, Bernier, Lévesque, & Boike, 2015; Karlsson, Lyon, & Destouni, 2014; Plug, Walls,
& Scott, 2008). However, these studies do not fully exploit the temporal capabilities of the

full Landsat archive.

In this study we present the multi-temporal analysis of Landsat-based land surface properties
for the entire Lena river delta, an approximately 29,000 km2 large permafrost-dominated
region in Northern Siberia, for the 1999 to 2014 period. We provide robust calculations of
linear trends of different well-established MSI (Landsat Tasseled Cap, NDVI [Vegetation],
NDWI [Water], NDMI [Moisture]) and use these to assess the recent dynamics in this deltaic
lowland landscape. We further identify and highlight diverse permafrost related processes and
disturbances associated with the calculated spectral trends on different temporal and spatial

scales.

2.3 Study Area and Data

2.3.1 Study Area

The Lena Delta is located in northeastern Siberia's continuous permafrost zone between 72°
and 74°N and 123° to 130°E (Figure 2.1). With an approximate size of 29,000 km? it is the
largest Arctic river delta and one of the largest deltas globally (Walker H. J., 1998; Schneider,
Grosse, & Wagner, 2009). It is surrounded by the Laptev Sea with the adjacent New Siberian

Islands to the north and the Chekanovsky and Kharaulakh mountain ranges to the south.

The delta is characterized by numerous river channels and more than 1500 islands of various
sizes (Are & Reimnitz, 2000; Grigoryev, 1993). Morphologically, the delta can be divided
into three distinct terraces (Grigoryev, 1993; Schwamborn, Rachold, & Grigoriev, 2002). The
first terrace, further divided into the recent and the Holocene floodplains, is the youngest and

currently active part of the delta and covers most of the east-northeastern areas as well as the
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southern and southwestern-most parts. Its surface predominantly consists of wetlands with ice
wedge-polygonal tundra and thermokarst lakes (Morgenstern, Grosse, & Schirrmeister, 2008).
The second terrace, also referred to as the Arga Complex, is located in the northwestern part
and contains mostly sandy, comparably dry soils with low ground-ice content. Large, mostly
oriented lakes and depressions are abundant in this area (Morgenstern, Grosse, &
Schirrmeister, 2008). The third and oldest terrace appears in isolated patches in the southern
delta region, and consists of remnants of a Late Pleistocene accumulation plain (Schirrmeister,
et al., 2003). It is characterized by very ice-rich, organic-rich, fine grained sediments
(Yedoma), which form a polygonal tundra landscape with deep thermokarst lakes and basins
as well as thermoerosional gullies (Morgenstern A. , Grosse, Glinther, Fedorova, &

Schirrmeister, 2011).

The geological and hydrological surface conditions are well reflected in the vegetation types.
Within the 1st and the 3rd terraces, wet or moist Tundra is the dominating land-cover.
However, drier tundra conditions are not uncommon. On the 2nd terrace and particularly in
the northwestern delta region, seasonally drier conditions prevail with dry tundra being the
most typical land-cover interspersed with wet or moist tundra, (see Figure 2.2) (Schneider,

Grosse, & Wagner, 2009).

Near-surface permafrost soils of the Lena Delta contain a large organic carbon pool that is
potentially vulnerable to mobilization upon thaw (Zubrzycki, Kutzbach, Grosse, Desyatkin, &
Pfeiffer, 2013). Deeper sediments, in particular in the 3rd terrace, also contain a large organic
carbon pool and may be thaw vulnerable due to their high ground ice content (Schirrmeister,

etal., 2011).

The study area's climate is typical for the High Arctic with a mean annual temperature of -
12.5 °C, measured at Samoylov station in the southern Lena Delta (Boike, et al., 2013)
(observation period: 1998- 2011). The seasonal temperature differences are pronounced with
mean temperatures of 10.1 °C in July and—33.1 °C in February. Precipitation amounts are low
with an average of about 200 mm, predominantly falling as rain during the short summer
period. In the study area, the permafrost is continuous with depths of around 500-600m,
though there is potential for permafrost-penetrating taliks underneath the major delta

channels. The active layer depths range from 30 to 90 cm (Boike, et al., 2013; Grigoryev,
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1993). Vegetation cover in the Lena Delta is dominated by sedge, grass, moss and dwarf shrub

wetlands (Schneider, Grosse, & Wagner, 2009).

