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Abstract

The terrestrial ecosystems of the northern high latitudes are subject to significant
changes during the last century and highly vulnerable to modifications in the global
climate system. Climate models predict increasing global mean temperatures for the
21" century. Changes in temperature, as well as precipitation, are having an impact on
snow cover, vegetation productivity and coverage, vegetation seasonality, surface
albedo, and permafrost dynamics. The coupled climate-land surface changes in the
arctic are thought to be a positive feedback in the Earth system, which can
potentially further accelerate global warming. In contrast to other regions, the
northern high latitudes are supposed to face the strongest and largest feedbacks for
the upcoming decades. Hence, the arctic region has become a major focus in Earth
system science and climate related research topics.

The identification of significant modifications of the state and spatio-temporal
dynamics of arctic climate and land surface parameters, such as temperature,
precipitation, snow and vegetation is a challenging issue. Earth observation
information from various sources provides a useful tool to observe and monitor
essential climate parameters. Moreover, Earth observation is an indirect
measurement technique which allows retrieving spatial information over large areas
and compensates for the lack of ground measurements in remote areas. Therefore,
the use of remote sensing information has gained high importance for climate change
related research studies during the last decades.

This thesis focuses on the analysis of trends and time series information on pan-
arctic scale using multi-scale Earth observation data and products describing
multiple essential climate and land surface parameters. Remote sensing time series
information covering the last 40 years have been utilized to identify spatial and
temporal characteristics of land surface temperature (LST) and albedo information
in northern Siberia. A comparison of remote sensing derived temperature values

with air temperature measurements from climate stations has been carried out to
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Abstract

address uncertainties in Earth observation LST products, which is of high
importance for future arctic climate investigations and modeling approaches. The
combination of trend findings from multiple sources has been used to analyze the co-
occurrence and relationship of different arctic climate and land surface parameters.
Changes of the vegetation structure during the last 40 years in the taiga—tundra
transition area have been classified using high spatial resolution multispectral remote
sensing data.

Analyzing changes in vegetation structure and phenological dynamics within the
taiga-tundra ecotone, which is the Earth greatest vegetation transition zone, is of
high importance in climate change research. Land surface temperature and albedo
time series information, which were derived from the NOAA (National Oceanic and
Atmospheric  Administration) AVHRR (Advanced Very High Resolution
Radiometer) Polar Pathfinder product, have shown significant dependencies for the
summer month in the northern parts of central Siberia. In detail, strong negative
correlations between LST and albedo values for the start and the end of the
vegetation growing period have been identified. The inter-annual dynamics and
variations are indicating changes in the vegetation growing period between 1982 and
2005 for the study region. Temporal variations from snow water equivalent and
vegetation greenness in this time period emphasize the findings in the AVHRR Polar
Pathfinder product.

The use of remote sensing based temperature information is an essential
information source for global climate change studies over large areas. Data from
various sensor platforms, such as MODIS (Moderate Resolution Imaging
Spectroradiometer), AVHRR and (A)ATSR ((Advanced) Along Track Scanning
Radiometer), are providing long-term LST time series information (e.g. AVHRR —
since the 1980s). Assessing the quality of satellite-based temperature information is
important to provide feedback to the climate modeling community and other users.
Remote sensing derived LST and air temperature records from meteorological
stations covering the entire pan-arctic circle, which were provided by the National
Climate Data Center (NCDC), were compared to identify agreements and
discrepancies between these variables. The MODIS LST product has shown the
highest agreement to the corresponding air temperature records. (A)ATSR and
AVHRR have shown the largest biases, high inter-annual variability and
inconsistencies in the evaluation approach. Based on these findings it is possible to

provide recommendations to user communities, which are utilizing remote sensing
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derived temperature information, such as climate and ecosystem modelers as well as
meteorologists.

The co-occurrence of temperature, precipitation, snow cover, and vegetation
greenness trends in the pan-arctic region between 1981 and 2012 has been analyzed
using Earth observation products and ground based measurements. Based on coarse
resolution remote sensing and in-situ based data products it was possible to identify
regions showing congruent and divergent trends of various parameters. In general,
precipitation significantly increases during summer and fall. Temperature conditions
in winter are increasing between 1981 and 2012. The parameter snow water
equivalent has shown the highest trends during spring and fall. Vegetation greening
trends are characterized by a constant increase during the vegetation growing
period. Largest dependencies between the parameters are found in spring, fall and
winter. The co-occurrence of snow water equivalent and temperature trends in the
transition month between summer and winter indicate to have the largest impact to
the arctic environment during the last decades. High spatial resolution Earth
observation data have been utilized to identify land surface changes in the taiga
tundra ecotone for a selected test region in northern Siberia between 1973 and 2012.
This region was identified to be characterized by the most significant and largest
trends during the last 40 years. By using high spatial resolution remote sensing data,
an intensification of the woody vegetation cover have been found at the arctic tree
line near the Taymyr peninsula. These climatic and ecosystem changes represent the
multi-scale feedbacks in the arctic environment.

Earth observation data and techniques provide a valuable tool to identify and
monitor essential climate and land surface variables. The utilization of operational
remote sensing data has high potential in future climate change and environmental
research. The content of this thesis emphasized, that (1) analyzing the spatial and
temporal characteristics of various climate and land surface parameters, (2)
addressing the uncertainties in Earth observation data, (3) analyzing the co-
occurrence of multiple trend findings, as well as (4) scaling between different
satellite platforms, is of high relevance in the assessment and operational monitoring

of arctic land surface changes and ecosystem dynamics.
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Zusammenfassung

Die arktischen Breiten der nérdlichen Hemisphére sind stark gekennzeichnet durch
den Wandel im globalen Klimasystem und durch fortschreitende klimatische
Veranderungen, die im Zuge des letzten Jahrhunderts ein historisches Maximum
erreichten. Die Verdnderung des Klimas und dessen Dynamiken sind dabei zum
Grofiteil auf die Intensivierung der vom Menschen verursachten Treibhausgas-
emissionen zuriickzufiihren.

Prognosen von Klimamodellen deuten auf steigende Temperaturen im
arktischen Raum in Bezug auf das globale Mittel fiir das kommende Jahrhundert
hin. Durch das Abschmelzen der Dauerfrostboden kommt es zur vermehrten
Freisetzung von Treibhausgasen wie Methan und Kohlenstoffdioxid. Folgen des
Klimawandels sind nachhaltige Verdnderungen der Landoberflichen- und
Vegetationsstruktur, der Phénologie sowie der Niederschlagsdynamiken. Die
Zusammenhidnge zwischen diesen einzelnen klimatischen und erdoberflichigen
Parametern kénnen einen positiven Rickkopplungseffekt im arktischen und globalen
Klimasystem hervorrufen und die Klimaerwirmung zusétzlich beschleunigen. Im
Vergleich zu anderen Regionen der Erde sind der Klimawandel und dessen
Auswirkungen in den arktischen Breiten signifikant stérker. Demzufolge liegt der
Fokus aktueller Forschungsfragen in verschiedenen Bereichen der Okologie,
Geographie und anderen klimarelevanten Wissenschaftsbereichen vermehrt auf dem
arktischen Raum.

Die flachendeckende Analyse und Identifikation von signifikanten raum-
zeitlichen Verdnderungen und Dynamiken von verschiedenen Klima- und Land-
oberflaichenparametern, wie Temperatur, Niederschlag, Schneebedeckung und
Vegetation, sind ein wichtiger Bestandteil aktueller Forschungsinitiativen. Die
Ableitung von terrestrischen Klimaparametern mit Hilfe verschiedener Fern-
erkundungssatelliten leistet einen essentiellen Beitrag zur arktischen Klimawandel-

forschung. Die Erdbeobachtung ist ein indirektes Messverfahren, das die Aufnahme
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Zusammenfassung

von raumlichen Informationen verschiedener Variablen {iber grole Gebiete
ermoglicht und dadurch fehlende Gelindemessungen in abgelegenen Regionen
erganzt. Daher sind Daten von Erdbeobachtungssensoren fiir aktuelle und zukiinftige
Forschungsfragen zum arktischen Klima- und Landoberflichenwandel von grofier
Bedeutung.

Das Ziel dieser Dissertation ist die Trend- und Zeitserienanalyse verschiedener
multiskaliger Klima- und Landoberflichenparamater auf der nérdlichen Hemisphére.
Dabei wurden sowohl Erdbeobachtungsdaten und -produkte verschiedener Quellen
als auch zusétzliche Datenséitze, die auf Gelandemessungen basieren, verwendet. Im

Rahmen dieser Arbeit wurden folgende Forschungsfragen definiert:

A)  Wie sind raum-zeitliche Albedo- und Temperaturdynamiken des AVHRR
Polar Pathfinder Datensatzes im Zeitraum von 1982 bis 2005 in Nordsibirien
zu bewerten?

B) Welche Ubereinstimmungen und Abweichungen koénnen beim Vergleich von
satellitengestiitzten Temperaturdaten und Lufttemperaturmessungen von
Klimastationen im panarktischen Raum abgeleitet werden?

C)  Welche multivariate und multiskaligen Charakteristika verschiedener Klima-
und Landoberflichenparameter kénnen durch die Gegentiberstellung der

Ergebnisse von Trend- und Zeitserienanalysen abgeleitet werden?

Auftretende Verdnderungen in den Dynamiken der Vegetationsperiode und -
zusammensetzung im Bereich der nérdlichen Baumgrenze, die die grofite
Vegetationsiibergangszone darstellt, sind von hoher Relevanz fiir die arktische
Klimaforschung. Landoberflachentemperatur- und Albedozeitserien des NOAA
(National Oceanic and Atmospheric Administration) AVHRR (Advanced Very High
Resolution Radiometer) Polar Pathfinder Datensatzes zeigen signifikante Wechsel-
beziehungen in den Sommermonaten in Zentralsibirien. Insbesondere zu Beginn und
Ende der Vegetationsperiode sind starke negative Korrelationen zwischen den beiden
Parametern zu messen. Die interannuelle Dynamik und Variabilitit deutet auf eine
Veranderung der Vegetationsperiode zwischen 1982 und 2005 im nérdlichen Teil von
Zentralsibirien hin. Weitere Zeitseriendaten, die Informationen iiber Dynamiken der
Schneewasserdquivalenz und der Vegetation bereitstellen, unterstreichen und
bestarken die Erkenntnisse des AVHRR Polar Pathfinder Datensatzes.

Operationelle fernerkundungsbasierte Temperaturmessungen sind durch die

Abdeckung grofler Gebiete und der hohen zeitlichen Auflosung essentiell fiir die
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globale Klimaforschung. Verschiedene FErdbeobachtungssysteme, wie MODIS
(Moderate Resolution Imaging Spectroradiometer), AVHRR (Advanced Very High
Resolution Radiometer) und (A)ATSR ((Advanced) Along Track Scanning
Radiometer), erméglichen die Analyse von langen Zeitserien riickwirkend bis in die
1980er Jahre. Die Genauigkeitsanalyse von Temperaturinformationen abgeleitet aus
Fernerkundungsdaten ist fiir Klimamodellierer und andere Nutzergruppen von
hohem Interesse. In dieser Arbeit wurden Temperaturinformationen aus
Fernerkundungsprodukten mit Geldndemessungen von Klimastationen des National
Climate Data Center (NCDC) gegeniibergestellt. Dabei wurde der gesamte
panarktische Raum abgedeckt. Ziel war es neben der Analyse von Uberein-
stimmungen und Abweichungen, raum-zeitliche Charakteristika sowie Informationen
verschiedener Landbedeckungsklassen zu extrahieren. Temperaturdaten des MODIS
Sensors zeigten die hoéchste Ubereinstimmung mit den Temperaturmessungen der
Klimastationen. Die Produkte von (A)ATSR und AVHRR wiesen die hochsten
Abweichungen auf. Der Vergleich von verschiedenen Temperaturinformationen
ermoglicht es Nutzergruppen, wie Klimamodellierern oder aber Meteorologen, zum
einen Aussagen iiber die Ungenauigkeiten der Produkte, aber auch Empfehlungen in
Bezug auf deren Nutzung bereitzustellen.

Die panarktischen Temperatur-, Niederschlags-, Schnee- und Vegetations-
trends, abgeleitet aus Fernerkundungsprodukten und Geldndemessungen, wurden fiir
den Zeitraum zwischen 1981 und 2012 verglichen. Die Gegeniiberstellung und
Kombination hatte das Ziel, Regionen von kongruenten und disgruenten Trends
verschiedener Klima- und Erdoberflachenparameter zu identifizieren. Im Sommer
und Herbst ist im Allgemeinen eine signifikante Zunahme der Niederschlagswerte zu
verzeichnen. Die Temperaturtrends weisen den grofiten Anstieg in  den
Wintermonaten auf. Im Frithling und Herbst sind insbesondere hohe Dynamiken
beim Parameter Schneewasseriquivalenz zu finden. Die Vegetationstrends sind in
den Sommermonaten durch einen konstanten Anstieg charakterisiert. Die gréfiten
Abhéngigkeiten zwischen den einzelnen Parameter sind im Frithjahr, Herbst und
Winter zu finden. Dabei ist insbesondere der Zusammenhang zwischen Schnee und
Temperatur in den Monaten vor und nach dem Sommer signifikant hoch. Zudem
deuten die Ergebnisse darauf hin, dass dieser Zusammenhang den grofiten Einfluss
im arktischen Okosystem in den letzten Jahrzehnten hatte. Im Bereich der
arktischen Baumgrenze in Nordsibirien, die als eine Region mit den signifikantesten
Trends und Dynamiken identifiziert wurde, sind optisch hochauflosende Fern-

erkundungsdaten zur Kartierung der Landoberflichenverinderung hinzugezogen
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worden. Ziel war es, Veranderungen der Vegetationsstruktur im Zeitraum von 1973
bis 2012 in der Ubergangszone zwischen Taiga und Tundra zu analysieren. Die
Ergebnisse zeigen eine Intensivierung der holzernen Vegetationsarten, zu denen
neben Strauchern auch Baume zdhlen koénnen. Diese Verdnderung der Vegetations-
struktur und —zusammensetzung ist insbesondere in den einst Tundra dominierten
Regionen nordlich der Baumgrenze zu verzeichnen. Diese Ergebnisse der Klima- und
Landoberflachenveranderungen zeigen die multiskaligen Riickkopplungseffekte im
arktischen Okosystem.

Fiir die Beobachtung und Identifikation von verschiedenen Klima- und
Landoberflichenparametern besitzen Fernerkundungsdaten und -techniken hohes
Potential. Operationelle Fernerkundungsdaten mit hoher rdumlicher und zeitlicher
Auflésung sind fiir aktuelle und zukiinftige Klima- und Okosystemforschungen von
hohem Interesse. Die Dissertation zeigte, dass (1) die raum-zeitlichen
Charakteristika verschiedener Parameter, (2) die Genauigkeitsanalyse von Fern-
erkundungsdaten, (3) die Kombination von Trends verschiedener Parameter und (4)
die Skalierung zwischen verschiedenen Erdbeobachtungssatelliten von hoher
Relevanz fiir die operationelle und konsistente Analyse der arktischen Klima- und

Landoberflichenverinderungen sowie Okosystemdynamiken sind.
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Chapter 1 — Introduction

1.1 General Introduction and Outline

During recent decades, climate change in the arctic region has become a major focus
in Earth system science and climate related research topics. The terrestrial
ecosystems in the arctic are subject to significant changes and highly vulnerable to
modifications in the global climate system. Global Climate Models predict an
increase in arctic mean temperatures for the upcoming century by a factor between
2 and 4 compared to increasing global mean temperature trends. Changes in
temperature, as well as precipitation, have a significant impact on snow cover,
vegetation productivity and coverage, vegetation seasonality, surface albedo, greenhouse
gas emissions and permafrost dynamics. The coupled climate-land surfaces changes
are thought to be a positive feedback in the Earth system, which can potentially
further accelerate the warming rates on global scale. In contrast to other regions, the
northern high latitudes are supposed to face the strongest and largest feedbacks for
the upcoming decades. Even the most optimistic scenarios presented in the IPCC
(Intergovernmental Panel on Climate Change) report will have a major impact to
the warming rates and vegetation changes of the northern hemisphere. Particularly
the changes of vegetation pattern and the phenological cycle in the taiga-tundra
transition area are of high importance for climate change research.

The identification of significant modifications in the state and spatio-temporal
dynamics of terrestrial parameters, such as temperature, precipitation, snow and
vegetation is a challenging issue. Earth observation information from various sources
provides a useful tool to observe and monitor essential climate parameters.
Moreover, Earth observation is an indirect measurement technique which allows to
retrieve spatial information over large areas and compensate for the lack of ground
measurements in remote areas. Hence, the use of remote sensing information has
gained high importance for climate change related research studies during the last
decades.

The main goal of chapter 1 is to provide a general introduction into the
framework of this dissertation. The primary part of this chapter gives an overview of
the research questions and the study area. Afterwards, historical climate conditions
of the arctic ecosystems are described. Within a next step, recent trends in arctic
ecosystems from different climate related parameters and variables are highlighted.

The last part of chapter 1 shows state of the art remote sensing data and products,
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which are used to derive essential climate variables in arctic ecosystems using
various Earth observation platforms.

The paper in chapter 2 focuses on the trend analysis of remotely sensed time
series data, such as land surface temperature, albedo, snow water equivalent and
NDVI between 1982 and 2005. The study have been carried out for the northern
parts of central Siberia. The results show strong dependencies between the
parameters and their inter-annual dynamics, indicating changes in vegetation
growing period.

The manuscript in chapter 3 presents a comparison of state-of-the-art remote
sensing-based land surface temperature data with air temperature measurements
from meteorological stations on a pan-arctic scale. The main goal was to compare in-
situ data (T.) with remote sensed land surface temperature (LST) records form
(A)ATSR, MODIS and AVHRR. The in-situ data is based on the database hosted
by the National Climate Data Center (NCDC). Within a first step, the entire time
series of each individual remote sensing product was compared to the in-situ
database. Furthermore, the paper highlights the inter-annual variability of the
comparison between T,, and LST for the time period between 2000 and 2005, which
is the overlapping period of all remote sensing LST products. In addition, land cover
information was included in the evaluation approach by using GLC2000.

The paper in chapter 4 focuses on the co-occurrence of temperature, precipitation,
snow cover, and vegetation greenness trends between 1981 and 2012. The main goal of
this study was to utilize coarse resolution climate data, based on Earth observation
techniques and measurements from ground stations for the northern hemisphere as
well as to identify land surface changes within the taiga tundra ecotone at the
Taymyr peninsula in Russia using high spatial resolution Earth observation data. The
climatic and ecosystem changes of this study has emphasized the multi-scale feedbacks
in the arctic ecosystems.

The conclusion and discussion of the findings achieved by the three manuscripts
is part of chapter 5. The last part of the synthesis is providing information about
future research needs and potential applications as well as upcoming scientific

milestones.
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1.2 Research Questions

The main focus of this thesis is the analysis of different climate parameters from
multi-scale Earth observation information to monitor arctic land surface dynamics
using time series and trend analysis with respect to global climate change. Moreover,
the goal is to identify spatio-temporal dynamics of climate related parameters
extracted from Earth observation time series data for the northern hemisphere.

The structure of the thesis is based on three main research questions, which
have been divided into sub-questions referring to the peer-reviewed publications

(section 2-4):

A) What are the spatio-temporal dynamics of the AVHRR
Polar Pathfinder land surface temperature and albedo time

series information for northern Siberia between 1982 and 20057

A.1: What inter-annual temperature and albedo dynamics are found
within the taiga-tundra transition zone of northern Siberia?

A.2: How to characterize land surface temperature and albedo trends in
northern Siberia during the summer month?

A.3: Is there a connection between land surface temperature and albedo

trend findings in selected hot spot regions?

B) What (dis-)agreements are found comparing satellite derived
land surface temperature products from various sources with air
temperature measurements from meteorological stations for the

pan-arctic region?

B.1: What correlation can be found between remote sensing based land
surface temperature and air temperature for the entire time series of each
Earth observation product?

B.2: How to characterize the inter-annual variability between different
land surface temperature products and air temperature measurements for
the time period between 2000 and 20057

B.3: What are the characteristics and differences comparing land surface

temperature and air temperature for different land cover types?
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B.4: What are the spatial patterns of the mean difference parameter on

pan-arctic scale?

C) What information can be extracted from a multi-variate and
multi-scale analyses of different land surface and climate

parameters for the last decades?

C.1: Which spatio-temporal information can be derived analyzing the co-
occurrences of monthly trends from Earth Observation and ground
measured parameters?

C.2: What are the monthly inter-annual trend dynamics for different
arctic regions?

C.3: What vegetation structure changes at the taiga-tundra transition

zone can be identified using high-resolution Earth observation data?
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1.3 Study Area

The studies presented in this dissertation are covering the pan-arctic area, which
includes the northern parts of Furope, Russia, Alaska and Canada. The main focus
of the investigations was put on the regions north of 60 degree in latitude. An
overview of the entire pan-arctic areas is shown in Figure 1.1. In general, the arctic
is characterized by permafrost soils, the boreal forest in the south (taiga), the low
vegetated tundra with barren ground, rocks and ice in the north as well as the arctic
coast with the coastal plains and deltas bordering the Arctic Ocean. Moreover,
seasonal freeze-thaw, permafrost and snow dynamics as well as climate change

induced modifications are forming the arctic land surface.

