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Abstract

The Arctic region's warming is going much faster than in the rest of the world and is
causing degradation of permafrost. About a quarter of the Earth’s land mass is
characterized by frozen organic carbon-rich ground. The release of this carbon as

greenhouse gases is a threat to the world’s climate.

In this study the dynamics of retrogressive thaw slumps (RTS), which are main
permafrost thawing features along the eroding coasts of the Arctic region, were
investigated by using MACS airborne stereo ortho imagery of the 2021 Perma-X flight
campaign in West Alaska. The attempt was a remote sensing change detection done by
using digital terrain models for structure from motion photogrammetry. The developed
workflow was applied at two study sites at the coast of the Baldwin Peninsula. At the
time of the data acquisition in June and July 2021 the area was facing heavy rainfalls,
which are assumed to occur more often and intensely due to climate change. The aim
was to use the results of the digital terrain model differences for measuring the rainfall

erosion and their impact on RTS activity.

For processing images photogrammetrically and generating digital elevation models
PIX4D was used. Image adjustments and the difference calculations were done with
QGIS. Unfortunately the created digital terrain models show a lot of large and small
scale failures, which were so severe that a successful DTM differencing was not possible.
Mass movement and erosion can be seen at some locations in the DTM, but accurate
detecting or measuring of RTS dynamics was not possible with the data and the
developed workflow. Therefore the influence of the heavy rainfall event of Summer 2021

remains unclear up to this point.
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1. Introduction
1.1 Scientific background

1.1.1 Permafrost degradation

Permafrost is defined as ground of any material whose temperature stays below 0°C for
at least two continuous years (Van Everdingen, 2005, 55). The global area underlain by
permafrost is about 15 x 10° km” , which is about 15 % of the Northern Hemisphere land
surface (Obu, 2021, 4). The near-surface part of the ground, which is called the active
layer, is thawing every season. The thickness of the active layer and the thermal regime
of the permafrost varies a lot depending on the climate and ground properties (geology,
stratigraphy, vegetation). Especially air temperature and snow cover are important
factors (Ling and Zhang, 2003, 149). Due to the fact that the global warming rate in the
Arctic is about twice the global rate, permafrost is warming and degrading (Biskaborn et
al., 2019, 1). This leads to a destabilization of the ground and has major influences on
buildings and infrastructure of Arctic settlements. Especially on the coast, a
combination of rising sea level, higher waves and permafrost warming leads to greater
coastal erosion rates (Shaw et al., 1998, 44). However also roads, railways and pipelines
are in danger with decreasing stability of the ground (Ford and Smit, 2004, 390).
Geoengineering solutions like cooling the ground with heat pipes at the Trans-Alaska
Pipeline System or building houses on pile foundations are being applied as methods of

climate change adaptation (Clarke, 2007, 20; Heuer, 1979, 2).

However the greater threat of thawing permafrost on a global scale is the release of the
greenhouse gases carbon dioxide and methane. There are about 1455 billion tons of
carbon stored in the northern permafrost zone. The calculation of the actual flux of
carbon is difficult, but latest studies estimate about 300-600 million tons of net carbon

emissions per year (Schuur, 2019, 58ff).

Jorgenson et al. (2008) describe Alaska's permafrost distribution: “The permafrost zones

underlie 80% of Alaska, including continuous (32%), discontinuous (31%), sporadic (8%),
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and isolated (10%) permafrost. Glaciers and ice sheets occupy 4% of the area.” Fig. 1
shows the spatial distribution of the zones in Alaska and the depth at several locations.

Both study sites are still characterized by continuous permafrost according to this map.
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Fig. 1: Distribution of Permafrost in Alaska (Jorgenson et al., 2008)

A large part of the continuous permafrost Arctic landscape and most of the Northern
and Western Alaska Lowland is characterized by thermokarst lakes, drained thermokarst
lake basins and yedoma (Bergstedt et al., 2021, 1; Jongejans et al., 2018, 6040). At the
coastal area of Western Alaska drained thermokarst lake basins dominate. But yedoma, a
specific type of permafrost formed in the Pleistocene, is ice-rich and therefore very
vulnerable for thawing (Ulrich et al., 2014, 1). Jongejans et al. (2018) did a study on the

carbon pools of the different land classes on the Baldwin Peninsula.
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Fig. 2: Land Cover Classification on the Baldwin Peninsula (Jongejans et al., 2018)

Fig. 2 shows the distribution of the different land cover classes and the location of the
study sites. Yedoma has less organic carbon per volume, but due to size and thickness of

the covered area there is a lot more in total.