The Lena Delta is affected by pronounced seasonal runoff dynamics partially driven by a very
large watershed integrating contributions from several climate zones. A significant spring
flood during snowmelt and ice breakup results in water levels increased by several meters and
temporary flooding of low-lying areas, followed by a strong drop of water levels in channels
and a gradual decline of discharge through the summer season (Fedorova, et al., 2015; Yang,

et al., 2002).
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Figure 2.1: Synthetic Landsat mosaic of Lena Delta indicated with main geomorphological terraces.
Mosaic based on modeled reflectance values of multi-temporal trend-analysis. RGB bands (SWIR-1, NIR,

Red). Terrace extent (terraces 2 and 3) from Morgenstern, Rohr, Grosse and Grigoriev (2011).
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2.3.2 Data

The entire Landsat (LS) image archive of Thematic Mapper (TM), Enhanced Thematic
Mapper+ (ETM+) and Observing Land Imager (OLI) sensors was searched and filtered over
all Worldwide-Reference System-2 (WRS-2) tiles intersecting the Lena Delta. In total 14
WRS-2 tiles were selected for this study (Table 2.1). The data were acquired in
radiometrically and geometrically terrain-corrected state (processing level L1T) from the
United States Geological Service (USGS) via the GLOVIS and Earth Explorer platforms. The
imagery has a spatial resolution of 30m and largely similar spectral characteristics. All
common spectral bands (blue, green, red, near-infrared / NIR, short-wave-infrared-1 and -2 /
SWIR1 and SWIR2) were used for analysis while the remaining bands were excluded from
further processing. Images from the first Landsat sensor generation (Multispectral Scanner /
MSS) were not taken into consideration at this point, because of their coarser spatial

resolution and lower spectral fidelity.
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Figure 2.2: Land cover fraction per terrace on land areas. Land cover types from Schneider et al. (2009).

Water classes are excluded.

The image selection was filtered to acquisition dates between July Ist and August 30th to
represent the peak growing season, chosen to match the acquisition period of other Landsat
based trend analysis studies in high latitudes for better comparability (Fraser R. H., et al.,

2014; Ju & Masek, 2016). Maximum cloud coverage was set to 80 % in order to minimize the
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influence of confounding factors such as clouds and shadows. The availability of Landsat
images in the study area started for the majority of locations in 2000. In some locations, the
archive reaches back until year 1999. Therefore, the full time-series spans 14 to 15 years. In
total 204 images fulfilled the selected criteria regarding date of acquisition and cloud cover.
The spatial distribution of data availability exhibits an inhomogeneous pattern with a gradient
from the eastern and northeastern coastal regions of the Lena Delta, where only few scenes
are available, towards the southern parts, which exhibit a better coverage (cf. Figure 2.5).
Owing to the high latitude the image acquisition paths have large overlapping areas, thus
leading to an increased theoretical acquisition frequency compared to lower latitudes. The
majority of the study area is captured by 4 to 5 overlapping image paths, resulting in a
repetition cycle of 3 to 5 days in a single satellite setup and even higher frequency with more
than one satellite available. However, this advantage of strong overlap and potential high
acquisition frequency is dampened by the strong cloudiness, short snow free season, and the
lack of on-board data archiving on Landsat-5 while at the same time this region is very remote

from receiving stations (Goward, et al., 2006).

The data availability over time has been rather inconsistent. The number of available image
tiles over the entire study areas fluctuated between a minimum of 2 in years 1999 and 30 per
year in 2013. Since 2007 the data availability has been rather favorable and improved further
with the launch of Landsat-8 in 2013 (Figure 2.3). If shoulder seasons in June and September
were included in the processing and analysis, the number of images would be 346, an increase

of about 70 %.

Table 2.1: All WRS-2 tiles over the Lena Delta with number of available images within selected criteria

WRS-2 Path  WRS-2 Row #images | WRS-2 Path WRS-2 Row # images
127 10 1 131 9 25
128 9 1 132 8 21
128 10 15 132 9 24
129 9 15 133 8 22
130 8 2 133 9 19
130 9 11 134 8 13
131 8 17 135 8 18
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Figure 2.3: Number of Landsat scenes within selection criteria per month of the entire study area during

the observation period.

2.3.3 Methods/processing

Our processing chain from the downloaded raw images to the final product consists of many
different steps, which can be grouped into pre-processing, and analysis/trend calculation
(Figure 2.4). The preprocessing included radiometric corrections, spatial corrections and
reprojection as well as data subsetting. The final time-series processing includes multi-
spectral index calculation and trend analysis. The time-series processing predominantly

follows the robust linear trend analysis of Landsat Tasseled Cap Indices proposed by Fraser et
al. (2012).

20



2 - Detection of landscape dynamics in the Arctic Lena Delta with temporally dense Landsat

time-series stacks

USGS

|
|
Filter
i | Dataset
Landsat Archive Cloid Cover | [ l
% < 80% ’ Process Module l
Acquisition Month |
Raw LS Scenes (Jul, Aug) | ’ Output ]
Sensor |
% (TM, ETM+, OLI) |
Image Stack v |
47 FMask Pre-Processing |
Stacked Scenes pEEERE= eSS
47 V | Trend Calculation
Mask Layer |
Apply Mask < Cloud
Shadow | Slope <
47 Snow | Median
Masked LS Scenes | Lower confidence
| Upper confidence
J7 I ‘%7 | each index
X + - . I
Subset Subset + Reprojection | n‘tercept L |
I each index
- .
Calculate TOA | Theil Sen Regression
rFr—_ - - — J

!

