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Zusammenfassung

Ein wesentliches Merkmal von Permafrostlandschaften ist die Oberflachenstrukturierung durch
Frostbodenformen, wie z.B. Polygone, Kreise, Streifen oder Thermokarstseen. Die Bildung dieser
Formen wird in erster Linie durch das Klima bestimmt, das eine Vielzahl kryopedogener Prozesse
zur Folge hat. Weitere Faktoren sind Bodeneigenschaften, die Verfiigbarkeit von Wasser, Zeit und
Topografie. Die Ziele dieser Arbeit sind (i) die Prozesse in den Strukturen und zwischen den
Strukturen und der Atmosphdre zu bestimmen und (ii) ithren Einfluss auf unterschiedlichen
(rdumlichen und zeitlichen) Skalen von Zentimetern bis Kilometern zu bestimmen.
Hochauflosende, mehrjdhrige Datensdtze von drei unterschiedlichen arktischen von Permafrost
gepragten Standorten werden detailliert untersucht: Sibirien (Lena Delta), Spitzbergen (Ny-
Alesund) und Alaska (North Slope). Diese drei Standorte unterscheiden sich in ihrer
Vereisungsgeschichte, ihrem vergangenen und zur Zeit herrschenden Klima, ihrer Topografie, und
thren FEigenschaften an der Oberfliche und im Untergrund. Permafroststrukturen mit
unterschiedlichen GroBlen liegen an allen drei Standorten vor: nicht sortierte Feinerdekreise
(Spitsbergen), Polygone und Thermokarstseen (Sibirien) und ,water tracks* (Alaska). Die
hydrologischen, thermischen und geochemischen Transportprozesse werden mit experimentellen
Daten untersucht und weiterhin mit ein- und zwei-dimensionalen Modellen simuliert. Wahrend des
Sommers sind die Unterschiede zwischen den Standorten in den Energiebilanzen (sensibler und
latenter Warmestrom, Bodenwirmefluss) klein. Die Wasserbilanz dagegen variiert stark zwischen
den Standorten und wird in erster Linie durch die Menge und zeitliche Abfolge des Niederschlags
(Schnee und Regen) bestimmt. An allen Standorten beeinflussen die Strukturen maBgeblich die
Wasser- und Energiefliisse. An dem Spitsbergen-Standort fithren kleinrdumige Unterschiede in der
Oberfliche und in den Bodeneigenschaften zur Bildung und Erhaltung von Unterschieden, z.B.
einer tieferen Auftautiefe im Zentrum des Feinerdekreises. In groferen Strukturen, z.B. den
polygonalen Tiimpeln in Sibirien, erfolgt durch die frei werdende Wiarme wihrend des winterlichen
Riickfrierens eine Anderung der Oberflichentemperatur. In den kleinen, hydrologischen
Einzugsgebieten in Alaska und Sibirien wird der Wasserspeicher und Abfluss weitgehend durch
Topografie und Strukturen, ,,water tracks* und Polygone beeinflusst. Um Anderungen des Energie-
und Wasserhaushaltes arktischer Landschaften vorherzusagen, sind daher Landschaftsmodelle
notwendig, die Schliisselprozesse, hauptsichlich Tauen und Transport (,,Routing) des Wassers,

korrekt wiedergeben.






Summary

A specific characteristic of permafrost landscapes is the occurrence of patterned ground, such as
polygons, circles, stripes, and thermokarst lakes. The formation of these patterns through periglacial
processes is primarily determined by the climate as one factor, but soil characteristics and
availability of water, time (duration of formation) and topography are others. The goals of this
project are to (i) to determine which processes in and across the ground-atmosphere surfaces are
significant and (i1) investigate their relative importance on scales from centimetres to hundreds of
kilometres. Three contrasting arctic permafrost sites are studied in detail: Siberia (Lena Delta),
Spitsbergen (Ny-Alesund) and Alaska (North Slope). These sites differ in their history (glaciation
record), past and current climate, topography, surface and subsurface characteristics. Patterned
ground is dominant at all three sites at varying scales from meters to kilometres: non sorted circles
(Spitsbergen), polygons and thermokarst lakes (Siberia) and water tracks (Alaska). The hydrologic,
thermal and solute dynamic processes are analysed using experimental data of these fluxes as well
as one and two dimensional modelling. It is found that, differences between the sites in radiative,
atmospheric fluxes and ground heat fluxes are relatively small during the summer. The summer
water budget, however, varies significantly between the sites and depends largely on the
precipitation (snow/rain) input and timing. At all sites, patterned ground exerts a major influence on
the heat and water budget. At the Spitsbergen site, small scale differences in surface and subsurface
heat budget induce and maintain small scale differences such as greater thaw depths underneath the
centre of a mud boil. On a larger unit, such as polygonal pond in Siberia, the heat release during fall
freeze-back affects the surface temperature. At the watershed scale (Alaska, Siberia) the water
storage and runoff depends on topography and patterned ground features, such as water tracks and
polygonal ponds and lakes. Thus, predicting changes in surface energy and water budget requires
landscapes models where key processes, mainly thawing and routing of water, are accurately

predicted.
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Chapter 1



1.1 Introducing the research- state of the art on

permafrost

Significance of permafrost and patterned ground as indicators of past and current conditions

Permafrost is defined as ground that remains below 0°C for at least two consecutive years (Brown
et al., 1997). Permafrost may be comprised of bedrock, sediment, soils, or organic materials, and
may or may not contain liquid water and ground ice. Its distribution, temperature and extent depend
on past (for example glaciation periods) and current environmental conditions (surface and
subsurface energy balance). For example, the deepest permafrost with depths of about 1600 m in

Central Yakutia is the result of past and present cold climates with no indication of glaciation.

A typical feature of permafrost landscapes is that they are heterogeneously structured, with both
large-scale elements, such as thermokarst lakes, as well as small-scale elements such as circles
(Figure 1). Patterned ground features result from the interplay between a variety of periglacial
processes, dominated mainly by climate, and operating in polar, subpolar and alpine areas.
Periglacial processes include freezing/thawing, frost heave and sorting, physical volume changes,
migration of water as a result of gradients (matric potential, temperature, vapour pressure, solutes
concentrations) and mechanical mixing through cryoturbation and cracking. These processes are
highly complex and patterned ground is usually the combination of many individual processes
(Washburn, 1979a).

For example, cryoturbation mobilizes soil carbon up and downward. Tarnocai et al. (2009) and Ping
et al. (2008) show that non-sorted circles in permafrost soils are the main mechanism of carbon
sequestration in the Alaskan tundra. In Finnish wetlands, peat circles are the landform-feature that
emits the highest N,O fluxes to the atmosphere (Repo et al., 2009). In Siberia, the highest CHy
fluxes are measured in the Yedoma thermokarst lakes (Walter et al., 2006). Ice wedge polygon and
thermokarst lakes increase surface storage in watersheds with low topographic gradients and thus
affect carbon discharge (Kane ef al., 2003) and vertical fluxes (Rouse et al., 2005; Krinner and
Boike, 2010). Nonetheless, our understanding of how patterned ground features are formed in time
and space and, in turn, what their role has been and is, in regulating lateral and horizontal fluxes, is

still evolving.
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Figure 1: Examples of permafrost patterned ground photographed at various sites. The
size of the patterns is increasing from meters (top row) to several hundreds of
meters (bottom row). A: circles (Galbraith Lake, North Slope, Alaska); B, C:
circles and polygons (Bregger peninsula, Spitsbergen); D: circles and
polygons (Howe Island, Alaska); E: circles and polygons; F: thermokarst
lake; G: pingo (all Seward Peninsula, Alaska); H: polygons and ground ice,
exposed from erosion (Lena Delta, Siberia).
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It is clear that patterned ground activity varies over glacial cycle time scales and has the potential to
provide feedback to climate cycles. While patterned ground features are a result of both past and

current environmental conditions, observations of their phenomenology will also be direct

indicators of changes over times scales from seasons to millennia (Figure 2).

Figure 2: Example of drastic landscape changes caused by thaw of permafrost (thermokarst)
on Alaska’s North Slope during August 2004. A: helicopter aerial picture (courtesy
by L. Hinzman), B.-E. ground based pictures. It is not clear what caused the thaw
and subsequent collapse of the surface, which was followed by retrogressive
erosion of the stream. On a short term, the sediment and solute transport was
significantly enhanced into nearby Toolik lake (~ 10 km north) affecting fish
habitat (Bowden et al., 2008). On a long term, the landscape surface and drainage
characteristics changed.

