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Abstract

The aerodynamic roughness length (zp) is an important parameter in the bulk approach to
calculate turbulent fluxes and thereof glacial surface ice melt. However, for heavily crevassed
tidewater glaciers, which are very common in Svalbard, zy estimations are rare or only general-
ized. This study used unmanned aerial vehicles (UAVs), which proved to be a cheap and reliable
tool to map inaccessible tidewater glacier front areas. The applied structure-from-motion pho-
togrammetry approach successfully managed to build digital elevation models (DEMSs) out of the
high-resolution UAV images using Agisoft Metashape. These DEMs were used by five different
models (split in transect and raster methods) to estimate zy values of the mapped area. The
results point out that the range of zg values across a glacier is large, with up to three (locally
even four) orders of magnitude. The division of the mapped area into subareas (50m x 50m),
each producing one zy value, takes into account the high spatial variability of zp across the
glacier. The 2y estimations from the transect method are in general higher (up to one order of
magnitude) than the raster method estimations. Furthermore, wind direction (values parallel to
ice flow direction are larger than perpendicular) and the chosen subarea grid size turned out to
have a large impact on the zy values, again presenting a range of up to one order of magnitude
each. In average, on all glaciers and for all models zy values between 0.08m and 0.88m for a
down-glacier wind direction could be found. A simple energy balance model revealed that the
larger zg values of heavily crevassed tidewater glaciers increase the surface ice melt by almost
20 % compared to an average smooth glacier.
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Nomenclature
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Abbreviations

DCI Debris-covered ice

DEM Digital elevation model

FB Tidewater glacier Fridtjovbreen
GCP Ground control point

GNSS Global navigation satellite system
GPS Global positioning system

GSD Ground sampling distance

HB Tidewater glacier Heuglinbreen
HC Heavily crevassed

IQR Inter-quantile range

LHF Latent heat flux

LiDAR Light detection and ranging
LWR Longwave radiation

MLT Surface melt rate

MVS Multi-view stereo

MWC Melt water channel

NSB Tidewater glacier Nordenskicldbreen
NTNU Norwegian University of Science and Technology
PPK Post-processed kinematic

RTK Real-time kinematic

SC Slightly crevassed

SfM Structure-from-motion

SHF Sensible heat flux

Std Standard deviation

SWR Shortwave radiation

TB Tidewater glacier Tunabreen
UAV Unmanned aerial vehicle



Chapter 1

Motivation

About 57 % of Svalbard’s land area is covered by glaciers (Nuth et al., 2013) of various types as
ice caps, tidewater glaciers or cirque glaciers (Schuler et al., 2020). However, large parts of the
glacierized area of Svalbard is draining through tidewater glaciers (Nuth et al., 2013). Tidewater
glaciers are defined by flowing into the sea, terminating in an ice cliff and by loosing most of
their mass through calving (Van Der Veen, 1996). According to an analysis of Blaszczyk et al.
(2009), still 163 glaciers in Svalbard have contact with the ocean, corresponding to about 60 %
of all glaciers (by area). As calving of icebergs accounts for a substantial part of ice mass loss
on the archipelago (Mansell et al., 2012), tidewater glaciers are important for the mass budget
of Svalbard’s glaciers (Luckman et al., 2015). The terminus area of tidewater glaciers is often
heavily crevassed (see Figure 1.1). Crevasses result from strain and thus are visible manifestations
of stresses within the ice (Colgan et al., 2016). On tidewater glaciers, the crevasses are usually
located perpendicular to the flow direction. The closer the ice gets to the terminus, the larger the
longitudinal gradient of the flow velocity. This leads to larger tensile stresses and more crevasses
(Blaszczyk et al., 2009).

The surface characteristics of glaciers (including crevasses) are of primary importance to their
mass balance (Arnold and Rees, 2003). The surface of crevassed ice is rougher compared to
glaciers without crevasses. One the one hand this roughness leads to a larger exposed surface area
and on the other hand to more turbulence when the wind is blowing over the surface (Hann et al.,
2019). The aerodynamic roughness of a glacier’s surface influences the turbulent heat exchange
between the glacier surface and the atmosphere (Rees and Arnold, 2006). Both sensible and latent
heat fluxes (referred to as turbulent fluxes (Smith et al., 2020)) balance this heat exchange on the
surface and therefore have a large impact on the meltwater production and the surface energy
balance of glaciers (Hock, 2005). Turbulent fluxes are driven by the temperature and moisture
gradient between air and ice (Hock, 2005). Therefore, rising air temperatures, that come along
with climate change, increase the contribution of turbulent fluxes to ice surface mass loss due
to a larger temperature gradient. This leads to an acceleration of ice melting (Braithwaite and
Olesen, 1990). However, there are intrinsic properties of the crevassed ice that strongly limit
our understanding of the turbulent heat transfer between the atmosphere and the ice surface
(Colgan et al., 2016). Moreover, atmospheric conditions above the glacier surface are usually
very complex (Rees and Arnold, 2006). Accordingly, a proper understanding of the key influences
on turbulent fluxes is crucial (Smith et al., 2016b) for reducing uncertainties in future predictions
of surface ice melt on glaciers and ice sheets (Fausto et al., 2016). The purpose of this study is
to improve the estimation of turbulent fluxes and surface ice melt on crevassed tidewater glaciers
by providing spatially distributed aerodynamic roughness length values of such glacier areas.
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Figure 1.1: Drone picture of heavily crevassed tidewater glacier Nordenskioldbreen. Photo taken
by Richard Hann.

1.1 Importance of Aerodynamic Roughness Length

Any model calculating the melt of ice which considers turbulent fluxes and is not using any eddy
covariance approach, has to incorporate one or several values for the aerodynamic roughness
length (Chambers et al.; 2020). The aerodynamic roughness length, also called zp, is a length
scale that represents the height above the surface at which the wind speed drops to zero (Chappell
and Heritage, 2007). It is a constant surface characteristics (Lettau, 1969) describing the loss
of wind momentum that can be attributed to surface roughness (Smith, 2014). Its significance
is that it can be used as a control on the rate of turbulent heat exchange between the glacier’s
surface and the atmosphere (Cuffey and Paterson, 2010).

There exist three main methods to calculate turbulent fluxes (Chambers et al., 2020). First, the
eddy correlation method that uses sonic anemometers to record the air movement in turbulent
eddies. Second, the profile method that estimates the turbulent fluxes by interpolating near-
surface wind speed profiles. And third, the bulk approach that for its calculation only requires
the atmospheric measurements of a basic meteorological station (e.g. wind speed, temperature)
and zp values which can be obtained by microtopographic measurements (Chambers et al., 2020).
In other words, for the bulk approach the sensible and latent heat flux can be approximated by
the potential temperature and the specific humidity. These two terms can again be derived by
exchange coefficients using the aerodynamic roughness length (Hock, 2005). However, direct
eddy correlation and wind profile measurements (first and second method) are usually hard to
obtain, because the measurement instruments are difficult to set up and maintain in heavily
crevassed glacier environments (Chambers et al., 2020). Also for the bulk method measurements
are needed, but they can be set up further upstream or on a location close by. Therefore, the bulk

aerodynamic method is a very popular approach due to its low requirements for data collection
(Chambers et al., 2020).

Recently, a series of studies based on the bulk approach have been conducted to find methods to
determine zq values of glacier surfaces (e.g. Irvine-Fynn et al.; 2014; Miles et al., 2017; Smith et al.,
2016b). All of them used digital elevation models (DEM) as a data source for their calculation.
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The potential for using photogrammetry methods to produce DEMs also in the field of glaciology
is not new (e.g Baltsavias et al., 2001), but is increasingly perceived recently and has become
one of the major methods to do so (Uysal et al., 2015). In glaciology, DEMs are often utilized
to determine ice-volume changes comparing two DEMs captured at different times (e.g. Bauder
et al., 2007). However, in this thesis we focus on the usage of DEMs to estimate the aerodynamic
roughness length of glaciers. Whereas airborne Light Detection and Ranging (LiDAR) systems
constitute a powerful way to effectively produce DEMs, their large disadvantage is that they are
very expensive (Uysal et al., 2015) and their spatial resolution is limited (Bhardwaj et al., 2016).
Terrestrial LIDAR systems (used for instance in the studies of Smith et al. (2016b), Nicholson
et al. (2016) or Nield et al. (2013a)), on the other hand are limited in the area they cover
(Irvine-Fynn et al., 2014). Several studies used a photogrammetry approach based on pictures
taken from the ground (e.g. Irvine-Fynn et al., 2014; Miles et al., 2017; Quincey et al., 2017).
Thus, the mapped area is often restricted in size and the mapped roughness obstacles accordingly
small. However, unmanned aerial vehicles (UAVs) provide a cheap alternative to overcome these
limitations (Uysal et al., 2015). Especially, since the observed crevasses in this thesis are large-
scale roughness obstacles rather than small-scale obstacles as investigated in many studies before
(e.g. Irvine-Fynn et al., 2014; Nield et al., 2013a).

In recent years, UAVs have presented new opportunities for detailed mapping of earth surface
and became more and more popular. Especially in glaciology it is increasingly used as an
alternative to field studies (Bhardwaj et al., 2016). In Svalbard and the polar region in general,
UAVs were first applied in 2007 on a study of Midtre Lovenbreen conducted by Hodson et al.
(2007). The main advantage of UAVs is the possibility of collecting high temporal and spatial
resolution data at low costs (Casella and Franzini, 2016). In other words, UAV-based remote
sensing has the capability to overcome the gap between sparse field observations on the one
side and coarse resolution space-born remote sensing data on the other side (Bhardwaj et al.,
2016). Therefore, UAVs provide a good possibility to study the direct effect of crevasses on
turbulent heat transfer on glacier surfaces. Accordingly, the thesis follows an approach where
UAVs provide large amounts of high-resolution topographic data which then is used to build
DEMs and estimate 2o values which take into account the spatial variability of a glacier’s surface
roughness. Alternatively, drones could also be used to directly measure wind profiles and thereof
estimate zp values as done in a parallel master thesis project by Garreau (2020).