PACIFIC OCEAN

Legend
. Sea Ice
- Glaciers
. Ice Sheet
. Ice Shelves
. Continuous Permafrost
- Discontinuous Permafrost
=~ Sea Ice 30 Yr Ave Extent

50% Snow Extent Line

ATLANTIC OCEAN ; ) Max Snow Extent Line

Figure 1.1: Overview of the pan-arctic region including average sea ice extent
(vellow line) and minimum sea ice concentration in 2012 (white area), permafrost
zones, glacier locations as well as snow cover regimes (modified from Comiso and

Hall (2014) and Vaughan et al. (2013)).
Besides the analyses on pan-arctic scale, central Siberia has been identified to be

highly affected by impacts from recent changes in the climate system. Based on this,

regional investigations have been focused on the Taymyr peninsula, which part of
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the Krasnoyarsk Krai in northern Siberia (Figure 1.1), covering an area of about
400.000 km?. This region is dominated by continental climate conditions and
represents the northernmost larch forest regions (lariz gmelinii) (Jacoby et al. 2000),
acting as a carbon sink (Shvidenko et al. 2013). The Khatanga River represents the
border between the taiga and tundra vegetation (Walker et al. 2005).

The vegetation transition zone between taiga and tundra, known as the tree
line, is of high importance in climate research. The latitudinal tree line is the earth
greatest vegetation transition zone and stretches approximately 13.000 km around
the entire northern hemisphere (Callaghan et al. 2002). Modifications in these
regions are potential indicators and drivers for changes within the regional and
global climate system (Beringer et al. 2001; Holtmeier and Broll 2007; Harsch et al.
2009; Olthof and Pouliot 2010; Pearson et al. 2013).
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1.4 Historical Climate Conditions in the Arctic

The climate system of the high latitude regions is multifaceted. Modifications in the
arctic climate system have a significant impact on global scale and vice versa. In
historical perspective, the polar climate was characterized by large dynamics
resulting in cold- and warm phases (Mcbean et al. 2005) (Figure 1.2).

The reconstruction of the historical climate conditions in the polar regions are
assessed through natural archives such as tree rings, fluvial sediments and ice cores
(Overpeck et al. 1997; Crowley 2000; Briffa et al. 2001; Juday et al. 2005; Miller et
al. 2010). Due to the lack of additional information, the outcomes are defined as
paleontological proxies. For further investigations and usage of reconstructed
historical climate data, different calibration and cross-evaluation steps are required
(Mcbean et al. 2005).
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Figure 1.2: Concentration of atmospheric CO, (in ppmv, black) and temperature
(unrelated units, red) for the last 420.000 years from Vostok ice core (Antarctica)

(based on data from Petit et al. (1999) in Zeng (2003)).

During the last millions of years, the polar climate system was characterized by
the alternation of cold and warm periods. Between approximately 120 and 90 million
years before present (BP) the polar regions faced a cycle of extreme warm events.
During the quaternary period, which represents the last 1.6 million years BP, the
arctic climate conditions are undergone various intervals of warm and cold phases
(up to 50 times), which varying in timing and magnitude. However, the ice age
periods ended 20.000 years BP (Mcbean et al. 2005). The dynamics of the
atmospheric CO, concentration and temperature conditions of the last 420.000 years
BP, extracted from the Vostok ice core, are shown in Figure 1.2. Here the rapid

abrupt changes between cold and warm periods are clearly visible.
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One of the main reason causing these changes are due to orbital modifications of
the Earth. These changes, also known as the Milankovitch cycles (Milankovié¢ 1941),
are divided into three periods. The longest, with a 100.000 year cycle, describes the
changes in the eccentricity of the earth. A cycle of 41.000 years describes
modifications in the inclination angle of the earth. The last cycle, with a 23.000
yearly dynamic, is describing the elliptical orbit of the earth around the sun, caused
by gravitations from other planets from the solar system. All of these factors are
causing variations in incoming solar radiation, which are then leading the
modifications in the climate system (Mcbean et al. 2005).

The climate reconstructions for the last 1000 years allow the identification of
two main epochs. The first is the medieval warm period (MWP), which extends
between the 9™ and 15" century. This period was then followed by the so called
little ice age (LIA), which lasted until the 19" century (Naurzbaev et al. 2002;
Gerber et al. 2003; Jansen et al. 2007; Mann et al. 2008) (Figure 1.3). The coldest
temperatures in the Holocene on the northern hemisphere during the LIA have been

found between 1400 and 1700 (Mann et al. 2009; Miller et al. 2010).
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Figure 1.3: Northern hemisphere temperature anomalies between 1000 and 2000

as described by various sources (based on Mann et al. (2008)).

The surface temperature conditions in the arctic regions have never been as
high as in the 20" century compared to measurements of the past 300 years (Moritz
et al. 2002). A direct attribution and connection to the increase in GHG emissions
has still uncertainties, as the climate system is characterized by rapid warming and
cooling phases observing the last few thousands of years (Mcbean et al. 2005).

However, the influence of the industrialization and therefore the human impact is
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obvious when comparing recent climate dynamics to historical climate conditions
(Kaplan and New 2006).

The climate information from natural archives, e.g. ice cores or fluvial

sediments, are a source for the derivation of an approximation of the environmental

conditions during the past thousands of years. The development of different climate

observation methods and measurement systems during the last two centuries, has

led to an improvement of measuring the global climate. However, the amount of

available station data has changed during the past decades (Jones et al. 1982; Jones

and Moberg 2003). The observation time period of climate stations started around

1860 with the installation of the first meteorological measurement units (Figure 1.4).
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Figure 1.4: Time series information from meteorological stations available

through the NASA GISS Surface Temperature Analysis network. top: Number of

stations and their record length. bottom left: amount of stations since 1880. bottom

right: hemispheric area percentage within a 1200 km radius of a station (modified
from NASA (2013)).
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Today there are around 1000 stations available, which are able to provide data
for the last 100 years. Since the 1880s, the amount of stations has increased rapidly
until the 1970s, where a decline in available meteorological stations is found, due to
the removal of stations as result of improving measurement techniques (Menne et al.
2009). In the years before the middle of the 20™ century, the coverage of stations on
the southern hemisphere was lower than on the northern hemisphere. In-situ
temperature information from meteorological stations are an important source for
the monitoring and prediction of changes in the global climate system. The climate
conditions of the arctic are found to be highly variable in space and time. The
ground station distribution in the arctic regions is sparse (Overpeck et al. 1997).

Earth observation sensors and techniques for temperature applications, which
are available since the 1980s, are a promising solution to overcome this problem. A
major advantage in using remote sensing data for temperature applications is the
spatial coverage. However, a high revisiting rate (< 1 day) is also of high importance
for temperature studies. Temperature information, assessed by Earth observation
data, is a very powerful tool for future arctic climate monitoring and modelling
strategies, which also might be used in combination with in-situ measurements for

calibration and validation purposes.
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1.5 Recent Trends in Arctic Ecosystems

Changes in the arctic temperature system of the high northern latitudes, which are
rapidly increasing during the last centuries, especially after the pre-industrial phase
(Section 1.4), have been found to be the major source and cause for modifications of
terrestrial and marine arctic ecosystems. Impacts and modifications of the arctic
climate and ecosystems have been addressed by various scientific studies during the
recent years (ACIA (Arctic Climate Impact Assessment) 2004; Hinzman et al. 2005).
Numerous methods and applications using ground measurements, Earth observation
techniques and modelling approaches have been utilized to detect, monitor and
predict changes in the arctic in order to analyze global climate trends and anomalies
by characterizing their impacts to the arctic environment as well as identifying

sources of these changes.

Temperature

The study from Kaplan and New (2006) focused on the comparison of different
global climate models (GCMs) using various data inputs. The results from these
GCM runs have shown positive trends of global mean air temperature and CO,
concentration for the upcoming century. According to the model comparison, the
2 °C target, which is defined by the UN Framework Convention on Climate Change
(UNFCCC) parties as goal to prevent dramatic climate induced environmental
consequences (Knopf et al. 2012), will be reached between 2026 and 2060 (Figure 1.5
- left). Even if succeeding this target, the impact to the arctic climate system will be
much higher. Kaplan and New (2006) conclude an increase in mean air temperature
for the arctic between 3.3 °C - 6.6 °C, within a 2 °C global mean temperature
increase (Figure 1.5 - right).

The increase in mean air temperature is causing modifications in various
terrestrial and marine parameters, such as permafrost soil temperatures, snow cover
dynamics, sea ice concentration, surface albedo, vegetation growth, vegetation
structure, and phenological dynamics (Myneni et al. 1997; Moritz et al. 2002;
Romanovsky et al. 2002; Stow et al. 2004; Post et al. 2009; Langer et al. 2013). As a
consequence of global warming these effects will have influences on the energy
budget, storage capacity, the permafrost dynamics and the climate system on
regional and global scale.

Changes in snow cover, sea ice extent and sea ice concentration are found to

have a critical impact on the environmental, hydrological and ecological dynamics in
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the arctic regions (Post et al. 2009). The active layer dynamics, represented by
seasonal freeze-thaw variations, are subject to significant changes during the last
years (Anisimov and Reneva 2006), resulting in thermokarst lake changes and
permafrost melting, which are the major carbon and methane source in the arctic

regions (Kozlenko and Jeffries 2000; Christensen et al. 2004; Frohn et al. 2005).
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Figure 1.5: Global mean temperature anomalies between 1900 and 2100 described
by different GCMs (left). Relationship between global and arctic mean temperature
anomalies (right) (Kaplan and New 2006).

Some of the changing parameters are thought to result in a bilateral positive
feedback. Among others, the increasing GHG emissions, released by melting
permafrost soils, and changes in vegetation structure, such as the recruitment of
woody vegetation species to the northernmost regions, are assumed to result in a
positive feedback (Overpeck et al. 1997; Crowley 2000; Serreze et al. 2000; Beringer
et al. 2001; Chapin et al. 2005; Schuur et al. 2008; Cuevaz-Gonzalez et al. 2009;
Blok et al. 2011b; Loranty et al. 2011; Xu et al. 2013).

Albedo

The albedo is a measure of the reflected incoming solar radiation by the Earth
surface. On the northern hemisphere surface albedo acts as important boundary
component between the high and mid-latitudes and their energy exchange (Stroeve
et al. 2001). Albedo is characterized and influenced by the spectral and structural
attributes of a surface, e.g. vegetation types, bare ground, snow cover, etc. (Dorman
and Sellers 1989). This parameter is of high interests in arctic related climate
studies. Especially, the transition times between snow-covered and snow-free periods
are of high importance in analyzing the impact of albedo changes to the arctic

environment (Pearson et al. 2013). The snow albedo feedback (SAF) can be
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described in general by the following interactions (Figure 1.6): (1) Increasing
temperatures lead to a reduction of snow cover, (2) reducing the surface albedo
while (3) decreasing the reflection of the incoming solar radiation and (4) increasing
of the heat absorption (Qu and Hall 2007).
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Figure 1.6: A schematic illustration describing the snow-albedo feedback (SAF)
(modified from Qu and Hall (2007)).

Figure 1.7 shows the evolution of albedo, sea ice concentration and surface air
temperature between 1979 and 2011 over the Arctic Ocean. A detailed overview of
feedback mechanisms in arctic ocean albedo dynamics, which have not been
addressed in this thesis, but are also important with respect to the arctic ecosystem,
are given in Curry et al. (1996).

The surface albedo in the northern hemisphere is characterized by an ongoing
decrease during the last decades, with an annual rate of -0.14 % (Wang and Key
2005). A synergetic analysis using Earth observation data and field measurements to
monitor albedo changes over the last three decades has been carried out by Flanner
et al. (2011). The results have shown a significant linear decreasing trend in surface
albedo, which have been driven by both sea ice and terrestrial snow cover changes,
leading to vast changes in the net radiation and energy budget. The amplification of
these changes has been larger than predicted by various climate models (Flanner et
al. 2011). Sturm et al. (2005) found a decrease in albedo of about 30 % by
comparing regions with tall and low shrubs. Low shrubs, which are below the snow
layer, do not influence the albedo, whereas branches which are only surrounded by
snow having a larger influence (Sturm et al. 2005). Thus, changes in snow cover
dynamics and vegetation are likely to influence the surface albedo and thereby the
energy budget (Loranty et al. 2011). However, Blok et al. (2011b) found an indirect
connection of increase in summer temperature and albedo trends. He found other

parameters such as surface water and bare ground to have larger impact on albedo
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changes. With respect to the arctic and global climate system, surface albedo
appears to be not the major driver in climate change (Winton 2006). Studies from
Pithan and Mauritsen (2014) show that climate model predictions conclude the
parameter temperature to be the major driver in climate change, as the arctic
temperature amplification remains similar, even without changes in terrestrial snow

and sea ice cover.
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Figure 1.7: Comparing sea ice concentration, albedo and surface air temperature
between 1979 and 2011 (Pistone et al. 2014).

Snow Cover

Changes in arctic snow accumulation have been identified by various studies (Déry
and Brown 2007; Brown and Robinson 2011; Comiso and Hall 2014). However, the
trends in snow cover extent are varying in space and time. Déry and Brown (2007)
found a transition from positive to negative snow cover extent anomalies in the
yvears after 1985 for the entire northern hemisphere. These findings are similar for
both the Eurasian and Northern American continent. Approximately, 7.3 GT
(gigatons) per year of snow mass have been lost during the last three decades
(Takala et al. 2011).

Trend analyses from snow cover extent time series have shown evidence of
decreasing snow cover extent during spring season over the last 90 years on the
northern hemisphere by approximately 10 % (Brown and Robinson 2011). Figure 1.8
is showing the changes between 1967 and 2012 for the spring season. Snow covered
areas in the arctic have been declined by about -2.75 % (40.45 %) per decade. In
detail, higher decreasing rates are found in FEurasia (-2.72 % 40.63 %) when
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compared to Northern America, which is characterized by a decline of -1.27 %
+0.53 % per decade (Comiso and Hall 2014).

Besides this, Cohen et al. (2012) found increasing snow accumulations for
October during the last three decades. Similar results using AVHRR satellite time
series have been published by Brown and Derksen (2013). However, as this is in
conflict with increasing air temperature trends at the northern hemisphere, Brown
and Derksen (2013) compared the trend findings to additional snow cover datasets
and identified inconsistencies in the AVHRR, time series due to the cloud detection
algorithm and other calibration issues. Nevertheless, Brown and Derksen (2013) also
argue that Cohen et al. (2012) followed another methodology analyzing anomalies
and other snow parameter such as snow depth, making both studies only partly
comparable. This highlights the importance of monitoring snow cover processes and
detecting snow cover dynamics during the transition seasons in a changing arctic

environment.
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Figure 1.8: Evolution of snow cover extent for the northern hemisphere between
1967 and 2012 for the spring season (Comiso and Hall 2014).

Vegetation

Vegetation cover, as well as snow cover, is acting as insulation layer for the
underlying permafrost, by protecting the active layer from direct incoming solar
radiation and heat absorption (Walker et al. 2003; Yi et al. 2007). In the high

latitudes, the phenological cycle and its dynamics are influenced by various factors,

Page |17



Chapter 1 — Introduction

such as temperature and the presence of snow cover (Raynolds et al. 2008; Zeng et
al. 2011; Dutrieux et al. 2012).

There is clear evidence of modifications to the phenological cycle on the
northern hemisphere during the last decades, seen by Earth observation data (Bunn
and Goetz 2006; White et al. 2009; Zeng et al. 2011). The onset of the vegetation
growing (SOS) period has shifted towards earlier days whereas the end of season
(EOS) postponed to later days. This results in an enlargement of the vegetation
growing period (LOS) and vegetation activity (Zeng et al. 2011). Even during the
last 10 years there is evidence of an increase in vegetation growing length of more

than two days for some regions (Figure 1.9).

.- 81 97 1;5"129 1.45 106.1’?7
Nodata
of year

S0s

=
Nodata 4 -2 -1-050 051 2

Days

Figure 1.9: Mean values for SOS, EOS and LOS averaged of the period of 2000 -
2011 (top) as well as the linear trend for the same period (bottom) (modified from
Zeng et al. (2011)).

Changes in arctic phenological dynamics, based on external input drivers, such
as snow cover and temperature, are leading to vast modifications of the vegetation
compositions, e.g. greening (Lucht et al. 2002; Forbes et al. 2010; de Jong et al.

2011). However, there is also evidence of browning, which is a regional effect caused
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external effects such as drought stress, decreasing temperatures, and fires (de Jong
et al. 2011; Piao et al. 2011; Xu et al. 2013).

To address vegetation changes in the arctic, which are rather slow, some studies
use photographs or, if available, aerial photos taken during the middle of the 20™
century and in recent years and compare them in order to identify changing
vegetation pattern (Stow et al. 2004; Tape et al. 2006; Naito and Cairns 2011;
Ropars and Boudreau 2012). Besides ground surveys, which are intensive in cost and
time and can only cover a small area, additional information, such as remote sensing
data, is used to detect vast and cumulative changes over a large regions.

One of the first studies using Earth observation data to map plant growth over
the entire arctic region was done by Myneni et al. (1997), highlighting the regions
above 45 degree in latitude to be the most affected in terms of climate change
induced vegetation changes on the northern hemisphere.

The detection of changes in vegetation structure, composition as well as
dynamics is of high importance and has been accentuated in numerous scientific
studies during the last years (Peddle et al. 1993; Moritz et al. 2002; Laidler and
Treitz 2003; Stow et al. 2004).
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Figure 1.10: Comparing active layer thickness with shrub cover (Betula nana) for

two test sites in 2007 and 2008 (Blok et al. 2010).

Particularly, the observation of vegetation transition zones, such as the

latitudinal tree line is of high importance in the arctic regions. Modifications in these
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regions are potential indicators of changes within the regional and global climate
system (Beringer et al. 2001; Holtmeier and Broll 2007; Harsch et al. 2009; Olthof
and Pouliot 2010; Pearson et al. 2013).

The modification of the vegetation structure and composition at the taiga-
tundra transition area has a major impact on various ecosystem functions, such as
energy budget, snow properties and dynamics, soil temperatures, nutrients cycle,
carbon storage as well as biodiversity (Myers-Smith et al. 2011). Blok et al. (2010)
demonstrated in a local experiment in eastern Siberian tundra that an increase in
shrub cover will reduce the active layer thickness significantly during the summer
month (Figure 1.10). Besides an encroachment of shrubs, other vegetation types also
tent to migrate to the northern parts in a changing arctic environment. Kharuk et
al. (2006) has shown the increase in larch forest cover in the tundra area at a test
region on the Taymyr Peninsula using ground based measurements and remote
sensing data. A change in vegetation structure at the taiga tundra transition area is

also found for Alaska (Tape et al. 2006; Blok et al. 2011b).
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1.6 Remote Sensing of Arctic Parameters

Remote sensing data provides a useful tool observing and monitoring various
essential climate parameters and variables for arctic climate research. An overview
of ground based, airborne and spaceborne Earth observation data and techniques for
permafrost monitoring are given in K&éb (2008).

Optical Earth observation platforms (passive systems) are measuring the solar
radiation reflected by the Earth surface, covering the visible, infrared and thermal
parts of the electromagnetic spectrum (Albertz 2009). Remote sensing platforms,
covering the microwave part of the electromagnetic spectrum, are operating in active
or passive mode. Active systems measuring different physical properties of the earth
surface such as backscatter intensity, phase and polarization. Passive systems
detecting microwave emissions of the earth, while having a lower spatial resolution
compared to active systems. Additionally, radar remote sensing platforms work
independently from cloud cover or solar illumination and can even penetrate the
upper surface layer (Woodhouse 2006).

Important Earth observation products and datasets, which are of high interest
in recent and future climate related studies, are summarized in Table 1.1 and Table
1.2. Table 1.1 is giving an overview of available data and products, which are used
for large scale monitoring and observations, such as LST, snow, albedo, land cover,
phenology, fire, and soil moisture. Parameters, which are used for detecting changes
and dynamics on regional and local scale, such as vegetation, water bodies and
subsidence, are listed in Table 1.2. The papers of this thesis (Chapter 2 to Chapter
4) are focusing on multi-scale Earth observation parameter such as LST, albedo,
snow water equivalent, vegetation, and phenology. Hence, some of the listed optical
remote sensing data have been utilized as additional information source (e.g.
publications) during the research process.

The arctic region is characterized by significant land surface variations during
the year. The seasonal dynamics of different land surface variables are one of the
major challenges in monitoring the arctic environment using Earth observation data.
One example is the short snow and ice free period of only few month per year.
Hence, rapid vegetation and phenological processes are prevalent and need to be
observed within a small time frame (Olthof et al. 2008). Moreover, increasing cloud
cover in the summer season due to sea ice loss (Liu et al. 2012) are likely to cause

data gaps in optical Earth observation data.
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Table 1.1: Low resolution Earth observation data and products for arctic

environmental monitoring.

low resolution Earth observation data and products
MODIS, MERIS, AVHRR, SPOT, (A)ATSR, SMMR, SSM/I, AMSR-E, ASCAT

Variables
&

Parameters

Temporal Resolution
&
Spatial coverage

Sensors

&
Products

Land Surface

since 1982 / 8 km / daily
since 2000 / 1 km / twice-daily

AVHRR - Pathfinder
MODIS

T t
CHPErabre - ince 1991 / 9 km / twice-daily (A)ATSR - GlobTemperature
S since 1978 / 25 km / day to month | SMMR, SSM/I, AMSR-E — GlobSnow
now
p i since 1995 / 1 km / day to month  (A)ATSR — GlobSnow
o es
ropertt since 2000 / 500 m / day to month | MODIS
Albedo s%nce 1982 / 8 km / da?ly AVHRR - Pathfinder
since 2000 / 500 m / bi-weekly MODIS
since 1982 / 8km / bi-weekly NOAA-AVHRR - GIMMS NDVI(3g)
Vegetation |1998 - 2007 / 1km / monthly GlobCarbon FAPAR, LAI
Dynamics |2000 - 2010 / 250 m / yearly MODIS VCF
& since 2000 / 250 m / bi-weekly MODIS EVI, NDVI
Phenology  since 2000 / 1 km / weekly MODIS FAPAR

2001 - 2010 / 500 m / yearly

MODIS Land Cover Dynamics

Land Cover

Fire

Snow Moisture
& Freeze-Thaw

1990 - 2000 / 1 km / -
since 2000 / 500 m / yearly
2000 / 1 km / -

2000 & 2005 / 500 m / -
2005 & 2009 / 300 m / -
2005 / 500 m / -

2005 / 250 m / -

2008 - 2012 / 300 m / -

since 1995 / 1 km / monthly
1996 - 2002 / 1 km / yearly
1998 - 2007 / 1 km / yearly
2000 - 2006 / 1 km / monthly
since 2000 / 500 m / monthly

since 2000 / 250 m / daily
since 2006 / 12.5 - 25.5 km / daily

SYNMAP

MODIS LAND COVER
GLC2000

Terra Norte (Russia)
GLOBCOVER

MODIS NELDA

North American LC (CEC)
ESA CCI Land Cover

GLOBSCAR (ATSR WFA)
AVHRR (Russia)

GLOBCARBON - following ESA CCI Fire
Terra Norte (Russia)

MODIS burned area

AMSR-E
ASCAT

Nevertheless, one major advantage of using coarse resolution remote sensing

data is the retrieval of spatial information of various parameters covering large

areas. Earth observation platforms with a low geometric resolution (> 1 km) have
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short revisiting rates (< 1 day), which enables the user to receive consistent
temporal information within a narrow time steps.

