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Zusammenfassung

Permafrostböden bedecken bei weitem das größte Gebiet der arktischen Landoberfläche

und werden von der Klimaerwärmung besonders betroffen sein. Das Auftauen der Dauer-

frostböden wird häufig mit klimatischen Rückkopplungsprozesssen in Verbindung gebracht,

wie dem zusätzlichem Ausstoß von Treibhausgasen und der Veränderung der hydrologischen

Kreisläufe. Diese Mechanismen werden zukünftige klimatische Entwicklungen entscheidend

beeinflussen und die aktuelle Klimaerwärmung weiter verstärken. Für Klimaprognosen ist es

deshalb entscheidend, die momentane und die zukünftige Ausdehnung der Permafrostgebiete

zu erfassen und die klimarelevanten Prozesse zu verstehen. Dazu müssen verlässliche Moni-

toringprogramme und Modelle entwickelt werden, die den Zustand der Permafrostböden

charakterisieren können. Untersuchungen der Energiebilanz der Landoberfläche sind ein

wichtiger Beitrag für die Entwicklung von Klimamodellen. Nur so können die Austausch-

prozesse in der atmosphärischen Grenzschicht verstanden werden, welche in den Klima-

modellen abgebildet werden.

Die vorliegende Arbeit untersucht anhand von einer Reihe intensiver Messkampagnen die

Energiebilanzen der Oberfläche von polygonaler Tundra im Lena-Delta im Nordosten Sibi-

riens. Die Energiebilanz wird von drei wesentlichen Faktoren gesteuert: der Schneedecke,

der Wolkenbedeckung und des Bodenwärmehaushalts. Die Schneedecke und die Wolkenbe-

deckung beeinflussen imWesentlichen die Strahlungsbilanz der Oberfläche. Die Schneedecke

reflektiert im Frühling einen beachtlichen Teil der einfallenden kurzwelligen Strahlung. Das

Gleiche gilt für eine Wolkendecke, die allerdings gleichzeitig die am Boden einfallende lang-

wellige Thermalstrahlung erhöht. Während des polaren Winters hat insbesondere der Bo-

denwärmestrom einen bemerkenswert hohen Anteil an der Strahlungsbilanz. Durch das

Rückfrieren der sommerlichen Auftauschicht wird ein großer Teil der gespeicherten Energie

wieder frei gesetzt. Zusätzlich wird der Bodenwärmestrom von einem sehr hohen Boden-

temperaturgradienten gestützt, hervorgerufen durch die extrem kontinentalen klimatischen
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Bedingungen am Untersuchungsstandort.

In den Sommermonaten nehmen die fühlbaren und latenten Wärmeflüsse den größten Anteil

ein. Mehr als die Hälfte der zur Verfügung stehenden Nettostrahlung geht in den latenten

Wärmestrom. Temperaturunterschiede werden im Wesentlichen durch die stark struktu-

rierte Geländeoberfläche bestimmt. Innerhalb weniger Meter finden Wechsel von trocke-

nen und feuchten Bereichen statt, die Temperaturdifferenzen zwischen 5 und 10 Kelvin

aufweisen können. Diese Unterschiede in der Oberflächentemperatur verschwinden aller-

dings, sobald die Durchschnittstemperaturen über Zeiträume länger als einen Tagesgang

betrachtet werden. Dieses Ergebnis stellt eine wertvolle Erkenntniss für Permafrostmoni-

toring dar, welches auf Fernerkundungsdaten zur Abschätzung der Oberflächentemperatur

zurückgreift. Da in der Tundra im Sommer über längere Mittlungszeiträume nur geringe

Temperaturunterschiede auftreten, sinken die Anforderungen an die räumliche Auflösung

satellitenbasierter Temperaturmessungen. Die Studie unterstreicht daher das Potential von

Fernerkennungsdaten zur Erforschung und Überwachung des Permafrostzustands.
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Abstract

Permafrost soils, which occupy by far the largest fraction of the arctic land area, are ex-

pected to be substantially affected by climate warming. The degradation of permafrost

is potentially associated with climate feedback mechanisms such as greenhouse emissions

and changes in the hydrological cycle, which could magnify future climate warming. The

determination of the recent and future permafrost distribution and its thermal condition

is therefore an essential issue for the prediction of future climate change. This requires

the development of reliable monitoring and modeling schemes, which allow both the future

predictions and the validation of the permafrost conditions.