TTTT11

Multispectral Indices

Image Subsets N
42 - 166 datasets per subset
62 Subsets - 30 x 30 km

Index Calculation [T

TCB, TCG, TCW,
NDVI, NDWI, NDMI

Figure 2.4: Flowchart of image processing chain.

Preprocessing

First, all archived Landsat data files were extracted and sorted by their spatial location (WRS-
2 path/row). The FMask algorithm in Version 3.2.1 beta (Zhu & Woodcock, 2012) was
applied to each image with its standard settings. This algorithm detects clouds, shadows and
snow/ice in Landsat images of all generations. The FMask layer was then used to mask out all
non-valid data: Clouds, Shadows, Snow/Ice and NoData. Owing to the large amount of data,
the study site was subdivided into 62 subsets of 30 x 30 km large tiles, which equals 1000 x
1000 pixels per image tile. As the Lena Delta has a large spatial extent spanning three UTM
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zones (51 to 53), several reprocessing steps were necessary to achieve a common spatial
reference in conjunction with an exact spatial alignment of each pixel. UTM Zone 52N in
WGS 84 was chosen as the master projection, as it is centrally located in the study area and
warrants the least distortion over the entire dataset. The masked image tiles with the master
projection were clipped to the particular subset/tile boundaries, where applicable. Those with
a different native projection were reprojected with a cubic convolution kernel and aligned to
the common pixel footprint during the subsetting process using gdalwarp of the gdal utilities
functions. Finally all subsets were radiometrically calibrated to top-of-atmosphere (TOA)

reflectances in order to create seasonally normalized and comparable data among sensors.
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Figure 2.5: Number of unobstructed observations after pre-processing over the study period between 1999

and 2014 super-imposed with WRS-2 boundaries.
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Trend Calculation

For the final processing, all available datasets were stacked to four-dimensional data-cubes
with one temporal, one spectral and two spatial dimensions. The spectral domain consists of
the six common optical Landsat bands (Blue, Green, Red, NIR, SWIR-1, SWIR-2). Several
multispectral indices, serving as proxies for different land-surface properties, were calculated
over each image of the data stack. For this analysis we included the Landsat specific Tasseled
Cap indices Brightness (TCB), Greenness (TCG), and Wetness (TCW) (Baig, Zhang, Shuali,
& Tong, 2014; Crist, 1985; Huang, Wylie, Yang, Homer, & Zylstra, 2002) as well as other not
sensor-specific indices, such as the Normalized Difference Vegetation Index (NDVI) (Rouse
Jr, Haas, Schell, & Deering, 1974), the Normalized Difference Water Index (NDWI) (Gao,
1996) and the Normalized Difference Moisture Index (NDMI) (Wilson & Sader, 2002). They
were chosen to reflect a variety of surface characteristics like vegetation status, surface
moisture or open water. The TC indices were calculated with the sensor-specific formulas for

TOA reflectance data (Table 2.2).

TCx = pp*Fg+ pg * Fg + pr* Fr + pnir * Fyir + Pswirt * Fswirt + Pswirz * Fswirz (2.1)

NDV] = BNIRZPR (5 5)

PNIRTPR

NDW] = EEZPNIR (5 3)

PGTPNIR

NDM] = ENIRZPSWIR1 (2.4)

PNIRTPSWIR1
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Table 2.2: Landsat Tasseled Cap Factors for Landsat TM, ETM and OLI top-of-atmosphere reflectance

values.

Band Factors

Sensor - Index Fg Fs Fr Fnir Fswir1 Fswir2 Reference
L5-TCB 0.2043 0.4158 0.5524 0.5741 0.3124 0.2303 | Crist (1985)
L5-TCG -0.1603 -0.2819 -0.4934 0.7940 -0.0002 -0.1446

LS -TCW 0.0315 0.2021 0.3102 0.1594 -0.6806 -0.6109

L7-TCB 0.3561 0.3972 0.3902 0.6966 0.2286 0.1596 | Huang et al. (2002)
L7 -TCG -0.3344 -0.3544 -0.4556 0.6966 -0.0242 -0.2630
L7 -TCW 0.2626 0.2141 0.0926 0.0656 -0.7629 -0.5388

L8 -TCB 0.3029 0.2786 0.4733 0.5599 0.5080 0.1872 |Baigetal. (2014)
L8 -TCG -0.2941 -0.243 -0.5424 0.7276 -0.0713 -0.1608
L8 - TCW 0.1511 0.1973 0.3283 0.3407 -0.7117 -0.4559

With the final step, the linear trends for each index were calculated in the temporal domain,
using the robust Theil-Sen (T-S) regression method (Sen, 1968; Theil, 1992), which is
insensitive to around 30 % outliers and has been found to outperform standard least-squares
regression on remote sensing data (Fernandes & Leblanc, 2005). Furthermore, this technique
has been successfully applied to the trend detection of Landsat TC time-series in the Canadian
North-West for temporal analysis of forested areas and thaw slump activity (Fraser R. H., et
al., 2014; Olthof & Fraser, 2014; Brooker, Fraser, Olthof, Kokelj, & Lacelle, 2014). The T-S
regression method is based on the calculation of paired slopes, thus, the calculation of slopes
from every point in time to each other. The median of these calculated slopes is taken as the

master slope over the entire time-series.

n
ts_slope = median i) (2.5)
. (ti—tj)

The intercept is defined as:
intercept = median(y) —ts_slope * median(t) (2.6)

The final output was written into geospatial raster files with the same spatial resolution and
footprint of the input Landsat data with four bands each. Every output file contains

information on slope, intercept scaled to year 2014, and the upper and lower confidence
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intervals of the slope (a0 = 0.05). T-S calculations were carried out with the scipy.stats package

in the python programming language. Output products were calculated for each MSIL.