Since the early 1980s, the first operational satellite platforms, such as AVHRR
onboard of NOAA, are covering the entire globe with high revisiting rates. Since this
time numerous NOAA satellites were carried into space to ensure the continuation
of the AVHRR time series. AVHRR has 5 spectral channels, covering the red, near
and mid-infrared and thermal infrared spectrum, with a geometric resolution of 1 km
(Pedelty et al. 2007).

During the mid-1990s and the early 2000s additional platforms, such as MODIS
onboard of TERRA and AQUA and MERIS onboard of ENVISAT were in orbit to
acquire information for different parameters, such as vegetation, snow, albedo, fire,
etc. on high temporal resolution. Henceforth, the availability of remote sensing
information for a large range of climate related parameters increases. Besides
AVHRR, MODIS is the main sensor used for the creation of various coarse
resolution Earth observation products with a high temporal resolution. MODIS has
36 spectral channels with a spatial resolution ranging from 250 m in visible, 500 m
in near and mid-infrared and 1 km for the longwave infrared channels (Pedelty et al.
2007).

The use of remote sensing time series information to derive temporal dynamics
and changes of climate related parameters in the arctic regions becomes essential for
recent and future research (Stow et al. 2004; Kaab 2008). Different approaches and
techniques to derive trends of land surface parameters from satellite-derived time
series are existing. A common method is a linear regression between the annual
aggregated time series and the yearly time steps. The slope coefficient of the
regression is used as a metric for the trend. Many studies have shown the potential
of identifying trends in long-term time series Earth observation data (Goetz et al.
2005; de Jong et al. 2011; Piao et al. 2011).

Earth observation data with medium to high spatial resolution (from few meters
to less than 100 m) are important for the monitoring and change detection on
regional and local scale. Especially the analysis of the taiga tundra boundary using
optical and radar remote sensing data are of high importance (Ranson et al. 2004;
Sun et al. 2011; Simms and Ward 2013). Additionally, Earth observation data with
medium or high geometric resolution are often used for evaluation, validation and
scaling approaches in comparison with coarse resolution remote sensing data and
products. Using high resolution Earth observation data acquired at individual time

steps are essential for monitoring and change detection methods in the arctic
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regions, e.g. vegetation species, water bodies, fires, subsidence, etc. (Bartsch et al.
2012). Future research investigations will benefit from upcoming satellite missions,
e.g. the Sentinel missions as well as ALOS continuation, which will cover a wide

range of applications.

Table 1.2: Medium to high resolution Earth observation data for arctic

environmental monitoring.

medium to high resolution Earth observation data
Landsat, RapidEye, ALOS, ASAR, JERS, ERS, Radarsat, Tkonos, Quickbird,

TerraSAR-X, Corona, Sentinel

Variables Temporal Resolution Sensors
& & &
Parameters Spatial coverage Products
since 1982 / 15, 30, 60, 80 m / 16 days Landsat
1992 - 1998 / 50 m / yearly JERS-1
1995 — 1998 / 25 m / 1-day repeat pass cycle |ERS Tandem
Land Cover |
since 1995 / 11, 28 m / 24 days Radarsat

2002 — 2012 / 12.5, 25, 300, 1000 m/ 35 days

ENVISAT ASAR

Vegetati
de AHOR 9006 -~ 2011 / 10 m / 46 days ALOS PALSAR
ecies
p& since 2005 / 6.5, 12, 25 m / 46 days Tkonos
since 2006 / 1 - 4 m / bi-weekly Quickbird
Structure .
since 2006 / 2.5 m / 46 days ALOS PRISM
Disturb since 2007 / 1, 3, 7 m / 11 days TerraSAR-X
ISPUTDANCES  nce 2008 / 5 m / daily RapidEye

in2014 / 5-50m / > 6 days
planned / 10, 100 m /3 days

Sentinel - 1
ALOS 2 PALSAR

. 1959 -1975/2-75m /- Corona
Water Bodies |
Ch since 1982 / 15, 30, 60, 80 m / 16 days Landsat
anges
& since 2008 / 5 m / daily RapidEye
1995 — 1998 / 25 m / 1-day repeat pass cycle |ERS Tandem
. 2002 - 2012 / 12.5, 25, 300, 1000 m/ 35 days | ENVISAT ASAR
Subsidence
& 2006 — 2011 / 10 m / 46 days ALOS PALSAR
. since 2007 / 1, 3, 7 m / 11 days TerraSAR-X
Elevation . )
in 2014 / 5-50 m / > 6 days Sentinel - 1

planned / 10, 100 m /3 days

ALOS 2 PALSAR
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Chapter 2 — LST and Albedo Trends in Siberia

2.1 Abstract

The arctic regions are highly vulnerable to climate change. Climate models predict
an increase in global mean temperatures for the upcoming century. The arctic
environment is subject to significant changes of the land surface. Especially the
changes of vegetation pattern and the phenological cycle in the taiga—tundra
transition area are of high importance in climate change research. This study focuses
on time series and trend analysis of land surface temperature, albedo, snow water
equivalent, and normalized difference vegetation index information in the time
period of 1982-2005 for northern Siberia. The findings show strong dependencies
between these parameters and their inter-annual dynamics, which indicate changes
in vegetation growing period. We found a strong negative correlation between land
surface temperature and albedo conditions for the beginning (60-90%) of the

growing season for selected hot spot trend regions in northern Siberia.
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2.2 Introduction

The arctic environment is subject to significant changes (Grace et al. 2002; Moritz
et al. 2002; Nelson 2003). Historically, surface temperature conditions in the arctic
regions have never been as high as in the twentieth century when compared to
measurements of the past 300 years (Moritz et al. 2002). The arctic environment is
highly vulnerable to impacts of global climate changes caused by increase in
greenhouse gas (GHG) emissions (Overpeck et al. 1997; Crowley 2000; Chapin et al.
2005).

Results of global climate modelling runs have shown an increasing trend in the
global land surface temperature for the twenty-first century. Findings from the
global climate models (GCMs) expose that a significant increase in global mean
temperatures of 2 °C will occur in the years from 2026 to 2060. Even if the 2 °C
target will be adhered to, the temperature conditions in the arctic regions will be
increased by approximately 3.3—-6.6 °C. This scenario will have dramatic impacts on
the arctic environment (Kaplan and New 2006).

As a result of the arctic warming, measurements from changes in snow cover
and sea ice extent have been found to have a critical impact on the environmental
and ecological dynamics in the arctic regions during the last decades (Post et al.
2009). Rising temperatures will lead to an intensification of vegetation activity,
changes of land surface structures, and phenological dynamics (Myneni et al. 1997;
Moritz et al. 2002; Stow et al. 2004). These processes decrease the surface albedo,
which is related to a higher absorption of solar radiation. This positive feedback in
the climate system can then accelerate the warming of the arctic environment. The
identification, analysis, and interpretation of changes in structures, composition, and
dynamics of different arctic vegetation types, with special focus on the arctic tree
line region, has been more and more emphasized in scientific studies during the last
decade (Moritz et al. 2002; Olthof and Pouliot 2010; Harsch and Bader 2011).

The increase in vegetation activity is related to a recruitment of trees and an
increase in shrub cover. Thus, these vegetation changes and their dynamics are
indicators for present modifications in the arctic climate system (Sturm et al. 2001;
Epstein et al. 2004; Bunn and Goetz 2006; Tape et al. 2006).

Recent studies have been carried out analysing the increase in shrub cover in
Siberia (Blok et al. 2010), Alaska (Tape et al. 2006), and the Pan-Arctic Circle
(Tape et al. 2006; Myers-Smith et al. 2011). These effects as a consequence of global
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warming will have influences on the energy budget, storage capacity, the permafrost
dynamics, and the climate system on regional and global scale.

The recruitment of trees into the northern regions, which are controlled by
summer temperature conditions and the length of the growing season, is of high
importance for the global climate system. Changes in tree cover and its northwards
expansion will lead to a positive feedback in climate conditions since dark forest
areas will reduce the albedo which leads to higher warming rates (ACIA (Arctic
Climate Impact Assessment) 2004) and is influencing the inter-annual albedo
dynamics (Blok et al. 2011b; Loranty et al. 2011).

Trends on satellite-derived time series of land surface parameters were
estimated with different approaches. A common method is a linear regression
between the annual aggregated time series and the yearly time steps. The slope
coefficient of the regression is used as a metric for the trend. Many studies have
shown the potential of identifying trends in long-term time series Earth observation
data (Goetz et al. 2005; de Jong et al. 2011; Piao et al. 2011).

This article presents results from time series and trend analysis of land surface
temperature, surface albedo, and snow water equivalent (SWE) as well as a
vegetation parameter in northern Siberia with special focus on the arctic taiga—
tundra transition zone. The study area covers the area from the Yamal Peninsula in
the west to the far eastern parts of the Laptev Sea region. The main objective of
this article is to analyse long-term time series Earth observation data for the arctic

regions of northern Siberia. Other more specific objectives are as follows:

- land surface temperature, albedo, SWE, and normalized difference
vegetation index (NDVT) time series information analysis for the taiga—
tundra transition zone with a special focus on the summer months
June, July, August, and September;

- identification of large cumulative trends in Advanced Very High
Resolution Radiometer (AVHRR) Pathfinder land surface temperature
and albedo information; and

- extraction of the dependencies between the land surface temperature

and albedo trends for selected hot spot regions.
The findings show strong dependencies between land surface temperature and

albedo time series information, especially at the beginning of the growing season. A

comparison of time series information from land surface temperature, albedo, NDVI,
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and SWE are applied for a detailed analysis, with a special focus on the taiga—
tundra transition area. This comparison shows the inter-annual dynamics as well as
the significant dependencies between different land surface characteristics captured

by remote-sensing satellites.
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2.3 Data

This article presents time series analysis of AVHRR Polar Pathfinder land surface
temperature and albedo measurements. In the following section, the described data
and algorithms are referred to the AVHRR Polar Pathfinder product documentation
(Fowler et al. 2007). The data can be acquired free of cost through the National
Snow and Ice Data Center (NSIDC) and is provided as a twice-daily product. The
product includes five AVHRR channels, covering one visible, one infrared, and three
thermal infrared bands, as well as surface albedo, skin surface temperature, solar
zenith angle, satellite elevation angle, azimuth angle, surface type, and a cloud
mask. The data covers the polar regions of the northern and southern hemisphere
with a spatial coverage of 48° N and 53° S in latitude. The AVHRR Pathfinder
product is available for the time period from 24 July 1981 to 30 June 2005. Since it
is a twice-daily data set, the acquisition time of the imagery was 4 am in the
morning and 2 pm in the afternoon on the northern hemisphere. The data is avail-
able in Equal Area Scalable Earth Grid (EASE-Grid) projection with spatial
resolution of 5 km.

To retrieve the land surface temperature information from the National Oceanic
and Atmospheric Administration (NOAA)-AVHRR data, two different algorithms,
which are based on a regression modelling approach, have been used. The first is
suitable for the extraction of land surface temperature information over high-latitude
oceans and snow- covered area and the second for other land surfaces. Both of the
algorithms are based on the remarks from Key et al. (1997). Thus, the land surface
temperature information is based on the measurements of the brightness
temperature from channels 4 and 5. These bands have a spectral bandwidth of 1 pm
covering the thermal infrared spectrum from 10.3-11.3 pm (band 4) and 11.5-12.5
nm (band 5).

The extraction of clear sky albedo information from AVHRR Pathfinder data is
done by a four step methodology. The approach utilizes the reflection properties
from the visible (band 1, 0.58-0.68 pm) and infrared channel (band 2, 0.725-1.05
pm). First, both channels are normalized according the solar zenith angle. Second,
the channels are converted from narrowband to broadband reflectance using
regression coefficients based on surface type properties from special sensor
microwave/imager (SSM/I) (Key and Schweiger 1998). The correction of anisotropy
effects was done by top-of-atmosphere (TOA) anisotropic reflectance factors (ARFs)
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derived from Suttles et al. (1988). Afterwards, the broadband reflectance from
channels 1 and 2 are converted to clear sky surface albedo information.

Maslanik et al. (1997) evaluated the accuracy of the land surface temperature
and albedo information from AVHRR Pathfinder data by using field observations
for a selected test site in Alaska. Due to the large spatial coverage and temporal
resolution, an estimation of the overall accuracy of the product requires a large
validation database, which was not available at this time. Nevertheless, Maslanik et
al. (1997) obtained an accuracy of £2 K for land surface temperature and +0.05 for
albedo (Maslanik et al. 1997). Another evaluation over Greenland was done by
Stroeve et al. (2001). The results have shown a 10% underestimation of the AVHRR
albedo measurements when comparing to ground-based station values.

The NOAA satellites are influenced by an orbital drift during their lifetime.
Thereby the satellite equator-crossing time is shifted towards the afternoon, which
brings a cooling effect to the land surface temperature estimates. However, it has
been shown that this drift effect has a stronger influence on the southern hemisphere
and non-vegetated areas (Gleason et al. 2002; Julien and Sobrino 2012).

The Circumpolar Arctic Vegetation Map (CAVM) represents a vegetation
classification of tundra regions on a pan-arctic scale (Walker et al. 2005). This map
was derived by using Earth observation data from AVHRR imagery and expert
knowledge. The southern border of this data set represents the tree line. This
northern tree limit was derived from existing maps, e.g. an ecoregion map of Alaska,
and expertise from a variety of arctic research groups. For this specific study here,
the CAVM was used as a reference to identify the taiga—tundra transition area in
the study region of northern Siberia.

In addition to the time series information from AVHRR land surface
temperature and albedo measurements, NDVI information from Global Inventory
Modelling and Mapping Studies (GIMMS) and SWE data from the European Space
Agency (ESA) GlobSnow project were integrated.

The GIMMS database provides bi-monthly NDVI information on a global scale
with a resolution of 8 km since July 1981. The product is based on NOAA-AVHRR
satellite imagery with a spatial resolution of 4 km. The derived vegetation index
NDVI describes the relation of solar reflections from the red and near-infrared
spectral band of the AVHRR sensor (Tucker et al. 2005). The NDVT is mostly used
to interpret the photosynthetic activity of vegetation based on measurements of the

chlorophyll and water content within plants (Myneni et al. 1997). Additionally,
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detailed information about the GIMMS NDVI data set can be found in Tucker et al.
(2004), Tucker et al. (2005) and Pinzon et al. (2005).

The ESA GlobSnow project provides information about different snow
parameters such as snow extent (SE) and SWE for the northern hemisphere. The
SWE data, which was used in this study, provides information within a time period
from 1978 to 2010. The product has a spatial resolution of 25 km and is available in
EASE-Grid projection. The SWE product is available in daily, weekly, and monthly
resolution. For this specific analysis, monthly SWE information was integrated into
the time series analysis. The acquisition of time series SWE is done by using remote-
sensing data from the Scanning Multichannel Microwave Radiometer (SMMR),
SSM/I, and the Advanced Microwave Scanning Radiometer Earth Observing System
(AMSR-E). The methodology and algorithms utilized for the extraction of snow

parameters from remote-sensing data can be found in Pulliainen (2006).
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2.4 Methodology

The methodology for extracting monthly trends for the summer season from daily
AVHRR land surface temperature and albedo measurements is based on the

following five processing steps (Figure 2.1):

1) cloud removal and conversion of temperature values from kelvin to

degree Celsius;

[\"]

aggregation of data to monthly mean values;

w

combination of monthly data sets to yearly layer stacks;

SN
S N e’

trend analysis based on a linear regression; and

<t

relationship of land surface temperature and albedo trends for

selected test regions.

Due to a problem with the scan motor on NOAA-16 (2001-2005), which causes
a shift of the spectral channels, the data for the known dates of error were removed
prior to processing steps 1-5. More information on bad data can be found in Fowler
et al. (2007).

(1) Cloud and haze information was obtained from the cloud mask, which is
included as a data set in the AVHRR Polar Pathfinder product, to eliminate these
pixels from the daily land surface temperature and albedo images. The cloud mask is
based on three algorithms. One, the Cloud and Surface Parameter Retrieval
(CASPR) algorithm, uses a multi-day and multi-channel technique. Another
approach is utilizing time series information from AVHRR-channel 4. The last is
based on a combination of both. Each of these approaches has a certain quantity of
uncertainty (Fowler et al. 2007). For this study, all cloud masks, which were
provided by the database, were used to reduce the amount of uncertainty. For the
raw land surface temperature and albedo data, a scaling factor of 0.1 was used to
make the database more efficient in storage. This factor was applied to each image.
The land surface temperature data, which were provided in kelvin, were converted
to degree Celsius values. The images were combined with daily to monthly multi-
layer stacks with regard to leap and no leap years.

(2) For a better visualization of the data, monthly means from the multi-layer
stacks with regard to Not a number (NaN) values were calculated resulting in a

monthly data set for the time period 1982-2005.
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(3) These files were aggregated with an annual stack (Figure 2.1). In detail, one
layer stack for each summer month (June, July, August, and September) was
created for the whole time period, which resulted in 24 layers per data set. The
northern tree limit is not a line as it is drawn on a map. It, rather, characterizes a
transition zone between the taiga and tundra ecosystems. Based on this assumption,
a buffer zone of 100 km north and south of the tree line (Walker et al. 2005) was
defined. This buffer was utilized to extract this transition zone from data to analyse
the time series information from the remote-sensing data. The data were used to
extract the inter-annual dynamics from the land surface temperature, albedo, NDVI,
and SWE information using boxplot (see Section 2.5.1).

(4) Temporal trends were analysed for the individual growing season months of
the land surface temperature and albedo time series for each grid cell using the
statistical software R (http://www.r-project.org/). The correlation coefficient of the
AVHRR Pathfinder land surface temperature and albedo signal over time was used
as a trend measure. This allows interpretation of the magnitude of the trend signal,
where a value of —1 indicates a strong negative trend over time and vice versa. The
significance of the trend was computed from the signal-to-noise ratio of the trend
and estimated from the density function of a normal distribution. It was not
necessary to remove the seasonal cycle from the time series because we focused on
annual trends for each individual month. Since we are interested in long-term
changes in land surface temperature and albedo, further analysis was carried out for
trends that are significant for the full 24 year time period. The potential of
identifying hot spot trend regions was indicated by the strength of the correlation
over time and the significance of these trends. This allows the extraction of regions
showing significant trends, which was supported by the p-value information coming
from the trend calculation.

(5) The results of both land surface temperature and albedo trends were
compared. The aim was to identify dependencies between these parameters in their
identified hot spot regions. Therefore, a pixel by pixel comparison of the two
parameters (land surface temperature trends and albedo trends) was done. Point
density cloud graphs are used to represent the relation of each pixel pair, which
allows a better interpretation of the dependencies of the trend findings. The
visualization of different parameters by a point density cloud graph is feasible if

working with large and spatial distributed data sets (Eilers and Goeman 2004).
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2.5 Results and Discussion

2.5.1 Time series analysis of LST, albedo, NDVI and SWE

The results are based on the derived buffer zone of 100 km north and south of the
tree line for the whole study area. Fach boxplot, which is presented in the following
section, represents the variability of pixel values for this buffer zone per month. The
whiskers on each side of the box correspond to approximately 99.3% of the data
distribution that are not captured by the upper and lower quartile. Land surface
temperature and albedo time series information from AVHRR Pathfinder data for
the summer months June, July, August, and September are shown in Figures 2.2
and 2.3.

The land surface temperature and albedo time series plot for June (Figure 2.2 —
A) shows the highest inter-annual dynamics in comparison with July, August, and
September. Intervals of significant increasing and decreasing land surface
temperature and albedo conditions are observable. For example, the land surface
temperature shows a slight positive trend within the 10 year period between 1992
and 2002. Moreover, land surface temperature drops in 1992 in comparison with the
other years. One reason could be the eruption of Pinatubo in 1991, which increased
the amount of aerosols in the atmosphere and had a cooling effect on a global scale
(Lucht et al. 2002). The years prior to 1992 are characterized by both increasing and
decreasing inter-annual temperature conditions. This fact is obvious between the
years 1988 and 1992. The albedo time series shows segments of high and low values.
The years between 1984 and 1987 as well as 1992 and 1996 are characterized by high
albedo conditions in comparison with the other years. This becomes clear if
observing the periods between 1988 and 1991 and between 1997 and 2005, which
show low albedo values in the study area. Two peaks of high albedo conditions can
be found in the years 1987 and 1992.