Studies of the surface energy balance can significantly contribute to the development of

modeling schemes, since they directly measure the processes at the ground-atmosphere in-

terface as they are represented in climate models. This thesis investigates the surface energy

balance in a polygonal tundra landscape of the Lena River Delta, Siberia, in a series of ex-

tensive field measurements. The controlling factors of the surface energy balance are in

particular the snow cover, the presence of a cloud cover and the ground thermal regime.

The first two factors mainly influence the radiation budget by reflecting the largest part of

the incoming short-wave radiation in spring, and by increasing the incoming long-wave ra-

diation, respectively. The ground heat flux is found to be of remarkable importance for the

surface energy balance, especially during the polar winter, when the refreezing active layer

provides a strong supply of energy. In addition, the large annual temperature amplitude

at the study site contributes to the strong ground heat fluxes. Turbulent heat fluxes are of

great importance particularly during summer, when latent heat fluxes consume about half

of the net radiation. However, spatially distributed measurements of the turbulent heat

fluxes suggest distinctly different surface energy balances over scales of ten meters due to

the regular pattern of dry and wet areas of the polygonal tundra. This is also confirmed by

spatially resolved measurements of the surface temperature with a thermal imaging system
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during the summer season. Due to different partitioning of energy at dry and wet surfaces

remarkable temperature differences on the order of 5 to 10 K can occur. These spatial dif-

ferences in the surface temperature are found to vanish in temporal averages longer than the

diurnal cycle. While this suggests that the summer radiation budget of dry and wet areas

is not too different, it also has important implications for permafrost monitoring schemes

based on remotely sensed land surface temperatures. The diminished surface tempera-

ture variability for temporal averages reduces the requirements on the spatial resolution of

satellite-based surface temperature products. The study is a clear indication of the potential

of satellite-based monitoring of permafrost landscapes.
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Chapter 1

Background and Outline of the Thesis

1.1 Introduction

Permafrost is defined as soil or rock that feature temperatures continuously below the
freezing point for at least two consecutive years (Harris et al. 1988). Thus, permafrost
is associated with specific climate conditions typically occurring in the Arctic or in high
mountain regions. About 25% of the landmass of northern Hemisphere is occupied by per-
mafrost, most of which is located in Siberia and on the North-American continent (Canada,
Alaska) (Brown et al. 1997, Zhang et al. 2008). A commonly used classification of per-
mafrost distinguishes four zones based on the fraction of the surface that is underlain by
permafrost (Fig. 1.1). The largest part of the permafrost area is in the zone of continuous
permafrost, where at least to 90% of the area is underlain by permanently frozen ground.
The zones of discontinuous (50 to 90% fraction of permafrost area), sporadic (10 to 50%
fraction of permafrost area) and isolated (occasional patches) permafrost correspond to the
gradual transition from a periglacial to a non-periglacial landscape. The current permafrost
distribution results from both current and past climate conditions. The geological past of
some existing permafrost structures reaches back into the Pleistocene, about 1.5 million
years ago (Velichko and Nechayev 1984, Astakhov et al. 1996). Such ancient permafrost is
typically found in the zone of continuous permafrost and can reach depths of up to 1.5 km
(French 2007). However, most permafrost occurrences feature depths of less than 400 m
(French 2007). Due to the thermal inertia of the ground, which can be significantly am-
plified by an isolating organic soil layer or a vegetation cover, permafrost is often found to
be in disequilibrium with recent climate conditions (Yershov and Williams 2004). This is
especially true during periods of fast climatic changes (Fig. 1.2).
There is convincing evidence from both observations and modeling that the Arctic has

experienced a significant warming in the last decades (e.g. Overpeck et al. 1997, Comiso
2003, Hinzman et al. 2005, Tape et al. 2006, Turner et al. 2007, Overland et al. 2008),
which can be attributed to sustained changes in the global atmospheric circulation pattern
affecting the arctic climate system (Thompson and Wallace 1998, Fyfe et al. 1999, Moritz
et al. 2002). This warming trend is also reflected in the thermal conditions of the per-
mafrost. Over the past decades, a warming of permafrost temperatures has been reported

1



2 CHAPTER 1. BACKGROUND AND OUTLINE

Figure 1.1: The permafrost distribution in the Arctic classified according to its spatial
occurrence (UNEP/GRID-Arendal 2005b).