Since these features are a function of current environmental conditions, the analysis of their
phenomenology and the dynamic processes that form them can be used to deduce clues of past and
future climate and environmental conditions (Romanovskii, 1996; Washburn, 1979b). For example,
during cold climate periods in the past two million years, ice wedge networks formed at lower
altitudes on most continents (Black, 1976). Today these are still visible as relic troughs and ridges
from these thawed ice bodies. In landscapes underlain by permafrost, where the topographic
gradient is low (approximately 5-10 % of the Earth’s land surface) these landforms play a dominant

role in determining surface morphology, drainage and patterns of vegetation (French, 1996).
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About 25 % of the land surface area of the northern hemisphere is covered by permafrost. In
agreement with currently observed climate warming, measurements and modelling show a general
warming trend for the upper permafrost layers in many arctic regions. The decrease in thickness and
reduction in the areal extent of permafrost in response to natural and anthropogenic variability will
ultimately modify the character and function of arctic landscapes. Rowland et al. (2010) suggest
that arctic landscapes are particularly sensitive to perturbations and respond rapidly. Examples of
landscape responses include land subsidence due to thaw of frozen ground (Liu et al., 2010;
Overduin and Kane, 2006), increased coastal and river bank erosion at some sites in Alaska (Jones
et al., 2009), but not at others in Canada and Siberia (Lantuit and Pollard, 2008), shrinking and
expansion of freshwater bodies and channel networks (Smith et al., 2005a; Toniolo et al., 2009),
increased hillslope soil erosion and landslides (eg., Gooseff et al., 2009) as well as thermokarst

processes (Jorgenson et al., 2006).

Permafrost physical characteristics and linkage to the carbon cycle

In the past, large-scale modelling studies greatly overestimated the extent of near-surface
permafrost reduction expected in 2100, revealing a broad misconception. For example, Lawrence
and Slater (2005) overestimate the geographic extent by 60 to 90 %. These modelling results
initiated a still ongoing discussion of the correct parameterization of permafrost in small and larger

scale models (i.e. Lawrence et al., 2008; Langer et al., 2010a).

Spatially distributed modelling with more spatial detail by Romanovsky et al. (2008) predict that
current warm permafrost (where warm is defined as having mean annual ground temperature
(MAGT) currently between 0 and -2.5°C) will be thawing by 2100. If true, thawing will affect the
extent of almost half of the current permafrost in the Northern Hemisphere. The ongoing discussion
on the degradation of permafrost has now reached a wide scientific, public and political audience
since consequences are expected locally (i.e. infrastructure) and regionally (i.e. water supply), and
also globally due to green house gas (GHG) emissions. Trenberth (2010) highlights the need to
include feedback mechanisms, such as GHG-emissions from reduced permafrost areas, in climate
models for the next Intergovernmental Panel on Climate Change (IPCC) assessment. Changes in
carbon cycling (for example mobilization of old, formerly protected soil carbon pools) or changes
in surface energy partitioning (Chapin et al., 2005) are expected to be nonlinear. According to this
school of thought, when thresholds in a system are reached, subsequent, incremental changes can
produce extreme effects. However, in these so called ‘tipping elements’ in the earth’s climate

system, where a small change in the control parameters can have large consequences for some
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system variable(s), permafrost is not yet included (Lenton et al., 2008). This is due to limitations in
existing models (e.g., Lawrence and Slater, 2005) and process understanding (carbon stocks,
cycling and feedbacks) which makes it highly uncertain if the permafrost’s behaviour is non linear.
Doomsday scenarios such as winter CH, emission (Mastepanov ef al., 2008), extensive thawing of
permafrost carbon stocks accelerated by soil microbial processes (Khvorostyanov et al., 2008) and
bubbling of lakes (Walter et al., 2006) have been popular in the media and clearly, scientific

investigations are required to put these findings in perspective (Kerr, 2010).

Publications have emphasized the role of permafrost as a crucial factor affecting carbon availability
within the global carbon budget. Thawing of permafrost has the potential to release large carbon
reservoirs (e.g., Schuur et al., 2008). However, the sensitivity of the carbon cycle of the Arctic of
the 21st century is highly uncertain (McGuire et al., 2009). This is due to our limited knowledge of
the large Arctic area in general, as well as small scale variability, and the complexity of processes.
Furthermore, non-standardised field methods and non-standardised upscaling methods (for example
using using 1 or 3 m soil depth for carbon storage estimates) compromise comparability of field
results between sites and among researchers studying the same sites. For example, two studies
conducted in the same area, the Thule peninsula in Greenland, reported soil organic content that
varied widely between 4.3 Tg (Burnham and Sletten, 2010) and 18.4 Tg (Tarnocai et al., 2009). For
the North American Arctic, Ping et al., 2008 estimate the carbon storage to be 98.2 Pg. Burnham
and Sletten (2010) calculate 12 Pg for the high Arctic. The results are limited datasets and wide
discrepancies in estimated parameters. Still, the contributions from arctic permafrost areas are
considerable when compared with global carbon estimates for the upper 1 meter of soil of 1,462 to
2,344 Pg (Batjes, 1996; Denman et al., 2007). The estimates of the total permafrost carbon pool are
variable due to sampling location and interpolation method: 495 Pg (only top meter of soil), 1024
Pg (upper three meters) and an additional 648 Pg for deeper carbon stored in Yedoma (Pleistocene

formed, carbon-rich sediments) and alluvial deposits (Tarnocai et al., 2009).

Ideally, feedback mechanisms could be incorporated into future computer models used to estimate
climate change. However, this would require i) accurate estimates of state variables such as soil
organic carbon, thermal and hydraulic conductivities and ii) upscaled data on these state variables
both vertically and horizontally (Ciais, 2010), as well as 1i1) an understanding of the key physical
processes in permafrost and iv) an understanding of the interaction and feedback mechanisms
between permafrost and climate. As Wania et al. (2009a,b) state, a major uncertainty in models is

the prediction of regional and local hydrological processes as a result of permafrost thaw. For
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example, degradation of permafrost with subsequent formation of ponds and lakes (wetting of
surface) may result in enhanced CH,4 production. On the other hand, the presence of an efficient
drainage network may result in drier conditions and thus increased CO, fluxes as a consequence of

permafrost decomposition (Wania et al., 2009b).

Predicting the sensitivity of permafrost to climate warming is furthermore complicated by changes
in complex interactions between the hydrology, soil thermal regimes, and vegetation, which can
lead to both positive and negative feedbacks to permafrost. For example, the growth of shrubs on
tundra can work to “preserve” permafrost by reducing the mean annual permafrost temperature by
several degrees (i.e. Blok et al, 2010). In a warming climate, enhanced shrub growth, such as
observed in Alaska (Sturm et al., 2001; Tape et al., 2006) may counteract the effect of warming.
Overall, changes in land cover such as vegetation type and distribution, or the areal extent of water
bodies and drainage systems, will affect the vertical and horizontal fluxes of water, energy and
matter. The hydrologic and thermal regimes are dynamically coupled and interact to such an extent
that neither can be fully understood without considering the other. Clearly, simultaneous
measurements of the surface energy balance are required (Chapin et al., 2005; Hinzman et al.,

1996).

Implementing a potential feed-back mechanism by GHG-emission from warming permafrost in
regional and global models requires a correct parameterization of a sufficient and critical set of
thermal and hydrologic processes and parameters, such as snow and soil thermal properties. The
surface wetness is determined by the hydrologic budget which depends on parameters such as
precipitation (snow and rainfall), snowmelt, damming of snowmelt runoff by the snowpack,
infiltration and storage in the substrate, evaporation, transpiration, and runoff (Woo, 1986).
Furthermore, knowledge of the permafrost geomorphic landforms and their function in terms of
water storage and pathways is required. Although these processes act on a local scale, they have
effects on the regional surface energy and water balance, such as infilling of new thermokarst lakes

observed in Central Yakutia (Boike et al., 2010).

1.1.1. Introduction to the habilitation thesis

This thesis represents a summary of selected research results obtained during the period from 1998

to 2010. Field data was collected by me or I supervised the data collection during months of field
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expeditions in Siberia and Spitsbergen. Additionally, I was a guest scientist in Alaska between 2000
and 2003, which permitted research at Alaskan sites and access to existing data. Since 2006, and the
start of my association with the Helmholtz University Junior Research Group, I have had the
opportunity to investigate research ideas that were originally born when the field sites were first

instrumented.

The focus of this habilitation is on heat and water transport processes that take place at various
scales and sites across the Arctic. The thesis includes field and modelling studies from three
permafrost sites to study energy and water fluxes between (i) small-scale spatial features and their
short-term (diurnal, seasonal, annual, wet/dry) variability and ii) features and processes at the larger

scale, both spatially and temporally (Figure 3).

The organization of the chapters in this thesis mimics the theme of scale; small-scale processes, and
processes that occur under short timeframes and locally, up to a watershed scale, are considered in
Chapters 2 and 3. Thereafter, Chapters 4 and 5 consider methods and models of studying processes

at large scales — regional areas and timeframes of decades or longer.