Several studies already investigated the zg values of non-crevassed (Irvine-Fynn et al., 2014; Nield
et al., 2013a), debris-covered (Quincey et al., 2017) or sparsely crevassed (Smith et al., 2016b)
ice surfaces using different approaches. However, still little is known about the effect of heavily
crevassed glacier areas on the turbulent heat exchange between glaciers and the atmosphere.
The greatly varying size of obstacles (i.e. crevasses) and the broader-scale, heterogeneous surface
topography of such crevassed ice makes it hard to define zg values (Quincey et al., 2017). In
particular the ablation zone of glaciers contains many different surface roughness obstacles which
influence the value of zg (Smith et al., 2016b). In other words, zg values of ice can vary a lot even
across a small area and one ablation season (Smeets et al., 1999). Additionally, the direction
of wind usually has an effect on zg values (Smith et al., 2016b). To conclude, there are several
parameters such as detected roughness obstacle size, transect length or grid size of subarea whose
sensitivity to zp model performance remain mostly unclear (Miles et al., 2017) and therefore need
further investigation.

Typical values of zg on glacier ice range from 0.0l mm to 0.1 mm for smooth ice and 20 mm to
80 mm for rough glacier ice (Brock et al., 2006; Smeets et al., 1999). However, literature values
for heavily crevassed glacier ice (as in Svalbard often found on tidewater glaciers) are rare. Table



1.2. Aim of Thesis

Table 1.1: Published aerodynamic roughness length values for crevassed glacier areas.

Study Method Surface Type 2o (m)
Fitzpatrick et al. (2019) Raster Large crevasses 0.01-0.5
Obleitner (2000) Transect Very rough glacier ice 0.05
Smeets et al. (1999) Transect Very rough glacier ice 0.02-0.08
Smith et al. (2016b) Transect Deep crevasses 0.005-0.05
Smith et al. (2016b) Raster Deep crevasses 0.003-0.025

1.1 gives a closer overview of published aerodynamic roughness values for large/deep crevasses or
rough glacier ice. The table shows that zg values of up to 0.5 m for large crevasses have been found
(Fitzpatrick et al., 2019). Furthermore, most modelling studies so far only consider one single
zo value for the whole glacier surface (commonly 1 mm (Smith et al., 2020)), regardless of any
spatial and temporal variability (Quincey et al., 2017). In other words, spatially and temporally
distributed zo values across the glacier are currently lacking in the parametrisation process of
surface energy balance models (Smith et al., 2020). The aerodynamic roughness length is a key
parameter for the calculation of turbulent fluxes (Chambers et al., 2020), because a change in 2
by an order of magnitude can double the estimated turbulent fluxes (Brock et al., 2006; Munro,
1989). Therefore, an accurate approximation of 2z especially in complex ice surfaces is crucial. In
summary, the uncertainty in zg values presents a serious challenge for the calculation of surface
ice melt (Smith et al., 2016b) and its correct parametrization is critical in surface energy balance
studies (Quincey et al., 2017).

1.2 Aim of Thesis

The aim of this master thesis is to assess the application of UAVs for capturing high-resolution
surveying images. A photogrammetry method is used to extract data from the aerial images
and provide information about the shape of crevasses like depth, size and distribution. The
data output of that processing is a DEM of the mapped glacier. These DEMs are then used
to estimate the aerodynamic roughness length of crevassed tidewater glaciers in Svalbard. The
following three research questions are investigated in this thesis:

1. How can drone-based topographic data be used to estimate the aerodynamic roughness
length?

2. What range of aerodynamic roughness length values can be found on crevassed tidewater
glaciers?

3. How do different aerodynamic roughness length values found on crevassed tidewater glaciers
in Svalbard affect surface ice melt rates?

The main advantage of this approach is that drone data, which is increasingly available nowadays,
can be used as a tool to build DEMs which then are utilized to estimate turbulent fluxes that
are usually difficult to measure in the field. Furthermore, the chosen DEM approach allows
glaciers to be divided into areas of different aerodynamic roughness length values, rather than
estimating one generalized zg value for the whole mapped glacier. This leads to a better spatial
representation of the turbulent fluxes on a glacier. The results of this thesis will also be used to
show the impact of crevasses on the rate of surface ice melting using local climate data.
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Data and Methods

2.1 Field Sites

This thesis was written as a guest student at the University Centre in Svalbard (UNIS) and
all the data was gathered on the arctic archipelago. Given the northern position of Svalbard,
the mean temperature, especially during winter, is remarkably high due to the North Atlantic
Current and frequent transport of milder air from lower latitudes (Liestgl, 1993). Thus, the
climate in Svalbard is wetter and cloudier than usually found on this latitude. In general, a clear
temperature and precipitation gradient can be observed across Svalbard. While the southwestern
part of the archipelago is mild (annual temperature of about —4°) and wet (annual precipitation
of up to 1200 mm), the northeastern part is colder (—12°) and drier (500 mm) (Hanssen-Bauer
et al., 2019).

The goal of this thesis is to investigate the influence of crevasses on turbulent heat fluxes. Thus,
only tidewater glaciers with a strongly crevassed terminus have been chosen as study sites.
Moreover, only the terminus areas themselves were mapped with the drone as they are usually
most crevassed and closest to access. A surveying of the whole glacier areas was impracticable due
to the limited range of drone signal and battery capacity. Additionally, the tidewater glaciers were
chosen in a way that they all could be visited and surveyed within one day from the settlement
Longyearbyen. Therefore, all of them can be found in the central part of Spitzbergen, Svalbards
main island (see Figure 2.1).

More than one glacier was surveyed in this thesis to apply our method to multiple object shapes
and different crevasse widths. Thus, the high-resolution drone images were captured in three field
campaigns (see Table 2.1). The first data was collected in summer 2019 on Nordenskioldbreen in

Table 2.1: Overview of the visited tidewater glaciers with the exact location and the date of
drone flight.

Glacier Date Location

Nordenskitldbreen 2019 19.-22.08.2019 78°39°N, 17°00°E
Tunabreen 28.04.2020 78°27'N, 17°23’'E
Heuglinbreen 04.05.2020 78°21°N, 18°47'E
Fridtjovbreen 07.05.2020 T7°47'N, 14°31'E
Nordenskicldbreen 2020 21.07.2020 78°39’N, 17°00’E
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Figure 2.1: Field Sites: Map of Svalbard with marked locations of the investigated tidewater
glaciers (red dots). Additionally, satellite images (ESA, 2020) of the glaciers Nordenskitldbreen
(a), Tunabreen (b), Fridtjovbreen (¢) and Heuglinbreen (d) taken at the according week of
fieldwork provide a closer look. The lines mark the mapped front area for each glacier in 2019
(blue) and 2020 (red).

a field campaign not related to this thesis (Hann et al., 2019). In spring 2020 further fieldwork was
conducted in a second campaign on the following three glaciers (see Figure 2.1): Fridtjovbreen,
Heuglinbreen and Tunabreen. All three glaciers were visited with snow scooters at the end of
the snow season between end of April and beginning of May. Finally, Nordenskitldbreen was
visited a second time by boat in the third field campaign in July 2020 to get an impression of
the temporal change of the aerodynamic roughness length.

With Tunabreen there was also a glacier investigated that recently surged. Surging glaciers are
common in Svalbard, what makes it difficult to use the fluctuations of the glacier front as climatic
indicators (Hagen et al., 1993). Tunabreen has normally a surging period of about 40 years and
was surging in 2003-2005 (Flink et al., 2015). However, a bit more than 10 years later the glacier
front advanced again what also was referred to as a surge (Ericson et al., 2019). At the time
Tunabreen was visited for this thesis, it was not surging anymore.

Another difference between the glaciers is that Nordenskitldbreen, Tunabreen and Heuglin-
breen on one side are outlet glaciers of a large glacierized area northeast of Spitzbergen island.
Fridtjovbreen on the other side is a single tidewater glacier of about 13 km length, flowing south-
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Table 2.2: Specification of the two drones Phantom 4 Pro (DJI, 2017) and Mavic 2 Enterprise
(DJI, 2019) used for fieldwork.

Phantom 4 Pro Mavic 2 Enterprise
Weight (g) 1388 899
Max. Flight Time (min) 30 31
Focal Length (mm) 8.8 4-6
Max. Image Size (px) 5472 x 3648 4000 x 3000

wards and terminating into Van Mijenfjorden. Thus, the glacier is located on the western side
of Spitzbergen where precipitation and temperature are relatively high (Hanssen-Bauer et al.,
2019). Both Nordenskidldbreen and Tunabreen are outlet glacier from the large Lomonosov-
fonna ice cap, flowing from northeast to southwest. While Nordenskioldbreen is a roughly 15
km long, wide tidewater glacier terminating in Billefjorden, Tunabreen is more narrow with a
length of about 20km ending up in Tempelfjorden. Heuglinbreen is a tidewater glacier flowing
southwards and still influenced by Hayesbreen that is flowing from a northwestern direction. The
two retreating glaciers, both terminating into Mohnbukta, are about to separate. Mohnbukta is
a bay in Storfjorden and actually part of the east cost of the Spitzbergen island. The east cost
is known to be particularly cold and rather dry in the winter (Hanssen-Bauer et al., 2019).

2.2 Field Data Collection

The use of UAVs allowed us to stay at a safe distance but within visual line of sight to take pictures
of the crevassed glacier front (see Figure 2.2). Furthermore, drones are mostly independent of
cloud coverage (also for pictures taken in visible wavelengths) in contrast to conventional remote
sensing satellite data as long as clouds are above flight altitude (Hann et al., 2019). To determine
the flight height of the drone above the surface several factors must be considered. In general,
there is an interest to fly the drone as high as possible to save battery and operation time.
However, the required image resolution limits the altitude of drone flights. Therefore, the ground
sampling distance (GSD) is a common measure to calculate the corresponding size of one image
pixel on the ground. The following equation can be used to determine the flight altitude that
still guarantees the desired image resolution (Federman et al., 2017):

GSD % Focal Length
Pizel Size

Distance to Object = (2.1)

Both the focal length and the pixel size are given prerequisites of the camera. For the fieldwork
of this thesis the two drones DJI Phantom 4 Pro and DJI Mavic 2 Enterprise were used. As seen
in Table 2.2, the Mavic 2 Enterprise is lighter and therefore slightly more affected by winds. On
the other side the Mavic 2 Enterprise tends to deal better with GPS issues on the field as it never
lost the GPS connection. Furthermore, the Phantom 4 Pro has a focal length of 8.8 mm and a
pixel size of 2.53 um (DJI, 2017). The drone is equipped with a built in camera and a gimbal
system (Federman et al., 2017). The Mavic 2 Enterprise on the other hand has a focal length of
4mm to 6 mm whereas the pixel size is about 1.55 pm (DJI, 2019).