Figure 1.2: The impact of climate change on the Arctic. The map shows the projected
near surface air temperature according to the Arctic Climate Impact Assessment (ACIA)
(UNEP/GRID-Arendal 2005a).
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in the entire Arctic (Osterkamp 2005, Brown and Romanovsky 2008). The magnitude of
the warming strongly varies according to the local conditions, but is generally in the range
of 0.5 to 2.0 ◦C a−1 at the depth of zero annual amplitude. The most pronounced effect
on permafrost is observed during spring and the long-lasting arctic winter season, which is
mainly related to changes in precipitation (snow fall) and cloud cover (Serreze et al. 2000,
Hinzman et al. 2005; 2006). The warming trend is predicted to continue and even accelerate
in the future by General Circulation Models (GCM’s). The warming rate in the Arctic is
expected to be by a factor of two to three larger than the global average, with a projected
increase of the average near-surface air temperature of about 10 ◦C within the next 100
years. This accelerated warming is related to strong positive climate feedback mechanisms,
induced by the shrinking sea-ice cover and increased wintertime cloudiness (e.g. Holland
and Bitz 2003, Kaplan et al. 2003, Vavrus 2004).
Permafrost has received much attention as a potential source of a positive feedback mecha-
nism on the climate, as large amounts of carbon are stored in permafrost soils (Christensen
and Cox 1995, Callaghan et al. 2004). Until now, it is unclear whether permafrost regions
will turn into massive sources of greenhouse gases, such as methane and carbon dioxide,
when the frozen soils begin to thaw (Hobbie et al. 2000, Davidson and Janssens 2006). The
transformation of permafrost soils from net carbon sinks to sources depends on the amount
of carbon that is made available for microbial decomposition. Zimov et al. (2006) estimated
that about 970 Gt of carbon are stored in permafrost soils, mostly in wet tundra landscapes
of Siberia, northern Canada and Alaska, which is about twice the amount of carbon cur-
rently contained in the atmosphere (Schuur et al. 2008). To realistically assess the emission
potential of greenhouse gases of these regions, it is crucial to know how the thermal state
of the permafrost will change under a warming climate. In particular, this concerns the
evolution of the annual thaw depth and the active layer thickness, as they determine the
timespan, during which the uppermost soil layers remain unfrozen. Moreover, increasing
active layer depths are considered to lower the stability of permafrost soils towards erosion,
which in turn could lead to the expansion of thaw lakes and ponds (Hinkel et al. 2003). The
expansion of lakes is associated with the reallocation of organic soil material into the water
body, where the conditions are favorable for anaerobic decomposition. Walter et al. (2006)
demonstrated that permafrost degradation and thaw (thermokarst)-lake expansion has an
effect on the atmospheric methane budget. These processes do not require permafrost to
vanish completely, but only a change in the annual freeze and thaw dynamics and thus of
the heat budget of the uppermost soil layers. These can react on short timescales to external
forcing, such as rising air temperatures, compared to the entire permafrost body. Further
climate feedback mechanisms associated with permafrost degradation might be induced by
changes in the vegetation cover, such as shrub expansion and the northward shift of the tree
line (McGuire et al. 2006). Such prominent changes of the surface characteristics might in
turn affect important parameters in the land-atmosphere interactions, such as the surface
albedo, the snow cover, the thermal soil characteristics and the hydrological cycle. For
many of these factors, it is yet unclear whether they will enhance or attenuate the recent
warming trend in the Arctic.
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It is highly desirable to gain a better understanding of permafrost processes and possible
feedback mechanisms on the climate system, which could eventually facilitate to develop
reliable permafrost monitoring and modeling schemes. Furthermore, it should be carefully
evaluated whether the representation of permafrost processes in current climate models re-
quires enhancement in order to improve predictions on the future climatic changes in the
Arctic.

1.2 State of the art and scientific goals

The studies presented in this thesis contribute to (i) satellite-based Land Surface Tempera-
ture (LST) detection and (ii) the understanding of the processes of surface energy exchange
in typical permafrost landscapes in northern Siberia. Both topics are motivated by the
requirement of future permafrost monitoring and modeling schemes.