Specifically the following aspects are addressed:

1. Development of a quantitative process understanding by identification of key processes
determining seasonal and annual energy and water balances and the factors that affect these
processes at the three study sites. This includes:

* winter energy balance, importance of snow cover formation and ablation (Chapter 2.1),
annual surface energy budget (2.2); Spitsbergen

* climatology, summer energy and water budget between dry and wet year (Chapter 2.3)
and annually (Chapters 2.4 & 2.5); Siberia

* climatology, measuring and spatial distributed modelling of water budget components
(Chapter 2.6); Alaska

* comparison of snow ablation processes at all three sites (Chapter 2.7)

2. Elucidation of the relationships between thermal and hydrologic processes and patterned
ground. This includes processes that are affected by, or occur in patterned ground):
* spatial, thermal, hydrologic and solute characteristics of a mud boil (Chapter 3.1);

Spitsbergen
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* quantifying ground thermal processes in a mud boil (Chapter 3.2); Spitsbergen

importance of ice wedge polygonal network for hydrologic processes subsurface flow

(Chapter 2.3.) and atmospheric heat fluxes (Chapter 2.4); Siberia

* influence of water tracks upon discharge (Chapter 2.6); Alaska

3. Development of tools and techniques for mapping and quantifying permafrost patterns
using remote sensing:

application of kite aerial photography for surface classification (Chapter 3.1) and

balloon/helicopter aerial photography for digital elevation model construction (Chapter
3.2)

geometrical functions for quantification of permafrost patterned ground (Chapter 3.3)

4. FElucidation of how patterned ground affects transport processes of heat and water on a very
large scale:

modelling the effect of disappearance of high latitude surface waters during the 21*
century (Chapter 4.1)

centuries
decades
=  years
o

(o

Em
days

v

10- 100 10" 102 103 >104

spatial scale [m]

Figure 3: The range of temporal and spatial scales addressed in this thesis; the first
publication (Boike ef al., 2003; Chapter 2.1) covers diurnal to seasonal time scales,
and spatial scales of meters to tens of meters, whereas the last publication (Krinner
and Boike, 2010, Chapter 5.1) considers time scales of decades to centuries and
spatial scales of hundreds of meters to kilometres or larger.



Through this “step ladder approach” and checking if the model replicates the key processes charac-
teristics at each scale, larger spatial and temporal domains are explored. The outcome from (1) to
(4) 1s synthesized in the conclusion section with the overall goal for a unified view of key processes

and parameters that needs to be considered for future earth system observation and modelling.
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1.2. Synopsis

1.2.1. Description of the study sites (Siberia, Alaska and Spitsbergen)

Climate conditions and surface characteristics

All three sites are located in zones of continuous permafrost (Figure 4), but they span very different
ecosystems across the pan Arctic. The Siberian site has the most continental climate (coldest winter
air temperature and least precipitation), coldest and deepest permafrost, while Spitsbergen has a
mild, maritime winter climate (due to the influence of the Atlantic current) and warmest and most
shallow permafrost. The winter at the Alaskan site is colder than at the Spitsbergen site, but not as
cold as in central Siberia. According to the CAVM Team classification (2003), three different
bioclimatic and vegetation zones are covered: (i) sedge, moss, dwarf-shrub dominated wetland
(Siberia), (i) dry, patchy prostrate-shrub tundra (Spitsbergen) and (iii) moist graminoid, tussock-
sedge, dwarf-shrub tundra. These sites represent in-situ laboratories for studying current and past
processes over a range of typical arctic regions with different (thermal) histories and varying
climate conditions. The similarities and differences in parameters such as climate, topography,
parent material, geology and history) provide a unique opportunity to investigate the significance of

these parameters on a range of spatial and temporal scales.

The Siberia site

The Lena Delta, located in Northern Yakutia, is one of the largest arctic deltas and Eurasian
watersheds (2.430.000 km?): about 30 km’ of discharge drain every year into the arctic Ocean.
Observations of substantial increases in the Lena River discharge have inspired a number of
publications with controversial statements explaining the cause of the increases. These include, for
example permafrost thaw (McClelland et al., 2004), and positive anomalies in late winter snow
equivalent (Rawlins et al., 2009a,b). While others (Shiklomanov et al., 2007) have postulated that

there is no agreement between cold season precipitation and maximum discharge.
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Figure 4: Circum-polar permafrost distribution and classification in
continuous, discontinuous, sporadic and isolated
permafrost from Brown et al. (1997). The three arctic field sites
in Siberia, Spitsbergen and Alaska are highlighted.

The Siberian study site is located at Samoylov, one of the 1500 islands composing the Lena Delta
and has been instrumented since 1998. The island is located in one of the main river channels in the
southern part of the delta (72°22'N, 126°28'E). Siberia was not glaciated during the Pleistocene.
Continuous permafrost underlies the area to about 400 to 600 m below surface. This area has some
of the most extreme climate conditions, displaying very cold air temperature and low precipitation
records (Table 1). On the island, strong winds redistribute snow, resulting in bare surfaces on
polygonal apices and snow-filled polygonal centers with up to 43 cm of snow. Strong winds lead to
aeolian sedimentation of sands. Permafrost temperature is coldest in comparison to the other sites
(mean annual top of permafrost temperature is about -9°C), with a large annual amplitude (Figure
5). The surface is characterized by low-centered polygonal patterned ground on peatish sand
deposits of an ancient delta flood plain. The dominant types of patterned ground are (low-centered)

ice wedge polygonal networks and thermokarst lakes (Figure 6).
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Figure 5: Mean, maximum, minimum permafrost temperatures recorded in boreholes at the
Spitsbergen (A), Siberia (B) and Alaska (C) sites. The same depth and temperature
scales are used to demonstrate the differences in warm (Spitsbergen) and cold
(Siberia) permafrost. Different penetration depths are due to different thermal
properties (diffusivity) and total water content. Analysis based on August 2009-
August 2010 (Spitsbergen), August 2007- August 2008 (Siberia) and February
2006 - February 2007 (Alaska). Data for the Alaska site courtesy of L. Hinzman
(Hinzman et al., 2008).

The sandy material at the Siberian site is prone to deep infiltration, and the observed large thermal
gradient promotes ice wedge growth though the refreeze of snow melt water. The micro-topography
of the ice wedge formation leads to its further development by water transport from the apex

towards the site of wedge growth.

The Spitsbergen site

In Europe, arctic permafrost exists in northern Scandinavia and in the non-glaciated areas of
Greenland and Svalbard. The island of Svalbard was glaciated several times during Quaternary
Period and is currently largely covered by ice sheets and glaciers. Since 1960, a significant warming
of air temperatures has been detected, which is generally attributed to changes in circulation
patterns (Hanssen-Bauer and Ferland, 1998). Warmer air temperatures are also reflected in
enhanced warming of permafrost as measured in boreholes (Isaksen et al., 2001, 2007). Continuous
permafrost in this region underlies coastal areas to depths of about 100 m and mountainous areas to
depths greater than 500 m. The North Atlantic Current warms this area to an average air
temperatures of about —13 and 5°C in January and July, respectively, and provides about 400 mm of
precipitation annually, falling mostly as snow between September and May. Permafrost

temperatures are warmest compared to the other two sites with a mean annual top of permafrost
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temperature of about -2°C (Figure 5).

The Spitsbergen site is located on the Brogger peninsula, in the Bayelva catchment, about 2 km
from the village of Ny-Alesund (78°55'N, 11°50'E). The site was chosen, because there is very little
disturbance of the natural environment by the village. For example, the onset of snow melt in the
village is about 2 weeks prior to snowmelt observed at the study site. The research site is bordered
by inland glaciers (Breoggerbreen) and mountains and is about 1 km from the arctic Ocean (Figure
6). Sparse vegetation alternates with exposed soil and rock fields, and permafrost features, such as
mud boils and sorted circles, are found in many parts of the study area.

The study site is located at about 25 m above mean sea level, on top of a small hill. The dominant
patterned ground at the study site is non-sorted circles (Figure 6) which were formed after the last
glacial period. The bare soil circle centres are about 1 m in diameter and are surrounded by
vegetated borders consisting of a mixture of low vascular plants, mosses and lichens. The silty clay
soil has a high mineral content, while the organic content is low, with volumetric organic fractions
below 10 % (Chapter 3.1). Instrumentation started in 1998 and included automated weather and soil
stations. Instrumentation has been augmented with micrometeorological stations (eddy covariance)

and spatially distributed temperature sensors in soil and deeper permafrost.

The Alaska site

Imnavait Creek (68°37'N, 149°19'W) and Ivotuk (68°29'N, 155°44'W) are both located north of the
Brooks Range on the North Slope of Alaska. The Imnavait Creek watershed is a small watershed at
the headwaters of the Kuparuk River Basin (KRB), which flows northward into the arctic Ocean.
The area was glaciated during the Pleistocene and is underlain by continuous permafrost, about 250
- 300 m deep (Osterkamp and Payne, 1981). Near-surface air temperatures have warmed by about
2°C over the past 20 years (Chapman and Walsh, 1993; Serreze et al., 2000). In response to this and
to recent increases in snow depth, significant increases in permafrost temperatures in the area have
been reported: up to 1.5°C at a 20 m depth over a period of 15 years (Osterkamp, 2007; Stieglitz et
al., 2003; Hinzman et al., 2005). Current mean annual air temperatures are about -7.4°C, with a

range from -17°C in January to 9.4°C in July.