The stated Equation 2.1 calculates the maximal distance to an object which is allowed in order
to guarantee a sufficient image resolution. However, when using UAVs the maximal distance to
object does not correspond to the vertical distance (i.e. flight altitude) between the lens and
the surface. This is because the surface objects which are not lying exactly underneath the



2.2. Field Data Collection

(a)

Figure 2.2: DJI Phantom 4 Pro drone taking off to map Tunabreen during fieldwork in spring
2020 (photo taken by Christina Hess) and (b) DJI Mavic 2 Enterprise drone just before landing
on the boat after mapping Nordenskisldbreen in summer 2020 (photo taken by Andy Hodson).

lens but a bit further to the side would not be displayed with the sufficient resolution. The
theory and all the relevant parameters are illustrated in Figure 2.3. Therefore, it is important
to take the distance between the furthest point which still should be detected and the camera
as the 'Distance to Object’ (Federman et al., 2017), what can be done with simple trigonometry
(Walczykowski et al., 2016).

Sensor Width

—

Flight Altitude

Ground

Figure 2.3: Sketch of surveying drone showing all the relevant factors used to calculate the flight
altitude from the ground sampling distance (modified from Walczykowski et al. (2016)).

The goal was to get a DEM resolution of about 0.25m/px. So the question appears, which
image resolution is required to get the desired DEM resolution. This of course depends a lot
on the parameter settings of the software (see Figure 2.5). On a similar study with UAVs flown
above a glacier front, Chudley et al. (2019) obtained a DEM resolution that was roughly three
times larger than the captured GSD. Therefore, we decided that the collected pictures should not
exceed a GSD of 0.1 m/px. Given the camera prerequisites of the drone Phantom 4 Pro (Mavic 2
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Enterprise, respectively) this leads to a calculated maximal allowed flight altitude of about 215 m
(190 m) above the mapped glacier surface. Thus, during fieldwork the drones were operated at a
vertical height of 200 m above ground level. However, the maximal flight altitude is assuming a
flat area (see Figure 2.3 for illustration). As the glacier surface is increasing in altitude towards
the upper part of the glacier, the effective drone height above the glacier surface decreases. Since
the flight altitude was set at the lowest part of the glacier it always can be guaranteed that the
required resolution is achieved regardless of the glacier’s surface elevation change.

The following equation can be used to calculate the baseline distance between captured images
(Federman et al., 2017):

B Overlap in %) . Distance to Object x Sensor Width
100 Focal Length '

Baseline Distance = (1 (2.2)

A changing elevation of the mapped surface influences the required distance between two recorded
images, the so called baseline distance, to guarantee a certain image coverage. In other words,
two sequential pictures have to overlap to a certain degree for the photogrammetry approach to
work and to ensure a sufficient DEM resolution. In the literature typical values of about 70 %
for side overlap and a 80 % to 90 % forward overlap can be found (Gindraux et al., 2017; Jouvet
et al., 2019; Rossini et al., 2018; Ryan et al., 2015, e.g.). For this thesis a forward overlap of 90 %
and a side overlap of 80 % was desired. This leads to a baseline distance of maximum 105m (80 m
for Mavic 2 Enterprise) according to Equation 2.2. If this distance is not surpassed, a sufficient
photo coverage is theoretically ensured. However, practically a baseline distance of 70m was
chosen to compensate for noise, unexpected errors and especially decreasing flight height further
up the glacier. Given those settings, a sufficient spatial resolution as well as enough coverage
could be guaranteed while still regarding the changing elevation of the glacier surface.

Two types of camera orientations can be used to capture aerial images: nadir and oblique.
For the nadir photogrammetry the camera is positioned vertically above the surface whereas
inclined camera angles are used for the oblique photogrammetry (Federman et al., 2017). Nadir
photogrammetry is the more traditional way of image acquisition while recently the oblique
photogrammetry is getting increasingly important (Casella and Franzini, 2016). A study of
Vacca et al. (2017) stated that the use of oblique UAV flights over buildings is able to increase
the model accuracy compared to nadir flights. This shortcoming explains the upcoming interest
in oblique imagery. Furthermore, nadir image acquisition produces highly detailed DEMs of the
observed objects but struggles to model vertical elements and surfaces (Aicardi et al., 2016).
Since this study mapped crevassed glaciers, vertical surfaces are indeed an issue. However,
the deep crevasses are positioned close to each other and thus it is difficult to observe the whole
vertical surface of a crevasse with only oblique image surveying due to shadow effects of crevasses
lying in between.

On a minimal working example (247 images whereof 97 were oblique) of data collected on Heuglin-
breen in spring 2019 the effect of the camera orientation was tested. Figure 2.4 illustrates the
resulting DEMs of the extract of Heuglinbreen calculated with oblique, nadir and oblique-nadir
image input data sets. The oblique-only method achieved to build an accurate surface for the
upper part of the objects and the flat surface but failed to give accurate informations about the
deeper part of the crevasses. Both the nadir-only and the nadir-oblique combination managed
to build good and complete surface data but the latter produced a slightly more accurate model
with less noise. Furthermore, James and Robson (2014) found out, that including oblique images
to the processing workflow can significantly reduce the systematic error of DEMs. However, for
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Figure 2.4: Minimum working example on an extract of Heuglinbreen to show the impact of the
camera orientation on the resulting DEM built with Agisoft Metashape. The camera orientation
oblique (a) alone could not guarantee a good surface model construction. The nadir-only camera
orientation (b) already presented good results. The combination of both nadir and oblique
camera orientations (c) led to a slightly better model construction and less noise. The colors
illustrate the relief elevation of the glacier extract from 75m a.s.l. (green) to 110m a.s.1. (red).

the purpose of this study the relative distance between the crevasses is more important than
their accurate localisation. Therefore, in this study and to simplify the fieldwork it was decided
not to take the extra effort to measure everything in nadir and oblique imagery but rather have
a larger area mapped at all. Thus, the images were only captured in nadir mode.

There exist three different ways to collect data with an UAV. These are manual, assisted and au-
tonomous mode which can be chosen for both flying and image acquisition (Nex and Remondino,
2014). The autonomous mode is a convenient way to ensure consistent overlap and prevent holes
in the dataset. For the same reason also linear flight patterns can be used. Furthermore, soft-
ware tools present help with the image acquisition as the flight plan can already be prepared
before fieldwork such that the drone automatically follows the path and takes pictures at every
waypoint (Uysal et al., 2015). Therefore, in our fieldwork we made use of this technologies and
the flights were autonomously conducted with preprogrammed waypoints.

2.3 Building Digital Elevation Models

2.3.1 Structure-from-Motion and Multi-View Stereo
In recent years, structure-from-motion (SfM) together with multi-view stereo (MVS) has demon-

strated its large potential to make 3D topographic survey broadly available. It requires minimal
expertise and cost while producing rapid 3D point clouds with a comparable data quality to
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other existing survey methods (e.g. terrestrial laser scanning). In fact, SfM refers to the first
part of the workflow in which it uses bundle adjustment algorithms to rebuild the geometry of the
captured surface. In a second stage, the MVS photogrammetry algorithms are used to strongly
increase the density of the sparse point cloud (Smith et al., 2016a).

In this thesis the software Agisoft Metashape version 1.6.2 (Agisoft LLC, 2020) was used. It
extracts data from the aerial images using a photogrammetry method that then provides surface
information about the shape of crevasses like depth, size and distribution. The software runs on
a fully automatically workflow and builds 3D models that can be used to construct georeferenced
DEMs. Figure 2.7 gives an overview of the used workflow for the DEM generation by Agisoft
Metashape. The first stage of the processing workflow was to collect and import pictures and
check for sufficient image quality and overlap. To align the photos in a next step, the SfM
processing reconstructs the three-dimensional geometry and camera position of a surface from
two-dimensional pictures that are taken from multiple viewpoints (Ryan et al., 2015). Therefore,
the software automatically detects and matches characteristic features that can be seen on various
pictures regardless of the view perspective or lighting conditions (Rossini et al., 2018). Thus, it
is important that the position and orientation of the camera at the time of image acquisition
is recorded to relate each point to a reference datum and to get 3D coordinates of any visible
point that appears in at least two pictures (Irvine-Fynn et al., 2014). As a result, the software
builds a sparse point cloud model. In a next stage, a dense point cloud is generated with the
Agisoft Metashape MVS approach, which is based on the pictures and their estimated camera
position. Dense point clouds have been cleared from noise before proceeding with the generation
of a DEM (Agisoft LLC, 2019).

2.3.2 Parameter Settings of Agisoft Metashape

Building DEMs with the software Agisoft Metashape is a straight-forward three-step process
starting from image alignment, further to the construction of a dense cloud and finally a DEM
(Verhoeven, 2011). The whole processing is automated and only requires little expertise to run
the software and build a random, non-specific DEM (James and Robson, 2012). However, it
comes along with many parameter settings that can be selected to further improve the DEM
quality depending on the input data and the output purpose (see Appendix A for chosen pa-
rameter settings of each DEM). To determine an ideal set of parameters for our approach, many
different combinations of settings were tested on a minimal working example. The finally used
parameters are summarized in the workflow sketch that can be found on Figure 2.7. The stated
setting of parameters is found to behave best for the given setup and research purpose of this
thesis, but not necessarily for any other investigation.

Before starting the processing, the quality of images should be checked, as vague input photos
(e.g. poorly focused) can influence the alignment results badly. Thus, the software provides
an image quality check by calculating the sharpness level of the most focused part of a image
(Agisoft LLC, 2019). All photos with a quality value of less than 0.5 have been disabled and
were excluded from the further processing. In this thesis only a small number of images needed
to be disabled which were pictures taken in the spring campaign from non-crevassed areas with
snow and little contrast.

