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Abstract

Infrastructure construction on permafrost is challenging. Not only are north-
ern regions undergoing a faster and more intense global warming than the rest
of the world, inducing thawing of the permafrost at a worldwide scale. In ad-
dition, linear infrastructures such as gravel highways, built on embankments
to protect the underlying permafrost, change environmental conditions in vari-
ous ways, enhancing permafrost degradation. This work aims to utilize remote
sensing data and explore the physical parameters that drive permafrost degra-
dation in the regions adjacent to the Inuvik to Tuktoyaktuk Highway (I'TH)
in Northwest Territories, Canada. Within the work, snow accumulation along
the embankment toe, vegetation moisture increase, surface water increase in
poorly drained areas, earlier snowmelt and vegetation increase along the road
are defined as factors that (I) enhance permafrost degradation and (Il) are
observable using remote sensing techniques. The analysis is conducted using
cloud computing services, open-source software packages, and primarily freely
available datasets. Snow accumulation conditions are derived using Digital
Elevation Models (DEM) as baseline data. The cardinal direction of the road
and the predominating wind direction significantly impact the snow accumu-
lation. Moreover, the results indicate that the enhanced snow accumulation
generally reaches further distances from the road than previous studies sug-
gest. The impact from the road on vegetation moisture and vegetation condi-
tions, indicated by the Normalized Di Lerence Moisture Index (NDMI) and the
Normalized Dilerence Vegetation Index (NDVI), respectively, demonstrated
significant decreases within the first 25m from the road edge. This is in line
with previous studies. However, whether the observed e [edt reflects the field
conditions or if the spectral signal is aledted by other factors like dust is
critically discussed. Furthermore, my study revealed that by normalizing the

median NDMI and NDVI values on an undisturbed reference area, an addi-



tional e [edt is observed reaching up to 200m from the road. The analysis of
the NIR band indicates that the downstream side became wetter throughout
the years compared to the upstream side. The snowmelt pattern indicated by
the Normalized Dilerknce Snow Index (NDSI), derived from Landsat images,
shows that the areas next to the road are snow-free earlier in spring than the
areas further away. The result indicates that the road a[edts the snowmelt up
to 600 m from the road. The findings of this work highlight the importance of
future research into the impact of dust on satellite-derived indices. Further-
more, the findings contribute to a better understanding of the spatial scale of

altered permafrost drivers following the construction of the ITH.
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Abstract (German)

Der Bau von Infrastrukturen auf Permafrostbdden ist eine Herausforderung.
Nicht nur, dass die nordlichen Regionen einer schnelleren und intensiveren
globalen Erwdarmung ausgesetzt sind als der Rest der Welt, was zu einem
weltweiten Auftauen des Permafrosts fiihrt. Darliber hinaus verdandern lin-
eare Infrastrukturen wie Schotterstralien, die auf Dammen gebaut werden, um
den darunter liegenden Permafrost zu schiitzen, die Umweltbedingungen auf
verschiedene Weise und verstdarken den Abbau des Permafrosts. Diese Ar-
beit zielt darauf ab, Fernerkundungsdaten zu nutzen, und die physikalischen
Parameter zu erforschen, die die Permafrostdegradation in den an den Inu-
vik to Tuktoyaktuk Highway (I'TH) angrenzenden Regionen in den kanadis-
chen Nordwest-Territorien vorantreiben. Im Rahmen der Arbeit werden die
Schneeakkumulation entlang der Boschungsspitzen, die Feuchtigkeit der Vege-
tation, die Zunahme des Oberflachenwassers in schlecht entwdasserten Gebieten,
die friihere Schneeschmelze und die Zunahme der Vegetation entlang der StralRe
als Faktoren definiert, die (1) die Permafrostdegradation verstarken und (11)
mit Fernerkundungstechniken beobachtet werden kdnnen. Die Analyse wird
mithilfe von Cloud-Computing-Diensten, Open-Source-Softwarepaketen und
hauptsachlich frei verfiigbaren Datensédtzen durchgefiihrt. Die Schneeakkumu-
lationsbedingungen werden mithilfe von digitalen Hohenmodellen (DEM) als
Basisdaten abgeleitet. Die Himmelsrichtung der Stral3e und die vorherrschende
Windrichtung haben einen erheblichen Einfluss auf die Schneeakkumulation.
AuRerdem zeigen die Ergebnisse, dass die verstarkte Schneeakkumulation im
Allgemeinen weiter von der Strale entfernt ist, als friihere Studien vermuten
lieRen. Die Auswirkungen der StralRe auf die Vegetationsfeuchtigkeit und
den Vegetationszustand, die durch den Normalized Di[erknce Moisture Index
(NDMI) bzw. den Normalized Dilerence Vegetation Index (NDVI) angezeigt