The mineral soils are wet, poorly-drained silt loams with a high organic content, containing many
glacial erratic of various sizes. The soils are covered by a peaty layer. The vegetation is mostly
tussock sedges and mosses, but there are also lichens and shrubs such as willows, alder and dwarf
birch. “Water tracks”, shrubby corridors with a width of ~2 m and spacing between ~10-20 m, are a

dominant patterned ground feature effectively routing surface water down slope (Figure 6). A
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continuous record of meteorological, hydrological, and soil data from the Imnavait watershed site
since 1985 is available online (http://ine.uaf.edu/werc/projects/NorthSlope/imnavait/imnavait.html).
Imnavait Creek is a so- called beaded stream, meaning that the channel connects numerous small
interspersed ponds. The ponds formed when massive ground ice melted due to some past thermal

disturbance. These ponds are about 2 m deep and a few meters in length and width.
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Figure 6: Pictures of the study sites demonstrating the scale from the watershed scale (top
pictures) to the soil plot (bottom pictures). Imnavait catchment: A: aerial
mosaic with water tracks (white areas are mineral surfaces and road
construction areas). B: beaded stream, C: beaded stream pond, D: water track;
Bayelva catchment: A: view from Schetelig mountain towards Ny- Alesund, B:
aerial view of fenced measuring site, C: fenced measuring plot, D: installed
circle; Samoylov Island: A: aerial mosaic, B: network of low centred polygons,
C: measurement site, D: installed soil profile in polygon. All nadir aerial
images are obtained using balloon or drone aerial photography.
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Overview of methods at the sites

Data has been collected since 1998 at the Siberia and Spitsbergen sites and since 1985 in Alaska

using automated weather and soil stations. During the months of April to September, expeditions

with durations of weeks up to several months were conducted to maintain equipment, install new

instruments and perform additional field experiments, such as sampling of soil, snow and water,

mapping and surveying of landcover and measuring hydrologic budget components. A summary of

field and analytical methods is provided in Table 2.

permafrost temp. [°C]

Region Spitsbergen Alaska Siberia

Study site name Bayelva Imnavait Samoylov

Latitude 78°55'N 68°30'N 72°22'N

Longitude 11°50'E 149°15'W 126°28'E

Elevation [m] 25 900 10

Glacial history Repeated glaciations Glaciated during Not glaciated
during Quaternary Pleistocene

Permafrost thickness [m] 100 300 500

Total precipitation [mm] 400 340 250

% rainfall of total precip. ~25 ~T75 ~75

Mean annual air temp. [°C] 5.5 -7.4 -14.8

Mean January air temp. [°C] |-13 -17 -33.9

Mean July air temp. [°C] 5 9.4 11.2

Average summer thaw depth | 110 52 x* 49#

[cm]

Mean annual top of -2.8 3.4 9.0

Microrelief/Patterned ground

Non sorted circles

Water tracks (tussocks,
hummocks)

Ice wedge low-centered
polygons

Vegetation classification
(CAVM Team, 2003)

Prostrate-shrub tundras
tundra with patchy
vegetation. Prostrate
shrubs < 5 cm tall (such as
Dryas and Salix arctica),
with graminoids forbs,
lichens; dry

Graminoid tundra:
Tussock-sedge, dwarf-
shrub, moss tundra;
dominated by tussock
cottongrass, dwarf shrubs
<40 cm; mosses are
abundant; moist

Sedge, moss, dwarf-
shrub wetland
dominated by sedges,
grasses, and mosses, but
including dwarf shrubs
<40 cm tall; wetland

Soil type

Not determined

Histic Pergelic
Cryaquepts

Typic Historthes,
(center), Typic
Aquiturbels (rim)

Soil material

Silty clay, interspersed
stones

Silt loams, high organic
content, covered by peaty
layer; glacial erratics

Sandy loams and sands
with interspersed sand
layers, peat

Snow covered season

October-June

September-May

September-May

Range of end of winter snow

83-150

1-100

0-43
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depth [cm]

Pre melt bulk snow density 350 239 250 (excluding ice

[kg m™] layers)

Bulk melt density [kg m”] 450 318 290

Snow characteristics Basal ice layer and several |Depth hoar with several |Several relict wind
internal ice layers; depth  |layers of blown snow crusts with large amount
hoar over top of aeolian sediment, 2/3

of snow are depth hoar
(grain size > 3 mm),
recent snow on top

** Source: http://www.udel.edu/Geography/calm/data/north.html
# 150 point grid across on polygonal tundra (18 x 27.5 m) measured since 2002

Table 1: Climate, history and surface characteristics of the three arctic study sites. In the text,
only the region names are used (Alaska, Spitsbergen, Siberia).

Automated ground stations refer to temperature and volumetric water content sensors (Time
Domain Reflectometry; TDR) installed at a point in the ground, snow or water body. These
instruments are employed for quantifying fluxes at a small scale (centimetres). In contrast to TDR-
probes and temperature sensors in soil, atmospheric micrometeorological instruments average over
a much larger area, depending on the choice of method and height of instruments. For example,
stationary and mobile eddy covariance towers, installed at heights of 2-3 m integrate fluxes over a
fetch area of about 200-300 m. The micrometeorological methods, including eddy covariance

towers are presented and discussed in Chapter 2.

To estimate the thickness and thermal state of the seasonally freezing and thawing active layer, of
snow and of the deeper permafrost, numerical methods including heat conduction methods (Chapter
2.2), and volume energy balance calculations (Chapter 2.1 and 2.3) are performed. The fluxes are
balanced as atmospheric budgets together with measured radiation budgets and ground flux in
various materials (snow, water, permafrost). In addition, hydrologic budget components including
precipitation (rain), discharge and storage changes in lakes and ponds are measured directly

(Chapter 2.3).
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Subject units Field Method Site | Chapter Field data
instrumentation collection
Energy [W m?] SP | 2.1 1998-2001
balance: SP 22 2008-2009
Onet -On -Qe SIB |23 1999, 2003
-0 -On=C SIB |24,25 2007-2008
Qnet [W m?] | Radiation budget | Radiation budget SIB | 2.3,2.4,2.5 | 1998-2008
Sensors SP 2.1 1998-2001
SP 22 2008-2009
AK |26 2001-2003
Q. [W m?] | Weather stations Priestley Taylor SIB |23 1998-2001
Eddy covariance Eddy covariance SIB | 24,25 2007-2008
stations Priestley Taylor AK | 2.7 2001-2003
Qn [W m?] | Weather stations Remainder of energy SIB |23 1999, 2003
Eddy covariance balance
stations Aerodynamic profile SP 2.1 1998-2001
Eddy covariance SP 2.2 2008-2009
Q. (snow, [W m?] | Temperature and Calorimetric/volumetric SIB | 2.3 1999,2003
permafrost, water content Calorimetric/volumetric SIB | 24,25 2007-2008
water bodies) profiles Calorimetric/volumetric Sp 2.1 1998-2001
Conductive method SP 2.2 2008-2009
Conductive method AK |27 2001-2003
Qn [Wm?] | Snow depth and Change in field SWE/ AK |26 2001-2003
density snow heat flux (melt, AK |27 2000
refreeze) SIB | 2.7 1999
SP 2.7 1999
Temp. index model AK [2.6 2001-2003
Water [mm] Direct water Spatial distributed AK | 2.6 2001-2003
balance: budget hydrologic modelling
P-ET-R= measurements;
AStorage Field surveys 2004, 2005
ET (=Q.) [mm] Weather stations Priestley Taylor AK | 2.6 2001-2003
P [mm] Rain gauge; Precipitation (rain) AK | 2.6 2001-2003
Snow depth and SWE (snow)
density
R [mm] Discharge/stage Discharge AK | 2.6 2001-2003
AStorage [mm] Soil moisture Total soil water storage AK | 2.6 2001-2003
profiles; changes; residual of
Water level water balance
Spatial distributed
hydrologic modelling
AStorage [mm] Water level Storage SIB |23 1999, 2003
Dye tracer test Darcy’s law
Soil thermal [-] Temperature and Projection of temp. data Sp 32 1998-2000
processes water content using heat diffusion
profiles equation
3.2
Soil thermal [-] Temperature, Soil water electrical SP 32 1999-2000
and water content and | conductivity modelling;
geochemical bulk soil electrical | Thermodynamic
processes conductivity equilibrium modelling
profiles (TDR);
Soil water extracts
Snow thermal | [-] Temperature and Snow volume energy SP 2.1,2.7 1998-2001
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processes Water content Balance model AK |27 2000
profiles; snow SIB | 2.7 1999
physical profiles

Land cover [-] Aerial Supervised classification | AK | 4.1 2001
photography Geometric analysis SIB |24 2006-2008
(balloon, kite) SP 4.3 2008

Digital [-] Aerial Photogrammetric SIB | 4.2 2007

elevation photography analysis SP 22 2008

model (balloon, drone)

Table 2: Summary of field and analysis methods applied in this thesis. AK: Alaska, SIB:

Siberia, SP: Spitsbergen. Note: The notation for energy and water balance

components varies between individual chapters 2-5. Evapotranspiration in energy
budget calculations is termed Q. and in water budget models ET. Acronyms are
defined in section 1.4.
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1.2.2. Energy and water balance characteristics of the study sites (Siberia,

Alaska and Spitsbergen)

A quantitative understanding of the processes underlying the thermal and hydraulic dynamics of
permafrost soils is paramount to improving the parameterization of the soil-atmosphere interaction
in climate models and especially if we wish to anticipate consequences of a changing atmospheric
forces. In this section, the seasonal and annual energy and water balances of small-scale spatial

features and their short-term (seasonal, annual, wet/dry) variability are analysed quantitatively.