In order to calculate the released organic carbon, studies on thawing rates have to be
done. But the thawing rate differs a lot by location and type of thawing progress. It can
be indicated by different features like thermokarst lake expansion and drainage, forming
of polygonal wetland landscapes, active layer detachment slides and coastal erosion

triggered retrogressive thaw slumps, which are the research subject of this study.

All the features are either thawing progresses or feedback on them. There are large
research gaps concerning their spatial distribution and the timing of the processes. Also
wildfires and coastal erosion, the initiative disturbance for retrogressive thaw slumping,
are topics of interest because of their influence on permafrost degradation. This big
amount of influencing factors and symptoms require a lot of different scientific

examinations.
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1.1.2 Remote sensing on Arctic permafrost

Remote sensing brings a lot of benefits for researching the Arctic and permafrost
regions of the planet. Not only the obvious reasons like minimizing expensive traveling
to remote study areas with cold and hardly any infrastructure. But also getting data with
a high spatial and temporal resolution makes remote sensing a perfect tool fiir detecting

changes in the polar regions.

Methods differ by use case: For small study areas tools like terrestrial laser scanning or
UAVs are used, whereas for big study areas satellites are essential. There are passive
sensors measuring the sunlight reflectance of the subjects. Optical remote sensing uses
multiple sensors for different wavelengths giving a broad range of information. By using
multiple bands for calculation specific indices are developed — for example to measure
vegetation changes with the Normalized Difference Vegetation Index (NDVI) (Berger et
al., 2020). Active sensors on the other hand emit radiation themselves and measure the
reflectance of the observed surface. Radar are well-known tools. Unlike the sunlight the
amount of radiation energy can be defined. This makes it possible to measure despite the
absence of daylight and the variable cloudiness. It is also used for determining elevation
and distance by measuring the time an emitted signal takes to be detected again.
Therefore it is widely used for detecting spatial changes like canopy height (Berninger et
al., 2019).

Permafrost itself can not be measured by any of these tools, but related variables like
vegetation, landscape changes and permafrost features can be detected. In the following
some of these will be presented. Land cover and vegetation changes are often researched
with both aerial imagery and multispectral satellite data like Landsat, Quickbird and
Ikonos. This is done either by calculating indices like the NDVI, the NDMI (Normalized
Difference Moisture Index) or by changes in aerial images, which have been available
since the 1950s (Jones et al., 2011; Jorgenson et al., 2018). For detecting thermokarst lake
changes and drained lake basins, also multispectral remote sensing like Landsat or
Planet Cubesat data is used, but also radar data like Sentinel 1 (Bergstedt et al., 2021,
Nitze et al., 2020; Paltan et al., 2015). Arctic coastal erosion rates are quantified with
airborne lidar and several multispectral data( (Jorgenson and Brown, 2005; Obu et al.,

2016). Landscape elevation changes due to the subsidence of yedoma permafrost or
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erosion of ice-rich riverbanks can be well detected by active satellite tools like
TerraSAR-X and differential SAR interferometry. But also stereographic optical imagery
is used — for example the Arctic DEM generated by WorldView imagery with a
resolution of 5 m (Antonova et al., 2018; Porter et al., 2018; Stettner et al., 2018). To get an
even higher resolution airborne LIDAR can be applied. That can bring a vertical
resolution of higher than 10 cm (Rettelbach et al., 2021, 4). Another interacting factor on
the frozen ground are the more severe and frequently happening wildfires in the high
latitudes (Kasischke et al., 2012). Optical remote sensing can be used to determine
variables like burn severity or water content of vegetation (Jones et al., 2009, 2013).
Another correlation to erosion and thawing processes are changes of the nearshore sea
reflectance and turbidity due to washing in of large amounts of sediment (Fig. 3). This
can also be detected by multispectral remote sensing (Heim et al., 2014; Klein et al.,
2021). Remote sensing on aprub thawing processes and RTS, which are mostly triggered

by coastal erosion, are described in detail in the next chapter.