If comparing the time series information from June, uniform dynamics between
land surface temperature and albedo conditions are observable. In detail, an increase
in the temperature conditions leads to a decrease in albedo values. Especially, the
years between 1998 and 1991 as well as 2003 and 2005 are characterized by these
circumstances. The high values in albedo can be seen as a potential indicator for the
appearance of snow cover in June of this specific year. This assumption is consistent
when comparing high albedo with land surface temperature conditions, which are

lower than in years with low albedo values.
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The results for the time series information from July (Figure 2.2 — B) show high

land surface temperature and low albedo conditions for the entire study area. The

median of the boxplot from the land surface temperature data is characterized by

low dynamics with values over 20 °C for the whole time period. There are no

dynamics within the albedo time series. In detail, the median of the albedo data is

less than 20% for the entire period. Based on these findings, no significant trends

can be found in the data for July.
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Figure 2.2: Overview of time series information from AVHRR land surface

temperature and albedo for the buffer zone of 100 km north and south of the tree

line for the summer month June (a) and July (b) within the time period from 1982

to 2005.

The time series information for August is displayed in Figure 2.3 (A). In

comparison with July, the same dynamics and inter-annual variability are present.
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Beside this, some dynamics in temperature conditions can be seen between 1991 and
1997. These circumstances are also visible in the albedo values for the same period.
In general, two periods of slight increase in land surface temperature prior to and
after 1992/1993 are observable, which can be also related to the Pinatubo Eruption
in 1991 (Lucht et al. 2002). The years 2004 and 2005 show the lowest land surface
temperature values, which can be caused by data quality. This fact becomes also

visible in the albedo values, which show higher variance in 2004 and 2005.
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temperature and albedo for the buffer zone of 100 km north and south of the tree
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The time series information for the land surface temperature and albedo of

September is displayed in Figure 2.3 (B). In comparison with July and August,
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higher inter-annual dynamics are visible. The years 1986 and 1989 show the highest
variance in the land surface temperature values. These conditions are also visible in
the albedo measurements, which show peak events in these years. Moreover, this
fact can be attributed to the influence of snow appearance, which has taken part in
the study areas in the years 1986 and 1989. The time period since 1993 also shows
the dependencies between temperature and albedo. In detail, the inter-annual
dynamics show that a decrease in temperature results in lower albedo values and
vice versa.

An overview of the median values from land surface temperature and albedo are
displayed in Figure 2.4 (A). This graph gives a detailed insight into the inter-annual
dynamics of the time series information from the buffer zone around the treeline.
Especially, the information from June shows high dependencies between the land
surface temperature and albedo dynamics. In detail, extreme events of low
temperature conditions result in high albedo values, which become obvious in the
years 1987, 1992, 1996, and 2004. If these events are compared to the SWE
information for June produced by the GlobSnow project, which is a direct indicator
for snow cover, the occurrence of high SWE wvalues conform with high albedo and
low land surface temperature information (Figure 2.4 — B). When com- paring the
albedo and SWE time series, it becomes clear that years with SWE values above 50
mm result in high albedo values (>30%). These conditions are visible in the years
1992, 1995 to 1997 as well as 1999. Unfortunately, no SWE values for 1987 are
available, which have also shown low temperature and high albedo information. In
2004, a low SWE is detected, which might be the result of inaccuracies from the
GlobSnow product. However, if SWE is compared to the other parameters in 2004,
the relationship is captured. A comparison with GIMMS NDVI values for June is
given in Figure 2.4 (B). As a result of the low land surface temperature and high
albedo and SWE conditions in 1987, 1992, and 1996, lower NDVI values were
acquired. Figure 2.4 shows time periods where all four parameters show strong
dependencies on each other. This relationship is obvious in the years between 1991
and 1998 as well as 2003 and 2005, where the inter-annual dynamics of different
land surface parameters are acquired by different satellite sensors showing an equal

response to each other.
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2.5.2 Identification of spatial LST and Albedo trend hot spots

The following section presents the results from the AVHRR Pathfinder land surface
temperature and albedo time series trend analysis for the time period of 1982-2005.
Only areas that show significant trends, are visualized. The correlation coefficient as
a measure of the trend over time, with a range of —1 to 1, of the time series for June,

July, August, and September are shown in Figure 2.5. This visualization gives the
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opportunity to identify potential regions with significant increasing or decreasing

trends.
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Figure 2.5: Land surface temperature and albedo trends (correlation coefficient R
over time) in northern Siberia for the summer month June, July, August and
September. Only significant values are displayed. The dashed line represents the
tree line from Walker et al. (2005).

The results for June show larger areas of the Taymir Peninsula, indicating

significant negative albedo trends. Further east, the Lena River Delta and Yana

Delta system show slight positive trends in albedo. Additionally, a second trend area
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of decreasing albedo trends can be seen between the Laptev and East Siberian Sea
(70° N and 140° E). A strong increase in land surface temperature is situated south
of the Taymir Peninsula, close to the taiga—tundra transition area. Despite this, a
slight decreasing trend of land surface temperature becomes visible for the Yamal
area, north of the taiga tundra transition area.

The land surface temperature and albedo conditions in July are found to be less
strong than in June. Hence, regions of low positive and negative trends become
visible. An increase in albedo can be found on the eastern part of the Taymir
Peninsula as well as the Lena River Delta system. Nevertheless, slightly decreasing
albedo conditions are found on the western regions of the Taymir and the Yamal
area. The results from the land surface temperature trend analysis indicate stable
conditions over time for most of the test region. The majority of the region shows a
slight decrease in land surface temperature. However, a significant strong increase in
land surface temperature conditions during the time period of 1982-2005 becomes
visible for southern Yakutia. In the same area, a hot spot of decreasing albedo
trends can be found. This part of Yakutia was highly affected by a transformation
and degradation of permafrost soil due to global warming during the last decades
(Iijima et al. 2009).

Despite all other months, the findings for August show only low trends in land
surface temperature and albedo conditions. Albedo seems to be characterized by a
slight increasing trend, whereas the land surface temperature indicates a moderate
decrease.

In September, a significant albedo hot spot of strong negative trends can be
found at the Taymir Peninsula. Besides this, some areas of decreasing albedo trends
become visible south of the taiga—tundra transition area. For the remaining part of
the whole study regions, the boreal forest regions, an increase in albedo conditions is
observable. Moderate increasing of land surface temperature trends can be found on
the Taymir Peninsula. But only some parts show a significance concerning the trend
findings. The remaining areas indicate decreasing land surface temperature trends.
Additionally, a strong decreasing land surface temperature hot spot is situated at
the boreal forest regions of central Siberia.

Figure 2.6 shows the relationship of both land surface temperature and albedo
trends for selected hot spot test regions. Particularly, the regions of the Taymir and
Yamal peninsulas have been found to show the most significant trends in northern
Siberia between 1982 and 2005. The visualization of this comparison is done via a

point density cloud. Conventional scatter plots would not allow a detailed insight
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into the distribution of points by a comparison of a large number of pixels, since
large parts of the chart will be displayed as a black area, caused by the amount of
overlapping pixel values (Eilers and Goeman 2004). Hence, the colour bar describes
the quantity of pixel pairs for a specific value, where red stands for a high and white
for a low density of compared values/pixels within the selected hot spot region.

Since the results of the time series analysis in Section 2.5.1 have shown
significant dependencies of land surface temperature and albedo conditions, similar
relationships are found for three selected trend hot spot regions. Moreover, positive
land surface temperature trends result in negative albedo trends and vice versa. This
fact becomes visible, especially for June, which shows the highest correlation
between the land surface temperature and albedo trends. Furthermore, this month
presents the beginning of the vegetation growing period in the arctic regions. Since
albedo is related to the amount of snow cover, which shows a decreasing trend, these
results give a potential indicator for an earlier start of the vegetation growing period
in these regions. July and August indicate no significant trends, as was previously
described in Section 2.5.1 and visualized in Figure 2.5. In September, only the
northern parts of the Taymir Peninsula indicate increasing land surface temperature
and decreasing albedo conditions, which could be also linked to a decrease in snow
cover, as was found in June. Within this context, an expansion of the vegetation
growing period might be expected for this specific part of the Taymir Peninsula (e.g.
Bokhorst et al., 2008; Bunn and Goetz, 2006; Tucker et al., 2001).

The results of the trend analysis for three selected hot spot regions in Figure 2.6
provide a detailed insight into the derived trends for the summer period.
Particularly, the amount of land surface temperature and albedo trends for the
selected test sites become clearer. The findings indicate changes in the length of the
vegetation growing period, since June shows the highest correlation of land surface
temperature and albedo trends for all selected test regions. This could be an
indicator of the absence of snow cover, which is the cause of the reduction of the
surface albedo. Additionally, warmer June land surface temperature conditions are
expected in these regions. These circumstances are also visible in Figures 2.2 and
2.3. Thus, the results indicate changes in the length of the growing season for these
regions in northern Siberia. The results for July and August indicate both increasing
and decreasing albedo trend areas. Despite this, all test regions show a decrease in
land surface temperature trends, which indicates cooling conditions in this time
period. The relation of land surface temperature and albedo result in very low

correlations for July and August, as no direct dependency between these two
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parameters becomes visible. In September, only the northern parts of the Taymir
Peninsula show a significant increase in land surface temperature, whereas

decreasing albedo conditions are observed.
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Figure 2.6: Correlation of land surface temperature and albedo trends (correlation
coefficient R over time) form three selected regions (Taymir — north and south and
Yamal Peninsula). Each month (June (J), July (J), August (A) and September
(S)) are displayed in a separate plot.

2.5.3 Comparing Pathfinder LST data and Air Temperature records

The land surface temperature estimates from the AVHRR Pathfinder product were
com- pared with air temperature measurements to address the quality of the remote-

sensing data used. The daily mean air in-situ temperature was derived from 79
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meteorological stations situated within the study area covering the time series from
1982 to 2005 (NCDC 2012).
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Figure 2.7: Comparison of AVHRR Pathfinder land surface temperature
estimates and in-situ air temperature records from meteorological stations (NCDC
2012).

The comparison of land surface temperature and air temperature is shown in
Figure 2.7, represented by a point density cloud, due to the high amount of data
(red = high concentration of points, blue = low concentration of points). A
correlation coefficient of R = 0.96 shows a very good agreement between remote-
sensing-derived land surface temperature and temperature from meteorological
stations. However, a minor overestimation of the air temperature can be found for
values above 0 °C. This overestimation is the result of the temperature derived from
land surface emissions, which are slightly warmer in comparison with air
temperature measured at approximately 2 m height. For the negative temperature

range, the correlation is higher, with a slight underestimation below —40 °C.
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2.6 Conclusion and Outlook

In this study, the relationship of AVHRR Pathfinder land surface temperature and
albedo products for the summer months June, July, August, and September as well
as SWE and NDVTI information for June in the time period 1982-005 were analysed.
The spatial focus of this investigation is the taiga—tundra transition area of northern
Siberia. The findings show significant trends of various land surface parameters
extracted from Earth observation time series.

Section 2.5.1 shows the inter-annual variability of land surface temperature,
albedo, SWE, and NDVI conditions in the time period 1982-2005. The highest
variability of land surface temperature and albedo is found in June, followed by
September. The months July and August show practically no inter-annual
variability during this time period. Additional information from SWE and NDVI
information is integrated for June. The inter-annual dynamics of these parameters
correlate with the land surface temperature and albedo time series information. In
detail, low temperature and high albedo conditions are accompanied by high SWE
and low NDVI values, and vice versa.

The spatial localization of AVHRR Pathfinder land surface temperature and
albedo trends is shown in Section 2.5.2. We found a significant indirect proportional
correlation of land surface temperature and albedo trends. Especially, at the start
and end of growing season, June and September, high trends and correlation are
observable. The negative correlation of land surface temperature and albedo
information in June and September indicate changes of snow cover and the length of
growing season. Since snow-covered areas produce a high surface albedo, decreasing
albedo trends indicate the absence of a snow layer. Thus, longer snow free periods
are expected, especially for the regions Taymir and Yamal. On the other hand, an
increase in land surface temperature conditions indicates an extension of the
vegetation growing cycle.

This study shows the feasibility and potential of using time series information
for trend analysis for various land surface parameters extracted from Earth
observation data. Hence, the synergetic comparison of different parameters appears
to provide a detailed insight into the land surface dynamics. Future satellite
missions, such as the Sentinel-3 mission by ESA, will contribute to upcoming
climate change studies through the continuation of a sustainable acquisition of

coarse resolution time series information (Aguirre et al. 2007).
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This article focuses on the linear trends in AVHRR Pathfinder land surface
temperature and albedo time series information. Linear regression models cannot
separate the time series signal in increasing and decreasing trends. To solve this
problem, Wang et al. (2011) and Piao et al. (2011) used a piece-wise linear
regression to estimate turning points and trend changes. The aggregation of time
series to annual values causes a loss of temporal information. An alternative is to
decompose the original time series in different components. The Breaks for Additive
Seasonal and Trends (BFAST) algorithm (Verbesselt et al., 2010) removes seasonal
effects and short-term deviations from the time series and estimates breakpoints in
the remaining series with the application of a piece-wise linear regression model.
Future studies will be carried out using additional trend analysis tools, such as
BFAST (Verbesselt et al. 2010), to address a multiple regression analysis. Moreover,
the detection of trend breakpoints provides valuable information for the analysis of
satellite time series of vegetation activity (de Jong et al. 2012), which requires the
definition of short-term trends, which are not the focus of this study.

Since, this investigation is part of a multi-scale approach, remote-sensing data
with higher spatial resolution will be integrated to map potential vegetation changes
in the regions showing the highest and most significant trends. Therefore, recent
remote-sensing data from Rapideye and historical Corona Keyhole imagery with a
spatial resolution of few metres will be used to provide a detailed insight into the

changes of vegetation structures and compositions in the study area.
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3.1 Abstract

Satellite-based temperature measurements are an important indicator for global
climate change studies over large areas. Records from Moderate Resolution Imaging
Spectroradiometer (MODIS), Advanced Very High Resolution Radiometer
(AVHRR) and (Advanced) Along Track Scanning Radiometer ((A)ATSR) are
providing long-term time series information. Assessing the quality of remote sensing-
based temperature measurements provides feedback to the climate modeling
community and other users by identifying agreements and discrepancies when
compared to temperature records from meteorological stations. This paper presents a
comparison of state-of-the-art remote sensing-based land surface temperature data
with air temperature measurements from meteorological stations on a pan-arctic
scale (north of 60° latitude). Within this study, we compared land surface
temperature products from (A)ATSR, MODIS and AVHRR with an in situ air
temperature (T.:) database provided by the National Climate Data Center (NCDC).
Despite analyzing the whole acquisition time period of each land surface temperature
product, we focused on the inter-annual variability comparing land surface
temperature (LST) and air temperature for the overlapping time period of the
remote sensing data (2000-2005). In addition, land cover information was included
in the evaluation approach by using GLC2000. MODIS has been identified as having
the highest agreement in comparison to air temperature records. The time series of
(A)ATSR is highly variable, whereas inconsistencies in land surface temperature
data from AVHRR have been found.
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3.2 Introduction

Land surface temperature (LST) is a supporting information source for the
generation of the Essential Climate Variable defined by the Global Climate
Observing System (GCOS), to support the United Nations Framework Convention
on Climate Change (UNFCCC), the World Climate Research Programme (WCRP)
and the Intergovernmental Panel on Climate Change (IPCC) (GCOS 2011). Global
climate change, caused by increasing greenhouse gas (GHG) emissions, results
significant changes to global ecosystems (Overpeck et al. 1997; Chapin et al. 2005).
The arctic environment is highly vulnerable to modifications in the global climate
system and currently subject to dramatic changes (Grace et al. 2002; Moritz et al.
2002; Nelson 2003). Predictions are indicating a significant increase of temperature
conditions in the arctic regions for the upcoming century (Kaplan and New 2006),
which leads to changes in permafrost temperature regimes, snow cover, sea ice,
vegetation activities and phenological dynamics (Myneni et al. 1997; Romanovsky et
al. 2002; Stow et al. 2004; Post et al. 2009). Increasing greenhouse gas emissions
from thawing permafrost soils will accelerate rising temperature for the upcoming
decades, due to positive feedback mechanisms in the global climate system (Serreze
et al. 2000; Moritz et al. 2002). These circumstances are showing the high
importance of a consistent and operational monitoring of climate conditions, such as
temperature, within the arctic regions. Thus, the problem is the availability of
records from meteorological stations, as well as their spatial coverage in these
territories. The integration of those ground measurements in climate research, such
as modeling and trend analysis, will evoke different problems. The analysis will
suffer from the spatial coverage and will not capture the heterogeneity of the arctic
climate system. Hence, remote sensing provides a useful tool to retrieve different
land surface characteristics over large areas, such as LST (Hachem et al. 2012).

The Data User Element Permafrost (DUE Permafrost), funded by the European
Space Agency (ESA), highlighted the needs for a permafrost monitoring system. The
aim of this project was to facilitate the cooperation between remote sensing experts
and the permafrost science community. To create an observation strategy, various
permafrost relevant parameters, such as LST, land cover, subsidence, thermokarst
lake changes, soil moisture, etc., which are measurable by satellite systems, were
defined. Land surface temperature is one important variable, used as an indicator of
the thermal state of the subsurface phenomenon permafrost, which cannot be

directly measured with satellite platforms (Bartsch et al. 2010). Hence, there is an
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increasing demand for integrating LST estimates in arctic research, such as
permafrost modeling systems (Soliman et al. 2012).

This paper presents the comparison of state-of-the-art remote sensing-based
LST data with air temperature measurements (T,:) for the pan-arctic regions north
of 60 degrees latitude. Within this study, we compared LST products from
Advanced Very High Resolution Radiometer (AVHRR), Moderate Resolution
Imaging Spectroradiometer (MODIS) and (Advanced) Along Track Scanning
Radiometer ((A)ATSR) with an in situ T.. database provided by the National
Climate Data Center (NCDC). In the context of this paper, the term LST is used
for the remote sensing-based temperature information, while T, refers to the
measurement of the meteorological station. The aim is to analyze the agreement
between LST and T.: for (1) the complete available period of each product, (2) for
the overlapping time period from 2000 to 2005, (3) based on different land cover
classes form GLC2000, as well as (4) the spatial distribution of the agreement on the
pan-arctic scale.

This paper presents a comparison of LST with T, records, rather than
validation approach. A validation approach of LST requires in situ data, which are
based on emissivity measurements of the earth surface using an thermal infrared
radiometer (TIR) or comparable systems (Hachem et al. 2012). Particularly, this
paper presents a comparison of two parameters, which have a different physical
meaning.

Land surface temperature refers to the radiation properties of the earth surface
and determines the intensity of the radiation of long waves emitted by it, which can
be detected by aircrafts or satellite-based remote sensing platforms. There are
different terms describing the same variable, such as land surface temperature or
surface skin temperature. The air temperature or surface air temperature is
measured at 1.5-2 m height, where the measurements are done by the contact of the
sensor and the surrounding air. Land surface temperature and T are correlated to
a certain degree, with some drawbacks depending on factors, such as land cover type
(Jin and Dickinson 2010; Mildrexler et al. 2011).

The comparison is done by using statistical parameters such as the Pearson
correlation coefficient (R), the slope (S) and the intercept (INT) with the y-axis of
the regression line and the mean difference (MD), also known as bias. The first three
parameters were derived by comparing the pixel of the LST data with the
corresponding T measurements from the meteorological station. Each

meteorological station is situated within a pixel of the different remote sensing
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products. The statistics are based on the scatter cloud derived from the analyzed
comparison pairs and time step. The MD is calculated by the difference between T
and LST divided by the amount of observed time steps. If the MD is negative, the
LST detects warmer temperatures than the measured T.., and vice versa (Hachem

et al. 2012).
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3.3 Data

3.3.1 Remote Sensing Data

3.3.1.1 AVHRR Polar Pathfinder Land Surface Temperature

The AVHRR Polar Pathfinder product covers the polar regions of the northern and
southern hemisphere with a spatial coverage north of 48° and south of 53° in
latitude and have been used for several studies (Maslanik et al. 1997; Green and Hay
2002; Ouaidrari et al. 2002; Julien et al. 2006; Sobrino et al. 2006). The product
includes five AVHRR channels, covering one visible, one infrared and three thermal
infrared bands, as well as surface albedo, skin surface temperature, solar zenith
angle, satellite elevation angle, azimuth angle, surface type and a cloud mask. The
product covers the time period from July 1981 to June 2005 and is based on data
from NOAA-7, 9, 11, 14 and 16. It is a twice-daily dataset acquiring the imagery at
4 a.m. and 2 p.m. in the northern hemisphere. For this study, only daytime LST
estimates have been used. The data is available in EASE-Grid projection (Equal
Area Scalable Earth-Grid) with spatial resolution of 5 km (Fowler et al. 2007). The
LST is extracted by two algorithms, which utilize the brightness temperature of
spectral channels 4 (10.3-11.3 pm) and 5 (11.5-12.5 pm) (Key et al. 1997).

The data quality of the AVHRR Polar Pathfinder product is influenced by an
orbital drift of each NOAA satellite during their lifetime, which causes a shift of the
equator crossing time to the afternoon. This orbital drift evokes a cooling effect to
the LST estimates. The effect was found to be stronger on the southern hemisphere
and non-vegetated regions (Gleason et al. 2002; Julien and Sobrino 2012). Since this
study focuses on the cold regions of the northern hemisphere, the effect of the

orbital drift is negligible and not part of its scope.