1-dimensional thermal and hydrologic dynamics of a mud boil

Thermal dynamic of a mud boil is investigated using temperature and TDR probes installed in the
centre and rim of a single mud boil at the Spitsbergen site (Figure 6 and Table 2). Detailed data
profiles from the middle thermistor string are obtained from this instrumentation and are used for
the analysis of the 1-dimensional thermal dynamics during the period September 1998 to October
2000. It is found that four periods could be distinguished, based on the analysis of temperature data
(Chapter 3.2, Plate 2). During the cold period (i), the snow cover regulates the thermal and vapour
exchange between soil and atmosphere. If the snow cover is thick, cooling of the soil is reduced.
Excess water, produced by cooling of the soil, evaporates at intermediate depths and vapour
diffuses upwards towards colder layers of soil and possibly snow. When soil-surface temperatures
increase at the end of winter, the soil’s liquid water and vapour content increase, consuming heat.
The soil warms as a result of vapour migration to deeper, slightly colder layers and heat release via
condensation and freezing. The warming period (ii) includes the warming, ripening and melting of
the snow pack. This temperature increase causes a downward flux of vapour into colder soil layers.
Furthermore, episodic infiltration of water from snowmelt and subsequent refreezing causes rapid
warming of the soil. The thaw period (iii) comprises the progression of a thaw front where large
amounts of heat are consumed. In the thawed soil, heat is produced below ~ 0.4 m by condensing
water originating from warmer layers above. The highest water contents are found at the base of the
thawed soil. With the onset of autumn, and decreasing air temperatures, the soil cools to 0°C and
freezing starts, initiating an isothermal period or plateau (iv). During this last period, a frozen layer
at the surface inhibits propagation of temperature fluctuations from the surface. As a result,
temperatures stay close to 0°C and conductive heat fluxes are negligible.

Excellent agreement is observed between expected and measured temperatures for the cold period

at the Spitsbergen site. This agreement confirms that (i) simple heat conduction is the dominating
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heat transport process and (ii) the characteristic soil freezing characteristic (SFC) curve plays a

crucial role in freezing/thawing processes and thus modelling of water and heat transport.

The soil freezing characteristic curve describes the relationship between the soil’s temperature and
(liquid) water content in freezing and frozen soils. In frozen soils water can remain unfrozen at
temperatures well below the freezing point due to soil matric forces. The decrease of liquid water
content with decreasing temperature is mainly explained by the phase change of water to ice. Two
examples of experimentally determined SFC are shown for the Spitsbergen site (Chapter 3.2, Figure
1) and for the Siberia site (Chapter 2.5, Figure 3). At - 10°C, about 6 % remains unfrozen in the
loamy clay at the Spitsbergen site in contrast to only 1 % sandy soils at the Siberia site

demonstrating the effect of the soil matric forces.

Movement of water and vapour phase is expected to be small with decreasing temperatures.
Although the total amount of water transferred via these more complicated processes is generally
small, they may become important over longer timeframes. Soil heave, secondary ice lens growth
and large scale phenomena, such as pingos, are at least in part due to migration of water and vapour

in freezing and frozen soils and subsequent accumulation of the ice phase.

2-dimensional thermal and hydrologic dynamics of a mud boil

The same mud boil is studied using instruments installed in the centre and the rim of the mud boil
underneath vegetation. The soil material at the Spitsbergen site generally consists of silty clay with
interspersed stones. The silt content decreases from the top of the profile to the bottom, concomitant
with an increase of clay content (Chapter 3.1, Figure 3). Only very small horizontal differences
between liquid water content due to texture differences is observed.

With the onset of snowmelt in spring, warmer temperatures rapidly penetrate downwards, and
liquid water content increases. The bare circle centre starts to thaw first, while the vegetated border
remains frozen; this process continues resulting in a non-uniform thaw depth. In the autumn, the
freezing front propagates from surface to depth, with progressive conversion of water into ice until

the soil column is completely frozen in December.

In summary, the energy exchange at the surface and the soil physical properties create a non-
uniform thermal dynamic system. The mud boil centre thaws to greater depths, freezes more
quickly and is subject to larger amplitude cycles than the surrounding vegetated border. Thus, the

silty clay of the centre is most prone to ice-lensing and heave resulting in the typical elevated circle
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structure (Chapter 3.1, Figure 3). While no modelling or measurements of the mechanics were
conducted, some general explanation is possible. Differential frost heave occurs due to the non-
uniform penetration of the freezing front from the surface, and upward from the frost table.
Moisture and vapour migration (Chapter 3.1) favour ice lens growth in surface layers and towards
the permafrost table; the overall measured heave at this site is between 2-4 cm per year. The
freezing-induced stress may displace the soil upward, either in fluid, plastic or frozen conditions.
This would lead to a theoretical cycling period of the mud boil of 50...100 years (2 * 100 cm thaw
depth /2...4 cm heave) thus potentially mixing the material.

Solute concentrations are measured to investigate whether chemical gradients could be the cause of
the non-uniform freezing front. Vertical solute concentration gradients are found to be much larger
than horizontal gradients with highest concentrations at the bottom of the profile. The depression of
the freezing point due to solute exclusion is insignificant. Thus, variation in soil freezing points due
to solute concentrations is not large enough to induce irregularities in the permafrost table that
result in a bowl-shaped depression. The differences in surface cover and soil physical properties
between the centre and rim affect the subsurface thermal regime in such a way that the non-sorted

circle structure is maintained through differential frost heave.

2-dimensional water budget characteristics (watershed scale)

Low topographic environment-polygonal network (Siberia)

The water budget at the low polygonal tundra site in Siberia is investigated using measured energy
and water budget components from 1999, 2003, 2007-2008 (Chapters 2.3-2.5; Table 2). At this site,
vertical water fluxes dominate during the summer (>50 %) due to the low topographical gradient
and the water availability in the polygonal ponds and lakes. About 20 % of the snow sublimates and
evaporates in 2008 (12 mm), supplying 45 mm to the water budget. Thus only 20 % of the total
annual precipitation input is supplied by snow, highlighting the importance of rainfall for the
hydrologic budget.

Spatially distributed measurements of evapotranspiration (Chapter 2.4, Figure 1) suggest distinctly
different surface energy balances over scales of ten meters due to the pattern of dry and wet areas of
the tundra polygons. However, these differences only exist during conditions of high radiative
energy input (One >200 W m™), which only occur occasionally at this site due to frequently cloudy
conditions (Chapter 2.4, Figure 3.7). Only during very contrasting years, such as during a very dry

year (1999: 88 mm) or a very wet year (2003: 208 mm), do seasonal differences in the surface
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energy balance become pronounced (Chapter 2.3). During a drier year, with less surface moisture in
lakes and vegetation, the atmospheric fluxes are, in general, evenly portioned between
evapotranspiration, sensible heat flux and ground heat flux. During a normal year, which is
dependent on a minimum of precipitation (mean summer rainfalls: ~137 mm), the
evapotranspiration amounts to at least 50 % of the net radiation, reducing the sensible heat transfer
into the atmosphere and the ground heat flux. The latent heat flux is a factor of two higher than the
sensible heat flux. The observed precipitation in 2007/2008 balances with the evapotranspiration.
This indicates a regionally closed water cycle between the atmosphere and the tundra surface.
However, at the Siberian site, the underestimation of the water budget calculated from P-ET alone
and tracer experiments (Chapter 2.3; Figures 8 and 9) suggests that the study pond is connected
with neighbouring ponds via subsurface flow through sandy soil layers with high hydraulic
conductivity. In addition, after heavy rainfall events, water is drained and conveyed to streams via
the existing polygonal ice wedge drainage network and newly formed thermo-erosional channels
(Chapter 2.3, Figure 11). As a result, the water table returns to its original position within about 4
weeks, even after high precipitation events, such as observed in 2003 (Chapter 2.4, Figure 7).
However, vertical fluxes are still dominant in the overall water budget. This fact is supported by
direct measurements of the full water balance in 2008 where lateral runoff only accounts for about

10 % of the total budget, mostly fed by rain water (Abnizova et al., 2010).