Fig. 3: Sediments washed into the sea close to the study sites at the Baldwin Peninsula at the 3rd

of July 2021 (Grosse, 2021)
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1.1.3 Retrogressive thaw slumps

Fig. 4: Retrogressive thaw slumps at the Baldwin Peninsula. The central slump has an active

slump at the right and an already stabilized part at the left. Underneath the plateau the headwall
is seen which is more active at the right. Also the active slump floor is steeper and continues in a

sediment flow. Further down at the beach the sediments form a debri cone (Strauss, 2016).

One of the most impressive and dynamic permafrost thaw erosion features are
retrogressive thaw slumps (RTS) (Fig. 4). They are initiated by disturbance of ice-rich
permafrost ground — mostly erosion by waves or tides at steeply sloping coasts. Once
the ice-rich layer is exposed and starts thawing, a steep headwall forms. When the thaw
erosion surpasses the coastal erosion, the headwall retrogresses. The eroded sediments
and ice wedges form a slowly moving mud flow (Lantuit and Pollard, 2005, 415). Fig. 5

visualizes the typical structure and the above described thawing process.
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Fig. 5: Structure of a retrogressive thaw slump (Lantuit and Pollard, 2005)

The first remote sensing studies on dynamics of RTS were done based on aerial images
and satellite RGBs images. Trends of increasing occurrence and bigger extent were
stated, but it was not possible to determine correlations with climate and environmental
variables. Brooker et al. (2014) did an analysis with the method of Tasseled Cap
Transformation — a specific transformation of spectral Landsat data. They identified
RTSs, detected their level of activity, measured rates of headwall retreat and rates of

restabilization.

Runge et al. (2022) combined Landsat and Sentinel 2 imagery and calculated annual thaw
dynamics of several study sites using the automated change detection algorithm
LandTrd. There were strong correlations found between the occurrence of RTSs and
environmental factors: RTSs are mostly found at ice-rich permafrost sites at slopes close
to the sea- or lakesides (Runge et al., 2022, 11). The abrupt RTSs movements differ a lot
from year to year, but there was not any correlation found between annual thawing rates
and climate variables like annual precipitation, summer precipitation or thawing days
(Runge et al., 2022, 13). In contrast to that Lewkowicz and Way (2019) determined a

strong connection between thawing rates and temperatures in the summer months.

The carbon release is currently only modeled for the gradual thawing of permafrost
regions at a global scale, but abrupt thawing processes like RTSs are not included.

Turetsky et al. (2020) estimate that their impact will be quite big in the near future.
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Therefore it needs to be better understood which climate drivers trigger abrupt RTSs

and how much carbon is released by them in total.

1.1.4 Climate change related increasing of precipitation

Poujol et al., (2020) developed a thermodynamic model for the future climate in Alaska. It
states that convective storms will not be restricted to the area south of the Yukon River
anymore. They will also appear at the North Slope and Westcoast. Precipitation will get
more intense and may cause flash floods. Also mean precipitation increased for the last
decades and may also continue with climate change as well. As shown in Fig. 6 especially
the South- and Westcoast received an increase of precipitation since 1970 of about 20 %.
Especially in Kotzebue at the Baldwin Peninsula the mean annual precipitation
increased over the last decades - the mean trend changed from 250 mm in 1977 to about
300 mm in 2010 per year (Fig. 7) (Necsoiu et al., 2013). But it is not that easy if it will
continue that way or not because precipitation trends depend on a lot of different
factors. For the region of Alaska also declining sea ice extent and the availability of open
coastal water is relatively important. Probably the most important factor for
precipitation is the sea water temperature and changes caused by the Pacific Decadal
Oscillation, a phenomenon which works similar to the better known El Nifio Southern

Oscillation (Wendler et al., 2017, 3ff).

High precipitation and especially heavy rain events amplify coastal erosion (Marzen et
al., 2017; Young et al., 2021). This triggers rapid retrogressive thaw slumping (Lantuit
and Pollard, 2005).
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et al., 2013)
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1.2 Usability of MACS imagery for DEM differencing

To get more precise information about the dynamics of RTSs it is indispensable to get
data with a high spatial resolution (centimeter range). But data with that accuracy is
mostly only available for small study sites — for example measured with UAV
photogrammetry by Van der Sluijs et al. (2018). To get usable information the data should
be available for a whole coast section — means several hundred meters or kilometers —
because at small sites the environmental factors differ too much with respect to active

layer thickness, ice content, hydrology and slope.