werden, zeigten eine signifikante Abnahme innerhalb der ersten 25 m vom



Strallenrand. Dies steht im Einklang mit friiheren Studien. Es wird jedoch kri-
tisch diskutiert, ob der beobachtete E [eKt die Feldbedingungen widerspiegelt,
oder ob das spektrale Signal durch andere Faktoren wie zum Beispiel Staub
beeinflusst wird. Dartliber hinaus ergab meine Studie, dass durch die Normal-
isierung der mittleren NDMI- und NDVI-Werte auf eine ungestorte Referen-
zflache ein zusatzlicher E[eKt zu erkennen war, der bis zu einer Entfernung
von 200 m von der Stral3e reichte. Die Analyse des NIR-Bandes zeigt, dass die
flussabwarts gelegene Seite im Vergleich zur flussaufwarts gelegenen Seite im
Laufe der Jahre feuchter wurde.

Das Schneeschmelzmuster, das durch den aus Landsat-Bildern abgeleiteten
Normalized Di [erknce Snow Index (NDSI) angezeigt wird, lasst erkennen, dass
die Gebiete in StraBenndhe im Friihjahr friiher schneefrei sind als die weiter
entfernten Gebiete. Das Ergebnis zeigt, dass die StraRe die Schneeschmelze
bis zu einer Entfernung von 600 m von der Strale beeinflusst. Die Ergeb-
nisse dieser Arbeit machen deutlich, wie wichtig kiuinftige Forschungen uber
die Auswirkungen von Staub auf satellitengestiitzte Indizes sind. Darliber
hinaus tragen die Ergebnisse zu einem besseren Verstandnis des raumlichen

AusmaRes der veranderten Permafrosttreiber nach dem Bau der ITH bei.

Schliisselworter: Kanada; arktische Stralen; Permafrostdegradation; Schneeakku-

mulation; Airborne Laserscanner; Fernerkundungsindizes; Sentinel-2; Landsat
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Introduction

Due to the Arctic ampli cation, high latitudes are currently undergoing a
more intense and faster global warming than other parts of the world, induc-
ing thawing of the permafrost at a global scale [1]. Approximately a quar-
ter of the terrestrial land areas in the northern Hemisphere are underlain by
permafrost. Permafrost is de ned as frozen ground remaining at or below a
temperature of OC for at least two years [2]. Depending on the percentage
underlain by permafrost it is classi ed into four classes; continuous (more than
90% of the area), discontinuous (50 % to 90 %), sporadic (10% to 50 %) and
isolated permafrost (less than 10%) [3]. The permafrost ground is divided into
the annual freezing and thawing active layer and the perennially frozen ground
below this layer. Biological processes, including the formation and decomposi-
tion of organic material, are restricted to the active layer [4]. When permafrost
thaws, organic carbon stored in the soil can be mobilized and released as the
greenhouse gases G@nd CH,;. Furthermore, permafrost degradation changes
the landscape in various ways, including locally con ned and abrupt processes
forming thermokarst terrain but also relatively uniform and gradual isotropic
thaw subsidence [5]. Ground subsidence can have a severe impact on infras-
tructure [6]. Nevertheless, more infrastructure is required by the expanding
resource development in northern regions. Over 175 infrastructure projects
have been funded in the Northwest Territories, Canada since 2002. 57% of
these projects are roads and highways [7].