Hillslope dominated water track watershed (Alaska)

A 2-dimensional water budget for the hillslope-dominated watershed in Alaska, determined based
on measured and modelled water balance components (Chapter 2.6), is quite different from that of
the Siberian site. At the Alaskan site, the water balance is dominated by lateral fluxes (>50 %).
During the years 2001-2003 runoff accounts for 54 %, 60 %, 67 %, and evapotranspiration for 48
%, 42 %, and 28 % of the water budget. For each year, the winter snow pack is a major source of
water to the system. For the years of this study it accounts to 33—41 % of the total amount of water
added. The modelled subsurface storage term is more or less balanced: only during a year with high
summer precipitation input it is “enlarged”. The major processes of the water balance (precipitation,
snowmelt, evapotranspiration, groundwater flow, and overland/channel flow) as well as some
storage processes (snow accumulation and infiltration/percolation) are simulated using a spatially
distributed, process-based hydrological model (TopoFlow). Climatic conditions vary greatly during
the course of the year and between the three years and overall are well reproduced by the model. A
digital elevation model (DEM) with a pixel size of 25 x 25 m is used; the simulated channel

network (Chapter 2.6, Figure 2) reproduces the channel structure of water tracks that is visible in
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aerial pictures. Including water tracks improves the simulation result when compared to the
measured hydrograph (Chapter 2.6, Figure 11). The simulation indicates that the existence of water
tracks accelerates runoff and leads to higher amplitudes in the hydrograph than without water

tracks.

Annual energy and water fluxes

Results of the annual energy and water fluxes from the low polygonal tundra site are discussed for
Siberia (Chapters 2.4 and 2.5) for the years 2007-2008 and for the Spitsbergen site from 1998-2001
(Chapter 2.1) and 2008-2009 (Chapter 2.2). The applied field and modelling methods are
furthermore summarized in Table 2. A summary of the typical summer and winter energy balance

for Spitsbergen and Siberia is given in Figure 7.

As measurements of the energy balance components are based on different methods which are
subject to errors a residual in the energy balance (closure term: C) remains. Due to the larger
magnitude of fluxes during the summer, C is larger as well. The accuracy and precision of the

employed field instruments is described in detail in Chapters 2.2, 2.4, 2.5.

At both locations, the surface energy budget is determined largely by radiation: net short-wave
radiation during summer (energy source) and net longwave radiation during the winter (energy
sink). The net radiation essentially depends on the seasonality of the short-wave radiation budget,
the presence or absence of the snow cover and the cloudiness. The first two factors mainly influence
the radiation budget, reflecting the largest fraction of the incoming short-wave radiation in spring,

and by increasing the incoming long-wave radiation.

Turbulent heat fluxes have their largest impact on the surface energy budget during summer, when
they balance about 70 % of the net radiation. The latent heat flux is a factor of two higher than the
sensible heat flux at the Siberia site, while at the Spitsbergen site, the sensible and latent heat flux
are nearly equal (Figure 7). About 15 % of the net radiation is consumed by the seasonal thawing of
the active layer in July and August at the Spitsbergen site, and up to 20 % (60 % for thaw of ice rich

ground, 40 % for warming) at the Siberia site.
During the winter period the radiative energy fluxes are negative and all fluxes are significantly

smaller, compared with those measured during summer except for the ground heat flux at the

Siberian site. The latent heat fluxes used for sublimation are the smallest term in the energy balance
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(Figure 7). The sensible heat flux is the second largest flux term, providing heat input for the
surface, thus, together with the ground heat flux, balancing the large radiation sink at the
Spitsbergen site (Figure 7). In contrast, the winter ground heat flux is about 3 times as large at the
Siberian site. Here, the ground heat flux is a significant component in the surface energy balance,
with relative contributions of up to 60 % during the winter. The high contribution of the ground
heat flux to the surface energy balance at the Siberian site is due to the cold permafrost
temperatures, the high ice content and large annual surface temperature amplitude, which is related
to the climate conditions. The heat flux is increased by a factor of two in the refreezing thermokarst
pond (Chapter 2.4, Figure 1; “Lake station”) thus demonstrating the overall importance of water
bodies in the surface energy budget of the polygonal landscape. Inter-annual differences in the
surface energy balance are related to differences in onset of snow accumulation and snow thickness.
The annual surface energy budget is more sensitive to processes in winter, due to (i) the long winter
period and (ii) high variability of snow and cloud cover. The later one is manifest, for example, in
refreezing of soil and water bodies, which varies significantly in duration between years. Thus, the
winter snow cover plays a dominant role controlling the thermal regime of the subsurface

permafrost.
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Figure 7: Comparison of typical mean summer (upper two figures) and winter (lower two
figures) fluxes (W m™) for the Spitsbergen and Siberia sites. Fluxes are scaled to
each other. AS net shortwave radiation, AL: net longwave radiation, Qx: sensible
heat flux; Q.: latent heat flux; Q,: ground heat flux; C: closure term (see Chapter
2.2,2.4,2.5 for methods).

Snow ablation, internal processes and melt

The physical properties of the snow cover, when it is established, its duration and its thickness,
control the thermal regime of the subsurface permafrost. Thus, special emphasis is given to

understanding the build up and ablation of the snow cover and its affect on the energy balance.

A volume energy balance model is applied for three sites (Samoylov, Siberia; Ivotuk, Alaska,
Bayelva, Spitsbergen) for the duration of the spring snow ablation period to investigate larger scale
differences due to climate (Chapter 2.7). It is noteworthy that almost 50 % of available energy,
mostly provided by net radiation is consumed by sublimation and evaporation from melt water

ponds in Siberia (Chapter 2.7, Figure 7). The loss of heat into the ground is the smallest component
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in the balance, with a maximum (18 %) at the Siberian site and minimum (6 %) at the Alaska site.
At the Spitsbergen site, the loss of heat into the ground ranges between 10 to 30 %: infiltration and
refreeze of water is a source of up to 10 % of the energy. The differences in duration of snow
ablation (several days at the Siberian, several weeks at the Alaska and several months at the
Spitsbergen site) are related to differences in total snow water equivalent and energy source. The
dominant energy source for snow melt at the Spitsbergen and Siberia sites is net radiation, while
sensible heat and net radiation are the dominant sources at the Alaska site. At this site, dry and

warm air descending from the Brooks mountain range provides sensible heat used for snow melt.

Classification of snow profiles in the field provides precious information about the past winter
climate conditions during which the snow cover is formed. The snow profile on Spitsbergen shows
several internal ice layers and a basal ice layer overlying the frozen soil, indicating winter melt and
freeze conditions. In contrast, no melt takes place at the very cold site in Siberia. The snow here
consists of very loose, large grained depth hoar in addition to hardened, sediment rich layers,
suggestions a large thermal gradient and high winds with transport of aeolian material (Chapter 2.7,

Figure 5).

Among the three sites, wintertime rainfall and warming events are unique for the Spitsbergen site.
At this site, the snow-free period is only about 3 months, thus the snow cover and the timing of
snow melt in spring essentially control the amount of short-wave radiation that is available for
energy partitioning. The thick layer of snow greatly reduces the heat exchange between the
permafrost soil and the atmosphere. Soil cooling is observed to be about twice as effective during a
winter when the snow cover was half as thick. Also, year-to-year variation in thickness and duration
of the snow cover can be large (for example, the number of snow-free days at the Spitsbergen site in
2000 is about half compared to 1999). This affects the total amount of energy transferred towards

the surface and thus the permafrost’s thermal regime.

The evolution, ablation of snow cover and its internal processes are studied in detail over several
years (1998-2001). The applied volume energy balance model (Chapter 2.1) includes net radiation
and turbulent heat fluxes (sensible and latent), heat flux supplied by rain and sensible and latent
heat fluxes of the ground and snow. The calculation of the ground and snow’s sensible and latent
heat content is based on in situ measurements of temperature and volumetric moisture content
(Chapter 2.1). Snow accumulation begins in October, but is interrupted by winter melt events,

creating internal ice lenses and/or basal ice which can be widespread. Internal processes in the
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snow, such as the formation of an internal ice lens or a basal ice layer (overlying the soil) is
quantified using the volume energy model: infiltrating water in a cold snow pack creates internal ice
lenses, while infiltration in warmer snow permits through-flow and refreezing at the surface of the
cold soil, creating a basal ice layer which releases heat that warms the permafrost (Chapter 2.1,
Figure 6). Furthermore, the energy balance model permits two separate ablation periods to be
distinguished from one another: stage I, where the snow pack is homogenized and its height
becomes reduced due to internal processes occurring in the snow. During stage 1I, the snow water
equivalent (SWE) is reduced and meltwater is produced. Overall, the heat provided by winter rain
on snow events’ is of great importance for correct estimation of the ground’s thermal budget (Boike
et al., 2010; Westermann, 2010). Furthermore, since these events can create widespread basal ice

layers, they also have been discussed as important for ungulate survival (Putkonen and Roe, 2003).

In summary, differences between the sites in radiative, atmospheric fluxes and ground heat fluxes
are relatively small during the summer. Evapotranspiration ranges between 1-2 mm d™' for all the
three studied sites during the snow free period. The summer water budget, however, varies
significantly between the sites and depends largely on the precipitation input and timing. At all
sites, patterned ground exerts a major influence on the heat and water budget. At the Spitsbergen
site, small-scale differences in surface and subsurface heat budget induce and maintain small-scale
differences such as greater thaw depths underneath mudboils. With a larger feature, such as
polygonal pond in Siberia, the heat release during fall freeze back affects the surface temperature.
At the watershed scale (Alaska, Siberia) the water storage and runoff is affected by topography and
patterned ground features, such as water tracks and polygonal ponds and lakes. Understanding their
dynamic as well as their phenomenological appearance on larger spatial and temporal scales is thus

required.
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1.2.3. Quantifying the patterns from air and space?