The already available data for large areas does not have a high enough spatial and
temporal resolution: E.g. There is the circum-Arctic ArticDEM with a 2 meter spatial
resolution created every two years and therefore not sufficient. Paine et al. (2013) used
airborne Lidar for creating a DEM with 0.25 m resolution. They mapped thermokarst
lakes and pingos at Alaska's North Slope Plain. With this data elevation changes and
movements can be detected in an adequate way. This could probably also be applied for

RTSs.

In order to find out influences of rainfall and especially heavy rainfall events as
described in the previous chapter, it is important to have a better temporal resolution.
For the summer months a regular data acquisition is necessary to detect the influences
of such events. Fortunately there were record breaking strong rainfalls at the time of the
Perma-X 2021 Flight Campaign (June and July 2021) in Western Alaska. For Kotzebue (
Western Alaska) July 2021 was the wettest month ever recorded: The precipitation was
135.1 mm (Alaska Center for Climate Assessment & Policy, University of Alaska
Fairbanks, funded by the NOAA Climate Program Office, 2022a). Also in Kotzebue, on
the 6th and 7th of July 2021 the highest 24-hour precipitation ever was registered (Alaska
Center for Climate Assessment & Policy, University of Alaska Fairbanks, funded by the
NOAA Climate Program Office, 2022b). For the aim of the study - to detect differences -

this coincidence of strong rainfall and therefore erosion was a big benefit.

Our attempt in this study is to use MACs airborne stereo imagery for creating DTMs on

two study sites by Structure-from-Motion photogrammetry with a high spatial
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resolution. Then DTM differences of two respectively three different days are calculated

to quantify mass movement and thaw slumping.

To apply this method on the data several preparation steps and a specific processing
workflow was developed which will be described in the following chapter of methods
and data. Afterwards results and errors are presented and it is going to be discussed
whether the data and the develop workflow are sufficient enough to measure changes

accurately or not.

1.3 Study Sites

The two study sites are both located at the coast of the Baldwin Peninsula south of the
Kotzebue in Western Alaska [Fig@i8 ‘hey are about 66° North and underlain by
continuous permafrost. Study Area South (SA South) is just 4 km north of the Arctic
Circle and Study Area North (SA North) about 12 km north of SA South. SA South’s
dimensions are 1300 x 220 m - SA North’s 960 x 160 m.

"\ | Study Area North

Study Area South

Fig. 8: Location of study sites. Background maps are provided by Google (Google Maps, 2022)
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The study sites were chosen in similar size covering a few hundred meters of Arctic
permafrost coast. The exact position of them derives from the covered area of the 2021
Perma-X flight campaign (Fig. 9). The different temporal resolution and orientation of
the flights led to the two selected study areas. SA South was observed on the 3rd and
10th of July 2021 — SA North on the 28th of June, 3rd and 10th of July 2021.

/\L /
A

LN
R ~\%

Fig. 9: MACS footprints of PermaX 2021 flight campaign (Nitze, 2021)

The ortho mosaics of Fig. _ shows that SA South has a steep coast while SA North is
pretty flat. At SA South the plateau is about 40 m above sea level whereas at SA North it
is just eight meters difference. SA South’s permafrost degradation features and thaw
slumps can be recognized well. There is most likely ice-rich yedoma permafrost
underneath (see 1.1.1). SA North’s ortho mosaic, which is at the exact same scale, shows
much less degradation processes. There is also some coastal erosion and gullies, but
large retrogressive thaw slumps and slides can not be seen. Jongejans et al. (2018)

classified this area as drained thermokarst lake basins (see 1.1.1).

2. Methods and material

2.1 Workflow

The created workflow to fulfill the study’s objectives is presented in this chapter of
methods and material. It is about the MACS data, the pre-processing, the processing of

the imagery to create digital terrain models and ortho mosaics, the applied
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co-registration and the calculation of DTM differences. In Fig. 10 all steps of the

workflow are presented in an overview giving flowchart.
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2.2 MACS airborne data

The image data was collected within the scope of the Perma-X flight campaign in June
and July 2021. The flights were done with the AWI Polar-6, a Basler BT-67. The MACS
(Modular Aerial Camera System) Polar 18 is a camera system for researching the polar
regions, developed by the DLR (German Aerospace Center) Institute of Optical Sensor
Systems. It records imagery in both visible wavelength range (RGB) and near-infrared
range (NIR) at a flying altitude between 1000 and 1500 m. Areas of interest were different
permafrost landscapes and features like coastal erosion, ice-wedge degradation, fire
scars, thermokarst lake changes and pingos but also settlements and infrastructure. Most

of the flights were done over and around the Baldwin Peninsula (Fig. 9).