Irrespective of global warming, infrastructure construction on permafrost is
challenging because it changes environmental conditions, enhancing permafrost
thaw and ground subsidence. Roads are often built on embankments to protect
the underlying permafrost. Snow drifting in the lee of the road and winter road
maintenance lead to snow accumulation at the toe of the embankment [8, 9].
Snow has ve to twenty times lower thermal conductivity compared to mineral
soil [10]. Consequently, snow cover is an e ective insulator and prevents the



Introduction

soil from cooling during the winter months [11]. However, the insulating e ects
of snow are linked to snow depth, a thin snow cover may result in a cooling
of the underlying soil because of the high albedo and emissivity of snow [10]
and the insulating e ect increases with snow depth [12]. Process-based land
surface model results by Park et al. [13] showed that permafrost loss is more
signi cant when snow depths increase in autumn rather than in winter, due
to insulation of the solil resulting from early cooling, especially in areas with
continuous permafrost.

Snow accumulation and water ponding at the shoulder and toe of the em-
bankment were identi ed as key processes for increased soil temperatures and
road degradation [14]. Roads can interrupt the natural channel drainage and
result in water ponding at the embankment toe. Ponding is often related to
the upstream side [15{17] due to clogging, bowing or poor inlet conditions of
the culverts [16] or because of interception of the suprapermafrost water ow
[17]. Grandpre et al. [18] measured ground temperatures under the side slope
of a road embankment of the Alaska Highway. The ground temperatures were
around 0°C between September and November which implies high soil mois-
ture, delaying the freeze back of the soil due to latent heat (zero curtain e ect).
Suprapermafrost water ow over land or in channels during winter, which is
inhibited by a road embankment, can lead to upstream pressure within the con-
ned thawed layer leading to an uplift of the overlying frozen materials and
formation of injection ice [19]. Continuing water supply can lead to pressure
release through ssures allowing the development of surface icings or "aufeis"
[20].

Another road-related impact is the dust loading from gravel roads on the sur-
rounding terrain. Road dust on snow has lower albedo, resulting in an earlier
spring snow-melt and, consequently, increasing thaw-depth [21]. The dust
loads decrease logarithmically and most dust falls within a zone of 300 m while
areas beyond are largely una ected [22]. Auerbach et al. [23] compared the ef-
fects of road and road dust disturbance on acidic and non-acidic tundra. They
found that despite higher graminoid biomass near the road in both tundra
types and higher deciduous shrub biomass in non-acidic tundra, total biomass
was lower near the road in both tundra types. Tall shrubs with relatively
low nutrient use e ciencies may be favored as the soil nutrient availability
increases with the dust deposition [24]. The shrubs may act as a windbreak,
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altering the insulating e ect of the snow cover because of snow accumulation
on and leeward of shrub patches [25]. Furthermore, tall shrubs reduce light,
water, and nutrient availability for mosses and heavy dust deposition Kills low-
growing mosses and lichens [26]. Reduced moss cover and thickness may lead
to less thermal insulation of the ground in summer, further amplifying soil
warming.