1.2.1 Permafrost monitoring

To evaluate the impact of climate change on permafrost landscapes, one must (i) determine
permafrost areas that are vulnerable to climate change and (ii) evaluate the magnitude of
the changes, such as the increase of active layer depths.
These key issues are addressed in the international monitoring projects ‘Thermal State of
Permafrost’ (TSP) and the ‘Circumpolar Active Layer Monitoring’ (CALM) program, which
have been initiated by the International Permafrost Association (IPA). Despite the fact that
these programs comprise more than 120 sites for active layer observations and about 800
boreholes for temperature measurements, the largest part of the arctic permafrost areas is
not covered, as it is considered to be inaccessible under reasonable effort.
Satellite-based monitoring of permafrost offers a cost-efficient alternative to cover the vast
and remote arctic landscapes. However, since permafrost is a subsurface phenomenon, it is
not directly detectable with remote sensing applications. Therefore, two different concepts
are followed in satellite-based permafrost monitoring schemes. The first concept is based on
the detection of changes of landscape elements, such as the vegetation cover or landscape
structures (e.g. thaw lakes) that are associated with the occurrence of certain permafrost
conditions (e.g. Leverington and Duguay 1998, Stow et al. 2004, Grosse et al. 2005, Duguay
et al. 2005). A more direct scheme uses time series of satellite-derived Land Surface Tem-
perature (LST) measurements in combination with a soil heat transfer model to calculate
the evolution of subsurface temperatures. First applications of LST-based permafrost de-
tection have been demonstrated by Hachem et al. (2008) and Marchenko et al. (2009), who
use a surface temperature product provided by the Moderate Resolution Imaging Spectro-
radiometer (MODIS).
There are a number of satellite LST products available (e.g. ASTER, Landsat, MODIS,
AVHRR, MVIRI, ATSR), which all have specific limitations concerning the spatial and tem-
poral resolution. The resolution in space and time is a crucial factor for the suitability of a
product for LST-based permafrost monitoring schemes, since the scales must be sufficiently
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captured, at which variations of the surface temperature occur that are relevant for per-
mafrost. Spatial differences of the surface temperature become relevant for the permafrost
heat budget when they persist over a longer period, which then might cause differences in
thaw depth and permafrost temperatures. This in turn could be an important indicator of
relevant processes such as initial thermokarst erosion, which is often triggered by spatial
heterogeneities (French 2007). The temporal resolution of satellite measurements could be
even more critical, since adequate time series of surface temperatures are required as upper
boundary condition in the heat transfer models. The required resolution essentially depends
on the investigated process. The correct representation of the active layer dynamics, for ex-
ample, requires a temporal resolution of several days or less, since temperature fluctuations
on shorter time scales are largely damped in the soil after a few centimeters. With regard to
satellite-based permafrost monitoring schemes, it should be checked whether satellite-based
LST measurements can deliver adequate spatial and temporal averages, which is especially
important in heterogeneous landscapes, such as the wet polygonal tundra. For this purpose,
the following goals are set:

• The evaluation of the spatial and temporal variability of the summer surface temper-
atures of a typical wet tundra landscape by using a high resolution thermal imaging
system. This involves the development of a retrieval algorithm for radiometric and
geometric corrections, to infer the “true” skin surface temperature from these mea-
surements.

• The assessment of the performance of the MODIS L2 LST product at the study site
in comparison with upscaled measurements of the thermal imaging system. With
this, the possibilities and limitations of MODIS LST for permafrost monitoring in the
heterogeneous landscapes of the wet polygonal tundra can be clarified.