At both study sites data was collected in a pattern with an overlap of more than 80 % and
also from different flight directions. In early trials it was found that this reduces the risk
of distortion. For the study only RGB-imagery and no NIR was used, because the
resolution is higher and also true color ortho mosaics are also needed. The left image of
Fig. 11 A shows the images taken during a flight on the 3rd of July 2021. For better
processing results the image selections were chosen quite a bit bigger than the study
areas (Fig. 11 B a. C). The automatic matching of images within the study areas works
significantly better when all overlapping pictures are taken into account as well. All the

images have a size of 4864 x 3232 pixels.
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Fig. 11: Image selection for SA North; A) All images of the flight on 3rd of July 2021; B) 104
images covering SA North; C) SA North actual size. Background maps are provided by Google
(Google Maps, 2022)
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2.3 Data pre-processing

For each MACs image a shapefile of its footprint exists in the database. Via GIS the
specific footprints can be selected by a shapefile. A Python script by Nitze and
Rettelbach (2021) creates a processing directory and copies the TIFF files, which are
covered by the previously selected footprint files, from the database to the directory. For
SA South 109 to 114 images were selected - for SA North 78 to 104. Then the images were
filtered by a maximum roll angle. If the roll angle of the aircraft is too large at the time
the image was taken (> 3°), it is probably distorted and should not be taken into account
(Ruzgiene, 2014, 101). The script also corrects the attribute order of the navigation file
which is important for photogrammetric processing. For generating the ortho mosaic
from the MACS imagery the DLR created several image filtering and stretching tools
combined in the '"MIPPS' toolbox. For these images the Debayer filter optimizes the
color range and the Devignetting repairs the brightness reduction at the edge of the

images. It is also integrated in the pre-processing python script.
2.4 Progressing and point cloud classification

The photogrammetric processing was done with the software PIX4Dmapper. PIX4D is a
photogrammetry software. It combines multiple overlapping images to an orthomosaic
by detecting keypoints. A keypoint is a point, which can be identified as the same in
several images. For the 3D-surface-model a 3D-point-cloud is created in the first place.
PIX4D knows the camera position, angle and distance between a keypoint and the
camera. If a keypoint is detected in several images, the software can calculate the points

position in 3D-space by triangulation. Fig. 12 describes the method.
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Fig. 12: Structure-from-motion principle (Sweeney, 2016)

By finding several thousands of keypoint per pair of images, an error detection and
correcting of the camera's position and orientation can be done as well, which can even

improve the result (Hawkins, 2016, 10).

For setting up the PIX4D Project the previously created directory was helpful for
keeping the overview. At first the input images were selected and the update navigation
information added. All images were now assigned as geolocated. Also it was checked if
the right camera model was selected. At the end of setting up, '3D Model' instead of “3D

map” was selected, because the results of the DTM are more accurate..

The processing progress is divided in three parts: '1. Initial Processing', '2. Point Cloud
and Mesh' and '3. DSM, Orthomosaic and Index'. They all have their own settings and
can be run individually after the previous steps are done. Step 1 and 2 can be run at once.
The 'General', 'Matching' and 'Calibration' settings of step 1 can be kept on default,
whereas in step 2 'Point Cloud Classification' image scale should be switched to '1' and

Point Density to 'High'. Also 'Classify Point Cloud' should be checked to improve
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results. After executing the first two processing steps a look at rayCloud and the
generated 3D-point-cloud should be done: Major distortion problems can be seen here if
they occur. Also problems with the camera settings / view angles or matching of images

by finding enough key points can be detected.