2.4 Results

The calculated trends of the Tasseled Cap- and normalized multispectral indices (MSI) exhibit
time-series trajectories on multiple scales ranging from local disturbances to regional
processes. In the following subsections, different changes observed on multiple spatial scales

will be presented and analyzed.

2.4.1 Regional Scale changes

Regional-scale trends in vegetation and moisture patterns become clearly apparent in the
resulting datasets. The different MSI trend directions and magnitudes indicate the type and
magnitude of changes within the study area (Figure 2.6).

Table 2.3: Statistics of trend slopes (mean and standard deviations) and trend intercept (mean, baseline

July 1 2014), over the entire study area and divided by terrace.

Lena Delta 1™ terrace 2" terrace 3" terrace
Slope Intercept Slope Intercept Slope Intercept Slope Intercept

Index mean std mean mean std mean mean std mean mean std mean

TCcB |0.0168 0.0139 0.2910 |0.0158 0.0149 02622 |0.0179 0.0128 0.3092 |0.0197 0.0118 0.3374
TCG |0.0194 0.0139 0.0122 |0.0208 0.0145 0.0178 |0.0126 0.0075 -0.0114 |0.0364 0.0105 0.0464
TCcw |0.0271  0.0149 -0.0805 |0.0257 0.0158 -0.0596 |0.0260 0.0123 -0.1121 |0.0389 0.0131 -0.1011
NDVI | 0.0359  0.0323 0.4605 |0.0375 0.0381 0.4519 |0.0261 0.0202 0.3504 |0.0501 0.0191 0.4968
NDMI | 0.0271  0.0413 0.0993 | 0.0192 0.0475 0.1453 | 0.0394 0.0248 -0.0049 |0.0417 0.0290 0.1064
NDWI | -0.0364 0.0302 -0.4102 |-0.0390 0.0348 -0.3764 |-0.0249 0.0199 -0.3215 |-0.0487 0.0174 -0.4524

Vegetation/greening

The terrestrial domain of the Lena Delta exhibits a gradual moderate greening trend, which is
evident in both vegetation indices TCG and NDVI (Figures 2.5-2.6). For TCG, a mean
decadal increase of 0.0194 + 0.0139 (1 standard deviation) (Table 2.3) is calculated, whereas

NDVI has a mean decadal increase of 0.0359 + 0.0323 in terrestrial areas over the entire delta.
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An in-depth analysis reveals regional differences between the delta terraces, but also further

localized variation of the greening trends.

The second terrace shows the smallest increase among all subregions with only a weak
positive trend of TCG and NDVI (Table 2.3). In contrast, the first and third terraces exhibit a
stronger than average greening trend, with the third terrace showing a more pronounced
greening apparent in both TCG and NDVI. The small STD of the TCG and NDVI trends

within the third terrace indicate a more homogeneous greening within this sub-region.

Apart from the differentiation between the terraces, the strongest greening trends
predominantly occur in the southern and eastern delta regions around the main river channels
and the adjacent mainland areas to the south. A similar, but more isolated, greening hot-spot
can be observed in the active northern central delta region. All of the detected hot-spots are
located along the widest river channels, which presumably are the most active parts of the

Lena Delta and under a stronger influence of the comparably warm waters of the Lena river.

The Intercept values, which are the predicted TCG and NDVI values for 2014, follow a strong
regionalization based on the delta terraces (Figures 2.7-2.8). Both vegetation indices exhibit
the highest values on the third terrace and the active floodplain. On the Holocene floodplain
of the first terrace and the second terrace with mostly dry and sandy substrate, both indices

are generally lower.

Wetness/moisture

The calculated slopes of TCW and NDMI exhibit a general wetting trend over the majority of
the study area with some spatial variation. The strongest increase in wetness can be found in
the eastern coastal regions, the northern active delta region, Khardang Island, and Bykovsky
Peninsula. The wetness trend in these regions correlates well with the observed increase in
Greenness. However, at the same time the second terrace is also subject to a wetting trend
without the simultaneous greening. The trends of both indices correlate generally well, but
disagree to some extent. Such differences can be observed on the western Bykovsky

Peninsula or the east-northeastern delta region.
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As already observed with the vegetation indices, both moisture sensitive MSI exhibit strong
regional patterns varying by terrace unit, where the first terrace has the highest TCW intercept
values. These are likely caused by the influence of the Lena river with its annual flood during
its ice break-up in late spring. Within this particular sub-region the eastern and northern
coastal areas show the highest wetness values. The second and third terraces in contrast
exhibit lower absolute intercept values in the TCW and NDMI, indicating generally drier

surfaces.