1.2.2 Permafrost modeling

Due to the potential climatic feedback mechanisms triggered by permafrost degradation
(such as the release of stored organic carbon or the change of vegetation cover), efforts have
been initiated to include permafrost and the annual dynamics of freezing and thawing into
global climate models (e.g. Stendel and Christensen 2002, Lawrence and Slater 2005, Nicol-
sky et al. 2007, Lawrence et al. 2008). The interactions of land and atmosphere in GCM’s
are based on the surface energy balance equation, which is solved using parameterizations
for typical parameters, such as the albedo, the surface roughness (roughness length), the
surface resistance to evapotranspiration and the soil heat conductivity, just to mention a
few. The ground heat flux determining the permafrost heat budget depends on the calcu-
lated energy partitioning at the surface and hence on the used parameterizations. However,
in reality, the surface-atmosphere interactions are very complex and the thermal state of
permafrost essentially depends on local soil and surface characteristics. It is therefore ques-
tionable, whether large-scale parameterizations as they are used in global climate models
are applicable in heterogeneous landscapes, such as the polygonal tundra. To answer this
question it is necessary to determine the crucial factors governing the permafrost processes
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which must be accounted for in model schemes. This can only be evaluated by field exper-
iments directly measuring the surface energy balance under different synoptic and seasonal
conditions. Studies of the surface energy balance constitute an important tool to assign
and assess the controlling factors of the land-atmosphere interactions, which can be used
to develop and improve model schemes. Such studies are especially required in the Arctic,
where meteorological measurements and detailed studies of the surface energy balance are
very rare. The present study aims to achieve:

• A comprehensive compilation of the surface energy balance at a typical wet tundra
landscape covering the entire annual cycle.

• The identification of spatial and temporal variabilities of the surface energy budget
in order to obtain information about the controlling factors of the energy exchange
processes, especially for the permafrost heat budget.

• The assignment of processes and factors, which must be represented in large-scale
permafrost model schemes.

Furthermore, the performed energy balance study aims to evaluate the role of the ground
heat flux for processes of the boundary layer of the lower atmosphere. It is known from
several studies that the ground heat flux can have a distinct impact on the atmospheric con-
ditions, such as the near-surface air temperatures and the evolution of stable atmospheric
stratifications. It has been demonstrated by Viterbo et al. (1999) that stable atmospheric
conditions, which are related to extreme surface cooling, are largely prevented by the release
of latent heat from freezing soils. The implementation of soil freezing essentially improves
the performance of weather forecast models, which otherwise deliver unrealistically stable
atmospheric conditions during winter. Similar effects are reported for climate models (Cox
et al. 1999). However, the parametrization of the soil characteristics in climate models is
optimized for the mid-latitudes and is therefore not necessarily applicable in permafrost
regions. Hence, the study of the surface energy balance aims to achieve a better under-
standing of (i) how the thermal state of permafrost is determined by processes above the
surface and (ii) how these processes are in turn affected by the thermal conditions of the
soil.

1.3 Study site

This study is performed in northeast Siberia on Samoylov Island situated in the southern
part of the Lena River Delta (72◦ 22’ N; 126◦ 30’ E). The Lena River Delta is the largest
delta in the Arctic. It covers an area of about 32, 000 km2 and stretches about 230 km
in east-west and about 150 km in north-south direction. With a catchment area of about
2, 490, 000 km2, the Lena River constitutes the main drainage channel of Siberia with a total
annual discharge of about 520 km3 (Rachold et al. 2007). The highest stream flow through
the braided network of the Delta channels is measured in June, when approximately 35% of
the annual discharge is released (Yang et al. 2002). The timing of this event is closely related
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to the ice run and snow melt in the Delta. According to its geological and geomorphological
structure, the Lena River Delta can be divided into three main terraces. The first and
the second terrace are mainly characterized by wet tundra featuring the typical polygonal
surface structures. Whereas the third terrace consists of the so-called ice complex, which
is a massive ground ice body overlain by a shallow organic soil layer. The first Holocene
terrace and a recent floodplain basically occupy the eastern part of the River Delta. The
western part of the Lena Delta has been inactive recently and consists of deposits of at
least Pleistocene age, which constitute the second and third terrace (Schwamborn et al.
2002). Samoylov Island is located at the fork of the two main channels of the Lena River
(Bykovskaya & Trofirmovskaya) close to the Kharaulakh Ridge, the prolongation of the
Verkhoyansk Range. The island has a surface of about 4.5 km2, of which the eastern part
belongs to the first terrace and is about 10 m elevated above the water level. The western
part of the island is a recent floodplain regularly flooded in June.
On Samoylov Island, a periodically manned Russian-German research station has been
operated since 1998. Continuous climatological measurements have been carried out since
then. The station belongs to the Lena Delta Reserve that comprises about 61, 000 km2,
including the New Siberian Islands and thus being the largest nature reserve of Russia.