The first processing step ’Align Photos’ builds a sparse cloud model by finding the camera
position and orientation of each picture. The photo alignment procedure can be controlled by
several parameter settings. The accuracy of the alignment can either be ’High’, "Medium’ or
"Low. The higher the accuracy settings the more accurately estimated is the camera position. A
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Figure 2.5: Minimum working example on an extract of Nordenskioldbreen 2019 illustrating
the impact of the parameter ’Quality’ for the processing step 'Build Dense Cloud’ in Agisoft
Metashape. The parameters High (a), Medium (b) and Low (c) can be selected. The chosen
parameter has an impact on the output pixel resolution ranging from 0.11m (High) to 0.23m
(Medium) and 0.45m (Low). The colors illustrate the relief elevation of the glacier extract from
15m a.s.l. (blue) to 110m a.s.l. (red).

minimal working example on an extract of Nordenskioldbreen 2019 data (21 images) has been
performed to test the influence of this specific parameter by setting all the other parameters on
default. The results showed only small differences between the final outcome of each alignment
accuracy. Furthermore, higher accuracy comes along with longer processing time. Therefore,
the accuracy 'Medium’ has been chosen as a compromise. The significant stage in the alignment
process is the detection of features across different photos. To speed up this time-consuming step
different modes of ’image pair selection’ can be chosen. The preselection mode 'Generic’ uses
lower accuracy setting first to select overlapping pairs of photos. The mode 'Reference’ on the
other hand uses the measured camera location to select the overlapping pairs of photos. For this
study both preselection modes were chosen, what is known to speed up the alignment process
even more (Agisoft LLC, 2019).

The parameter settings of the second processing step 'Build Dense Cloud’ contributed by far the
largest impact on the resulting DEM of the whole workflow (see Figure 2.7). In particular, the
quality of the dense cloud, which can either be "High’, "Medium’ or 'Low’, has a large influence
on both processing time and resolution of the DEM. This effect has again been tested on a
minimum working example (21 pictures) on an extract of Nordenskitldbreen measured in 2019.
The resulting DEMSs are illustrated in Figure 2.5. In this example the resulting output resolution
varies from a pixel size of 0.11m (high) to 0.23 m (medium) and 0.45m (low). It can be seen that
the surface features that were processed with a high quality provide the constructed surface in a
higher level of details but also with more noise, in particular deep inside the crevasses. Gindraux
et al. (2017) investigated the effect of the quality parameter on processing time and found out
that the quality 'Low’ is 18 times faster than 'High’ and six times faster than 'Medium’. In
the end, the parameter 'Medium’ was chosen because the level of details is still high enough
to fulfill the purpose of this thesis while the processing time is strongly reduced compared to
the parameter 'High’. A further parameter that can be set for the construction of the dense
cloud is the depth filtering mode which is used when Agisoft Metashape calculates the depth
maps for every picture. In the User Manual of Agisoft Metashape (Agisoft LLC, 2019) it is
recommended to choose an aggressive depth filtering mode that is often used for aerial data
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processing, especially if the reconstructed area is not containing any meaningful small details.
Since this mode helps to sort out most of the outliers, for this thesis an aggressive depth filtering
mode was applied.

W9
W9

W RO N

0 025 0.5km
I

Figure 2.6: Drone flightpath with captured images (black dots) and image overlap (colors) of
pictures of Tunabreen taken on three days in summer 2019.

To build the DEM as the third step of the processing, a source data can be selected. Among
others this can either be the sparse point cloud or the dense point cloud data. Since the DEM is
the main data source of this study the dense point cloud was selected as data source because it
provides the best accuracy. As already mentioned before, a certain amount of overlap between
two sequent pictures is required to guarantee an uninterrupted DEM at the end. However, in
excessive image datasets several pictures are redundant and can be removed in order to save
processing time. Figure 2.6 shows the flightpath of the drone that was taking pictures from
Tunabreen on three different days in summer 2019. The coloured area shows the overlap which
is very high (blue) for most parts with more than 9 overlapping images apart from the regions
close to the border. This indicates that there were many redundant pictures which could be
disabled for the calculation process. Agisoft Metashape provides a tool called 'Reduce Overlap’
that uses a rough mesh built from the sparse point cloud to scan the dataset for redundant
images (Agisoft LLC, 2019). The image overlap can again be selected as 'High’, "Medium’ or
"Low’. For this thesis "High’ was chosen to prevent quality losses while still strongly reducing the
processing time. For all constructed DEMs between 10 % to 50 % of images were disabled and
therefore not used for the proceeding calculations.
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Figure 2.7: Used workflow for the generation of DEMs (left) and the selected parameters (right)
with Agisoft Metashape (modified from Gindraux et al. (2017), Rossini et al. (2018) and Feder-
man et al. (2017)).
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2.3.3 Georeferencing, Drone Type and Weather

It was impossible to place any ground control points (GCPs) on the glacier surface to georefer-
ence the mapped glaciers. The highly crevassed areas were inaccessible in all field campaigns or
accessible locations too far away from the mapped area to still be recorded on the pictures. Even
the sea ice in front of the glaciers could not have been approached close enough due to safety
reasons. However, final product accuracy can be significantly reduced if no network of GCPs can
be set up. The practical limitations of providing GCP georeference are one of the most limiting
factors of photogrammetry products based on UAVs (Chudley et al., 2019). Especially in glacial
environments, these problems are often faced and thus alternative georeferencing methods are
applied. Such approaches can be: using tie points to geodetically tie the data together (Kraaijen-
brink et al., 2016), placing an external on-board navigation GPS geolocation on the UAV (Ryan
et al., 2015) or applying GNSS-supported aerial triangulation that often is combined with real-
time kinematic (RTK) or post-processed kinematic (PPK) correction (Chudley et al., 2019; Groos
et al., 2019). None of the stated methods could be used in this thesis due to unavailable equip-
ment or missing fixed locations on the moving glacier surface. Accordingly, the georeferencing
could only be provided through the camera orientation data of the UAV (James et al., 2017). In
other words, the GPS coordinates that are logged for each captured picture by the UAV are used
for georeferencing. However, such an approach cannot keep up with methods using GCPs be-
cause the internal GPS system of the drone has a relatively low accuracy (Federman et al., 2017).

DJI Phantom 4 Pro

Elevation (m)
95

Mavic 2 Enterprise
Elevation (m)
95

0 0

Figure 2.8: Illustration of the impact of chosen drone types for image acquisition. The pictures
of the DEM to the left were taken with the Phantom 4 Pro, whereas the images for the other
DEM (right) were captured with a Mavic 2 Enterprise. Both data sources managed to build a
very similar DEM with only minor differences.

To check the sensitivity of the drone type that captures the images on the resulting DEM, a small
area of Fridtjovbreen has been flown twice with two different drones. The drone DJI Phantom
4 Pro and the DJI Mavic 2 Enterprise were both flown at approximately the same altitude of
about 200m a.s.l. varying the most of 20m vertically. In Figure 2.8 the resulting DEMs were
illustrated, whereas their DEM resolution vary slightly with a pixel size of 0.26 m (Phantom 4
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Pro) and 0.34m (Mavic 2 Enterprise). Nevertheless, the two DEMs show that there is only a
minor difference between the two input datasets. Both the Phantom 4 Pro (left) and the Mavic
2 Enterprise (right) manage to represent the crevassed glacier area. Only a minor horizontal and
vertical deviation can be detected between the two DEMs what can be attributed to the fact
that no GCPs were used. However, the relative distances between the two DEMs correspond
well.

The days of fieldwork were chosen in a way to avoid sun, wind and precipitation. Wind and
precipitation on one side make it difficult or impossible to operate the drone. Sun on the other
side leads to shadows effects between two crevasse obstacles. Both fluctuating lighting conditions
and shadow during image acquisition can interfere with the keypoint matching stage of the SftM
processing (Mallalieu et al., 2017). Accordingly, whenever possible overcast days were chosen
which presented ideal diffuse illumination condition (James and Robson, 2012). The real impact
of the lighting conditions is difficult to estimate in the field as we only captured pictures once
for each glacier and year. However, Agisoft Metashape managed to build reasonable DEMs on
days that turned out to be sunny despite an overcast forecast (e.g. Fridtjovbreen). According
to Agisoft LLC (2019), changing lighting conditions are in particular important for texture and
orthophotos and less for DEMs as used in this thesis.

The surface characteristics of the glacier also has a large influence on the keypoint matching
and thus the construction of DEMs. Gindraux et al. (2017) state that for fresh snow too little
matching keypoints can be found and therefore image orientation is no longer possible. Yet,
already after one day of sunlight the snow cover developed enough contrast for image orientation
to work. Since for our field campaigns the snow never has been that fresh and especially since
the crevasses provided a lot of contrast themselves, this issue turned out to be negligible.

2.4 Data Preparation for Model Calculation

Before starting the model calculations of the aerodynamic roughness length, the DEMs need to
be prepared. Figure 2.9 shows the DEM of Fridtjovbreen how it was originally mapped and
constructed (left) and then after the preparation step (right). The DEMs obtained from the SfM
processing were rotated in such a way that the main crevasses were aligned crosswise from left
to right with the glacier front at the bottom (lower part pf y-axis). Additionally, some DEMs
were cropped to remove mapped areas with useless (i.e. no glacier) surface characteristics or to
keep the focus on the heavily crevassed areas (i.e. Fridtjovbreen). Moreover, the sea ice/water
area was removed as it has no contribution to the turbulent heat exchange of the glacier. In a
next stage, the DEM was divided into various new subareas of equal width and length. The size
of the subareas was chosen to be 50m x 50m, as it is the grid that best represents the average
size of a roughness element (for the definition of a roughness element see below). After that, the
DEMs were ready for the zg calculation. Therefore, every subarea is implemented into one of
the five models to calculate zg producing one single zy value for each subarea and model.