In the settings for step 3 'Additional Outputs' Raster DTM must be checked. A DTM
(Digital Terrain Model) is a filtered DSM (digital surface model), where only points
declared as 'Ground' and 'Road Surface' in the classified Point Cloud are taken into
account. The DTM is much more applicable for our purpose then the DSM because a lot
of error points are also generated in the DSM, but mostly automatically classified as
'‘Building' or 'High Vegetation' (Fig. 13). Most dislocated points are at well vegetated
ridges and hilltops (declared as 'High Vegetation') and at the steep vegetation-free slopes
(declared as 'Building'). The output DSM of an unfiltered point cloud can be seen in Fig.
14. The errors at the slope are severe. Only the flatter debris flow part of the steep coast

looks fine.

nclassified
Disabled
Ground

@ FRoad Surface

® High “Wegetation

® Euilding

Hurnan tade Ohject

Fig. 13: Automatically classified point cloud in PIX4D
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Fig. 14: Defective 3D-DSM

2.4 Image co-Registration

In order to calculate elevation differences of the DTM, the images have to be exactly
spatially aligned. But due to different factors they have got a natural offset which differs
within the images. To reduce this deviation to a minimum, the images have to be
coregistrated. There are different methods working by using the ortho mosaic for

detecting the spatial difference and applying the transformation to the DTM.

The most common one is the QGIS 'Georeferencer' tool. Basically the method works by
choosing Ground Control Points (GCPs) which are set at distinctive pixels. This GCP
must be aligned to its equivalent in the other picture. There are several different
transformation types used for different kinds and levels of distortions. The modern 'Thin
Plate Spline' transformation works best for our data because it can sort out both

different local deformations and general offsets.

For the MACS imagery an even more accurate tool than 'Georeferencer' is the DLR-tool
'AROSICS', an 'Automated and Robust Open-Source Image Co-Registration Software
for Multi-Sensor Satellite Data' developed by Scheffler et al. (2017). The local

26


https://www.zotero.org/google-docs/?mFG0tZ

co-registration algorithm applies a moving-window detecting local displacements and
calculates a grid of local shifts using tie points. There is also the global co-registration
algorithm, but it only calculates the offset at a single point and shifts the whole image by
this displacement vector. The global approach is computationally less intensive, but this

is not relevant at this stage (Scheffler et al., 2017, 5).

To decide which method should be applied in this study, all of them were tested at both
study sites. The 'Georeferencer' 'Thin Plate Spline' did not work out that well and the
result was still pretty displaced some parts of it. Also the manual selection of GCPs takes
a lot of time and is not that accurate in a landscape without solid objects like buildings
or rocks. The variable states of light exposure and different vegetation growth make it

hard to find accurate points too.

The global and local Arosics approach was tested and the offsets between the output
image and the reference image were calculated. The mean offset of the Local AROSICS
Algorithm was by far the least. Fig. 15 presents the original displacement for several
points and the offset after the global and local co-registration The points are sorted by
their geographic latitude and it can be seen that the original offset becomes larger to the

north.
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Fig. 15: Comparison of Arosics co-registration offset - global and local
2.5 DTM differencing

After applying the transformation also to the DTM, the quality was checked again by
creating profiles in different directions across specific terrain features like small
trenches and hills. To visualize the DTM, the QGIS Plugin 'Qgis2threejs’' is used. There
are also vertical offsets between the dates due to processing failures which have to be

corrected (Fig. 16).
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Fig. 16: Vertical offset between 28th of June 2021 and 3rd of July at SA North 2021

To determine it, the mean elevation of the not changing plateau was calculated. In our
study the flat area above the coastal slope, where nearly no erosion rates and fast
thawing is expected, was taken into account. The difference of the mean elevations,
calculated with the QGIS raster layer statistics algorithm, can now be used for adjusting
the elevation with the QGIS raster calculator. After that this tool is also used for

calculating the DTM differences, which are presented hereafter.

3. Results

3.1 Overview

Our research question was, how usable the airborne MACS Imagery is for measuring
mass movement indicating elevation changes, specifically retrogressive thaw slumps. To
give a satisfying answer to this objective firstly the results of the DTM differencing of
both study sites are being described. Afterwards the changes are interpreted by the

knowledge about RTS movement, observations in the ortho mosaic and appearing errors.
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3.2 Changes at SA South
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Fig. 17: DTM differencing at SA South on the hillshade of the 10th of July 2021

Fig. 18: 3D-Detail of DTM SA South of July 10th 2021; A: DTM covered with DTM difference
layer; B: DTM covered with ortho mosaic