3.3.1.2 MODIS Land Surface Temperature (MOD11C1, MYD11C1)

The LST products from MODIS Terra and Aqua are widely used for remotely
sensed temperature research such as (Guangmeng and Mei 2004; Liu et al. 2006;
Hulley and Hook 2009; Julien and Sobrino 2009; Langer et al. 2010; Lei et al. 2010;
Mildrexler et al. 2011; Zhang et al. 2011; Crosson et al. 2012; Hengl et al. 2012). The
product covers a range of different datasets ranging from 1 km to 0.05° (approx. 5.6
km at equator; CMG - Climate Modeling Grid) spatial resolution, as well as daily,

eight-day and monthly temporal resolution. Both satellite platforms have sun-
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synchronous orbits. MODIS Terra acquires the data at 10:30 a.m./p.m.
(daytime/nighttime), whereas MODIS Aqua collects the imagery at 1:30 p.m./a.m.
(daytime/nighttime) (Savtchenko et al. 2004). For this study, daily MODIS LST
products MOD11C1 and MYD11C1 (Version 5) with a resolution of 0.05° were used.
The MODIS LST products (MOD11C1, MYD11C1) were derived from MOD11B1,
which has a daily resolution with 6 km pixel size in sinusoidal projection. This
product is developed from algorithms defined in (Wan and Li 1997), whereby the
temperature and emissivity extraction from 7 of 16 emissivity bands from MODIS
that cover the thermal infrared spectrum (TIR) are described. In detail, the bands
20 (3.66-3.84 pm), 22 (3.93-3.98 pm), 23 (4.02-4.08 pm), 29 (8.40-8.70 pm), 31
(10.78-11.28 pm), 32 (11.77-12.27 pm) and 33 (13.18-13.48 pm) were used for the
approach. Compared to the other channels from MODIS, these channels, also known
as window bands, remain virtually unaffected by changes in temperature and
amount of water vapor within elevations above 9 km (Wan and Li 1997).

The retrieval of LST from MODIS is based on various input parameters, which
were also available as individual products. In general, only swaths, which have a
valid Level 1B radiance in channels 31 (10.78-11.28 pm) and 32 (11.77-12.27 pm),
are over land (including water bodies) and are acquired under clear sky conditions,
in addition to being used to derive LST information. The extraction is done by a
classification-based algorithm developed by (Snyder and Wan 1998), in which
emissivity estimates from band 31 and band 32 are used. Additional input
parameters, such as cloud mask (MOD35_L2), atmospheric profiles (MODO7__L2),
geo-location (MODO03), land cover (MOD12Q1) and snow cover (MOD10 L2), are

integrated into the algorithm.

3.3.1.3 Land Surface Temperature from AATSR

The LST product by the European Space Agency (ESA), which was provided for
this study, was derived using ATSR-1 on ERS-1, ATSR-2 on ERS-2 and AATSR on
ENVISAT earth observation data. All satellites have sun-synchronous orbits, where
ERS-1 and ERS-2 acquire data at 10:30 a.m. and ENVISAT at 10 a.m. (Mutlow et
al. 1999; Coll et al. 2009). The LST product is produced using a nadir-split window
approach calculating brightness temperature from 11 pm and 12 pm described in
(Prata 2002). Coefficients depending on the atmospheric water vapor, the viewing
angle and the land-surface emissivity are considered in the algorithm (Dorman and
Sellers 1989; Prata 2002; Scarpino and Cardaci 2009). The ESA is planning to
develop a GlobTemperature program based on the data from ERS-1 and 2,
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ENVISAT and upcoming missions during the next year. A first user workshop, to
address the user’s needs for a global LST dataset, was held in Edinburgh in mid-
2012 (Pinnock 2012).

This global product covers the time period from August 1991 to December 2009
with a spatial resolution of 9.28 km in sinusoidal projection. The product has
monthly resolution, where each month is covered by approximately 430 orbits at a
resolution of 1 km. The final product resolution of 9.28 km is based on a composite
and consists of pixels marked as land and cloud-free. The discrimination between
day and nighttime data was done using sun elevation information (Mutlow et al.
1999; Kogler et al. 2012).

Some issues about the data quality due to anomalies of the sensors during their
data acquisitions times were identified. In May 1992, the 3.7 pm channel from
ATSR-1 was lost. There were no data between January and June 1996 due to
problems with the downlink and the tape capacity followed by a reduced swath
within the visible channels since June 2001. AATSR onboard of ENVISAT suffered
from a spectral drift in the 0.55-pm channel from December 2005 to December 2006,
which was corrected a priori by a model defined by (Smith 2006). Since all three
sensors are using identical thermal infrared channels, which are used deriving LST
information, it has to be mentioned that all of the sensors are onboard of three
different platforms with individual orbits and acquisition times. This is an important
point to highlight in a product combined from similar but unique sources (Kogler et
al. 2012).

3.3.2 Global Surface Summary of Day Data—Version 7

The comparison of the daily and monthly remote sensing-based LST estimates with
ground measurements were done using the Global Surface Summary of Day Data
(GSOD), an in situ database from NOAA (National Oceanic and Atmospheric
Administration) National Climate Data Center (NCDC). The product provides daily
information about 18 meteorological parameters, such as T.: (min, mean and max),
wind speed, wind gust, and amount of precipitation, from over 8,000 stations
worldwide. This GSOD dataset is based on the Integrated Surface Database (ISD),
an initiative developed in 1998 by a cooperation of NCDC, US Air Force and US
Navy. The aim of this program is to provide hourly consistent climate measurements
back to the 19th century to address the needs of global climate studies (Lott et al.
2008; NCDC 2012; Ruff and Neelin 2012).
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The database of the Global Summary of Day Data is updated on a daily
frequency. In general, the majority of the temporal availability of the meteorological
stations goes back to the 1970s, for some cases even back to the 1930s and earlier.
There are known issues about the data availability for some regions, which could be
interrupted for some time periods due to data restrictions or communication
problems. However, all available daily data records are based on a minimum of four
observations per day. The data quality is automatically controlled and corrected,

which prevents larger data gaps within the database (NCDC 2012).
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3.4 Methodology

The comparison of remote sensing-based LST estimates and T. records from the

meteorological station is performed with six processing steps:

(1) Extraction of meteorological stations on pan-arctic scale (above 60 degrees
north).

(2) Identification of geographic location of meteorological stations and
extraction of data from pixels in remote sensing-based LST products.

(3) Comparison of LST and T, time series for the whole temporal coverage of
each product.

(4) Reduction of both databases to the overlapping time period of the remote
sensing products (2000-2005).

(5) Inter-annual comparison of LST and T, data based on the overlapping
time period.

(6) Link of the results to land cover classes extracted for each meteorological
stations based on GLC2000 (Global Land Cover 2000).

I. The extractions of the meteorological stations, which are situated north of 60
degrees, are done by metadata file, which was provided by the NCDC. This file
includes additional information for each station, such as station ID, starting time of
acquisition, geographic coordinates, country and measured parameters. This
extraction results in over 600 stations suitable for this analysis. After an automated
consistency check, identifying missing daily data, the data gaps where filled to create
a consistent database. Meteorological stations, which have shown a significant
number of missing data, were not used for this study.

II. To develop a comprehensive validation database, the geographic coordinates
of each of the selected meteorological stations was extracted from the metadata and
applied to the remote sensing time series product. Afterwards it was possible to
convert the pixel stack from the LST products, which are including each time step,
into a single vector. For each meteorological station, a matrix was developed, which
included the time, the LST that was based on the remote sensing data, and the T,
values.

III. In a first step, the remote sensing-based LST was compared to T

measurements for the complete time series of each product (Section 3.5.1). Only
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daytime temperature information was used in this study. This analysis should give
an impression about the agreement between both parameters.

IV. To derive a detailed insight in the comparison and to assure the
comparability of this study, the overlapping period of the remote sensing products
(2000—2005) was analyzed (Section 3.5.2).

V. For this time period, the inter-annual variability between LST and T. were
analyzed, using different statistical parameters, such as the Pearson correlation
coefficient (R), the slope (S) and the intercept of the regression line (I), as well as
the mean difference (MD).

i 1
1 1
1 1
: MODIS AVHRR AATSR “—r : p  selection of meteorological :
; l
1

Terra & Aqua (daily) (daily) (monthly) 1 1 stations above 60°N

1 1
______________________________________ 1 | I |
5 Y A A 1 e |
1 1 I dail . 1
1 creation of a land surface temperature database for each product for 1 : & alty mean aclir § I
! each meteorological station L — CMPErature recoras trom !
: 1 . meteorological station 1
1 Time series from 2000 — 2005° I data for 2000 — 2005 '
1 1 1

comparison of LST products with l
air temperature records

Inter-annual variability of
Correlation Coefficient (R)
Slope of Regression Line (S)
mean difference (MD)

Link of comparison to land cover

L 4

1
—— Global LC 2000

1
i i 1
Results for different land cover units Land Cover Units

*Time Series for MODIS Aqua 2002 — 2005

Figure 3.1: Flowchart of the described methodology.

VI. Prior to the inter-annual variability by comparing LST and T, time series
information, the results were linked to land cover units (Sections 3.5.3 and 3.5.4).
The goal was to provide information about land cover classes, which are showing the
highest variability and discrepancies between remote sensing and ground
temperature measurements. The aim was to use the most recent global land cover
product GlobCover 2009, developed by ESA (Bontemps et al. 2011). Unfortunately,
this classification is not suitable for this analysis, since the land cover class “needle-
leaved deciduous forest” (80) does not appear in the final product. The reason for
that is that this class needs a seasonal observation from a remote sensing satellite,
which was not sufficient for this classification (Bontemps et al. 2011). Thus, the

Global Land Cover Classification 2000 (GLC2000), produced by the Joint Research
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Centre (JRC), was used for this study. This classification is based on satellite data
from VEGETATION on SPOT-4 and wuses the standardized Land Cover
Classification System (LCCS) developed by FAO (Food and Agriculture
Organization) as land cover legend (Bartholomé and Belward 2005). A brief

overview of the methodology is shown in Figure 3.1.
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3.5 Results and Discussion

3.5.1 Correlation of Remote Sensing-Based LST Estimates with T..

Measurements

The following chapter presents the results from the comparison of LST from
(A)ATSR (monthly mean values), AVHRR and MODIS (both daily mean values)
with daily mean in situ measurements from meteorological stations. Each plot shows
the correlation of the comparison based on the time series of each product with T
data (Figure 3.2). The density cloud plot is divided into temperatures above and
below 0 degree Celsius (°C), while showing the corresponding regression line as well
as the Pearson’s correlation coefficient (R).

The LST product from (A)ATSR covers the time period of 1991 to 2009 with a
monthly temporal resolution. When compared to T. measurements, a correlation of
R = 0.89 is achieved. The remote sensing data detects colder temperatures than
those measured on the ground within a range of 0 to 15 °C. Above 15 °C, the
opposite becomes visible. The agreement between LST and T. for temperatures
above 0 °C are described by a correlation coefficient R = 0.75. Observing the
negative temperature range, LST is showing colder temperatures until
approximately —30 °C. Below this value, LST appears to be warmer. The negative
temperature range results in a correlation coefficient of R = 0.81. Thus, higher
correlations are found for temperatures below the freezing point.

The LST estimates from the AVHRR Polar Pathfinder dataset results in an
overall correlation of R = 0.9, which is comparable to the correlation coefficient of
(A)ATSR. However, AVHRR has a larger temporal coverage (1981-2005) and has a
daily temporal resolution. Similar to (A)ATSR, LST from AVHRR results in colder
temperatures compared to the corresponding T, measurements within a
temperature range from 0 and 5 °C and the opposite above this range, causing a
correlation coefficient of R = 0.74. For temperature values below 0 °C, (A)ATSR
and AVHRR are showing similarities. Until a value of —30 °C, LST is slightly colder
than T... Afterwards, LST values are warmer than the corresponding T.. values.

The correlation coefficient is R = 0.82.
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Figure 3.2: Comparison of (A)ATSR, AVHRR, MODIS Terra and MODIS Aqua
LST estimates and T records from meteorological stations. Each plot shows the
complete time period of each product (AATSR = 1991-2009, AVHRR = 1982-
2005, MODIS Terra = 2000-2012, MODIS Aqua = 2002-2012).

The overall correlation coefficient of MODIS Terra and Aqua is higher than for
(A)ATSR and AVHRR (R = 0.95). However, MODIS Terra and Aqua are covering
a shorter time period. The correlation of temperature above 0 °C shows a slight
overestimation with a very close fit of the regression line to the 1:1 line. The
correlation coefficient is higher (R = 0.80) than for (A)ATSR and AVHRR. The
correlation of negative temperature is very high with R = 0.92, which also results in
a very close fit of the regression line and the 1:1 line.

In summary, MODIS Terra and Aqua LST estimates display a higher
correlation when compared to T records, followed by (A)ATSR and AVHRR. The
concentration of the point density within the scatter cloud is close to the 1:1 line,
which is also the case for AVHRR. Values around 0 °C and slightly warmer seems to
show the highest concentration of compared data pairs, except for (A)ATSR.
AVHRR and (A)ATSR show outliers at 0 °C of the x-axis ranging down to —60 °C
of the y-axis. These artifacts may be caused by the cloud and ice detection
algorithm of the products. Since temperature conditions in the lower atmosphere
(top of clouds) are much lower (Vardavas and Taylor 2012) than the temperature of
snow or ice covered surfaces, confusion between cloud and ice detection during the

winter season could cause this problem.
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In general, LST appears to result in warmer values compared to T, within the
positive temperature range for all remote sensing products. This problem exists due
to the fact that LST and T.. are based on different physical processes (Jin and
Dickinson 2010), as described in the introduction. Land surface temperature is
warmer in positive temperature ranges than T, which is measured at a height of 2
m, as standardized for meteorological stations. Increased solar irradiance (e.g.,
during the summer month), causes higher land surface temperatures, thereby leading

to this overestimation (Sun and Mahrt 1995).
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3.5.2 Inter-Annual Variability of LST Estimates for the Time Period
between 2000 and 2005

This chapter highlights the inter-annual variability of different statistical parameters
extracted by the comparison of LST and T... Due to the large amount of data, each
time step represents the median of all measurements. Figure 3.3 gives an overview of
the variation between the time periods of 2000 to 2005, which is the overlapping
time period of the used remote sensing products and enables a refined comparability.

The correlation coefficient (R) describes the variance of the point cloud around
the regression line, showing the dependencies between LST and T,.. The variability
of R during the time period of 2000 to 2005 is quite similar for all products, with the
majority ranging between 0.6 and 0.9 during the yearly cycle. Higher correlations
can be found in the winter season and lower during the summer month. An
explanation could be the higher turbulences between land surface and atmosphere in
the summer month in comparison to the winter month with lower incoming solar
radiation (Zhang et al. 2011). AATSR is showing the highest inter-annual dynamics
compared to the other products. Since 2003, AATSR is not capturing the yearly
dynamics of the other products. Land surface temperatures from MODIS are
showing similar inter-annual variations when compared to T., measurements. The
dynamics of AVHRR are comparable to the variability identified for MODIS.
However, AVHRR is resulting in larger amplitudes of the dynamics.

In general, MODIS results in consistent inter-annual dynamics in contrast to
more variations identified in AATSR and data inconsistencies for some months in
the AVHRR product. A drop of the correlation coefficient is found at the end of
2004 for the AVHRR data. This might be due to the data quality, consistence of
acquired data and algorithm processing chain. Known issues include problems with
the scan motor on NOAA-16, which causes sporadic, irregular shifts within the
derived spectral information (Fowler et al. 2007), as well as the orbital drift of the
NOAA satellites, which in turn causes a delay in overflying time (Gleason et al.
2002; Julien and Sobrino 2012). Another reason could be that the data from AATSR
has a monthly temporal resolution. The number and the time of observations may

vary from month to month during this time period.
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Figure 3.3: Inter-annual variability of the correlation coefficient (R), slope,

intercept (INT) and mean difference (MD) for the time period of 2000 to 2005.
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The statistical parameters Slope (S) and Intercept (Int) describe the dynamics
of the point clouds. A slope of 1 exists when the regression line is parallel to the line
of best fit (x equals y). If the intercept equals 0, the regression line and the line of
best fit are congruent. In combination with the correlation coefficient, which
describes the variance around the regression line, these three statistical parameters
allow for a detailed interpretation comparing LST and T... AVHRR and AATSR
display large variability observing the slope. During the wintertime, the products
have resulting slopes of —0.5, which is an indicator of lower dynamics during this
time of the year. In the summer months, higher dynamics can be found by slopes
with the value of 1.5. MODIS LST is very close to slopes of 1, which indicates low
dynamics during the year. This is applicable during the summer season, while the
winter season is showing fairly lower slopes of 0.8.

The statistical parameter Intercept (Int) is congruent for the AVHRR and
MODIS data for the years 2000-2002. AATSR shows the same dynamics, but is
fairly lower. For the year 2003 and beyond, AATSR and AVHRR have the same
variability, while MODIS continues the dynamic patterns of the previous years. The
decrease of the slope and intercept statistic values for the AVHRR at the end of
2004 data also becomes visible.

The relation of the correlation coefficient, the slope as well as the intercept
indicates that LST was lower than the equivalent T, during the wintertime for all
LST products. This assumption is based on slopes, which are below 0 while showing
a negative intercept with the y-axis. The summer season is characterized by slopes
above a value of 1 in combination with positive intercepts, which indicates an
overestimation of the positive temperature range and an underestimation of negative
temperatures.

The correlation coefficient during the summer is lower in comparison to the
winter month, indicating higher variances in differences between LST and T.. In
general, the diurnal temperature magnitude is lower in winter as in the summer
season. This causes larger variations between day and night temperatures (Seidel
and Free 2005; Zhang et al. 2011). It needs to be mentioned that the diurnal cycle is
also influenced by different moisture conditions of the earth surface (Langer et al.
2010), as well as water vapor within the lower atmosphere (Zhang et al. 2011).
Nevertheless, the findings illustrate lower dynamics between LST and T. for
negative temperatures. The positive temperature range, influenced by larger diurnal
temperature differences, results in higher divergences between LST and T

measurements.
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The mean difference (MD) is an indicator describing whether remote sensing-
based LST data detects warmer or colder temperature in comparison to Tu. If the
MD is negative, the LST detects warmer temperatures than the measured T, and
vice versa (Hachem et al. 2012). All products show a similar inter-annual variability.
The MODIS product is close to 0 for the whole time period. AVHRR is showing
similar bias values in comparison to MODIS. In detail, higher differences between
MODIS and AVHRR are found in the summer than during the winter season, which
have been recently identified by (Frey et al. 2012). AATSR detects solely colder
temperatures for the first three years, which is followed by an adaption to the
seasonal cycle of the other products, but still higher variations.

In general, the summer months are showing a slightly negative bias, which
indicates that the land LST estimation results in warmer temperature than the
measured T.,. For the winter season, the opposite is found. The positive mean
difference values are caused by colder LST estimates than measured by the
meteorological station at 2 m height. The lowest bias can be found for spring and
autumn, which was also found for the other statistical parameters.

The observed variability and derivations between LST and T.. could be caused
by the different pixel sizes of the products. MODIS and AVHRR have a spatial
resolution of approx. 5 km, whereas AATSR has a resolution of about 9 km. This is
changing the influence of the heterogeneity of the land surface in the LST pixel.
Moreover, the LST values from AATSR are based on monthly mean. Hence, a
comparison to daily values from MODIS and AVHRR is a challenging issue.

The findings are indicating low agreements between LST and T.. during peak
temperatures events for both positive and negative ranges, which are found in
summer and winter. Besides this, spring and autumn, which are characterized by
moderate temperatures and diurnal differences, are showing a higher agreement and
a lower bias between LST and Thq.

In summary, MODIS seems to shows the best fit between LST and T.,. Data
from AATSR is affected by high inter-annual variability, which reduces the
consistency of the dataset. Comparing LST from AVHRR with T., inconsistencies

are also found in the time series, such as the drop of in the end of 2004.
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3.5.3 Comparison of Land Surface Temperature and Air Temperature

for Selected Land Cover Classes

The statistical parameters comparing LST with T.. estimates are linked to land
cover classes for each station. As it was done in Section 3.5.2, only the median is
displayed in Figure 3.4. The land cover information was derived using GLC2000
global land cover classification (Bartholomé and Belward 2005). Only classes,
including more than 20 stations, are shown below (Figure 3.4). The standard
deviation of each data point is shown in Table 1.

The correlation coefficient R was above 0.7 for all selected classes and products,
which is an indicator for a good agreement between LST and T.i.. However, MODIS
showed the highest correlation for all classes (>0.9) while AVHRR results in lower
coefficients for all classes. The range between the correlation coefficient of the
products is low for classes, which are dominated by forest classes. Land cover units
characterized by lower vegetation and sparse vegetation were showing a higher range
of R-values. From the perspective of land cover classification, forest classes were
defined as stable, whereas shrub land and herbaceous vegetation classes,
characterized by a mixture of plant species, were known to be heterogeneous
landscape units (Herold et al. 2008). Additionally, the heterogeneity is also an effect
of the large pixel size of the remote sensing-based LST products, affecting the
estimation of the LST for specific land cover types (Lu et al. 2011).

The majority of the land cover classes resulted in slopes above 1, except for
water bodies, as well as needle-leaved deciduous trees, one of the dominant
vegetation types in Siberia. Both land cover types resulted in slope values close to 1,
indicating a nearly identical dynamic between the observed and the measured
variables. Slopes above 1 resulted if LST was showing higher dynamics than Tu. In
combination with the intercept, it is possible to derive information about whether
LST is warmer or colder than the corresponding T measurements.