To consider the impact of the wind direction on the resulting zg values, each subarea was calcu-
lated four times corresponding to the four cardinal wind directions. Since the DEM was rotated,
it allows us to calculate zy values of the dominant wind directions on glaciers (i.e. common
katabatic down-glacier winds (Karner et al., 2013)). In a first step, the elevation data of the
subareas was detrended in the models using a 2D-linear detrending method. The appropriate
detrending method depends on the scale of the study. According to Chambers et al. (2020), a
linear detrending method is fine for smaller plots but not for larger areas. On a first sight a
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Figure 2.9: The originally mapped DEM (left) of Fridtjovbreen was rotated and cropped (black
frame) before using it for the model calculations (right). Additionally, the elevation values of the
sea ice area were removed and the whole DEM was divided into subareas of 50m x 50 m.

grid size of 50m for the subarea might seems like a large area and thus not ideal for a linear
detrending method. However, as our roughness elements (i.e. crevasses) are relatively large, a
linear detrending method at this grid size seems appropriate to determine the roughness of the
crevassed surface. In contrast, if a too small subarea grid size would be chosen, this could lead
into a flattening effect of the actual roughness elements.

This issue is illustrated in Figure 2.10 (left), where the blue line shows a random transect of two
roughness elements on Fridtjovbreen each with a length of about 30 m. Two linear detrending
methods were applied for this illustration, one for the whole transect (green line) and one for
10 m intervals (red line). If a grid size lower than the obstacle wavelength (e.g. 10m) is chosen,
then the linearly detrended transect is not capturing the whole surface roughness of the crevasse
properly (see red line in Figure 2.10, right). In contrast, the linearly detrended transect length of
60 m represents the two roughness elements well (green line, right). Smith (2014) described the
same effect mentioning that removing any trend from data affects the representation of small-
scale roughness elements because they are not representing the true topographic expression.
Furthermore, a main assumption of the approach followed in this thesis is that the wind is
blowing parallel to the large-scale glacier surface. Therefore, it is important to also consider
the large-scale roughness elements which are more important for this thesis than the small-scale
roughness on the crevasse obstacle themselves. In other words, a subarea grid size of at least the
length of an average obstacle wavelength should be chosen to account for the large-scale surface
roughness of the crevassed glaciers.

This leads to the definition of an average obstacle length. The range of roughness element
sizes on the investigated tidewater glaciers is large. Distances from one crevasse to the other
reach from somewhat around 10m up to 60m and locally even more (see Chapter 3.1). A small
investigation revealed that roughness obstacles of the mapped tidewater glaciers have an average
wavelength between 30 m and 50 m depending on the wind direction and glacier (see Table 3.2).
Furthermore, since a grid size larger than one roughness element still takes into account the issue
stated above, there is no clear upper boundary. Therefore, we were confronted with the question
which subarea grid size might be the most appropriate. One main goal of this thesis is to provide
various zg values across the glacier. Thus, we are in general interested in keeping the grid size
as small as possible to provide a large spatial resolution. As a compromise, a subarea grid size
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Figure 2.10: The left graph shows a random transect of two roughness elements on Fridtjovbreen
(blue line). The transect is linearly detrended, once over the whole profile (green) and another
time in 10 m intervals (red). The right graphs illustrates the according linearly detrended tran-
sect. While the approach of linearly detrending the whole transect (green line on right graph)
is able to detect the two roughness elements, the 10 m intervals led to randomly detrended ele-
vation values (red). To prevent that, a subarea grid size should not be smaller than the actual
wavelength of one roughness elements.

of 50m x 50m was chosen for the main calculation. This grid size corresponds to the upper
range of an estimated average roughness element. Thus, it could be guaranteed that most of the
roughness elements have a length scale lying within the scale of the subarea grid size while still
keeping the grid size as low as possible. However, to investigate the impact of this decision and
therefore the dependency of zg values on increasing subarea grid size, several grid sizes between
5m and 150 m were tested in a small case study on Fridtjovbreen.

Figure 2.10 further stimulates the discussion about the definition of a roughness element, whereof
two can be found on the given transect. From a glaciological perspective, the crevasses protruding
downwards from the glacier surface and their effect on turbulent fluxes are the main objective.
From an aerodynamic point of view however, it makes more sense to divide the surface into
various obstacles protruding upwards. Thus, an obstacle is defined as the part of the glacier
located between two crevasses - called roughness element. This goes back to the experiment
of Lettau (1969) using bushel baskets (all of equal size and placed in a systematic pattern) as
obstacles on a flat plane. Accordingly, the roughness elements in this thesis spanning from one
crevasse to the next are assumed to have the same effect as the baskets in the original experiment.

2.5 Model Calculation of Aerodynamic Roughness Length

Once the elevation data is detrended, it can be used to calculate the aerodynamic surface rough-
ness length. The most widely used methods in glaciology to calculate zy values with the bulk
method are all based on the study of Lettau (1969). The author developed the following equation
for the bulk aerodynamic roughness length:

20 = cqgh’ s/8, (2.3)
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where h" is the effective obstacle height (m), s is the silhouette or frontal area of the obstacle
(m?) and S the according horizontal ground area (m?). The value ¢y = 0.5, first proposed by
Lettau (1969), corresponds to the average drag coefficient of a characteristic roughness element.
It is defined as the ratio of wind kinetic energy to surface stress. Accordingly, the drag coefficient
accounts for the change in effective drag by individual roughness elements with increased relative
sheltering and can be used for moderately inhomogeneous surfaces (Wiernga, 1993). The value of
0.5 has has been widely adopted in the field of glaciology for various types of roughness elements
(e.g. Brock et al., 2006; Munro, 1989; Nicholson et al., 2016).

Equation 2.3 is also based on the bushel baskets experiment of Lettau (1969). Under these
laboratory conditions, the parameters of Equation 2.3 can be obtained fairly easily. However,
this turns out to be more difficult in glacial environment where the individual roughness elements
vary a lot in height, size and density (Chambers et al., 2020). Therefore, the original equation has
been adjusted and further developed in several studies leading to different methods to estimate
zo values. In this thesis five different approaches (hereafter called models) were used to estimate
2o values, all of which have already been applied in similar studies before (for overview of the five
models see Table 2.3). This procedure allows us to determine the strengths and weaknesses of
each model and to find a range of meaningful aerodynamic roughness length values independent
of the used model. The five models can further be subdivided into two groups that are based
on different assumptions and simplifications. They mainly differ in terms of determining and
measuring the roughness elements. One group is counting the number of roughness elements in
a transect (hereafter called transect method) while the other group is based on a raster approach
(hereafter called raster method) using every DEM cell value for the calculation of 2.

2.5.1 Transect Method

=2 | Detrended glacier surface
Mean elevation of transect
= = = Modelled roughness elements
3 | | I | 1 L | | ] ]
0 10 20 30 40 50 60 70 80 90 100

Distance (m)

Figure 2.11: Schematic illustration of the transect method modelling the roughness elements
(green) of the detrended glacier surface (blue) within one transect (X). The black circles mark
the zero-up-crossings (f) from below to above the mean elevation of the transect (modified from
Smith et al. (2016D)).
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For the transect method the roughness elements are modelled by looking at only one profile of
length X (m) at the time. Each row of the subarea is treated as a separate transect. Then,
the number of roughness elements in each transect is counted and used for the calculation as
illustrated in Figure 2.11. More precisely, it is counted how many times in each transect the
detrended profile crosses the mean transect elevation from values below to values above the
mean elevation, the so called zero-up-crossing frequency (f). As Munro (1989) showed in his
study, the frontal silhouette area s and the ground area S of Equation 2.3 can then be calculated
with f and X only.

The transect method presents a simple approximation of the roughness elements across a profile
and is based on the following assumptions (Smith et al., 2016b):

—

. All roughness elements are of equal height.

[\

. All roughness elements are uniformly distributed.

w

. Roughness elements do not shelter each other.

4. All roughness elements are isotropic (i.e. same frontal area for each wind direction).

Asillustrated in Figure 2.11 these assumptions can not completely be fulfilled on heavily crevassed
glacier areas. However, Munro (1989) states that the method still provides a good approximation
as the results only differ about 12 % from reference zy values. Furthermore, the method has the
advantage of being computational simple.

An important rule stated in the method of Munro (1989) is that the silhouette area s is calculated
in a vertical plane perpendicular to the wind direction. However, Smith et al. (2016b) figured
out that this approach is not able to detect a crevasse that is aligned exactly perpendicular to
the prevailing wind direction. Figure 2.12 illustrates this wind direction issue. In such a case, the
given results would differ significantly from the zy values calculated with the raster method. If
the roughness elements would fulfill all the stated assumptions above, no such difference could be
detected and zy values would be the same for profiles taken perpendicular and parallel. Further,
Smith et al. (2016b) state that this issue is only important for studies that focus on natural
streamlined surfaces. However, since heterogeneous and perpendicularly aligned crevasses are
the main focus of this thesis it would make no sense to choose a transect aligned perpendicular
to the wind direction. This is because only a transect aligned parallel to the prevailing wind
direction is able to account for the topographic variability and surface roughness for this specific
wind direction (see Figure 2.12). In addition, wind systems are influenced by the large-scale
catchment topography such that winds often flow up or down the glacier (Quincey et al., 2017),
leading to exactly such a setup as described above. To account for these issues, in this thesis the
profiles were always chosen parallel to the prevailing wind direction and then calculated for all
cardinal wind directions individually.

Munro

The approach of Munro (1989), hereafter called Munro, has been widely used in glaciological
studies (e.g. Brock et al., 2006; Irvine-Fynn et al., 2014; Quincey et al., 2017). The author
simplified and adapted Equation 2.3 of Lettau (1969) and thus adopted it into the field of
glaciology. In his method the height of roughness element " (m) was calculated by taking twice
the standard deviation of elevations of the detrended transect. To do so, the mean elevation was
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Figure 2.12: Demonstration of different profile elevation values between transects aligned per-
pendicular (orange) or parallel (green) to the prevailing wind direction (grey arrow) for the setup
of perpendicularly aligned crevasses. Only a transect aligned parallel to the wind direction can
account for the topographic variability and thus the surface roughness of the glacier area for this
specific wind direction.

set to zero. This leads to the following equations for the frontal silhouette area s (m?) and the
ground area S (m?):

§=—), (2.4)

()

For any given transect, the aerodynamic roughness length was then calculated to be:

o2
20 = fT (2.6)

Every row of the subarea was regarded as a transect leading to as many zg values as there are
rows in each subarea. The final zg value for each subarea was then calculated as the mean of the
individual row zg values.
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2.5. Model Calculation of Aerodynamic Roughness Length

Table 2.3: Overview of parameters from the Lettau (1969) Equation 2.3 used for the z( calculation
in each model.