1.3.1 The polygonal tundra

The polygonal tundra is certainly one of the most eye-catching types of landscape in per-
mafrost regions. It constitutes a comb-like surface with regular polygonal structures that
feature elevated rims and lowered centers (Fig. 1.3). At occasional locations, the low-center
structure is inverted, so that the center is elevated compared to the rims (high center
polygon). The diameter of a polygon is typically 15 to 40 m and the elevation difference
between center and rim ranges from 0.1 to 0.5 m. According to the most common expla-
nation, these structures originate from thermal contraction cracking during the winter and
ice-wedge growth due to subsequent water and sediment infiltration into the crack (Lachen-
bruch 1962; 1966). Recent studies suggest that soil cracking typically occurs when the
soil temperature approaches about −15 ◦C or below (Allard and Kasper 1998, Fortier and
Allard 2005). However, the mean soil temperature is less important for the formation of
frost-cracks and hence the polygonal tundra, than is the magnitude and the duration of
the soil cooling rate. Mackay (1993) showed that ice-wedge cracking favorably occurs when
soil cooling rates larger than 1.8 ◦Cd−1 persist for more than 4 days. Such temperature
evolutions are often reached under arctic-continental climate conditions. However, a direct
correlation between the occurrence of polygonal tundra and climate conditions is difficult
since the frost-cracking depends on a wide range of factors, e.g. the local soil conditions
(French 2007).
The micro-relief of the polygonal tundra is associated with a strong heterogeneity in surface
wetness and vegetation cover, which is facilitated by shallow active layer depths and a high
soil water content (French 2007, Minke et al. 2009). The water level relative to the surface
essentially depends on the dynamics of the active layer and the rates of precipitation. Obser-
vations at the study site have shown that the water level during the summer period is always
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Figure 1.3: Typical surface structure of the polygonal tundra landscape.

close to the surface of the polygonal centers, which are consequently saturated with water
(Kutzbach et al. 2004). The elevated rims are significantly drier, which is also reflected in
the vegetation cover. The lowered centers are dominated by hydrophytic peat mosses and
sedges, while the elevated rims are mainly occupied by mesophytic sedges, mosses and dwarf
shrubs (Kutzbach et al. 2004). Moreover, the polygonal tundra is typically characterized
by frequent open water areas, ranging from small ponds to large thermokarst lakes. The
water bodies at the study site range from a few to several hundred square meters in size
with depths between 0.5 and 5 m.
The soils at the study site are water-saturated, featuring a high organic content with a con-
siderable fraction of silt and fine sand. The soils can be roughly classified as gelic gleysols
at the rims and gelic histosols at the centers (Mueller 2007). Due to ice-wedge growth, the
soils at the rims are significantly affected by cryoturbation, whereas the peat soils at the
centers are only marginally disturbed (Kutzbach et al. 2004). The maximum thaw depth
ranges from 0.4 to 0.6 m and is found to be almost similar at the rims and the centers.

1.3.2 Climate and weather conditions

The climate at the study site is characterized by arctic-continental conditions featuring a
strong seasonality in temperature and generally low precipitation rates (Fig. 1.4). At the
Stolb-Station close to the study site, where routine measurements of meteorological vari-
ables are conducted, the mean annual air temperature (MAAT) is about −13 ◦C and the
annual precipitation is between 200 and 300 mm (Fig. 1.4). The snow-free season lasts from
June until August and the frost free period is limited to about 70 days (Laing et al. 1999).
During the summer months, the air temperature frequently exceeds 20 ◦C, especially dur-
ing the polar day period, which lasts from the beginning of June until mid of August. The
synoptic conditions during the summer are characterized by frequent high pressure condi-
tions, which can be disturbed by the influx of cyclones that predominately originate in the
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Figure 1.4: Left: Climate diagram of Stolb station (1996-2006) in the vicinity of the study
site. Right: Annual minimum and maximum permafrost temperatures measured in a 26 m
borehole at the study site; active layer depth and depth of zero annual amplitude are marked.