Brightness/albedo

TCB exhibits a weak positive trend over the majority of the study area. Spatial differences can
be observed, however as opposed to the other indices, there are no distinct patterns between
the different terraces for the slope component of the trend analysis. In contrast, the intercept

exhibits increasing values from the first-, to the second-, to the third terrace.

NDWI

NDWTI has a strong inverse correlation with NDVI and predominantly represents the temporal
behavior of the greenness instead of water or wetness. The regional scale information is
redundant to greenness and therefore omitted from further regional scale analysis. However,
NDWTI is kept for the analysis of local scale changes, due to its ability to discriminate between

water and non-water information.
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Figure 2.6: Regional overview of decadal trend slope of multi-spectral indices (TCB, TCG, TCW, NDVI,
NDMI, NDWI).
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Figure 2.7: Boxplots of trend slopes of each index over the entire Lena delta, and subdivided by

geomorphological terrace.
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Figure 2.8: Regional overview of trend intercept of multi-spectral indices scaled to year 2014 (TCB, TCG,
TCW, NDVI, NDMI, NDWI).

Decadal Trends of Multi-spectral Indices - Lena Delta
0.6

0.4

oz PEEE #3t
RSP |}

-0.2

iy

-0.6
oE [ Lena Delta 1 A1st terrace [ 2nd terrace [ 3rd terrace]

Intercept

TCB TCG TCW NDVI NDMI NDWI
Multi-Spectral Index

Figure 2.9: Boxplots of trend intercept of each index over the entire Lena delta, and subdivided by

geomorphological terrace.

2.4.2 Local scale changes

With a spatial resolution of 30 m, the trend analysis of Landsat time-series excels in the
detection of local scale features and trends of land surface properties associated with changes

in such features compared to other high-temporal, but coarse-resolution data such as from

29



2 - Detection of landscape dynamics in the Arctic Lena Delta with temporally dense Landsat

time-series stacks

MODIS. In the following section, we highlight examples of different typical changes for
specific sites on or around the island of Sobo-Sise in the southeastern Lena Delta, where we
conducted permafrost field studies in summer 2014 (Figure 2.10). The detected changes
include thermokarst processes, such as lake expansion and drainage and fluvial processes,
such as erosion and deposition. Examples of coastal dynamics are presented from the

northwestern delta region (Figure 2.10).

Trend slope coefficients of Landsat
Tasseled Cap Indices

RGB 3-Band Composite

R: TC Brightness (TCB)
G: TC Greenness (TCG)
B: TC Wetness (TCW)
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Figure 2.10: RGB composite maps of Tasseled Cap Index trend slopes of Sobo-Sise Island (A) and the
northwestern coastal region (B). Subset locations marked with red boxes. A-1: Thermokarst lake
drainage; A-2: Thermokarst lake expansion; A-3: Fluvial erosion and sandbank migration; B-1: Coastal
inundation; B-2: Barrier island migration. Band combination - Red: TC Brightness, Green: TC

Greenness, Blue: TC Wetness.

Thermokarst lake changes
Lake drainage

Several examples of rapidly changing thermokarst lakes were found in the study area,
predominantly on the third terrace or the active parts of the Lena Delta. In many cases, partial
or complete drainage was noticed during the observation period. A prime example of this

disturbance type is located on the island of Sobo-Sise in the eastern Lena Delta, where a mid-
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sized thermokarst lake (ca. 1 km?) completely drained during the observation period (Site A-1,
Figures. 2.9-2.10). Due to the drainage, the surface at this site was subject to a transition from
water to bare exposed lake sediment to partial vegetation cover over time (Figure 2.11), which
is very well documented in the trajectories of the different MSI-trends (Figure 2.12). The TCB
index exhibits a strong positive trend, driven by the change from a dark water surface to a
brighter soil and later vegetation surface. Both vegetation indices strongly increase after the
drainage event due to the growth of initial vegetation, most likely tall sedges rapidly growing
and thriving on nutrient-rich lake sediments. Additionally, all water or moisture sensitive
indices (TCW, NDMI, NDW]I) trace the transition from water to a terrestrial surface with a
strong negative trend. The drainage event occurred between 2003 and 2005 (Figure 2.12), a
more precise period cannot be determined from this dataset due to a lack of observations
during this period. Spatially, intra-basin differences can be detected that are caused by local
variation in vegetation emergence patterns or wetness conditions within the drained lake basin
as shown in the cross-section of index slopes (Figure 2.12). Outside the basin, all slopes

exhibit a spatially consistent pattern with values close to zero.