Parameter Smith Chambers Fitzpatrick Munro Lettau

Effective obstacle | Mean height 2 x standard devi- | Mean height above 2 x standard Mean

height 2" (m) above the ation of z above the detrended plane deviation of obstacle
detrended plane | detrended plane detrended profile | height

Silhouette area Frontal area above detrended plane | Frontal area across subgrid | Frontal area of a modelled

s (m?) across whole .subarga cal.culaFed above the height of the first | roughness element: h*X/2f.
for each cardinal wind direction row cells calculated for each | With X — transect length,

cardinal wind direction f = up-crossing frequency

Grougd area Full area of DEM subarea Area of subgrid Ground area of a modelled

S (m?) roughness element: (X/f)?

Drag coefficient

rag coefficient 05

Cd

Roughness B *

length zo (m) 20 — cah s/S

Lettau

In the next model, hereafter called Lettau, we again followed the transect method by counting the
zero-up-crossings as stated by Munro (1989). However, for this method h* was not represented
by twice the standard deviation of elevations of the detrended transect (as in the Munro model).
Instead, it was defined as the average vertical extent of the roughness elements, as originally
proposed by Lettau (1969). Therefore, Equation 2.4 has been slightly adjusted to:

§=— (2.7)
leading to the following equation for the aerodynamic roughness length:

f(h")?
4X

20 = (2.8)

Again, the final zg value of each subarea corresponds to the mean of its row zg values. However,
the definition of ", as the mean of all normalized and detrended cell elevation values across each
transect, was discussed controversially among different glaciological studies. Several authors (e.g.
Chambers et al., 2020; Irvine-Fynn et al., 2014) still stick to the definition h* = 20 initiated by
Munro (1989). Unlike them, Smith et al. (2016b) used a k" that is calculated as the mean height
of all points above the detrended plane. This definition was later adopted by several studies (e.g.
Nicholson et al., 2016; Quincey et al., 2017).

2.5.2 Raster Method

The transect method is a computationally efficient simplification of the real surface roughness.
However, as only the number of zero-up-crossings is effectively needed for the calculation, large
volumes of the input topographic data remain unused. Such an approach is therefore most
appropriate for situations with limited data availability or calculation capacity (Smith et al.,
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2016b). The application of drone surveying combined with SfM processing is definitely not
accounted to these situations. Additionally, the Lettau model only holds at low densities of
roughness elements because otherwise the roughness elements begin to aerodynamically interfere
with each other (Rounce et al., 2015). This has an impact on the resulting zo values and therefore
needs to be considered in the model calculations. Due to all these reasons a new method that
compensates for the mentioned shortcomings has been applied (see Figure 2.3 for overview).

The raster method is directly based on the Lettau (1969) Equation 2.3 and determines the
roughness elements by looking at cell elevation values of a DEM raster. Therefore, every cell
value of the row is considered for the calculation and the elevation differences between two
adjacent cells define the surface roughness at the end. A main advantage of the raster method
is that assumptions 1.-4. from Subsection 2.5.1 can be nullified. Figure 2.13a illustrates how the
frontal area s is calculated directly from the cell’s elevation values and for each cardinal wind
direction. Accordingly, assumptions 1., 2. and 4 can be repealed. To consider the sheltering
effect between close roughness elements only frontal areas above the detrended zero plane are
included in the calculation (Smith et al., 2016b). Thus, also assumption 3. from subsection 2.5.1
can be neglected.

(a) Smith and Chambers model (b) Fitzpatrick model

Figure 2.13: Schematic illustration of raster method highlighting the exposed frontal area s for
two different wind directions with colors (red and green). Figure (a) shows the approach for the
Smith and the Chambers model whereas Figure (b) illustrates the Fitzpatrick model (modified
from Smith et al. (2016b) and Fitzpatrick et al. (2019)).

Smith

The following model, hereafter called Smith model, is based on the 'DEM-based’ approach de-
scribed by Smith et al. (2016b) in their study about zp values of glacial surfaces with data
obtained from terrestrial laser scanning. The parameters s and h* from Equation 2.3 were calcu-
lated individually for each row of the subarea. The frontal area s is the sum of the frontal areas
of each cell that can be seen if the previous cell in the same row has a lower elevation value (see
Figure 2.13a). However, to compensate for the sheltering effect mentioned before only frontal
areas lying above the detrended zero plane were used for calculation. In other words, elevation
values below the trend line (i.e. negative values after detrending) are assumed to have no effect
on the surface roughness due to sheltering of the obstacle in front. The same is valid for the
effective obstacle height h” that was calculated as the mean elevation of all the cells of each row
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2.5. Model Calculation of Aerodynamic Roughness Length

above the zero plane. The resulting row s values were then summed up, while the mean of the
row h" values was calculated to bring it down to one single value for each subarea according to
Equation 2.3. Lettau (1969) specified the ground area S to contain not only the ground area of
the roughness element itself but also the surrounding plot area (i.e. area below the zero plane).
Thus, the value S corresponds to the area of the DEM subarea. At the end, one zy value for
each subarea and each cardinal wind direction was calculated with the Smith model.

Chambers

This model (hereafter called Chambers model) is very similar to the Smith model only differing
in the definition of the effective obstacle height A". The model is based on the 'DEM method’
described in the study of Chambers et al. (2020) presenting a quantitative evaluation of glacial 2
values using data from two glaciers in Arctic Sweden. Unlike Smith et al. (2016b), the authors of
this study calculated h* by taking twice the standard deviation of elevations above the detrended
plane. Therefore, the model calculates k" for every row and then again takes the mean of the
row values to generate one h" value for each subarea and cardinal wind direction. All the further
parameters (i.e. s, S and zy) were calculated in the same way as in the Smith model.

Fitzpatrick

The fifth model (hereafter called Fitzpatrick model) applied in this thesis is based on the "Block
estimation’ described in the study of Fitzpatrick et al. (2019). The authors are utilising LIDAR
input data to determine the aerodynamic roughness length of two glaciers in Canada. While the
two previous raster methods calculated some of the parameters row-wise, this method followed
a moving-window approach. In other words, for each cell in the subarea a border of several
cells in each direction was selected leading to a grid of cells (hereafter called subgrid) used to
determine the zg value of the centre cell. Thus, the surrounding area of the cell is influencing
the cell’s aerodynamic roughness length value. Once the 2y value of a centre cell is calculated
the grid-window moves one cell further and continues with the same process.

The sheltering issue has been taken into account by only considering the part of the frontal area
that is taller than the very first cell in each subgrid row, as illustrated in Figure 2.13b. The exact
equation for the calculation of s looks as follows:

s = (Z max(zij) — 1) * cellwidth, (2.9)
i=1

where i is the column, j the row and n the total number of rows of the subgrid. In words, the
height of the first line of cells in the subgrid sets the base level and the cell with the maximal
height z in the same row sets the upper level. The difference between upper and lower level was
then used to calculate s. The sum of each row’s s values determined the s value for the centre
cell which was calculated for each wind direction individually.

The obstacle height h* corresponds to the mean of all the detrended elevation values above
the zero plane within the subgrid. The ground area S is assigned to the area of the subgrid.
Accordingly, for every cell a 2y value was calculated. The final zy value of the subarea corresponds
to the mean of the zp values of all its cells. This model is computationally more demanding than
the other models but is considering the adjacent cells from all wind directions for the calculation.
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The subgrid size (i.e. the block of adjacent cells) is defined by Fitzpatrick et al. (2019) as an
average roughness element and its surrounding influence area. However, the DEM resolution in
their study is about 4 times coarser than the one in this thesis. In addition, their investigated
roughness elements are about one order of magnitude smaller. The authors found out that an
increasing border thickness comes along with an increase in corresponding zy values. Therefore,
the question appeared what a reasonable subgrid size for this model would be, given the input
DEMs of this thesis. As already discussed with Figure 2.10 in Section 2.4, the roughness elements
can only be properly represented if the subgrid size has at least the length of an average roughness
element. Furthermore, roughness obstacles of the mapped tidewater glaciers have an average
wavelength between 30m and 50m depending on the wind direction and glacier (see Table
3.2). However, a too large subgrid size (i.e. longer than the size of one roughness element)
would not properly represent the surface roughness. This is because s is only calculated by
subtracting the maximum value in each row from its front row value, as stated above. Given the
heterogeneous roughness elements of the mapped tidewater glaciers this represents a challenge.
As a compromise, it was decided to take a subgrid size of 30 m (i.e. 15m border thickness to each
side), which corresponds to the lower estimation of an average roughness element. Although it
means that the moving window almost reaches the size of the subarea itself (i.e. over 100 pixels),
this is assumed to be the best approximation according to the theory of Fitzpatrick et al. (2019).