Land cover types such as needle-leaved evergreen forest, mixed forest, mosaic
forest with other natural vegetation, shrubs, herbaceous and sparse vegetation, as
well as flooded areas and water bodies, resulted in slopes above 1 and negative
intercepts. This indicated that LST is warmer than T,. in positive and negative
temperature range. In detail, the remote sensing sensors detect warmer temperature
in positive temperature range and colder temperatures in negative range. For all

these classes, AATSR and AVHRR had a stronger influence over this circumstance.
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Good agreement of LST and T, was found for the needle-leaved deciduous forest,

mosaic forest and other vegetation, sparse vegetation and flooded areas.
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Figure 3.4: Comparing LST and Ta. for the time period of 2000 to 2005 for

selected land cover classes.

The statistical parameter mean difference is zero or positive for non-forest
classes. These land cover types also showed the highest range between the products,
where AATSR showed the highest values for this statistical parameter. The positive
mean difference values thus indicate that LST estimates colder temperatures than
those measured in the field. In comparison, the forest classes showed a negative bias,
thereby indicating that warmer temperatures have been detected by the remote
sensing data. In general, MODIS results in low mean difference values, which
suggests the measured LST estimates to be close to the T (see Section 3.5.2). The
needle-leaved deciduous forest land cover class, which is one of the major vegetation
types, showed high agreement between LST and T.: by a low bias for all products.
The standard deviations of the correlation coefficient as well for the mean difference

for each product and land cover type are shown in Table 1.
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Table 3.1: Standard deviation of the statistical parameters correlation coefficient and mean

difference for selected land cover classes.

MOD MOD

Land Cover AATSR - AVHRR Terra Aqua 2
R
tree, needle, ever 0.38 0.29 0.29 0.33 0.32
tree, needle, deci 0.49 0.48 0.50 0.50 0.49
tree, mixed 0.39 0.37 0.36 0.38 0.38
mos: tree/other veg 0.46 0.42 0.43 0.45 0.44
shrub, deciduous 0.42 0.30 0.24 0.35 0.33
herbaceous 0.45 0.41 0.40 0.42 0.42
sparse herb or shrub 0.33 0.24 0.27 0.29 0.28
flood shrub/herb 0.42 0.38 0.41 0.44 0.41
water bodies 0.42 0.35 0.38 0.40 0.39
Mean Difference

tree, needle, ever 2.66 2.70 1.49 1.78 2.16
tree, needle, deci 1.51 1.46 1.17 1.51 1.41
tree, mixed 1.76 2.86 0.98 1.19 1.70
mos: tree/other veg 1.44 1.59 0.82 1.21 1.26
shrub, deciduous 3.04 3.96 1.59 1.75 2.59
herbaceous 3.03 3.96 1.52 1.72 2.56
sparse herb or shrub 2.05 3.13 1.47 1.75 2.10
flood shrub/herb 2.13 1.87 1.22 1.13 1.59
water bodies 2.92 3.20 1.56 1.65 2.33

AATSR results had the highest standard deviation values for the correlation
coefficient. For the mean difference, AVHRR had the highest standard deviation,
while MODIS Terra showed the lowest. The ranges of the standard derivations for
the slope, which are not shown in the table, were similar for all products and land
cover classes (0.44-0.62). In contrast, the correlation coefficient, intercept (not
shown in Table 3.1) and mean difference were characterized by larger derivation of
the standard deviation between the products for the selected land cover classes. The
forest classes showed the lowest differences for the standard deviations, particularly

for the mean difference. Moreover, sparse vegetated classes, as well as herbaceous
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and shrub lands, had larger discrepancies in standard deviation values. As discussed
in Section 3.5.3, the heterogeneity of the land surface has a major impact on the
derived agreement between LST and T,.. Thus, comparing LST and T, for different
land cover units, heterogeneous land cover units seem to be rather variable and
differ from more stable classes, such as tree cover classes. Additionally, the coarse
pixel size of the LST products enhances the effect of heterogeneity (Frey et al.
2012).

In general, MODIS LST estimates resulted in the lowest standard deviations
when compared to AATSR and AVHRR. As it was identified in Sections 3.5.1 and
3.5.2, the LST estimates from MODIS showed the agreement with T,, measurements
and also had the lowest magnitude variability within the observed time series. Thus,
the MODIS products are defined as consistent and having the highest confidence

compared to the other products.
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3.5.4 Pan-Arctic Perspective of the Mean Difference for the Time
Period of 20002005

Figure 3.5 presents the mean difference for all meteorological stations, covering the
pan-arctic circle. The values of the legends are ranging from —2 °C to 2 °C (Note:
higher positive and negative values might occur). The colors are ranging from
orange (warmer) to blue (colder). The size of the circles provides information about
the height of the mean difference. Larger circles indicate higher mean differences in
both directions, positive and negative. In general, maritime-dominated regions, such
as coastal areas, indicate that the remote sensing-based LST detects colder
temperature conditions than those acquired by the meteorological stations.
Furthermore, stations within a continental climate regime show that LST is warmer
than T, This is the case for all products. Moreover, the magnitude of positive and
negative peaks is higher in continental regions, which indicates higher variations
within the LST retrieval. The stability of temperature conditions in maritime
regions around the arctic coastline in comparison to continental areas have been
highlighted by (Dutrieux et al. 2012).

Comparing the products, AATSR and AVHRR showed larger values in both
directions than MODIS, indicating a higher bias especially in FEurope and the
western part of Russia. AATSR detects colder temperatures over large areas when
compared to in situ measurements. AVHRR and MODIS Terra are also showing this
phenomenon in these areas. However, the biases are quite low. MODIS Aqua does
not reflect these findings for Europe and the western part of Russia. The mean
difference values were negative, which indicates that LST is warmer than Ta.. These
findings are reasonable, since the acquisition time of MODIS Aqua is in the
afternoon, which causes warmer temperatures during the day. Thus, the solar
irradiance has changed during both acquisition times, causing an increase in LST. It
is expected that AVHRR also shows the same bias than MODIS Aqua, since
AVHRR also acquires the satellite data during the afternoon. One reason for these
dissimilarities could be the orbital drift of the NOAA satellite, which causes a delay
in overflying time. Since the data is acquired later during the day, the temperature
conditions could already decline towards the late afternoon. Hence, the temperature
conditions could be similar to those during the morning time (MODIS Terra,
AATSR). In the far eastern parts of Russia, all products showed a similar bias.
However, some differences in the height of mean difference values can be found when

AVHRR is compared with the other products. The territories of North America are

Page |72



Results and Discussion

showing the same patterns between AATSR and AVHRR. Moreover, a different

distribution of the mean difference values was found for both MODIS products. In
contrast to AATSR and AVHRR, the LST estimates were detected to be warmer
than T.. (negative MD). This is already the case for the morning data (MODIS

Terra) and increases during the afternoon, which can be found for the MODIS Aqua

data.
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Figure 3.5: Pan-Arctic mean difference distribution.
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3.6 Conclusion and Outlook

Land surface temperature information (LST) from AVHRR (Advanced Very High
Resolution Radiometer), MODIS (Moderate Resolution Imaging Spectroradiometer)
and (A)ATSR ((Advanced) Along Track Scanning Radiometer) were compared to in
situ air temperature measurements (T..) from the National Climate Data Center
(NCDC). The quality characteristics are addressed to the climate modeling
community, as well as other climate-related research groups.

MODIS LST has shown the highest agreement in comparison to Ta.. (A)ATSR
and AVHRR tend to detect warmer and colder temperatures for the positive and
negative temperature ranges. MODIS is showing minor overestimations in the
positive temperature range. (A)ATSR and AVHRR indicate outliers around the
freezing point. These artifacts are referred to errors in the processing chain, when
differentiating between clouds and snow, as well as ice-covered regions.

High agreements between LST and T.: can be found for the winter season with
a decline towards the summer months (Frey et al. 2012). AATSR has the highest
inter-annual variability. Some issues can be found for AVHRR, induced by a
decrease of the agreement at the end of 2004. The bias of MODIS LST is close to
zero for the entire time, whereas larger variability is found for AATSR and AVHRR.

High correlations are found for all land cover classes. The ranges of the
correlation coefficient between the products are low for tree cover classes.
Heterogeneous land surfaces, such as herbaceous and shrub lands, result in higher
discrepancies. MODIS LST results in the lowest bias, emphasizing the quality of the
product. Differences between maritime and continental areas are found. The results
have shown coastal regions to be characterized by positive mean difference values,
indicating LST to be colder than T,.. Continental areas are characterized by an
overestimation of the Ty.

Coarse resolution LST information was compared to point measurements on the
ground. The comparison between pixel and point values can bring uncertainties to
the analysis caused by land cover, snow cover, topography, soil moisture and surface
water, etc. (Hachem et al. 2012). The arctic regions are characterized by a high
density of thermokarst lakes, non-vegetated surfaces (rocks), as well as snow and ice,
which have a strong influence over the emission characteristics of the earth’s surface.
Additionally, the diurnal cycle is a challenging issue which needs to be addressed in

LST studies. Investigations are carried out by combining daytime and nighttime
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LST observations, which have shown the potential to reduce the discrepancies
(Soliman et al. 2012).

As daily and monthly mean temperatures are compared in this study, future
investigations need to be carried out addressing the actual daytime of the observed
LST and measured T Daily LST information from (A)ATSR might become
available within the upcoming GlobTemperature program by ESA (European Space
Agency) (Kogler et al. 2012). The Integrated Surface Database (ISD), known as
Integrated Surface Hourly (ISH), provides, besides the daily mean, information
about the exact time of the day of the acquired T,.. Thus, a direct connection
between the overpass time of the satellite and the acquired T.. can be achieved
(Smith et al. 2011). This would improve the analysis of comparing remote sensing-

based LST and T,, measurements from meteorological stations.
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4.1 Abstract

Arctic ecosystems have been afflicted by vast changes in recent decades. Changes in
temperature, as well as precipitation, are having an impact on snow cover, vegetation
productivity and coverage, vegetation seasonality, surface albedo, and permafrost
dynamics. The coupled climate-vegetation change in the arctic is thought to be a
positive feedback in the Earth system, which can potentially further accelerate global
warming. This study focuses on the co-occurrence of temperature, precipitation, snow
cover, and vegetation greenness trends between 1981 and 2012 in the pan-arctic region
based on coarse resolution climate and remote sensing data, as well as ground
stations. Precipitation significantly increased during summer and fall. Temperature
had the strongest increase during the winter months (twice than during the summer
months). The snow water equivalent had the highest trends during the transition
seasons of the year. Vegetation greenness trends are characterized by a constant
increase during the vegetation-growing period. High spatial resolution remote sensing
data were utilized to map structural vegetation changes between 1973 and 2012 for a
selected test region in Northern Siberia. An intensification of woody vegetation cover
at the taiga-tundra transition area was found. The observed co-occurrence of climatic
and ecosystem changes is an example of the multi-scale feedbacks in the arctic

ecosystems.
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4.2 Introduction

The high latitude regions of the northern hemisphere have been undergoing
significant changes during the last few decades (Grace et al. 2002; Moritz et al. 2002;
Nelson 2003; Miller et al. 2010). The arctic regions are highly vulnerable to
modifications in the climate system and are influenced by changes in temperature
and precipitation regimes, as well as snow and vegetation dynamics. Temperature
conditions in the arctic regions have never been as high, compared to the last 300
years (Moritz et al. 2002). Predictions from climate models forecast a significant
increase in temperature for the upcoming decades (Kaplan and New 2006). These
climate trends cause modifications in permafrost soil temperatures, snow cover
dynamics, sea ice concentration, vegetation growth, and phenological dynamics
(Myneni et al. 1997; Romanovsky et al. 2002; Stow et al. 2004; Post et al. 2009).
Among other factors, the increasing greenhouse gas emissions from melting
permafrost, as well as the recruitment of woody vegetation species to the
northernmost regions are assumed to result in positive feedback mechanisms within
the global climate system (Overpeck et al. 1997; Crowley 2000; Serreze et al. 2000;
Beringer et al. 2001; Chapin et al. 2005; Blok et al. 2011a; Loranty et al. 2011; Xu et
al. 2013).

The arctic regions are highly vulnerable to climate modifications, therefore the
monitoring of land cover changes and triggers are of major importance. Changes in
snow cover and sea ice extent have been found to have a critical impact on the
environmental and ecological dynamics of the Arctic (Lawrence et al. 2008; Post et
al. 2009; Bhatt et al. 2013). In addition to an increase in phenological activity,
woody cover vegetation types, which are representing not only trees but also shrubs,
have been identified to be expending in the tundra regions (Bokhorst et al. 2008;
Blok et al. 2010; Myers-Smith et al. 2011). Recent publications have emphasized the
increase of shrub cover in the pan-arctic area (Tape et al. 2006; Blok et al. 2010;
Myers-Smith et al. 2011; Berner et al. 2013). These changes in vegetation dynamics
and structure are indicators for present modifications in the arctic climate system
(Sturm et al. 2001; Epstein et al. 2004; Bunn and Goetz 2006; Tape et al. 2006),
leading to an alternation of the energy budget, the storage capacity, as well as the
permafrost dynamics on regional and global scales. The transition zone between the
taiga and the tundra has an extent of nearly 13,000 km around the northern
hemisphere and is of high importance in climate change studies and climate

modeling (Shiyatov 2003; Ranson et al. 2004). The identification and interpretation
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of changes in structure, composition and dynamics of different arctic vegetation
types, particularly the arctic tree line region, have been highly accentuated in
scientific studies during the last decade (Moritz et al. 2002; Harsch et al. 2009;
Olthof and Pouliot 2010). The potential for using different earth observation data to
monitor the vegetation changes at the taiga-tundra transition zone in northern
Siberia has been shown by (Ranson et al. 2004; Kharuk et al. 2006; Sun et al. 2011).

A consistent and operational monitoring of climate variables within the arctic
regions is of high importance. Because information from in situ measurements is rare
in the arctic regions, remote sensing investigation is a useful tool to observe and
monitor various essential climate parameters. Long time series on coarse spatial
resolution as well as high-resolution remote sensing data for climate research are of
high importance. Hence, synergetic multi-scale methodologies for the identification
and the analysis of climate parameters derived by Earth observation techniques are
required. Various methods for the extraction of trends from time series data are
available. A common approach is to calculate linear regressions on time series at
different temporal resolutions. The majority of recent trend analyses are based on
seasonal and yearly time steps. Trend analyses using monthly resolution time steps,
which emphasize the variability within the yearly cycle, are underrepresented in
climate change related studies. This paper focuses on the trend analysis from
different climate and ecosystem parameters for monthly time series.

However, the changes and trend patterns are not homogeneous over the pan-
arctic region. The aim of this paper is to show the variability of findings in temporal
and spatial scale for the last 30 years using coarse resolution remote sensing data
and additional products. Furthermore, high-resolution Earth observation data, from
Landsat and RapidEye, are utilized to measure woody vegetation cover and
vegetation structures for a 40-year time span for a selected test region in Siberia.
The objectives are to (1) identify areas showing the most significant trends and
dynamics, (2) analyze the co-occurrence of different climate and ecosystem
parameters, as well as (3) show the synergetic potential of identifying effects of
large-scale trend patterns to local scale change. This paper presents monthly trend
calculation from maximum snow water equivalent (SWE..), temperature
(CRUTemp), precipitation (CRUPrecip), and NDVI (Normalized Difference
Vegetation Index—NDVI3g) for the time period of 1981 to 2012. The analysis was
done by identifying trend regions using a monthly temporal resolution on pan-arctic
scale. A regionalization of the trend findings was done using a biodiversity map
defined by the CAFF (Conservation of Arctic Flora and Fauna) (CAFF
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(Conservation of Arctic Flora and Fauna) 2010). On a local scale, high-resolution
remote sensing data were investigated, using Landsat (1973) and RapidEye (2012)
data to monitor woody vegetation cover changes between a 40 year time span at the

taiga tundra transition area of the Taymyr peninsula.
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4.3 Data and Methods

4.3.1 Maximum Snow Water Equivalent—ESA DUE GlobSnow

The GlobSnow program is a Data User Element (DUE) funded by the European
Space Agency (ESA). This project provides information on different snow
parameters in near real time, such as snow extent (SE) and snow water equivalent
(SWE) for the northern hemisphere. The SWE product covers the time period since
1978 and has a spatial resolution of 25 km in EASE-Grid projection (Equal-Area
Scalable Earth Grid). The product is available in daily, weekly and monthly
resolutions. In this study, SWE.. information has been used for the time series
trend analysis. The SWE,,.. information is extracted from the weekly aggregated
products (Luojus et al. 2011).

The SWE product is derived using remote sensing data from the Scanning
Multichannel Microwave Radiometer (SMMR), Special Sensor Microwave/Imager
(SSM/I), and Advanced Microwave Scanning Radiometer (AMSR-E). SMMR
onboard of the Nimbus-7 satellite covers the time period from 1978 to 1987, SSM/I
from 1987 to 2002, and AMSR-E, which is onboard Aqua, since 2002. Additional
information about the product development and algorithms, which were used to
derive SE and SWE can be found in Pulliainen (2006). Individual studies assessing
the quality of the GlobSnow data have proven the good quality of the product with
error margins below 40 mm, especially for the derivation of peak accumulation

information and seasonal snow dynamics (Takala et al. 2011; Hancock et al. 2013).

4.3.2 Temperature and Precipitation—Climate Research Unit (CRU)

For this study temperature and precipitation measurements from the Climate
Research Unit (CRU TS3.2) were utilized (Jones and Moberg 2003). The CRUs
provide global gridded information of different climate parameters, such as
temperature, precipitation, vapor pressure, cloud cover, etc.,, which were
interpolated from meteorological stations. The input data, derived from climate
stations, are collected from different archives coordinated by the World
Meteorological Organization (WMO), the National Oceanographic and Atmospheric
Administration (NOAA), as well as other data sources (New et al. 2000). In total,
the CRUs are based on data from more than 4000 meteorological stations, which are
distributed around the globe. However, the amount of meteorological stations in the

arctic regions is limited. The interpolation between these stations might introduce
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additional errors and need to be taken into account. Based on user requirements
from the climatology modeling community, the spatial resolution of the products are
defined with 0.5° in latitude and longitude. The time series starts in 1901. Until the
early 1980s, the amount of stations has substantially increased (New et al. 1999;
New et al. 2000). Temperature and precipitation information from the CRU data
archive have been widely used for arctic research studies (Rawlins et al. 2006;

Brown et al. 2010; Semenov and Latif 2012; Park et al. 2013).

4.3.3 NDVI3g - GIMMS

The GIMMS NDVI dataset (Global Inventory Modeling and Mapping Studies -
Normalized Difference Vegetation Index) from NOAA AVHRR (National Oceanic
and Atmospheric Administration—Advanced Very High Resolution Radiometer)
have been used in many arctic related climate studies (Slayback et al. 2003; Stow et
al. 2004; Tucker et al. 2005; Bunn and Goetz 2006; Piao et al. 2011; Wang et al.
2011; Epstein et al. 2012; Macias-Fauria et al. 2012; Urban et al. 2013b). A new
version (NDVI3g) of the long-term time series of GIMMS is available. The GIMMS
NDVI3g was re-calibrated for improved usage in high-latitude regions (Xu et al.
2013; Zhu et al. 2013). The dataset covers the time period from July 1981 until
December 2011 with a bi-weekly temporal and 8 km spatial resolution. The NOAA
satellites are affected by the orbital drift, which causes a delay in overflying time
during the life-time of each satellite (Gleason et al. 2002; Julien and Sobrino 2012).
These effects have been substantially reduced in the dataset (Tucker et al. 2005;
Pinzon 2014).

As the high latitude regions are affected by snow and cloud cover, the GIMMS
NDVI3g dataset was pre-processed for the specific requirements of this study. Pixels
that were flagged as snow or cloud cover have been excluded from this analysis. The
remaining bi-weekly NDVI information was aggregated to a monthly temporal
resolution, which is a widely used method to reduce remaining effects from other

influencing factors, e.g., haze (Holben 1986).

4.3.4  Arctic Biodiversity Assessment - CAFF

The regionalization of the trend findings was done by using an arctic boundary map
produced by the Arctic Biodiversity Assessment as part of the CAFF (CAFF
(Conservation of Arctic Flora and Fauna) 2010). The map consists of three classes

representing the high and low-arctic areas as well as the sub-arctic regions (shown in
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the supplementary material Figure App. 1). The high and low-arctic regions are
extracted from the Circumpolar Arctic Vegetation Map (CAVM) by (Walker et al.
2005). The CAVM was divided into two areas. The high-arctic areas are based on
the geographic distribution of subzone A, B, and C, whereas subzone D and E are
represent the low-arctic regions. The southern limit of the sub-arctic regions is not
defined by a specific dataset. Hence, it is representing an approximation of the area
covered by the boreal forest (see appendix Figure App. 1). It is planned to update
the southern border as soon as the Circumboreal Vegetation Map (CBVM) has been
completed (Talbot and Meades 2011).

4.3.5 Trend Analysis

The extraction of trends from time series data can be estimated with different
approaches. A common approach is to calculate linear regressions on time series at
different temporal resolutions. The resulting slope coefficient from the regression line
is used to describe the trend. Many studies have shown the potential of identifying
trends in long-term time series (Goetz et al. 2005; de Jong et al. 2011; Piao et al.
2011; Forkel et al. 2013). We computed trends on each month separately, i.e., on
30-year time series with annual resolution. The trend slope was calculated based on
ordinary least square regression, while the significance of the trend was assessed by
computing the Mann-Kendall trend test (Mann 1945). We used the implementation
of trend analysis as described in (Forkel et al. 2013). All input data have been
rescaled to a spatial resolution of 0.5°. The trends have been calculated for the

entire area covering the regions north of 50-degree latitude.