The difference image of SA South (Fig. 17), which was created by subtracting the July
10th 2021 image of the July 3rd 2021 image, shows the measured elevation changes. The

attached color ramp for indicating the elevation change is also used for several other
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figures in this thesis. Great negative changes (> 0.66 m) are mostly detected at ridges
between RTS, at the slumps' headwalls and slightly at some other steeper sections of the
slope. This can be seen even better at the detailed change illustration laid over the
3D-DTM of July 10th 2021 (Fig. 18 ). Further down the debris flow the elevation
increased. This can be explained by the expected dynamics of the RTS (see. 1.1.3). But
there are also a lot of small (< 0.66 m) increasing and decreasing sections apparently

randomly distributed all over the slope.
3.3 Errors at SA South

There are also big changes (> 1.56 m) which can not be explained by any natural
movement — especially the rising elevation at places where nothing can accumulate
because of their exposure like at the left side of Fig. 18. At the whole study site, there are
also other locations with eye-catching changes like at the seaside end of the small valley
to the left (north) side (Fig. 17). It seems like the red area is the eroded mass of the
blue-colored ridge above (Fig 19). But a look at the ortho mosaic DTM combination from
the 10th of July 2021 shows that the area is well covered with vegetation and does not

show any signs of active mass movement (Fig 19).
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Fig. 19: DTM failure; A) DTM Profile Line; B) DTM covered with the ortho mosaic of the 10th of
July 2021; C) Profile of the DTM of the 3rd of July 2021 (Blue) and the 10th of July 2021 (Red)

This leads to the conclusion that at least one of the DTMs has an error at this location.
But this failure is not an individual case. They are also occurring at the right (southern)
part. Fig. 20 shows the DTM of the 10th of July 2021 covered with the ortho mosaic and
the DTM difference. At the left (northern) side some realistic DTM differences with a
usual top down movement can be seen. The red areas at the ridge in the middle of the
picture and the dominant dark blue area indicate unrealistic high changes at these
locations. Further back on the right site some melting snow is seen. There the elevation

also decreased.
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Fig. 20: DTM of the 10th of July 2021 covered with the ortho mosaic and DTM difference

Another occurring error is at the southern (right) flat area above the coast. It is slightly
decreasing all over - indicated in blue (Fig. 17). An analysis with the QGIS Profile Tool
also shows that most of the flat area lies at the same elevation, but the southern area has

an average vertical offset of 0.2 m (Fig. 21).
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Fig. 21: Vertical offset seen in the profile of the southern area of SA North. Blue: 3rd of July 2021,
Red: 10th of July 2021

3.4 Changes at SA North
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Fig. 22: DTM differencing SA North between the 28th of June 2021 and the 3rd of July 2021 on
the hillshade of the 3rd of July 2021
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Fig. 23: 3D-Detail of DTM SA South of July 3rd 2021; A: DTM covered with DTM difference

layer; B: DTM covered with ortho mosaic

Fig. 22 shows the difference between 28th June 2021 and July 3rd 2021 at SA North. Most
of the changes at the coastal slope, which is a lot flatter than at SA South (see 1.3 Study
sites), are negative. At the lower area underneath the slope elevation increases at some

points.

By taking a closer look in Fig. 23, it can be seen that the biggest decrease occurs at the
eroding edge of the cliff and, due to the deposits, the increase is just beneath this area.
This is a typical cliff erosion dynamic (Obu et al., 2017, 10). The ortho mosaics of the 28th
of June 2021 shows that the decreasing elevation between the debri and the sea is found

to be snow, which was melting at this time (Fig. 23).

3.5 Errors at SA North

For the SA North, there was also data collected on a third date. The image below shows
the difference between 3rd and 10th of July 2021. Contrary to our expectations most of

the slope decreased except for an area on the left (north) side (Fig. 24).
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Fig. 24: DTM differencing SA North between the 3rd and the 10th of July

The cross section shows that the DTM of July 10th 2021 (red) is situated about one meter

higher than the one of the 3rd of July 2021 (Fig. 25). This is about the same in the entire
right two thirds of the image.

Elevation (m)
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Fig. 25: Profile of the right % of the DTMs at SA North of the 28th of June 2021 (Green), 3rd of
July 2021 (Blue) and 10th of July 2021 (Red)

At the left side, the result of decreasing, corresponds to the expectations, but it is also

more than one meter vertical offset (Fig. 26). This is higher than a realistic change during

this short period (Obu et al., 2017, 10).
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Fig. 26: Profile of the left third of the DTMs at SA North of the 28th of June 2021 (Green), 3rd of
July 2021 (Blue) and 10th of July 2021 (Red)

3.6 Processing errors

In addition to the previously described failures several others already occurred during
the processing of the data. For example, an additional study site just south of Study
Areas North was also initially considered. But the DTM for the 10th of July 2021 had a
strong tilt (Fig. 27). Due to that a successful DTM differencing could not be done at this

study area (Fig. 28).