Roads have a linear structure, often intersecting varying terrain with di erent
ecological and hydrological environments over a long distance. In situ mea-
surements help to derive important information on processes on a local scale.
However, such local information may not be applicable or extendable to an-
other region along the road. Remote sensing has the bene t of broad spatial
and temporal coverage, which can retrieve physical surface parameters serving
as indicators of permafrost degradation on a larger scale. Previous studies have
used multispectral SPOT imagery (Satellite pour I'Observation de la Terre) to
quantify the dust deposition pattern along the Dalton Highway in Alaska [27].
Time series of Unmanned Aerial Vehicle (UAV) baseline datasets were used
along sections of Dempster highway and Inuvik to Tuktoyaktuk Highway (ITH)

to examine thaw-related creep of road embankments and terrain uplift due to
injection ice [19]. Moreover, Landsat image-derived biophysical indices have
been utilized to evaluate the impacts of oil and gas development in west Siberia
[15]. However, dust deposition on vegetation leaves has been shown to alter
the spectral response of the leaf and thus, negatively biasing the Normalized
Di erence Vegetation Index (NDVI), which is used as an estimate of vegetation
biomass [28].

In the scope of the expansion of infrastructure construction in northern re-
gions and its in uence on permafrost, this work aims to examine drivers of
permafrost degradation using remote sensing techniques. The focus of the
study is the regions adjacent to a gravel highway built on permafrost. Few
studies have focused on the relatively new (opened in 2017) ITH, which is the
rst Canadian highway entirely constructed on thaw sensitive continuous per-
mafrost [29]. During the construction, many measures were taken to protect
the underlain permafrost. For example, the construction took place during the
winter months, the organic cover was left in place, culverts were installed at
all low points to enable surface water movement and the road is watered to
reduce the dust e ects [29]. Despite these measures, the road will likely impact
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the permafrost below and in its vicinity. Therefore, more research is required
to detect and monitor the changes along ITH and in the adjacent regions.

In this work, ve physical parameters are identi ed as potential permafrost
degradation drivers which additionally can be examined with means of remote
sensing: (1) snow accumulation [12{14], (I) vegetation moisture [15], (llI)
water ponding [14{17], (IV) snowmelt [21] and (V) vegetation [21, 24, 28].
Against this background, the hypotheses that guide this work are:

1. Snow accumulates next to the embankment toe.

2. Vegetation moisture content and surface water increase in poorly drained
areas along the embankment toe.

3. The snow melts faster in the vicinity of the highway.

4. Vegetation increases along the road.



2

Datasets &
Methods

In the following, the study area and the di erent characteristics of the datasets
are explained. Subsequently, the pre-processing steps and methods for inves-
tigating the speci ed research questions are described. | predominantly pre-
processed the Sentinel-2 and Landsat-8 using the Google Earth Engine (GEE)
python application programming interface (API). GEE provides cloud com-
puting service over a web-based interactive development environment (IDE)
or over python API for big data analysis and visualization of geospatial data.

2.1 Study Area

The study site is the ITH, which is a 137 km all-weather gravel highway to the
east of the Mackenzie Delta in Northwest Territories, Canada (Fig. 2.1). It

is located within the continuous permafrost zone in the Beaufort Mackenzie
Basin. It traverses the physiographic regions Anderson Plain and Tuktoyaktuk
Coastlands [30]. The region south of the treeline (whithe dashed line in Fig.
2.1) is characterized by a mix of tundra (lichen, mosses, herbs and low shrubs)
with heights below 0.5m, shrub tundra (deciduous shrubs) with heights be-
tween 0.5m to 3.0m, tall shrub (1.25m to 3.0m) and trees (black spruce)
above 3.0m [31]. Sedges, grass, ericaceous shrubs and lichens dominate the
low arctic tundra at the northern side of the treeline [32].






	List of Figures
	List of Tables
	Introduction
	Datasets & Methods
	Study Area
	Airborne Laser Scanner Data
	Sentinel-2
	Initial Filtering
	Atmospheric Correction
	Cloud Masking
	Indices
	Co-registration
	Pixel-based Analysis
	Landsat


	Results
	Snow Accumulation
	Vegetation Moisture Content and Surface Water
	Snow Melt
	Vegetation Greenness

	Discussion
	Snow Accumulation
	Vegetation Moisture Content and Surface Water
	Snow Melt
	Vegetation Greenness

	Conclusion
	Bibliography