The small-scale processes investigated in previous chapters, such as water and vapour movement in
permafrost soils, can take place over time scales of seasons up to millennia and form the
characteristic patterned ground landscape. These patterns, as well as biophysical characteristics of
the water/vegetation/snow surface (e.g. roughness, spectral characteristics) define the fluxes of
energy and water horizontally and vertically, into the atmosphere and into the subsurface. Thus,
mapping and classifying the structure and properties of the surface, which can vary greatly over

scale, is of great importance for upscaling from local sites.

The use of kites, balloons, blimps, drones for aerial photography

Smaller-scale patterns on the order of meters to tens of meters are usually not recognizable on
commercially available satellite images. Furthermore, identifying patterns from the ground (that are
larger than what the eye can distinguish) is also difficult. For example, ice wedge patterns (Chapter
4.1, Figure 2) have a size of >30 m and thus are hard to identify on the ground. The use of airplanes
and helicopters is expensive and often they are not fitted with the equipment required for taking

pictures facing downward (nadir) which requires a camera hatch or a camera suspension system.

Chapter 4.1 discusses a method for obtaining images using conventional digital cameras. Cameras
can either be triggered by an internal interval function (for example Nikon D200) or through an
additional programmable data back (Olympus C2020). The cameras can be suspended from the
aerial vehicle using a simple T-shaped pendulum suspension (made from a camera tripod; Chapter
4.1, Figure 1), or a more sophisticated apparatus (such as a self levelling platform,” Picavet”) or a
universal joint suspension that allows rotation about the vertical and horizontal axes. The choice of
aerial vehicle (kite, balloon, blimp or drone) depends on the weather conditions, and the size of area
that needs to be covered. In no- or low-wind conditions (<3 m sec™), balloons and blimps work
well. A remote-controlled drone can be used at wind speeds up to 8 m sec™”. Various kites can be
used in higher wind conditions, between 6-12 m sec’'. The ground resolution of the image is
calculated from reference marks on the ground (ground control points; GCPs). Aerial images are
used for quantifying (i) vegetation (Chapter 4.1, Figure 5) (ii) geometry of small scale patterns
(Chapter 4.3) and (i1) identifying wet and dry areas for micro-meteorological flux footprint
calculations (Chapters 2.2 and 2.5) and (iv) for classification of surface characteristics for thermal

infrared remote sensing (Langer et al, 2010b) and barren ground surfaces on Spitsbergen
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(Westermann et al., 2010). An example of the application of high resolution classified images is
shown in Figure 8 for the Siberia study site. Differences between wet and dry areas are quantified
for the four eddy covariance foot print areas, showing a range between 52 to 79 % of dry area. The
second eddy foot print has 71 % of dry surfaces compared to 60 % of the stationary reference site
(Figure 8). Accordingly, the spatial differences are reflected in differences in turbulent fluxes.
Simultaneous eddy covariance measurements at both locations indicate differences in sensible and
latent heat fluxes in the order of 20 W m™ (10-20 %) under conditions of high radiative forcing
(Chapter 2.4, Figure 3.7). Mapping of land cover characteristics thus offers a potential for upscaling

of energy and water fluxes at larger scales.
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Figure 8: Aerial mosaic obtained from balloon aerial images in 2007 at the Siberian site
(Island Samoylov). The quantification of areas is based on supervised classification
and field mapping; water bodies are extracted via threshold (density slice) in the
near infrared band and masked; the remaining areas are classified using a
supervised maximum likelihood classifier. The stationary eddy covariance, climate
and lake station remained at these locations, while a second eddy covariance station
(mobile eddy) is moved across the transect (Chapter 2.4).
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Application: construction of digital elevation models (DEM)

In areas with low topographic gradients it is difficult to obtain small scale digital elevation models
that are required input for hydrologic modelling. For the Siberia site (the island Samoylov) the best
available DEM is a topographic map (1:200 000) with a ground resolution between 0.5 to 1 km. The
method presented here is suitable for obtaining higher resolution DEMs at remote sites. It requires
distribution of GCPs that are clearly visible in images and knowledge of the coordinates (x, y, z).
For this site, 20 GCPs with a spacing of about 500 m are laid out over an area of about 5 km?
(Chapter 4.4, Figure 3) and their position is surveyed in the local coordinate system using a
tachymeter. Using overlapping aerial photographs of a flying height between 600 and 800 m,
position, orientation and intersection of the images are determined and combined in “bundle
adjustment procedures”, where the image orientation parameters and the ground coordinates of tie
points are simultaneously calculated (Chapter 4.2). As a result, a DEM with a final ground
resolution on the order of 10 m and a horizontal and vertical accuracy better than 1.0 m is created
(Chapter 4.4, Figure 8). This DEM can be used as input for creation of stream network as input for
hydrologic modelling (Chapter 2.6) or terrain georeferencing of thermal images for obtaining

surface temperatures (Westermann et al., 2010).

Application: Quantification of permafrost patterns

Permafrost patterns are useful indicators for identifying geomorphological and environmental
conditions and their changes over time. Enhanced satellite observation programs (for example the
commencement of Raid Eye, with a resolution of up to 5 m), provide frequently updated images.
These images function as a comparative data base to detect and identify landscape changes.

The method introduced in this section is based on Minkowski numbers. It uses quantitative
geometric descriptions to reduce complex spatial information to a limited number of relevant
quantities that are easily comparable. This concept of geometric description was applied by Mecke
(2000) in the field of statistical physics to quantify diverse structures such as porous media and
patterns of dissipative systems. Using this approach (Chapter 4.3), patterned ground surfaces are
quantitatively described using geometrical properties, specifically size, spatial distribution and
topology of the 2-dimensional patterns.

The method is used to compare two kite aerial images obtained on an island off the Alaskan Coast,
Howe Island (70°18'N, 147°59'W). The patterned ground observed in the first picture, H1, (Chapter
4.3, Figure 5) is multi-structured, i.e. it shows patterned ground on different scales, ice wedge
polygons with sizes of tens of meters, non-sorted circles with sizes of meters and even smaller-scale

non-sorted polygons (centimetre scale). The second aerial image, H, is largely dominated by non-

40



sorted circles (Chapter 4.3, Figure 5). The differences of the patterns are quantitatively described as
differences in surface areas, length of interfaces of patterns and topology (connectivity of the

pattern) using Minkowski numbers.

Thus, quantifying patterns through numbers and relating them to, for example, physical parameters
(for example surface water fluxes) could be a subject for future investigation, as well as a method

for quantifying changes.

1.2.4. Predictions on larger spatial and temporal scales

Wetlands, lakes and ponds are a typical feature of northern ecosystems and play an important role
in the local and regional climate and hydrology by governing the heat and water fluxes as well as
the carbon cycle. Even larger, global effects are reported. For example, the formation of ther-
mokarst lakes and their methane emission is currently discussed as the main factor for high methane
levels at about 12 kyr BP in ice cores from Greenland and Antarctica (Walter et al., 2007; Petrenko
et al., 2008).

Lakes absorb and store heat in the spring and summer, and release heat during autumn and winter,
thus playing a significant role in surface energy budgets. As discussed in Chapter 2.5, even a small
pond with a volume of about 70 m* continuously supplies heat during refreezing, increases the
surface temperature and consequently turbulent heat fluxes. Furthermore, larger-scale lake area

fluctuations alter surface albedo and energy partitioning in the expanding and contracting lake area.

General circulation model and arctic water bodies

There are various scenarios regarding the extent of inland water surface (IWS) in the future. To
assess the effect of a potential reduction of IWS on the energy and water cycles, a climate model
sensitivity test for the end of the 20™ and 21* century is carried out in Chapter 5.1 The sensitivity
test considered all IWS on the ice-free continental areas between the arctic coastline and the
southern limit of the taiga. The simulations are based on the SRES (IPCC Special report on
emission scenarios), the A1B greenhouse gas concentration scenario using a general circulation
model with 144x108x19 (longitude x latitude x vertical) grid points. At this resolution, lakes will

not be represented explicitly, but the large-scale model parametrization is analysed by running
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different sensitivity tests. The dependency of the simulated future boreal climate change to future
IWS changes is evaluated by the following simulations: (i) a total disappearance of all IWS (ii) a 50
% reduction of future IWS extent and (iii) a fractional reduction of high latitude IWS as a function
of the simulated reduction of the area of annual-mean subsurface temperatures. Scenario (iii) is
based on the hypothesis and figures set forth by Smith e al. (2005a, 2007), and prescribes a 40 %
IWS reduction in regions where the permafrost would eventually disappear under a climate of the

end of the 21* century, together with a 10 % increase in the remaining permafrost areas.