Fig. 27: Even DTM of the 3rd of July 2021 (Blue) and tilted DTM of the 10th of July 2021
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Fig. 28: DTM difference at an extra SA between 3rd and 10th of July 2021

Another possible study site dropped out because the matching of the images in PIX4D
did not work out well as the images were partly far displaced. In the point cloud, it can

be seen that this area was tilted, aswell (Fig. 29).

Fig. 29: Displaced image parts caused by matching failures

According to several trials, this happens when the image availability is not good enough,
because either the flight data was not collected lattice-like, too many images were sorted
out due to a high roll angle or to a too small overlap. Luckily the matching errors can

already be seen after the first processing step of PIX4D.

4. Discussion

In the end, it must be said that the combination of the data and the created workflow are
not sufficient for the objective to measure elevation differences. The data was collected
at the good time — before and after heavy rainfalls, which are believed to trigger erosion
and retrogressive thaw slumping. Movement can be seen in the ortho mosaics and at
certain points of the DTM. But in all DTMs too many and severe errors occur. This
makes it impossible to detect thaw slumping rates, not to mention quantify them. There
are small scale errors with displaced ridges and headwalls, but also big parts of the

images tilted. After using multiple processing setups and methods not a single attempt
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was successful in creating two or more error free DTMs for a study site. It also has to be
said that the current data does not have much temporal overlap. Most of the area was
just researched once. For the researched study sites with data acquisition on multiple

dates, the flight pattern was not optimal.

At some other areas the flight path was more lattice-like. Probably the DTM results
would be better there, but differencing could not be done, because the areas were just
covered once. The created workflow for creating the DTM could be applied to some of
these areas to check whether the result is sufficient or not. This could be worth a try, but

at the present state the outcome is not good enough.

Whether or not the heavy rain event of June/July 2021 influences the thaw slumping
processes can not be said with the results of the MACS imagery. The rain falls are
probably a trigger for initiating and reactivating thaw slumps. If the thawing rates in the
following months or years are changing, using satellite remote sensing is a purposeful
way for detecting this. But Runge et al. (2022) as well as (Lewkowicz and Way, 2019) did
not find a significant link between summer rainfall amounts and RTS initiation yet. As
expected, seasonal rainfalls, which they tried to link, have a different input to erosion

than single extreme rainfall events do. In Summer 2021 both occurred.

After all, the DTMs are just an additional output of the flight campaigns. The main goals
are large multispectral ortho mosaics, which are used for researching fire scars, ice
wedge degradation, lake drainages, changing hydrology, coastal erosion and vulnerable
infrastructure. Therefore MACS data acquisition will be continued anyway and also time
series are just as necessary for changing detection using ortho mosaics. At the moment
the DTMs can just be used for getting an 3D-overview, but if the motivation for further
attempts due to new findings in progressing such data is there, also more data which can

be used will be available.

5. Conclusion

The aim of this study was to find out if the airborne MACS stereo imagery can be used
for quantifying coastal erosion and retrogressive thaw slumping by creating digital

elevations models with a structure-to-motion attempt and differencing them. A further
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goal was to determine the influence of a heavy precipitation event on the erosion, which
took place on the Baldwin Peninsula in June and July 2021. The presented methods using
PIX4D and QGIS were applied at two study sites. The outcome was that the DTM
differencing results show some realistic elevation changes, but also have a lot of errors,
which are either in the original data or occur due to processing failures. The several
described errors can be found in nearly every DTM of the study sites and concern both
large areas and small features. The study shows that the developed workflow for creating
DTMs from the airborne MACS imagery is not successful and the data therefore can not
be used for DTM differencing and detecting thermo-erosion rates and retrogressive
thaw slumping. Also, it can not be researched how the heavy rainfall event, which
occurred between the acquisition dates in June and July 2021, influenced the RTS. To
find out about this further research has to be done. This probably works best with
constant satellite data although the resolution is not as high, but the errors are less and
continuous time series can be done. The MACS data DTMs can be used for getting an

3D overview of the landscape and the dynamics in general.
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