In the entire Lena Delta region, more than 40 full or partial lake drainage events were
observed, causing highly significant trends (T-S confidence intervals, a=0.05) with the same
trend directions and similar magnitudes that are clearly distinguishable from stable land forms
or regional-scale changes (see Section 2.3.1). Most lake drainage events occurred in the active
parts of the Lena Delta, predominantly in the vicinity of river channels, which tap and drain

lakes by lateral erosion.
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Figure 2.11: RGB composite maps of Tasseled Cap Index trend slopes (TCB-TCG-TCW) and Landsat
color-infrared images (NIR-R-G) of thermokarst lake drainage (A-1). A: Trend slopes of drained
thermokarst lake with temporal profile location and cross-section. B: Landsat-7 acquired on July 28th
2000. C: Landsat-5 acquired on July 25th 2007. D: Landsat-8 acquired on July 16th 2013. Map
coordinates: UTMS2N.
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Figure 2.12: Temporal profile of and cross-section through drained thermokarst lake (A-1). Left:
Temporal profile of Tasseled Cap (top) and normalized (bottom) multi-spectral indices from 1999 to 2014
with Theil-Sen trend lines. Potential timing of disturbance indicated in the background. Right: Cross
section of trend slopes of all multi-spectral indices through drained thermokarst lake basin super-imposed

by land cover and disturbance locations.
Lake expansion

Thermokarst lake expansion, a typical process in permafrost landscapes involving thermal and
mechanical erosion of shore bluffs containing ice-rich permafrost, was observed for most of
the lakes in the study area. In contrast to the sudden drainage, this process is characterized by
a gradual erosion of lake shores, usually with average rates of tens of cm to few meters per

year for typical thermokarst lakes (Jones B. M, et al., 2011).

For this process, the transition from vegetated tundra surface to water exhibits trends in the
opposite direction of a lake drainage site (Figures 2.13-2.14). The water sensitive indices
TCW and NDWI exhibit a strong positive trend in a pure change pixel (0.03, 0.253), whereas
NDVI and TCB react with a negative trend of -0.245 and -0.047, respectively. TCG and
NDMI however, do not seem to be sensitive to this kind of change, as indicated by values
close to zero. Due to the slow expansion in conjunction with the pixel size of 30 meters, this
type of change is subject to a large number of mixed pixels. Depending on the rate of the lake
expansion and the point in time where the respective pixel or parts thereof became subject to
change the trend slopes may lie in between the pure end-members of water and tundra.

Additional factors such as suspended sediment loads also influence the trend slopes.
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Figure 2.13: RGB composite map of Tasseled Cap Index trend slopes (TCB-TCG-TCW) of thermokarst
lake expansion on Sobo-Sise Island (A-2). Map coordinates: UTMS2N.
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Figure 2.14: Temporal profile of Tasseled Cap (top) and normalized (bottom) multi-spectral indices from

1999 to 2014 with Theil-Sen trend lines of eroding lake shore (A-2).
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Fluvial dynamics

The Lena Delta is a highly active hydrological system with different fluvial processes,
including the erosion of terrestrial areas, the accumulation and movement of sandbanks (cf.
Figures 2.10, 2.16), and other morphological changes such as shifting river channels.
Examples of rapid fluvial erosion can be found in the southern portion of the delta where the
main channels of the river cut into the elevated surface of the third delta terrace consisting of
ice-rich Yedoma permafrost deposits. This erosion causes the formation of steep cliffs of up to
25 meters in height. A prime example is located on the northern shore of Sobo-Sise island,
where erosion rates of up to 20 m per year are detected and a vertical bluff has formed (Figure
2.15). This rapid cliff retreat creates pronounced trend slopes with a strong increase in the
water sensitive indices and a decrease in both vegetation indices as well as TCB (Figures
2.16-2.17). All change magnitudes within the transition zone are significant and deviate

strongly from the surrounding tundra and water surfaces (Figure 2.17).

The spatially most extensive changes take place in the main channels of the Lena Delta.
Downstream migration of sandbanks in shallow waters is a typical process in the active parts
of the delta. These changing areas are characterized by strong slopes in the calculated trends,
representing the transition from water to sand or vice versa. The trend directions of these
processes are similar to the above presented changes. They show a stronger magnitude in
TCB trends, but weaker trends in both VIs since these islands consist of bright sandy surfaces
and have only sparse or no vegetation. The slope magnitude is lower than transitions from a
permanently vegetated surface to water with an increased sensitivity of NDMI. Opposite
trends are observed in areas of emerging sandbanks due to sediment accumulation. In contrast
to the other indices, TCG appears to be rather insensitive to changes in riverbed morphology,

due to little involvement of vegetation.
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Figure 2.15: CIliff face of rapidly eroding ice-rich permafrost deposits (A-3) on Sobo-Sise Island, eastern
Lena Delta. Photo: G.Grosse
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Figure 2.16: RGB composite maps of Tasseled Cap Index trend slopes (TCB-TCG-TCW) and Landsat
color-infrared images (NIR-R-G) of rapidly eroding cliff (A-3). A: Trend slopes of rapidly eroding cliff on
Sobo-Sise island and migrating sandbanks within the Lena river. B: Landsat-7 acquired on July 28th
2000. C: Landsat-5 acquired on July 25th 2007. D: Landsat-8 acquired on July 16th 2013. Images
superimposed with shoreline of year 2000. Map coordinates: UTMS52N.
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Figure 2.17: Temporal profile of and cross-section through rapidly eroding cliff (A-3). Left: Temporal
profile of Tasseled Cap (top) and normalized (bottom) multi-spectral indices from 1999 to 2014 with Theil-
Sen trend lines. Potential timing of disturbance indicated in the background. Right: Cross section of trend

slopes of all multi-spectral indices through cliff super-imposed by land cover and disturbance locations.