2.6 Surface Energy Balance Model

A point surface energy balance model for glaciers was applied to visualize the impact of the
obtained zp estimations on the surface ice melt rates. The model is described properly in the
technical communication of Brock and Arnold (2000). Apart from zp values, the simple energy
balance model only needs basic meteorological input data (Chambers et al., 2020), such as air
temperature (°C), air vapour pressure (Pa), wind speed (m/s) and incoming shortwave radiation
(W/m?). The model is based on the aerodynamic bulk method, which is often used in glacio-
logical studies (e.g. Arnold et al., 2006; Fitzpatrick et al., 2019; Radic et al., 2017). Thus, the
resulting surface melt rate (M LT) can be obtained with the following surface energy balance
equation (Brock and Arnold, 2000):

MLT = SWR+ LWR + SHF + LHF, (2.10)

where SW R and LW R are the net shortwave and longwave radiation fluxes, respectively. Fur-
ther, the sensible and latent heat fluxes are expressed as SHF and LHF. For the calculation
of the sensible and latent heat flux the obtained zp values are needed, based on the following
evaluation of Munro (1989):

_ pepku, T,
SHF = [In(z/20) + anz/N[In(z/2) + apz/A] (2.11)
LHF = pwAk®u (e, — es)/P (2.12)

[In(z/z0) + apmz/L][in(z/ze) + apz/L]’

where p is the air density, ¢, the specific heat capacity of air and k is the von Karmén constant.
T., u, and e, correspond to the mentioned input data of temperature, wind speed and vapour
pressure. z; and z. are scaling lengths for the aerodynamic temperature and humidity same as
zp is the scaling length for aerodynamic roughness. Furthermore, eg is the vapour pressure at
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the glacier surface, w is the molecular weight of water vapour to air and A the latent heat of
vaporization. The stability correction constants for momentum, heat and humidity are expressed
with the parameters ays, ag and ag, respectively (Brock and Arnold, 2000). Additionally, P
is atmospheric pressure and A and L are the Monin-Obukhov length scales for SHF and LHF,
accordingly (Obukhov, 1971). The expression z/L corresponds to the stability parameter that
is defined as the height shear stress balancing buoyancy given that the boundary layer is stable
(Hock, 2005; Obukhov, 1971). The two equations 2.11 and 2.12 highlight the importance of the
aerodynamic roughness length to determine the heat exchange and surface ice melt on a glacier.

Model input data of temperature, air vapour pressure and wind speed were taken from the
meteorological station (MET Norway, 2020) in the settlement Pyramiden, which is located close
to Nordenskidldbreen. This station is assumed to find similar weather conditions and thus input
data as an according instrument in front of or even on the glacier. However, the mentioned
meteorological station does not measure the incoming shortwave radiation. Therefore, this input
dataset was taken from a similar station in Adventdalen (Janssonhaugen Vest), which is located
a bit further south (MET Norway, 2020). The model was fed with input data from the first three
days of July 2020. With this time frame it could be ensured, that air temperatures were positive.
This is crucial for a meaningful exploration of the impact of surface roughness on turbulent heat
transfer. Furthermore, the ice is assumed to be at the melting point. In the model all parameters
apart from the 2y values were hold constant to best highlight the impact of the surface roughness
on the melt rates of a glacier.
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Chapter 3

Results

3.1 Digital Elevation Models

Table 3.1: Attributes of the constructed DEMs for each glacier. The number of images belongs
to the mapped area of the glacier, whereas the coverage area refers to the extract that effectively
has been used for the surface roughness calculation (in particular important for Fridtjovbreen
and Nordenskigldbreen 2020).

Glacier Date No. of Images Coverage Area (km?) Resolution (m/px)
Nordenskidldbreen 2019 | 19.-22.08.2019 4024 2.6 0.17
Tunabreen 28.04.2020 2552 24 0.19
Heuglinbreen 04.05.2020 621 1.1 0.21
Fridtjovbreen 07.05.2020 1198 1.0 0.28
Nordenskisldbreen 2020 | 21.07.2020 2028 0.9 0.22

The main results of the first step of this thesis are the constructed DEMs for each glacier and
fieldwork date, which are shown in Figure 3.1 and Figure B.1 in Appendix B. The required ground
sampling distance of 0.1 m/px for the captured images could be fulfilled on all glaciers with GSDs
varying from 0.04m/px to 0.07m/px. As anticipated, this image resolution was necessary to
achieve a certain DEM resolution. Table 3.1 summarizes, that apart from Fridtjovbreen with a
pixel size of 0.28 m/px, all DEMs managed to adhere the desired resolution of 0.25m/px. Thus,
with the given pixel size it is easily possible to visualize the surface characteristics (i.e. crevasses)
of the mapped glacier areas, as can be seen on Figure 3.1. Additionally, the size of area effectively
used for the aerodynamic roughness length calculation varies for each glacier. The reasons can
be found in the amount of mapping days (3 days on Nordenskicldbreen 2019 and 1 day on all the
other glaciers), battery capacity and GPS issues (on Heuglinbreen). Furthermore DEMs were
cropped afterwards to focus on the most interesting areas (Fridtjovbreen and Nordenskitldbreen
2020). In the end, the chosen DEM area has a significant impact on the resulting mean zy value
of a glacier. Smooth glacier ice (e.g. at the upper part of Fridtjovbreen) decreases the overall
zo average value of the glacier. This needs to be taken into account especially when comparing
averaged roughness values between the glaciers.

Furthermore, the constructed DEMs illustrate that for all mapped glaciers the majority of the
crevasses are aligned mostly perpendicular to the flow direction. In general, the crevasses closer
to the front seem deeper and larger in terms of spacing (width of crevasse opening) compared
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Figure 3.1: Orthomosaic (left) and DEM (right) of the crevassed glacier front area of Norden-
skidldbreen captured in summer 2019. The DEM was built with a SfM approach using high-
resolution drone images. A hillshade layer was laid under the DEM for a better visualization
of the crevasses. DEMs of Tunabreen, Heuglinbreen, Fridtjovbreen and Nordenskiéldbreen 2020
can be found in Appendix B.

to crevasses located further up the glacier (see Figure 3.1). However, there are some differences
among the glaciers regarding the shape of the roughness elements and number of crevasses.
Fridtjovbreen and Heuglinbreen are only heavily crevassed at the very lowest part of the glacier
(i.e. the mapped area) whereas Tunabreen and Nordenskitldbreen have many large crevasses a
long way up the glacier and far beyond the area actually mapped with the drone. Furthermore,
the crevasses on Tunabreen and Nordenskioldbreen are deep (can be at least 30 m) and steep,
whereas the crevasses on Fridtjovbreen and Heuglinbreen are less steep and can have a depth
of at least 20m. Therefore, the crevasse spacing is in general larger on the latter two glaciers
compared to Tunabreen and Nordenskitldbreen. However, the variability of crevasse spacing and
shape across one glacier is large. Locally, the spacing can vary from some meters up to 70 m or
more.

Table 3.2 shows average obstacle lengths and heights for each glacier calculated according to the
zero-up-crossing transect method of Munro (1989). For wind directions up and down the glacier
the roughness elements are a bit smaller with a length of about 30m. For cross-glacier wind
directions the average obstacles have length values of slightly more than 40 m. The heights of
the roughness elements are larger in up- or down-glacier wind direction than for winds blowing
across the glacier. In average, Tunabreen and Nordenskitldbreen again show higher values than
Fridtjovbreen. Heuglinbreen also has high average crevasse depth values with 14m in up- and
down-glacier wind direction. Nordenskidldbreen has smaller mean roughness element in 2019
than in the following year, where a smaller and more heavily crevassed area was mapped (see
Table 3.1). However, it needs to be considered that this is a rough and simple estimation of an
average value for both height and length of roughness elements. On a local scale, the obstacle
size can exceed the given values by far.
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Table 3.2: Attributes of mean length and height values of roughness elements on each mapped
extract of the glaciers. All values are shown in the unit meters.

Glacier Height cross Height up/down Length cross Length up/down
Nordenskioldbreen 2019 | 7 10 41 29
Tunabreen 11 14 43 37
Heuglinbreen 9 14 35 31
Fridtjovbreen 6 8 46 29
Nordenskidldbreen 2020 | 9 16 49 35

3.1.1 Validation of Digital Elevation Model Accuracy

For this thesis no georeferencing with GCPs was used to build the DEMs. So, the on-board GPS
and the measurements of camera orientation were solely responsible for the georeferencing. The
positional accuracy of the DEM is limited by the on-board GPS with a hover accuracy of £ 1.5m
horizontally and + 0.5m vertically for both drones (DJI, 2017, 2019). Under these conditions,
the software manages to build the DEMs in the correct shape. However, scale, translation and
rotation are arbitrary with respect to a geographic coordinate system (James et al., 2017). Since
the DEM is rotated and clipped before the zy model implementation, translation and rotation
are not impacting the results. Therefore, only the uncertainty of the scale (i.e. distortion) is of
importance for the results of this thesis.

Horizontal Accuracy

Since no GCPs or other reference control points were used it was not possible to run an appro-
priate DEM accuracy check. However, to still assess the extend of the possible scale deviation a
visual approach was applied. Figure 3.2 illustrates the horizontal positional DEM accuracy on
Tunabreen, which has a large horizontal extend of more than 3.5km. Therefore, the obtained
DEM was laid over a Sentinel-2 satellite image (ESA, 2020), which has a resolution of 10 m. The
blue line represents the glacier front line of the Sentinel-2 satellite image (captured on April 24,
2020) and the red line refers to the front line of the DEM (April 28, 2020). The satellite images
might also have some accuracy uncertainties, but these are generally very low. Therefore, this
issue was not pursued deeper in the thesis and the satellite image assumed to be free of distor-
tion. While as a rough estimate, the DEM is matching the satellite image, a closer comparison
between the two layers provides some horizontal deviations. To a large part the observed error
seems systematically, as the blue line is constantly about 30 m in front (further in southwestern
direction) of the red line. However, on both edges of the mapped area the red line is located
further outside, indicating a relative distortion with respect to the satellite image.

This phenomenon must occur mostly close to the border of the glacier because Figure 3.2 shows
that in the middle part the two lines correspond better to each other (e.g. the small bay to the
left of the centre). However, a distortion of about 60 m across a horizontal distance of 3500 m
corresponds to a relative length change of 1.7 %. This raises the question of the impact of such
a distortion on the resulting zg estimations. To investigate this effect a small test study on a
minimum working example on Tunabreen (2000 px x 2000 px) for the Smith and Munro model
and averaged wind directions has been conducted and the results are summarized in Table 3.3.
To do so, the original DEM was manually distorted in both horizontal and vertical direction by
+1%, +£5% and £10 %, respectively. The vertical distortion leads to a systematic deviation in
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Figure 3.2: Tllustration of the horizontal positional deviation between the constructed DEM and
the underlaid Sentinel-2 satellite image (ESA, 2020). The glacier front line of the DEM (red)
and the satellite image (blue) are highlighted.