4.3.6 Vegetation Structure Change Detection Using High Resolution

Remote Sensing Data

The observation of vegetation structure at the taiga-tundra transition areas is done
for the eastern region of the Taymyr Peninsula in Russia covering approximately
28,800 km?. The entire Taymyr peninsula covers an area of about 400,000 km? along
the arctic coastline of the Krasnoyarsk Krai in Siberia. The area of investigation is
characterized by continental climate conditions and represents the northernmost
forest regions (Jacoby et al. 2000), acting as a carbon sink (Shvidenko et al. 2013).
Larch (lariz gmelindi) is the dominant tree species. The Khatanga River represents
the border between the taiga and tundra vegetation in the study region (Walker et

al. 2005). Growing conditions suitable for woody vegetation are present (Kharuk et
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al. 2006). The development and dynamics of the vegetation structure and properties
show a strong correlation to the summer temperature trends and growing season
length (Kharuk et al. 2005; MacDonald et al. 2008; Shvidenko et al. 2013). Tree ring
analysis, based on (Sidorova et al. 2010), has confirmed these findings. Moreover,
the start of the growing period has shown to be shifted from June to May. These
observations are interpreted to be a start of vegetation activity as soon as the
freezing point is reached (Sidorova et al. 2010).

High-resolution land cover change analysis was done using a Landsat MSS
(Multispectral Scanner) mosaic, which consists of two images from the same day (26
July 1973) (NASA Landsat Programm 1973a; NASA Landsat Programm 1973b),
and two RapidEye scenes from 22 July and 1 September 2012 (40-year time
difference). The Landsat MSS images were acquired through the Global Land Cover
Facility (USGS). The data were processed with the product generation system
(LPGS) into a Level 1 product, where they were geometrically corrected using cubic
convolution as the re-sampling method and a terrain correction (L1T) were applied
to the raw imagery. The Landsat MSS images have a pixel resolution of 79 m. The
RapidEye data were provided by the RapidEye Science Archive (RESA), which is
coordinated by the German Aerospace Center (DLR). The images were available in
NITF format (National Imagery Transmission Format) including RPCs (Rapid
Positioning Capability). Atmospheric effects were reduced using ATCOR2 (Richter
1996). The final RapidEye images have a spatial resolution of 5 m.

In this study an object-oriented supervised classification approach was used. For
the identification and extraction of training samples, we used historical topographic
and forest maps, Google Earth high-resolution imagery, as well as NDVI profiles.
The tree line reference from (Walker et al. 2005) was used as orientation to
differentiate the investigation area into tundra and taiga dominated landscapes. The
classification results were overlaid by a regular grid with a cell size of 25 km? (5 kmn
by 5 km). For each cell, the percentage cover for each class was calculated. This
approach allows retaining the spatial resolution of each dataset. Hence, no
downscaling of the spatial high resolution from RapidEye to the Landsat scale was

done.
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4.4 Results and Discussion

4.4.1 Pan-Arctic Trends on Monthly Scale

The co-occurrence analysis of different climatic and ecosystem parameters suggests
the multi-scale feedbacks in the arctic ecosystems (Figures 4.1 — 4.4). The monthly
trends were split into positive and negative values. The combination of different
trend patterns from different parameters allows identifying regions having congruent
and/or divergent trends when separating between positive and negative.

The winter months (Figure 4.1) are dominated by areas showing positive trends
in temperature and precipitation in addition to negative SWE,.. trends. The
majority (approx. 40%) of the identified areas are characterized by this trend
combination during the time of November to January. The second largest
combination during the winter season is characterized by negative temperature and
SWE,..« and positive precipitation trends. However, the increasing precipitation
trends are rather low in comparison to the other parameters. Approximately 20% of
the significant trend regions are labeled by this type of trend combination.

The proportions of the trend findings remain the same until the end of March,
as the area of the major trend combinations increasing towards the end of the winter
season. The months of seasonal transition (April and May—Figure 4.2) are
dominated by areas showing a decrease in SWE,,«. This phenomenon can be referred
to the early ablation of the snow cover, which also causes the early onset of the
vegetation-growing period in these regions (Serreze et al. 2000; Kattsov et al. 2005;
Liston and Hiemstra 2011; Loranty et al. 2011). As the positive precipitation trends
have their maxima during the summer months and very low trends in the other
seasons, decreasing SWE,..« trends are feasible at the end of the winter season.

During the summer months (Figure 4.3), regions with positive precipitation
trends are covering the largest parts of the pan-arctic study area (Kattsov et al.
2005; Peili et al. 2008). The area covered by positive and negative temperature
trends is evenly distributed. As expected, no SWE information is available during
the summer months June, July, and August. Hence, only temperature, precipitation
and the NDVI trends are calculated and therefore displayed in a separate legend.
During the months covering all four parameters, areas of negative SWE,.. and
positive temperature trends show an increase in NDVI, especially at the beginning
and end of the growing season, which is an indicator for an early onset of the

vegetation-growing season (Hiittich et al. 2007; Delbart et al. 2008).
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Figure 4.1: Co-occurrence of different climatic and ecosystem trends on pan-arctic

scale between 1981 and 2012 (December to February). The trend findings from

monthly temperatures, precipitation, SWEy.. are combined into one information

source, which includes all possible combinations of trend patterns. Only areas

showing significant trends (p-value < 0.05) are displayed.

At the end of the growing season in September, only few significant trend

regions can be identified, which are locally concentrated at the northernmost parts

of the pan-arctic region (Figure 4.4). In October, half of the identified trend areas

are characterized by rising precipitations and positive SWE,..« areas are dominant.

These trend regions are situated in the northern parts of the high latitudes. Further

south, areas showing an opposite trend can be found (Réisénen 2007).
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Figure 4.2: Co-occurrence of different climatic and ecosystem trends on pan-arctic
scale between 1981 and 2012 (March to May) (for more explanation see Figure
4.1). The NDVI is shown via plus or minus symbols, which are indicating either

positive or negative trends at the location.

The increase in early winter temperatures is changing the properties of the snow
pack as well as the snow structure. Late fall (Figure 4.4) and early winter are very
dynamic, with alternating rain and snow events. This is reducing the snow
accumulation at the start of the winter season (Brown et al. 2010). Hence, the
SWE,..« is reduced over time and results in a negative trend. Towards the end of the
winter season (Figure 4.2), the negative SWE, .« trend areas are increasing in size
caused by an earlier and faster snow melt in the late winter months (Réisdnen 2007;
Martin et al. 2009; Brown et al. 2010), accompanied by positive temperature trends.
Moreover, the properties of the snowpack are influenced by changes in the
frequencies of snow melt during the transition seasons, rain as well as the

development of an ice layer on top of the snow pack (Martin et al. 2009).
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Figure 4.3: Co-occurrence of different climatic and ecosystem trends on pan-arctic
scale between 1981 and 2012 (June to August). The trend findings from monthly
temperatures and precipitation were combined into one information source. The
NDVT is shown via plus or minus symbols, which are indicating either positive or

negative trends at the location.

In Siberia, multiple trend combinations are found compared to other regions on
pan-arctic scale. Especially in March, the southern parts are dominated by various
multivariate trend patterns. During the winter season, Siberia is dominated by an
increase in precipitation and temperature, which is accompanied by decreasing
SWE,..« trends. However, the precipitation trends are fairly low compared to the
temperature trends. During the summer, larger trend areas are found compared to
other regions. In September, at the end of the growing season, no significant trend
areas are visible. The NDVI trends are concentrated around the northernmost parts
of Siberia. Especially, the Taymyr and Yamal Peninsula show a significant increase
in the NDVT signal (Eastman et al. 2013).
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Figure 4.4: Co-occurrence of different climatic and ecosystem trends on pan-arctic
scale between 1981 and 2012 (September to November) (for more explanation see

Figure 4.1).

In difference to Siberia, the trends around the Bering Strait are dominated by
negative precipitation with both positive and negative temperature trends, with all
areas showing a negative trend in SWE,... This region is dominated by ocean
circulation coming from the northern pacific, the Chukchi Sea as well as the
continental territories of Siberia (Callaghan et al. 2011). The most significant trends
are found for the transition times after the winter and the summer season. During
the summer months, only few significant trend areas are found. Nevertheless, the
majority of the area is dominated by increasing trends in all observed parameters. In
contrast to all other regions, the Bering Strait shows significant trend areas in
September. This month is dominated by increasing precipitation. The North Slope
shows some trend patterns during the transition times between the seasons, which

have been also described in (Martin et al. 2009). The Hudson Bay region is showing

Page |90



Results and Discussion

the same but smaller area trend patterns than the Siberian territories (Gagnon and
Gough 2002).

4.4.2 Monthly Inter-Annual Trend Dynamics for Different Arctic

Regions

Trend findings have been analyzed for three regions, dividing the pan-arctic regions
in high-arctic, the low-arctic, as well as the sub-arctic, according to the CAFF
(Conservation of Arctic Flora and Fauna) definition (shown in the supplementary
material Figure App. 1). For each parameter the yearly trend dynamics are shown
in Figure 4.5. The individual boxplots are showing a monthly summary of the pixel
values of each sub region. In comparison to the spatial analysis, the strength, the
magnitude, and the dynamics of the trends are displayed.

The SWE..« trends are showing high dynamics in March for high and low-arctic
regions. In general, variability is increasing while the majority of the SWE,..x trends
are decreasing towards the snow free period. The low-arctic (the median @¥—1.52
mm/year) and sub-arctic (#—1.43 mm/year) regions are characterized by the largest
decline in SWE,..« trend for April and May. For the time period from January to
May, the largest magnitudes of trend findings are found for the low-arctic, indicating
these regions to be highly dynamic during the last few decades (Walker et al. 2003;
Comiso et al. 2008). Low positive SWE,,.« trends are found at the beginning of the
winter season. In September, the high and low-arctic regions are showing a decrease
in SWEyax (—0.23 mm/year and —0.21 mm/year), which is two times lower than for
the sub-arctic regions (—0.12 mm/year). October and November are characterized
by positive values () 0.5 mm/year), whereas the majority of the regions during
January to March are showing a decline in the SWE,.« values (¥—0.95 mm/year).
The decrease in these snow cover properties will have a direct influence on extreme
weather events, as well as the polar jet stream (Francis and Vavrus 2012).

The intra-annual variability of the temperature trends follows a yearly cycle,
which is similar for all three regions. In detail, the trend patterns are indicating that
the winter season is dominated by larger positive temperature trends in comparison
to the summer months. These findings have been also identified by (Semenov and
Latif 2012). This is especially true for the high-arctic and low-arctic regions.
Compared to Figure 4.1 to 4.4, some parts of the sub-arctic regions are indicating a
decline in winter temperatures, which is conform to the analysis of (Cohen et al.
2012). Comparing the summer and winter temperature trends, the majority of the

winter trends (@ 0.13 °C/year) are nearly twice as high as during the summer
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season (0 0.07 °C/year). The sub-arctic regions are showing a high magnitude in
February, indicating declining temperature conditions (—0.10 °C/year). The same
month is showing the highest temperature increase in the low-arctic region (0.28
°C/year). In general, the magnitudes of monthly temperature trends during the
winter-time are showing the largest variations. The higher temperatures during the
cold seasons and in the fall have a direct influence on the dynamics of the SWE,.« in
mid-winter season as well as the snow-melt in late winter (Réisédnen 2007; Martin et
al. 2009; Brown et al. 2010). Moreover, an increase in winter temperatures was
identified to have a large impact on the vegetation structure, as damages maybe
caused by the increase of these warming events (Bokhorst et al. 2009).

In comparison to the other parameters, the precipitation trends are rather low.
The median values from all months in all three regions range from —0.63 mm/year
to 1.03 mm/year. However, the highest dynamics are found for the sub-arctic
regions. The other regions have indicated similar trend patterns. From January to
May, very low precipitation trends are found for the high-arctic (@ 0.08 mm/year)
and low-arctic regions (¢ 0.12 mm/year). The median values for the sub-arctic
regions are twice as high during the same time period and also show higher
dynamics. The largest precipitation trend variability are found in the summer and
fall seasons. Especially the sub-arctic regions are showing the highest variability.
During the summer season, the high arctic region is characterized by declining
precipitation trends. During the fall and the beginning of the winter season, the sub-
arctic regions are showing a higher increase in precipitation with a higher range of
values when compared to the other parameters.

The monthly inter-annual dynamics of the NDVI trends are rather constant for
the low and sub-arctic regions. Larger variability has been found for the high arctic
regions. Nevertheless, the high-arctic region is characterized by relatively low
vegetation cover. The focus should be more on the dynamics of the other land cover
classes, including the taiga-tundra boundary as well as the boreal forest classes. In
the perspective of climate change, these regions are of higher interest, as the
appearing changes have a larger feedback to the climate system. For the low and
sub-arctic higher NDVI trends at the beginning of the growing season are found.
This might be an indicator of a shift in the onset of the vegetation-growing period in
May, as observed in (Picard et al. 2005). Towards the end of the summer season all
regions are showing a decline in positive NDVI trends. Whereas the majority of
NDVI trends are still positive for the low and sub-arctic, the high arctic indicates

decreasing NDVI trends in October. In addition, a positive median, the sub-arctic
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regions are also showing negative NDVI trends in September, which might be
referred to the boreal browning, found for some regions on pan-arctic scale (Forkel
et al. 2013). Nevertheless, the transition time between the summer and winter
months is dominated by areas with increasing NDVI trends. This phenomenon is
connected to the enlargement of the vegetation active period in the arctic (Delbart
et al. 2008).
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Figure 4.5: Monthly inter-annual variability of the slopes from the multivariate

trend calculations. Only trends with a significance level of p < 0.05 are shown.

4.4.3 High-Resolution Change Mapping of the Taiga-Tundra Transition

Zone in Northern Siberia

The Taymyr peninsula has been found to be one of the regions on pan-arctic scale
showing the largest trends in different climate parameters during the last decades
(Section 4.4.1). The trend analysis results from the previous section have shown the
transition seasons to be characterized by positive temperature trends with a decline

in maximum snow water equivalent for the area of the Taymyr peninsula. Daily air
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temperature (T.:) information from meteorological stations in this region are
showing an increase during the last 40 years by approximately 3 °C (Figures 4.6 and
Figure App. 2), with an intensification of peak temperature events during the
summer months (NCDC 2012; Eberle et al. 2013).

Based on these observations, changes in woody vegetation cover have been
analyzed by using historical and recent earth observation data. Figure 4.7 shows the
changes of woody vegetation cover between 1973 and 2012. The majority of the cells
situated south of the tree line reference, show woody vegetation cover values of
greater than 60% for both time steps. The classification result of both time steps
highly agrees with the separation of tundra from forested areas defined by the tree
line reference from (Walker et al. 2005). Unfortunately, the Landsat MSS mosaic is
partly covered by clouds in the south. Both RapidEye images were free of clouds

and ice.
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Figure 4.6: Air-Temperature time series divided by seasons (winter—DJF;
spring—MAM, summer—JJA and fall—SON) of the meteorological station
Khatanga at the Taymyr Peninsula (71.9°N; 102.5°E)—Additional stations are

shown in the supplementary material (see appendix Figure App. 2).

When observing the transition zone between taiga and tundra, a decrease of
woody vegetation cover percentage towards the northern parts becomes visible. The
abrupt change at this vegetation border seems to be stronger in 1973, whereas, the
recent years are characterized by a smoother transition. North of the tree line, only
single patches of woody vegetation cover are detected. The patches are increasing in

size, diameter and distribution in the recent years. Comparing both time steps, an
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increase in woody vegetation cover between 1973 and 2012 is obvious. Particularly,
the fluvial terraces of the Khatanga river system are characterized by a higher
amount of woody vegetation cover percentage in the RapidEye scenes.

The appearance of contiguous patches of woody vegetation north of the tree line
is indicating a substantial impact to the ecosystem. This phenomenon is stronger in
the eastern region in 2012, as this RapidEye scene is also from the same month as
the Landsat MSS data. The western RapidEye scene is from September. Here the
increase of woody vegetation patches is not significant, which might be due to the
different observation time. When comparing July and September, the vegetation
activity is already reduced towards the end of the growing season, which is

influencing the ability to detect changes in the classification results.
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Figure 4.7: Landsat MSS and RapidEye woody vegetation cover (in % per 5 km
grid cell) mapping between 1973 (Left) and 2012 (Right)—background based on
World Imagery by ESRI. The tree line reference from (Walker et al. 2005) is shown
in black. Cloud regions in the Landsat MSS data are shown in grey.

Land cover classification and monitoring in the arctic regions using remote
sensing information is a challenging issue due to snow, ice, and cloud cover, as well
as the length of growing season (Stow et al. 2004). Temporal variations between
different acquisition times within the year need to be minimized when mapping land
cover changes over long time periods (Stow et al. 2004). In this study the acquisition
times of the high resolution remote sensing data was July, except for one RapidEye
scene, which was acquired in September. Hence, we expect the comparison of the
western image pair to be affected by uncertainties due to the different acquisition

months. Assessing the accuracy of the individual classification results was not
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possible, as information from n situ measurements is marginally available for the
arctic regions. However, tree line change analysis using different data sources have
been carried out for a small region in Ary-Mas (360 km?), indicating an
encroachment of larch trees into the tundra region between 1973 and 2000 (Kharuk

et al. 2006), which increases the confidence of the findings presented in this paper.
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4.5 Conclusions

Multi-scale trends in the arctic ecosystems have been observed by analyzing the co-
occurrence of climatic and ecosystem changes. The investigation of different spatial and
temporal scales has highlighted multiple indicators of land cover changes related to
climate-induced trends over the last decades. The highest temperature trends, twice as
high as during the summer month, have been found during the winter season.
Precipitation trends are rather low compared to the other parameters during the entire
year, but considerably higher in summer and fall. The results from SWE,..« and NDVI
analysis have shown substantial modifications during the transition seasons of the year,
potentially inducing and reflecting vegetation phenology shifts, resulting in longer
vegetation periods and early spring green up. Particularly the low-arctic region,
representing the taiga-tundra boundary, has the highest trends in all observed
parameters. On a local scale, high-resolution land cover change analysis has shown
increasing woody vegetation cover towards the northernmost regions dominated by
tundra vegetation indicating a northwards shift of the tree line in a site of Taymyr
Peninsula.

The consistent and operational monitoring of different essential climate and
ecosystem parameters is of high importance for future arctic research. Earth observation
data and techniques from various sources are available to retrieve spatial information
and compensate the lack of ground measurements for remote areas. As the coverage of
available meteorological stations in the arctic is sparse, the interpolation between the
climate stations is introducing uncertainties of unknown magnitude, which needs to be
taken into account. Hence, the continuity of satellite observation services for the
integration of long-term time series information into climate monitoring and modeling
approaches is essential. The synergetic combination of different information sources has
shown the potential of identifying the co-occurrence of various climate parameters.
Future studies should focus on the integration of data sources from different spatial and
temporal scales. Additionally, the assessment of uncertainties and error sources is an
essential issue for the investigation of remote sensing products. The identification of
trend hot spot regions can create the basis (in terms of detecting regions of above
average environmental change) for using observation data with higher spatial resolution.
In combination with available ground measurements, the above-shown multi-scale
approaches contribute to an increased confidence of land change magnitudes and ensure

a high potential for future climate change and land monitoring research in the arctic.
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5.1 Concluding Remarks

The pan-arctic ecosystems are subject to significant changes during the last decades
and highly vulnerable to modifications in the global climate system. Hence, climate
change studies in the high latitude region have become a major focus in Earth
system science and climate related research topics. Climate models predict increasing
mean temperatures for the upcoming century. Modifications in the temperature as
well as precipitation regimes have a significant impact on additional climate and
land surface parameters, such as snow cover, vegetation productivity and coverage,
vegetation seasonality, surface albedo, greenhouse gas emissions and permafrost
dynamics. These coupled climate-land ecosystem changes are thought to foster
positive feedbacks in the Earth system, which potentially leads to an acceleration of
warming rates on arctic and global scale.

The main goal of this thesis was to analyze spatio-temporal time series
information and trends from various climate and land surface parameters on the
pan-arctic scale for the last decades using Earth observation data and products as
well as ground data from climate stations. The first research question (chapter 1.2)
focused on the relationship between land surface temperature (LST) and albedo data
from the NOAA AVHRR Polar Pathfinder dataset, which represented the longest
time series product for the arctic region (1982 — 2005) (Urban et al. 2013b). The
main objective of research question two was to compare different remote sensing
derived LST products with air temperature (Ta.:) information from climate stations
covering the pan-arctic circle. Moreover, the uncertainties of the LST products have
been analyzed with respect to various land cover classes to retrieve information of
the bias between LST and T.. for different vegetation types and land cover units
(Urban et al. 2013a). The third research question focused on multi-scale trend
patterns within the arctic ecosystems by analyzing the co-occurrence of climatic and
ecosystem changes. The investigation of different spatial and temporal scales has
highlighted multiple indicators of land cover changes related to climate-induced
trends over the last decades. Beside the coarse scale trend investigation, high spatial
resolution remote sensing data have been used to map woody vegetation cover in the
taiga tundra transition area of the Taymyr peninsula, which was defined as hot spot
region (Urban et al. 2014). The research questions of this dissertation are

summarized in the following section.
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A) What spatio-temporal dynamics are found in NOAA AVHRR Polar
Pathfinder land surface temperature and albedo time series information
for northern Siberia between 1982 and 20057

A.1: What inter-annual temperature and albedo dynamics are found within the

taiga-tundra transition zone of northern Siberia?