Coastal Processes

The Lena Delta has an extensive and morphologically diverse coastline. Coastal erosion and
marine flooding can be detected along some parts of the coastline of the study area. Positive
trend slopes of the moisture sensitive indices are a dominant feature of the flat northwestern
coastal zone, hence indicating a transition to water. Due to the mostly very flat and sometimes

slightly undulating terrain the spatial extent of submerged areas varies strongly (Figure 2.18).

The long stretch of barrier islands on the western delta shore is characterized by a slow
eastward migration towards the coast with yearly rates of around 3-8 m. However, along the
observed stretch of around 60 km these rates are highly variable locally. On their seaward side
all index trends indicate the transition from land to water. On the leeward side the signal is
mixed, where some places exhibit a drying trend with an accumulation of sandy substrate, but

others being subject to flooding (Figure 2.18).

The remaining, active parts of the Lena Delta generally exhibit a more stable pattern.
However, various other types of coastal dynamics can be observed, such as sediment
deposition and erosion around major outlets, the transformation of near-shore lakes to lagoons
or thermal erosion on coasts of the Bykovsky Peninsula, and warrant a detailed analysis in the

future.
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Figure 2.18: RGB composite map of Tasseled Cap Index trend slopes (TCB-TCG-TCW) of coastal
dynamics. A: Marine inundation along northwestern shore (B-1). B: Barrier island migration along

northwestern shore (B-2). Map coordinates: UTM52N.

2.5 Discussion

2.5.1 Regional scale changes

The trend analysis of dense Landsat time-series has the potential to reveal gradual as well as
sudden landscape changes in the permafrost dominated Arctic Lena Delta on multiple
temporal- and spatial scales. General regional trends for the Lena Delta, such as a near
ubiquitous increase in both vegetation indices (NDVI, and TCG), indicate large scale
greening, which is in agreement with previous observations of an overall Arctic greening
trend in most tundra landscapes, based on coarse resolution satellite data (Beck & Goetz,
2011; Epstein, et al.,, 2012; Raynolds, Comiso, Walker, & Verbyla, 2008; Verbyla, 2008)
Landsat data (Raynolds, Walker, Verbyla, & Munger, 2013), or field studies (Myers-Smith, et
al., 2011). The specifically strong increase in both Vegetation Indices in the eastern near-
coastal delta regions, as well as in the active floodplains of the delta, can likely be attributed
to the influence of diminishing sea ice cover in the recent decades. Ice-free periods for the
Laptev Sea increased by around 10 days per decade (Markus, Stroeve, & Miller, 2009), which
likely promoted increasing air temperatures and vegetation changes in the Lena Delta similar
to other Arctic coastal regions (Post, et al., 2013). An increase in NDVI of tundra
environments has been linked to the increase in biomass and productivity, e.g. through shrub

encroachment, caused by rising summer temperatures (Bhatt, et al., 2010; Forbes, Fauria, &
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Zetterberg, 2010; Raynolds, Comiso, Walker, & Verbyla, 2008). Sea-ice loss driven land
temperature changes may also lead to increased permafrost degradation in coastal regions,

including the Lena Delta (Lawrence, Slater, Tomas, Holland, & Deser, 2008).

However, increasing air temperature alone does not explain the spatial pattern of greening, as
the coastal areas of the second terrace do not exhibit such a strong magnitude. According to
the Landsat- and field data-based land cover classification of Schneider et al. (2009) the areas
most affected by greening are covered by “Moist to dry dwarf shrub-dominated tundra”, while
the land cover in the less affected northwestern regions is dominated by “Dry moss-, sedge-
and dwarf shrub-dominated tundra”. The differences in land cover and probably also
vegetation trends in both regions seem to be partially tied to subsurface substrate conditions
and terrace morphology (Ulrich, Grosse, Chabrillat, & Schirrmeister, 2009). While the first
terrace is dominated by ice-rich sandy and silty sediments with overall flat and therefore
regularly flooded terrain, the second terrace is dominated by ice-poor fluvial sands and a more
undulating terrain that is usually not flooded anymore. Therefore, local environmental
conditions need to be considered in order to explain the cause of tundra greening trends. In
the Lena Delta, wet and moist sites such as the active floodplain or some coastal areas seem to
be more affected by tundra greening than dry sites. Several factors, such as plant type or local
factors like moisture have been found to influence the vegetation response on warming

(Elmendorf, et al., 2012), which is in agreement with the patterns of greening we observe.