west (Zhang et al. 2004). The cyclone activity is associated with a dense cloud cover and
rain. Air mass thunderstorms are observed occasionally, which can be locally very heavy
featuring high wind speeds and strong rain events.
The climate conditions during winter are mainly characterized by the polar night (beginning
of December until end of January) and the presence of the Siberian High, which cause the
air temperature to fall frequently below −45 ◦C. The influence of the Siberian High affects
the monthly precipitation (snow fall) rates, which are significantly reduced compared to
the summer period (Fig. 1.4). However, cyclones also frequently occur during the winter
period, but feature a high intensity and short life times (Zhang et al. 2004). The cyclone
activity is usually associated with strong snow storms. About half of the entire annual pre-
cipitation (≈ 100 mm ) occurs as snow fall from October to May (Fig. 1.4). The very low
winter time temperatures are also reflected in the ground, which is characterized by very
low annual average temperature of about −9.5 ◦C. The high annual temperature amplitude
of the continental climate is also reflected in the annual soil temperature variations, which
are observed at depths of about 16 m (Fig. 1.4).

1.4 Applied methods

The energy partitioning at the ground-atmosphere interface is the main driving force in
the global climate system. The amount of energy that is delivered to or from the ground
surface is largely determined by the earth radiation budget, which consists of a short- and
a long-wave part. While the short-wave part originates from direct solar and diffuse sky
radiation, the long-wave part is thermal radiation originating from the ground surface or the
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atmosphere, respectively. In this thesis, all incoming radiation components, that transport
energy towards the ground surface, are defined positive. The net radiation Qnet, which
is the sum of incoming and outgoing short-and long-wave radiation, is balanced by energy
fluxes in the ground and in the atmosphere. In the atmosphere, turbulent transfer of energy
gives rise to the sensible heat flux QH and the latent heat flux QE . In contrast, the ground
heat flux QG is mainly determined by conductive heat transfer. A more detailed description
of all components of the energy balance is given in Chapter 3. The surface energy balance
equation is therefore written as

Qnet = QH +QE +QG. (1.1)

During the snow melt season, the surface energy balance equation must be complemented
by an additional term, that represents the energy consumed by the melting snow.
In this thesis, the results of several months of intensive field work on Samoylov Island are
presented. The measurements were conducted within four expeditions in early spring 2008
and 2009 and in summer and fall 2007 and 2008. The following sections give a brief overview
of the applied measurements that are used to derive the surface energy balance and related
climate parameters. The measurement plot on Samoylov Island and the locations of the
instrumentation are depicted in Fig. 1.5. A detailed overview of the station equipment and
the employed sensors is given in Figs. 1.6 to 1.11. Ancillary field measurements are listed
in Fig 1.12.

1.4.1 Thermal imaging system and the radiation balance

During the summer field campaign in 2008, a high resolution thermal camera is used for
the detection of surface temperature variabilities at the polygonal tundra (Fig. 1.10). The
imaging system is mounted on a 11 m tower and features a 12 mm wide-angle lens. The
field of view of the measurement system comprises a 100 m2 tundra section, featuring wet
and dry surfaces elements, as well as a polygonal pond. The VARIOCAM thermal imag-
ing system consists of an uncooled microbolometer detector with a resolution of 384 x 288
pixels. The spectral sensitivity ranges from 7.5 to 14 µm. The thermal camera delivers
brightness temperatures of the tundra surface, measured under an off-nadir angle of 55◦.
With the measurement rate set to 10 min, a data set of more than 7000 thermograms could
be generated during the observation period from the end of July until the end of Septem-
ber. In order to obtain spatially distributed measurements of the surface temperature, the
entire dataset must be processed with a geometric and radiometric correction algorithm. A
detailed description of the used procedure is given in the concerning article (Chapter 2).
The radiometric corrections require measurements of the downwelling thermal sky radia-
tion, which is measured by a four component radiation sensor in the vicinity of the thermal
camera (Fig. 1.9).
Further radiation measurements are conducted in the context of the surface energy bal-

ance study. Besides the already mentioned four component sensor, additional net radiation
sensors are applied. The net radiation sensors are located at the standard climate tower
(Fig. 1.6) and at the Lake Station (Fig. 1.7). At the standard climate tower, the outgoing
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Figure 1.5: The study site and locations of the used measurement systems. The realized
field experiments are based on 8 measurement location distributed along a east-west transect
across Samoylov Island.
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Figure 1.6: The climate station and the employed sensors. The system is operational since
1998 and delivers continuous meteorological and soil physical measurements.

Figure 1.7: Technical details of the lake station, the system was in installed in summer 2006.
The small lake features a diameter of about 20 m and is about 0.8 m deep.
















































































































































































