Land surface temperature (LST) and albedo information derived from the NOAA
AVHRR Polar Pathfinder data are highly wvariable within in the taiga-tundra
ecotone of northern Siberia for the month June and September between 1982 and
2005. The time series information has shown temporal intervals, which are
characterized by significant increasing and decreasing trends of the two climate
parameters during the transition seasons. The LST trends in June are fairly variable
a prior to 1992. Subsequently, the time series is characterized by a slight but
constant increasing trend towards the year 2005. A reduction in LST trend is found
between 1991 and 1992, which might be caused by the atmospheric aerosol
contamination from the Pinatubo eruption in 1991, which resulted in a global
cooling effect. At the same time, the albedo increases. Strong positive albedo trends
in June are found for the years 1984 - 1987 and 1992 - 1996 with peak events in
1987 and 1992.

Significant decreasing LST trends can be associated with positive albedo trends.
This negative correlation is representative for snow covered regions, which are
characterized by high albedo and low temperatures. June is characterized by larger
albedo conditions prior to the year 1997 compared to the years afterwards. Hence,
snow cover in June might decrease over time in the taiga-tundra ecotone, which is
potentially the result of the enlargement of the snow free period. In general, the
taiga-tundra ecotone of northern Siberia is highly dynamic during the transition
season. This variability is caused by temporal changes of the onset of snow
accumulation and snow melt. The variability of LST and albedo in the taiga-tundra

transition area is low and uniform during the summer months.

A.2: How to characterize land surface temperature and albedo trends in northern

Siberia during the summer month?

Numerous significant hot spots have been found analyzing LST and albedo trends

during the summer season between 1982 and 2005. The Taymyr peninsula, the
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Laptev Sea region as well as the Far East territories of Siberia are showing
significant decline in albedo and increasing temperatures in June and September. As
stated above, this phenomenon might be caused by the absence of snow and/or the
shift of the start of the snow season. July and August are characterized by stable
LST and albedo conditions with low inter-annual variability. However, a significant
hot spot of rising temperatures was found in Central Siberia (Yakutia), where large
fire events occurred during 2002 and 2003.

In general, the Taymyr peninsula can be identified as the most significant trend
region within the transition times of the summer season. The albedo time series
information potentially indicates the enlargement of the snow free period. This
would further influence multiple land surface parameters, such as vegetation,
permafrost conditions, hydrology, as well as their intra- and inter-annual dynamics
in future climate change scenarios and further cause positive feedback mechanism

within the arctic environment.

A.8: Is there a connection between land surface temperature and albedo trend

findings in selected hot spot regions?

The comparison of significant LST and albedo trends have been carried out for three
selected regions showing the most significant trends, e.g. the northern and southern
parts of the Taymyr peninsula as well as the Yamal peninsula. In general, positive
LST trends are resulting in negative albedo trends and vice versa. Especially, the
transition times around the summer season show the highest trends within the hot
spot regions. The summer months July and August are found to be characterized by
stable conditions. The decrease in albedo and increase in LST are indicators for
snow free conditions which are thought to result in an enlargement of the vegetation
growing period in northern Siberia. In detail, June shows the most significant
increasing land surface trends for all regions. Strong correlations between LST and
albedo are found for the southern parts of Taymyr in September, whereas the other

hot spot regions show moderate negative correlation.
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B) What (dis-)agreements are found comparing satellite derived land
surface temperature products from various sources with air temperature

measurements from meteorological stations for the pan-arctic region?

B.1: What correlation can be found between remote sensing based land surface
temperature and air temperature for the entire time series of each Earth observation

product ?

Land surface temperature estimates from different Earth observation platforms, e.g.
(A)ATSR, AVHRR and MODIS were compared to T, values from climate station
covering the entire pan-arctic circle. High correlation between the LST products and
Ta information has been found for the entire time series of each Earth observation
product. (A)ATSR (1991 - 2009) has shown an agreement of 89 %. The AVHRR
Polar Pathfinder LST data, which covers the time period between 1981 and 2005,
results in an agreement of 90 %. MODIS LST, which is based on AQUA (2002 -
2012) and TERRA (2000 - 2012), has shown the highest agreement in comparison to
T information (95 %).

This study compares two parameters, which are partly linked to each other. In
general, LST has slightly different dynamics than T.., which is caused by different
physical processes. The ground temperature (LST) describes the emitted incoming
solar radiation of the land surface, whereas the temperature at 2 meter height (T.)
is influenced by this emission including the circulations of the lower atmosphere.
The evaluation and validation of remote sensing derived LST product is suffering
from the lack of in-situ data, which are measured by thermal infrared sensors. To
overcome this problem, T., from climate stations is a useful variable to retrieve
information about the uncertainties and consistencies in remote sensing derived LST
products.

However, MODIS LST shows the closest fit to Tu measurements. The
comparison of T, and LST from (A)ATSR and AVHRR indicates larger
uncertainties. Outliers around the freezing point (0 °C) are potentially caused by
errors in the algorithms used for the separation of clouds, snow and ice. This results
in detection of temperatures from top of cloud or snow and ice covered surfaces,

which are colder than the corresponding Ti.
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B.2: How to characterize the inter-annual variability between different land surface
temperature products and air temperature measurements for the time period

between 2000 and 2005¢

To compare the products among each other, statistical parameters (correlation
coefficient, slope and intercept of the regression line, mean difference) have been
analyzed for the overlapping time period of all products (2000 - 2005). The
correlations range between 60 % and 90 % for all products. Lowest correlations are
found in summer, which are caused by turbulences in the lower atmosphere, causing
a disagreement between LST and T.,. Furthermore, the summer months are
characterized by large temperature differences within the diurnal cycle, which cause
higher variations in LST products. Lower biases between LST and T., are found
during the winter.

(A)ATSR is showing the largest bias between LST and T... As the product has
a monthly resolution, uncertainties might be induced during the temporal
aggregation. AVHRR and MODIS result in lower biases when compared to Ta.
However, AVHRR is characterized by higher amplitudes in the inter-annual cycle,
which might be caused by the orbital drift of the sensor resulting in a delay in
overflying time. MODIS LST has the closest fit to the 1:1 line, which indicated the
high quality of the LST product. However, a slight underestimation of T, is found
during winter, whereas an overestimation is found in summer.

Based on the results comparing LST and T. within the yearly cycle, it is
possible to provide recommendations to the user community of remote sensing
derived LST information, such as climate and ecosystem modelers as well as
meteorologist. During fall and winter (September to February) the lowest bias are
found in MODIS LST. AVHRR LST has shown the highest agreement to Ta: during
spring (March - May), whereas (A)ATSR seems to have the lowest bias between

LST and T.: during the summer month (June - August).

B.3: What are the characteristics and differences comparing land surface

temperature and air temperature for different land cover types?
The statistical parameters have been analyzed for different land cover types using

the global land cover product GLC2000. Only classes with a minimum amount of 20

climate stations have been integrated into this analysis.

Page |104



Concluding Remarks

All land cover classes resulted in a correlation of higher than 70 %. MODIS has
the highest agreement (90 %) with T, for the selected land cover types. Forest
classes show the lowest differences between the products. Comparing the standard
deviation of the correlation coefficient of all land cover types, (A)ATSR has shown
largest variations. Same has found for AVHRR for the parameter mean difference.
MODIS has the lowest standard deviation for all land cover types and statistical
parameter, which indicates a high quality and valuable consistency of the LST
product.

In general, the standard deviation of each statistical parameter is high for low
vegetation and non-vegetated areas. Forest classes, which are more homogeneous
landscapes compared to the mix of different vegetation species in low vegetation
classes, are resulting in lower variations. For the majority of the land cover classes,
e.g. needle-leaved evergreen forest, mixed forest, mosaic forest with other natural
vegetation, shrubs, herbaceous and sparse vegetation, as well as flooded areas and

water bodies, LST values slightly overestimates the corresponding Th.

B.4: What are the spatial patterns of the mean difference parameter on pan-arctic

scale?

The spatial distribution of the mean differences has been analyzed for each climate
station between 2000 and 2005. The LST products appear to detect colder
temperature in comparison to the corresponding T, in coastal and maritime regions.
For continental regions, the remote sensing products detect warmer temperature
conditions.

The LST from (A)ATSR and AVHRR showing a higher range between positive
and negative mean difference values for all regions, indicating larger biases. This is
very recent in Europe and the western part of Russia. (A)ATSR detects colder
temperatures when compared to T.,. However, AVHRR and MODIS TERRA result
in lower biases. The spatial patterns of MODIS AQUA are different compared to the
other LST products. One reason is that AQUAs acquisition time is in the afternoon,
where the temperature conditions have reached a maximum in the diurnal cycle. In
North America, (A)ATSR and AVHRR are showing similar characteristics (LST
colder than T,y). In this region MODIS seems to detect warmer temperature than
the corresponding T.i. In general, both MODIS products are showing the lowest bias

for the entire study area.
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C) What information can be extracted from a multi-variate and multi-
scale analyses of different land surface and climate parameters for the

last decades?

C.1: Which spatio-temporal information can be derived analyzing the co-occurrences

of monthly trends from Farth Observation and ground measured parameters?

The trend findings from temperature, precipitation, maximum snow water
equivalent (SWE....) as well as vegetation greenness (NDVI) time series information
are combined to retrieve multi-variate feedbacks within the artic ecosystem. The
combination of different trends from various parameters allow identifying regions
having congruent and/or divergent trend patterns.

The winter season is dominated by positive temperature and precipitation
trends in combination with negative SWE,... The increase in precipitation during
the last three decades is very low, but significant. During the transition months
(April and May), the trend findings show declining SWE..x, which indicates an early
onset of the snowmelt and start of the growing season. The summer season is
characterized by positive temperature, prepetition and NDVI trends. In October,
rising precipitation trends are leading to an increase in SWE,... The increase in
early winter temperatures is changing the properties of the snow pack as well as the
snow structure. The late fall and early winter times are very dynamic, with
alternating rain and snow events, which reduces the snow accumulation during the
start of the cold season. Hence, SWE,.« is reduced over time, which is the reason for
a negative trend. Towards the end of the winter season, the negative SWE,.« trend
areas are increasing in size caused by an earlier and faster snow melt in the late
winter months accompanied by positive temperature trends. Additionally, the
properties of the snowpack are influenced by changes in the frequencies of snow melt
events during the transition season, rain as well as the development of an ice layer
on top of the snow pack.

The spring season is characterized by various multi-variate trend patterns for
entire northern Eurasia. The Yamal and Taymyr peninsula have been identified as
hot spot regions, due to the strong significant increase in vegetation greenness
during the summer season. The Bering Strait is dominated by negative precipitation
trends with both positive and negative temperature trend findings as well as
declining SWE,.... The most significant trends are found during the transition

seasons. In comparison to Siberia, similar trends are found for the Hudson Bay
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region and central Canada. However, the sizes of the trend patterns are found to be

smaller than in northern Eurasia.

C.2: What are the monthly inter-annual trend dynamics for different arctic regions?

Inter-annual trend dynamics have been analyzed for three different arctic zone
(high, low and sub-arctic), which were defined by the CAFF (see appendix Figure
App. 1). High variability of the SWE,,.x are found for the low and high arctic region
during spring. Towards the end of the winter season all regions showing decreasing
SWE...« trends, largest in March and April. Low positive SWE,... trends are recent
in all regions in winter. The intra-annual variability of temperature trends are
similar for all areas. The winter season is dominated by large positive temperature
trends. February is characterized by the highest temperature increase in the low-
arctic region as well as the highest magnitude of trends for the sub-arctic.
Precipitation trends are rather low and stable in the low and high arctic. However,
substantial intra-annual variability are found in the sub-arctic. During winter,
higher increasing trends as well as a higher range of trend findings can be observed
in the sub-arctic. The NDVI shows a constant inter-annual variability for the low
and sub-arctic. Larger variations are found for the high arctic. Moreover, significant
increasing NDVI trends are found in the sub-arctic for the start of the vegetation
growing period. Negative NDVTI trends are found in the sub-arctic in September.

In general, largest dependencies between different climate and land surface
parameter in the high latitude regions are found in spring, fall and winter. The
largest variations have been identified for the parameter SWE..« and temperature.
The co-occurrence of these parameters seems to have the largest impact to the arctic
environment during the last decades. The sub-arctic regions is characterized by the
largest dynamics in all parameters. The low arctic area, which includes taiga-tundra
ecotone, has shown the most significant trends in SWE,.« and temperature. Stable
conditions for all parameters have been found in the northernmost parts of the

arctic regions.

C.3: What vegetation structure changes at the taiga-tundra transition zone can be

tdentified using high-resolution Earth observation data?

Based on the findings of the multi-variate trend analysis, the Taymyr peninsula has

been identified as significant hot spot region. This study area has shown the highest
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variability and most considerable trends of various climate related parameters.
Temperature time series from climate stations at the Taymyr peninsula have shown
an increase of about 3 °C during the last 40 years, with an intensification of the
peak temperature events (see appendix Figure App. 2).

Multi-spectral remote sensing data with high spatial resolution have been
utilized to map the percentage cover of woody vegetation between 1973 and 2012.
The aim was to analyses changes in the vegetation structure within the taiga-tundra
ecotone. The southern parts of the tree line are characterized by woody vegetation
cover values above 60 %. The classification results are showing a decrease of woody
vegetation towards the northern parts, known as the tundra. Few individual patches
classified as woody vegetation cover are found inside of the tundra region.

The change analyses have shown a significant intensification of woody
vegetation cover between 1973 and 2012 for the study area. This increase in
vegetation cover is leading to a smoother transition between forested areas in the
south and tundra vegetation in the north. Additionally, an enlargement of individual

patches in the tundra dominated regions is observable.
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5.2 Future Research Needs

The monitoring and observation of arctic climate and land surface parameters is a
challenging issue. As the coverage of field stations from meteorological and climate
measurement units in the arctic are sparse, spatial information based on interpolation
techniques between the ground stations potentially introduce uncertainties of unknown
magnitude. Earth observation information from various sources provides a useful tool
to detect and study essential climate and land surface parameters. Remote sensing is
an indirect measurement technique allowing the retrieval of spatial information over
large areas and compensate for the lack of ground measurements in remote regions,
which has gained high importance for climate change related research studies during
the last decades. Hence, the continuity of satellite observation services, which are
planned and achieved by the ESA Sentinel and NASA MODIS program, are essential
and mandatory for the integration of long-term time series information into climate
monitoring and modelling approaches to analyze the arctic environment (see chapter 1.6
— Table 1.1 and Table 1.2).

The knowledge about uncertainties in Earth observation data and products,
which are due to numerous factors, such as atmospheric influences, land cover
changes, sensor errors, etc., are of high importance in remote sensing applications.
One of the research questions within this thesis focused on the estimation of
uncertainties in satellite derived LST products. The comparison of LST to air
temperature from climate stations is a promising method to detect error sources as
well as temporal variations of the uncertainties in satellite products. The arctic
environment is characterized by thermokarst lakes, non-vegetated surfaces (rocks),
as well as snow and ice, which strongly influence emission properties of the earth’s
surface. Hence, when comparing pixel with point information, different parameters,
such as land cover, snow cover, topography, soil moisture and surface water, etc.,
need to be considered during the analysis (Hachem et al. 2012). Variation in the
uncertainties between LST and T. for different land cover classes have also been
addressed in this thesis. Furthermore, future validation and evaluation approaches
should focus on additional influencing factors, such as soil moisture conditions,
atmospheric water content and pollution, as well as topography. The comparison
between LST and T., was done using daytime temperature information only.
Soliman et al. (2012) has shown high potential of combining day- and nighttime

LST, which reduces discrepancies between LST and air temperature measurements.
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Variations of temperature conditions within the diurnal cycle are of high importance
for studies focusing on arctic climate change. In this respect, knowledge of the
accuracies and uncertainties in both day- and nighttime satellite derived
temperatures should be subject for future studies. The Integrated Surface Database
(ISD) or Integrated Surface Hourly (ISH) provides information about the exact
acquisition time of the ground based T,.. This allows a direct connection between
the overpass time of the satellite and the acquired T, (Smith et al. 2011). This
comparison method would significantly increase the expressiveness when comparing
remote sensing based LST and T measurements from climate stations.

The synergetic combination of existing and upcoming LST products is one of
the main goal to provide consistent and operational global temperature information
derived by various remote sensing satellites (ESA DUE GlobTemperature).
Numerous LST data products are available, e.g. orbiting satellite sensors (AVHRR,
(A)ATSR, MODIS), as well as geostationary satellites (SEVIRI (Spinning Enhanced
Visible and Infrared Imager), GOES (Geostationary Operational Environmental
Satellite), MTSAT (Multifunctional Transport Satellites)). The ILST-WG
(International Land Surface Temperature working group) was recently formed,
which combines the LST community (scientists, institutions, federal agencies, etc.)
in order to support future LST research, sharing expertise and increasing the
connection between the data providers and the user community. The utilization of
LST products is of high relevance for upcoming spatial-temporal investigations, e.g.
modelling, time series and trend analysis, focusing on the impact of climate change
induced modifications to the arctic environment.

The main focus of this thesis was the analysis of spatial and temporal time
series information and trend calculation using coarse resolution Earth observation
data as well as ground information. The trends are based on linear regression
analysis. With this method it is not possible to separate the time series signal into
increasing and decreasing trends. However, the detection of so called breakpoints or
turning points is essential for upcoming trend studies. A possibility is to decompose
the original time series signal in different components. For example, Wang et al.
(2011) and Piao et al. (2011) used a piece-wise linear regression model to detection
turning points and trend changes. Another method is called BFAST (Breaks for
Additive Seasonal and Trends) (Verbesselt et al. 2010). This algorithm removes
seasonal effects and short-term deviations from the time series and estimates
breakpoints in the remaining series. Recent software applications for open source

programming languages, such as greenbrown in R, as described in Forkel et al.
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(2013), are using the multiple regression approach of BFAST to derive additional
spatial-temporal parameters of time series. The detection of trend breakpoints
provide valuable information for the analysis of satellite time series for various
applications, such as disturbances, phenological cycle, intra-annual vegetation
dynamics, etc. (de Jong et al. 2012). Future developments of methods and
applications extracting trends from time series information using various sources
needs to be carried out and build on these investigations.

The analyses of multi-scale and multi-variate characteristics of multiple climate
and land surface parameters are of high importance for future arctic research. One
major issue is to focus on the combination and the co-occurrence of different trends
in terms of their spatial and temporal dynamics. The synergetic combination of trend
patterns from various information sources has shown high potential in the identification
of the co-occurrence of essential climate parameters. Therefore, a consistent and
operational monitoring of terrestrial climate and land surface parameters in
conjunction with ecosystem modelling is of high importance for the analysis of recent
and upcoming global climate conditions. The integration of Earth observation data
and products with innovative synergistic and multi-scaling techniques, in order to
monitor and detect terrestrial indicators of large and cumulative changes, have to be
considered for future studies. The identification of trend hot spot regions are indicators
(in terms of detecting regions of above average environmental change) for using
observation data with higher spatial resolution. The needs of high spatial resolution
data to map land cover changes in regions, which are showing the largest and most
significant trends, have been highlighted in this thesis. Combined with available
ground measurements, multi-scale approaches contribute to an increased confidence of
land change magnitudes and ensure a high potential for future climate change and land
monitoring research in the arctic.

The identified hot spot regions in this thesis have shown the need of future
investigation focusing on the arctic vegetation transition areas, such as the taiga-
tundra ecotone. The arctic tree line is an important ecotone which is sensitive to
climate-related ecosystem transitions. The identification and analysis of changes in
the tree line area, which is the Earth’s greatest vegetation transition zone, is of high
importance for future climate research, as changes in this region will have dramatic
consequences for the entire arctic ecosystem and global climate by evoking positive
feedback mechanisms. Until now, no operational workflow exists for the monitoring

of arctic vegetation changes.
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Future investigations analyzing climate change induced modifications on a pan-
arctic scale will complement various international initiatives and projects. Spatial
and temporal dynamics of multiple arctic climate and land surface parameters are of
high importance for various initiatives in support of decision makers in international
organizations (e.g. IPCC). With respect to future arctic Earth observation
investigations, arctic land cover changes are of high relevance for climate related
studies (e.g. ESA CCI (Climate Change Initiative), DUE Permafrost, PAGE21).
Knowledge and information on structural land surface changes detected on multiple
scales within vegetation transition zones using Earth observation data is mandatory
for future studies. Moreover, changes in vegetation structure as well as the
discrimination between non-forested and forested areas in high latitude regions is of
high importance for various land surface processes, such as hydrology and
permafrost distribution, as well as additional essential climate variables, such as
temperature, albedo, GHG emission, etc.. The knowledge with regard to the impacts
and magnitudes of arctic land surface changes is of high importance to the
Copernicus Climate Change projects, such as the Climate Change Information
Platform for Copernicus (CLIP-C) and Quality Assurance for Essential Climate
Variables (QA4ECV).

Earth observation data and techniques are a useful tool with high potential in
identifying and monitoring essential climate and land surface variables. The main
focus for upcoming research questions should be addressing the estimation of
uncertainties in remote sensing data, to assure long-term operational and consistent
time series information. Spatial scaling between different Earth observation
platforms is of high relevance in the assessment and quantification of land surface

changes and ecosystem dynamics in the arctic environment.
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Appendix
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Figure App.1: Arctic boundary map produced by the Arctic Biodiversity
Assessment as part of the CAFF (Conservation of Arctic Flora and Fauna), 2010.
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Figure App.2: Air-Temperature time series divided by seasons (winter - DJF; spring -

MAM, summer - JJA and fall - SON) of meteorological stations at the Taymyr Peninsula
(top: Lake Taymyr (74.5° N, 102.5° E); middle: Saskylah (71.9° N, 114.1° E); bottom:

Dzalinda (70.1° N, 113.9° E)).
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