The detected regional changes in wetness or moisture cannot be directly related to any single
process. While summer precipitation is an important driver of the tundra water balance in the
Lena Delta (Boike, Wille, & Abnizova, Climatology and summer energy and water balance of
polygonal tundra in the Lena River Delta, Siberia, 2008), the observed spatial patterns of soil
moisture trends are difficult to explain with precipitation alone that would rather affect the
entire region. Increasing soil moisture in very low-lying coastal areas in the eastern delta may
already be influenced by rising sea-levels and thus higher susceptibility to flood events, which
has been observed in other deltas (Terenzi, Jorgenson, Ely, & Giguere, 2014). Increasing
moisture levels of terrestrial sites farther from the coast may be related to changing
hydrological runoff conditions or to active layer deepening in conjunction with near-surface
ground-ice thaw. Field data on all these factors are sparse in the Lena Delta and a final

conclusion cannot be made at this point.

39



2 - Detection of landscape dynamics in the Arctic Lena Delta with temporally dense Landsat

time-series stacks

Some locations with very ice-rich sediments, e.g. the Bykovsky Peninsula and the third delta
terrace in general, exhibit a strong wetting trend. Local-scale ground ice-thaw (e.g., ice wedge
collapse or thaw pond formation) may be a factor of increasing surface moisture, which has
been observed in several areas around the Arctic (Liljedahl, et al., 2016). However, the spatial
resolution may not be sufficient to safely link the spectral changes to processes on such fine
scales and diffuse spatial patterns. Additional studies on a more local scale and better
information about widespread ground-ice thaw may help to improve the interpretation of

these trends.

Changes in soil moisture in the Lena Delta will have a significant effect on biogeochemical
cycling in permafrost-affected soils, where aerobic versus anaerobic conditions in the active
layer determine whether organic matter is decomposed into methane or carbon dioxide
(Kutzbach, Wagner, & Pfeiffer, 2004; Sachs, Giebels, Boike, & Kutzbach, 2010). Many
different factors could influence moisture sensitive MSI, particularly in a regional-scale

analysis.

An inter-comparison with field based measurements, high resolution imagery, or specific soil
moisture-related analysis could help to validate and better understand these trend findings in
the future. Our trend dataset could thus provide valuable information for selection of future

field study sites in locations that exhibit interesting trends in land surface properties.

2.5.2 Local scale changes

In contrast to the subtle regional-scale analysis, the spatio-temporal observation of specific
local scale landscape disturbances allows for a much more straight-forward analysis.
Landscape disturbances produced highly significant trend magnitude deviations from the
general regional-scale observations. The trajectories of the trend analysis allow for a direct
interpretation of disturbances. The drainage of thermokarst lakes for example is characterized
by decreasing values in all moisture/water sensitive indices (TCW, NDMI and NDWI),
whereas the brightness and vegetation sensitive indices (TCB, TCG, NDVI) exhibit a strong
increase, driven by the changing surface properties. In contrast to regional changes of the land
area, NDWI proved to be useful in the local scale detection of water surfaces and thus to

detect changes in water body extent.
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Each of the presented examples were significant outliers from the non-change regions and
have therefore the potential to be used for further process classification and improved

quantification of disturbances in permafrost and river delta landscapes.

2.5.3 Data quality

The inclusion of multiple generations of Landsat sensors is suitable for such applications,
with minor remaining issues. The high preprocessing level and calculation of sensor-specific
TOA-reflectance values results in a major radiometric normalization of imagery. With this
level of pre-processing, the sensor signal can be expected to be highly normalized among the
different sensors with an uncertainty of less than 5% between TM and ETM+ (Markham &
Helder, 2012). Similar studies, which are mostly based on TM and ETM+ data, either did not
mention sensor calibration issues (Fraser R. H., et al., 2014) or only minor differences
between the sensor signal (Ju & Masek, 2016). Within our analysis, we did not find noticeable
differences between the different sensors. Minor radiometric differences may still occur due
to slight differences in radiometric bandwidths for the sensors. However, the Tasseled Cap
MSI are designed to take these into account, in contrast to the normalized MSI (NDVI,
NDMI, NDWI).

The usage of ETM+SLC-OFF data causes some noise to the calculated trend products with
slight striping artefacts in cross-direction of the Landsat flight paths. These artefacts are more
pronounced with fewer observations, as the relative difference in the number of image
acquisitions is stronger between SLC gap and no-gap areas. Within the different trend
components the artefacts are more pronounced for slope than intercept and exhibit slightly

different magnitudes between the indices.

Multiple MSI were used to represent different surface properties. The vegetation sensitive
MSI (NDVI and TCQG) generally exhibit a strong correlation, but differ in their sensitivity.
The same behavior of the moisture sensitive MSI NDMI and TCW can be explained by the
different dynamic ranges, but also their calculation and inclusion of different spectral bands.
There is no clear preference of a MSI for either vegetation or moisture and the differences can
be seen as complementary information. NDWI, which