Overall, this sensitivity test suggests that the direct climatic impact of expected future IWS changes
will be moderate on large spatial scales, with fairly weak precipitation and circulation changes.
Near-surface temperature appears to be more sensitive. The future mean annual warming in the con-
tinental regions of the high northern latitudes may be reduced by about 10 % by the effect of the
warming based on the future extent of IWS. Seasonal characteristics of the future temperature
changes may be more strongly affected, for example, an increase in the summer surface temperat-
ure. In the most likely simulation (ii1) the future near-surface warming is reduced by up to 30 % re-
gionally and seasonally. However, in summer, the future warming might be intensified due to the
reduced cooling induced by the decreased IWS extent. The impact of these IWS changes on the
simulated surface water balance (precipitation minus evapotranspiration; P-ET) do not contradict
the expected changes of IWS: in the most northerly regions, where the scenario would suggest an
increase of IWS, the simulated annual mean P-ET increases. Further south, there are no systematic

changes of P-ET.

Overall, these estimates are still very crude, since it is not clear how and when permafrost degrada-
tion and lake drainages would occur. This would require landscape modelling, including thermal in-
formation from lakes as well as permafrost information (for example, the thermal state, thickness
and ice content). Furthermore, discrepancy between these large-scale data sets and high resolution
data sets on distribution and coverage of lakes shows an underestimation by a factor two to seven

(Grosse et al., 2008).

Since there is a large gap, in both spatial and temporal scale between these general circulation
simulation results (Chapter 5.1) and results from the experimental field sites (Chapters 2.3-2.6), in
the following another method for modelling past and potential future changes on the water and

energy balance on an intermediate scale is introduced.
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Introducing an intermediate scale between global and local scales- an example from Siberia

The following example from the Siberia site utilized the concept of scale to resolve uncertainties in
a large-scale dataset. Good knowledge of site processes is available from measurements made at a
centimeter scale (soil profile) and at a small watershed scale (~7 km?). These are used as
background information to interpret data for a grid cell of at least 2.5° latitude-longitude. This grid
cell describes the (max) spatial resolution of long term reanalysis data such as ERA-40 or ERA
Interim, a data set based on a combination of weather observations from land- and sea-based
stations, including wind, temperature and humidity profiles from radio soundings, satellite

observations of atmospheric water vapour and wind fields (Uppala et al., 2006).

Figure 9 shows the modelled long term water budget (total precipitation minus evapotranspiration)
since 1958 for the Siberian site using reanalysis data. Evapotranspiration is calculated using
Thornthwaite (1948) which is tested and calibrated for several years using site eddy covariance data
(Kattenstroth, 2009). The total amounts of water are generally small, the long term water budget is
roughly balanced, tending towards slightly positive values (P > ET). Agreement exists between the
water balance determined on aerial images, visualized qualitatively as “filling” status of the ponds
and lakes, and modelled P-ET water balance. The years 1964 and 2007 represent normal (positive;
P > ET) years, whereas the dry year (P < ET) in 1968 is atypical (Figure 9 B). The CORONA
satellite image from 1968 indicates a dry tundra landscape as ponds disappear and thermokarst lakes
shrink. This concurs with the modelled negative water balance, a consequence of reduced summer
precipitation. These results demonstrate the need for an integrated field and model approach: the
importance of a one summer drying event is put into perspective within longer time scales; higher
than average precipitation rates only increase the water level of the tundra on a short time scale
since the microtopography and drainage network of polygonal ground channels water into the

stream network.

Seasonal CH4 emission rates are determined by the wetness status of the tundra, (polygons,
thermokarst lakes on a larger scale (Sachs ef al., 2010) and thus are mostly driven by precipitation
and hydrologic channel networks which are site specific. Thus, observing hydrologic processes is

one important key process necessary for future predictions of CH, emissions.
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Figure 9: A. Annual long term water budget calculations (precipitation- evapotranspiration)
from 1958 to 2009. Air temperature (2 m height) and total precipitation data are
obtained from ERA-40 and ERA-interim data sets using 6 hourly data sets. The
ERA—40 data are available on a Gaussian grid with spatial resolution of
2.5°%2.5°, while the resolution with 1.5°x1.5° is marginally better for ERA—
interim. The data are interpolated between the four closest-lying grid cells for the
Siberian site. Evapotranspiration is calculated using the Thornthwaite (1948)
approach calibrated for this site using eddy covariance data (Kattenstroth, 2009).
The years where high resolution CORONA data are available are marked with
yellow arrows. B. CORONA high resolution images of the Siberian site
(CORONA images from August 17, 1964 and September 29, 1968; aerial mosaic
from balloon aerial photography August 2007). 1968 is the only recorded year on
available satellite images where drying of ponds and shrinkage of lakes is
observed (for example inside the yellow ring). ERA data provided by ECMWF
(http://data-portal.ecmwf.int/data/).

1.2.5. Conclusions- the big picture

Climate change models must consider greenhouse gas emissions from arctic soils if they are to
provide reasonable simulation results. Physical processes occurring in permafrost such as freeze and

thaw, the resulting carbon fluxes and feedback mechanisms have a huge effect on climate and, in



particular, the emission of CH., which is a very efficient greenhouse gas. Thus, it is not possible to
model climate change without considering permafrost. Yet only few climate models consider freeze
thaw processes, and none of the models so far do not include physical processes occurring in per-

mafrost on a subgrid scale (thermokarst) or carbon storage and fluxes.

In the Coupled Carbon-Climate Change Model Intercomparison Project (CsMIP)2, most terrestrial
biosphere models predict an enhanced carbon sink due to warming at high latitudes (i.e. Friedling-
stein et al., 2006). According to these models, longer growing seasons and enhanced productivity
offset the heterotrophic respiration caused by the warming. However, these models do not include
permafrost. Without a realistic reproduction of the current physical state of permafrost, and repro-
duction of surface energy, water and carbon balances, then large-scale climate assessments of green

house gas emissions remain uncertain.

How does this habilitation thesis add to the big picture?

The following key aspects are synthesized from the results of this thesis:

1. The study of permafrost patterned ground is scientifically relevant because of the following:
(1) patterned ground regulates the partitioning of atmospheric and ground fluxes on all stud-
ied scales- from small circles to large-scale wetlands and lakes dotting the arctic permafrost
landscape, (ii) their phenomenology indirectly indicates their hydrologic characteristics
(wetness status, dominance of vertical or horizontal fluxes), (ii1) distinct changes in the land-
scape are caused by “extreme” precipitation events, for example “empty” ponds and poly-
gons (dry), refilled thermokarst lakes in Central Yakutia, new drainage system following
thermo erosion processes after intense summer rainfalls. Thus, observation of the permafrost
patterned landscape and its changes in surface morphology have potential as indirect meth-
ods to detect wetness status, hydrologic characteristics and climate changes.

2. The water and energy balance of permafrost areas is most strongly affected by changes in
the radiation and precipitation (rain and snow) budget. While the impacts are difficult to es-
timate on a global basis due to the complex interplay between local and larger-scale climate
factors, local and regional observations and process understanding are mandatory for upscal-
ing.

3. The subsurface heat flow in permafrost is associated with temperature change, as well as
phase change of soil water. The temperature change in the frozen and unfrozen soil can be

largely described by conductive heat transport, whereas the phase change of soil water can
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be seen as a discrete heat sources or sinks at the thawing or freezing front. The magnitude of
the seasonal heat exchange is strongly affected by site-specific subsurface properties, such
as the thermal conductivity of the soil. The key factors affecting the ground heat flux are es-
pecially influenced by the amount of water in form of (i) ground ice and soil water, (ii) sur-
face water bodies and (iii) snow water equivalent. Especially the high heat storage of water

bodies plays an important role, influencing the local and regional climate.

Recommendation for a future research strategy

The primary goal, to understand permafrost and its role in the earth’s climate system, including feed
back mechanisms, requires new model developments and upscaling strategies.

One successful upscaling approach using a combination of climate reanalysis data and process
understanding is presented in 1.2.5. Another approach has recently been applied to surface
temperature monitoring using a thermal imaging camera and MODIS data (1 km?) in Siberia and

Spitsbergen (Langer ef al., 2010b; Westermann et al., 2010). Hence,

1) field studies should be run at representative sites to systematically long term monitor key
parameters and processes, thereby improving our understanding of permafrost dynamics at a
range of scales

i1) development and incorporation of conceptual and numerical permafrost landscape models,
including suitable upscaling methods from local to global scales

1i1) utilisation of remote sensing products to test, validate and monitor 1) and ii).

It is important to note that all strategies require field-based knowledge of the surface characteristics,
key processes and monitoring data for a few key parameters. Obtaining funds for this is often
impeded by political and technical limitations. Funds are often cut from budgets, since the merit of
field studies is often first apparent after a longer time frame (Nisbet, 2007). However, the vision of
a pan Arctic state-of-the-art network of "Arctic Observatories" in support of modeling efforts
should be developed. By providing reliable data sets on the impact of climate change, such a
showcase of international science collaboration could provide guidance for policy makers and

international agencies in search for sustainable strategies for the Arctic.

I hope that this work is a further motivation for creating a pan Arctic network, brought forward by

the scientific community.
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