20 values which is approximately twice as large as the DEM distortion (in percent). In other
words, a distortion of 2% leads to a deviation of zg values of 4%. The test study results of
the horizontal distortion revealed more random zg values. However, they still fit in the same
range as the vertical deviations. In summary, the experiment shows that the influence of a small
distortion of a few percent on the resulting 2o values is relatively minor.

Vertical Accuracy

The vertical DEM accuracy is hard to determine because neither the glacier surface nor the
water surface (tide) are on a constant elevation in time. Therefore, no stable reference point is
available. To visualize these shortcomings, a small investigation on the DEM of Fridtjovbreen
was conducted. Figure 3.3a illustrates that the DEM construction of Fridtjovbreen that just
used the internal GPS system of the drone (i.e. no GCPs and no further adaptations) leads to
a z-axis that is substantially shifted. This can be seen on the legend showing that the sea ice is
located at a height of roughly 95 m instead of slightly above zero.

In a second approach which is illustrated on Figure 3.3b, control points were artificially added
in front of the glacier. Therefore, the sea level in summer was assumed to be at Om a.s.] while
the sea ice in spring was assumed to be one meter thick, whereas x- and y-coordinates were still
provided by the internal GPS system. This assumption comes along with a specific uncertainty
in the order of magnitudes of meters. According to Agisoft Metashape, the resulting model
accuracy of the artificial control points set on the sea level have an additional vertical error of up
to one meter (assuming the artificial control points are correctly referenced). However, using this
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Table 3.3: Sensibility of DEM distortion on 2y estimation. The test study was determined on a
minimum working example (2000px x 2000px) on Tunabreen. The original DEM was horizontally
and vertically distorted by +1 %, +5% and +10% and the corresponding DEMs were run with
the Smith and Munro model. The zg values reported in this table were averaged in all wind
directions.

Distortion | Smith vertical (m) Munro vertical (m) Smith horiz. (m) Munro horiz. (m)
zo: original | 0.233 (0.0 %) 0.766 (0.0 %) 0.233 (0.0 %) 0.766 (0.0 %)

200 1% | 0.237 (12.0 %) 0.782 (+2.0 %) 0232 (-04 %)  0.764 (-0.3 %)

z0: -1% 0.228 (-2.0 %) 0.751 (-2.0 %) 0.232 (-0.1 %) 0.759 (-0.9 %)

200 5% | 0256 (+10.2%)  0.845 (+10.3%)  0.208 (-10.6 %)  0.697 (-9.1 %)

201 -5% 0.210 (-9.8 %) 0.691 (-9.7 %) 0.243 (+4.3 %) 0.791 (+3.3 %)
200 110% | 0.281 (121.0 %) 0.927 (+21.0 %)  0.195 (-16.0 %)  0.662 (-13.6 %)
z0: -10% 0.188 (-19.0 %) 0.621 (-19.0 %) 0.254 (+9.3 %) 0.825 (+7.7 %)

approach, the resulting DEM is finally located in a reasonable vertical range from slightly below
zero up to 100m. More importantly, it can be seen that the elevation ranges (i.e. maximum-
minimum) of both DEMs correspond well. This deviation indicates a systematic offset rather
than random distortion. In other words, both figures show an elevation range of roughly 105 m.

Furthermore, in Figure 3.3c the two DEMs were subtracted from each other with the mean value
set to zero. There it is visible, that the systematic error compensates for the largest part of the
deviation in z-axis. The remaining difference is not exceeding the uncertainty of some meters
(here four meters). A systematic error is of no matter for the approach used in this thesis as
only the relative distances in between the roughness elements are used for further calculations.
In any case, the approach conducted in Figure 3.3b only helped to reduce the vertical systematic
offset of the DEM. However, since the accurate height of glacier front is not known due to lack
of reference points, there could still be a vertical distortion that was not possible to determine.

-'\. \ -'\. \ -'\. \
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199.3 = \ 1022 - " \ 25
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Figure 3.3: Visualization of the impact on the z-axis of artificially added control points (b)
used for the calculation of the DEM. The legends of Figure (a), which has no control points
added and (b) show the different range of elevation values. However, the relative elevation range
(maximum-minimum) is similar and differences in the maps are hard to find, what indicates a
systematic offset error. The third figure (c) shows the difference between the two DEMs with
its mean value set to zero. All three figures have the Sentinel-2 satellite image (ESA, 2020) as
reference base layer.
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3.2 Aerodynamic Roughness Length

The aerodynamic roughness length was calculated for four tidewater glaciers by five models and
for the four cardinal wind directions. Table 3.4 provides an overview of the estimated mean zg
values for each model and glacier averaged in all wind directions. First of all, it can be seen
that the resulting mean zy values vary up to one order of magnitude between different glaciers
and calculation models. Furthermore, the estimated zy estimations can be distributed into two
groups. The results from the Munro and Lettau model, both belonging to the transect method,
are higher than those of the Smith, Chambers and Fitzpatrick models generated with the raster
method. In more detail, Table 3.4 shows that the transect method leads to mean zy values from
0.17m to 0.63m. The estimated average zg values for the raster method range between 0.05m
and 0.19m averaged in all wind directions. The same trend can be observed if only one specific
wind direction is observed (see Figure C.13 in Appendix C). Figure 3.4 illustrates the down-
glacier mean zq values for all glaciers and models. Thus, it can be seen that mean 2y values vary
between 0.08 m and 0.28 m for the raster method and 0.25m to 0.88 m for the transect method
(see also Table C.1 in Appendix C).
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Figure 3.4: Mean zy values for the down-glacier wind direction applied for each model on
Fridtjovbreen (FB), Heuglinbreen (HB), Tunabreen (TB) and Nordenskitldbreen (NSB) in 2019
and 2020, respectively.

So far, only averaged zg estimations across one glacier were addressed. However, Table 3.4
further illustrates the spread of obtained subarea zy values across one glacier and model. Often,
the standard deviation (Std) as well as the interquartile range (IQR) reach about the size of
the mean value itself or even slightly exceed it. Figure C.5 in Appendix C illustrates this by
plotting mean against Std zp values for all glaciers and models in the down-glacier wind direction.
Thus, it can be seen that all data values are located around the 1:1 line. This indicates that the
variability of the subarea zg values across each glacier is substantial. However, parameters like
wind direction, subarea grid size and the location within the glacier also have a large impact on
the obtained zy values and thus were further investigated below.
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Table 3.4: Summary of zg values for each glacier and model averaged in all wind directions. The
standard deviation (Std) and the interquantile-range (IQR) are two parameters to estimate the
spread of the zg values across the mapped area.

Glacier Parameter Smith Chambers Fitzpatrick Munro Lettau
Nordenskitldbreen 2019 | Mean (m) 0.083  0.099 0.081 0.259  0.326
Std (m) 0.140  0.161 0.174 0.423  0.639
IQR (m) 0.084 0.102 0.072 0.274  0.315
Tunabreen Mean (m) 0.154  0.187 0.143 0.508  0.625
Std (m) 0.207  0.250 0.215 0.699  0.955
IQR (m) 0.176  0.211 0.151 0.573  0.680
Heuglinbreen Mean (m) 0.097 0.120 0.111 0.280  0.295
Std (m) 0.111  0.137 0.154 0.308  0.454
IQR (m) 0.119  0.147 0.125 0.327  0.306
Fridtjovbreen Mean (m) 0.054  0.065 0.076 0.168  0.183
Std (m) 0.075  0.091 0.177 0.223  0.379
IQR (m) 0.076  0.088 0.078 0.241  0.230
Nordenskitldbreen 2020 | Mean (m) 0.140 0.168 0.131 0.441  0.542
Std (m) 0.180 0.216 0.216 0.544  0.729
IQR (m) 0.148  0.178 0.130 0.490  0.594

3.2.1 Model Variability

Five different models were used to calculate the aerodynamic roughness length. Thus, the impact
of different calculation approaches on the results could be investigated. Figure 3.5 shows a map
of the subarea zg values for each model of a down-glacier wind direction on Nordenskiéldbreen
2019 (for other glaciers see Figures C.4, C.7, C.9 and C.10 in Appendix C). Thus, every subarea
of the map got colourized according to its zp value from red (low) to yellow (high) values. The
results reveal that all models agree on the spatial zy patterns across a glacier. Accordingly, for
the flatter and less crevassed part (e.g. to the right of the mapped area on Nordenskicldbreen)
all models show lower 2y values (red) compared to the heavily crevassed part close to the glacier
front (yellow). To further investigate the relative agreement between the models a statistical
correlation test on the zy data of Nordenskidldbreen (averaged in all wind directions) was con-
ducted. The results are listed on Table 3.5 and confirm the statement of relative agreement
between the models. The table shows the correlation R? of the subarea zg values between each
pair of models. All models are strongly correlated to each other leading to R? values of 0.877
(between Chambers and Lettau) and higher. The high correlation could also be detected between
the raster and transect method, especially for the Munro model. This means that throughout
all the models, high and low relative zg values are found on the same subareas across the glacier.
A similar correlation has also been observed on the other glaciers.

Despite the large relative agreement on zg values, the absolute values differ substantially. This
can again be seen on the map of Nordenskidldbreen for a down-glacier wind direction illustrated
on Figure 3.5. The absolute values of the models Munro and Lettau show higher roughness values
on a same subarea than the other three models. The difference can locally be up to one order
of magnitude. The three models of the raster method provide subarea zy values of about 1 mm
for slightly crevassed areas and 1 m for really heavily crevassed areas. The same spots calculated
with the two transect methods produced zg values from 10mm (slightly crevassed) up to 10m
(heavily crevassed). The same effect can be found when looking at the mean zy values averaged

33



3.2. Aerodynamic Roughness Length

Table 3.5: Correlation R? between calculation models of subarea zy values averaged in all four
cardinal wind directions on Nordenskitldbreen. The Munro and Lettau model belong to the
transect method, while the other models are based on the raster method.

Model Smith Chambers Fitzpatrick Munro Lettau
Smith 1 0.998 0.996 0.999 0.899
Chambers 0.998 1 0.996 0.998 0.877
Fitzpatrick 0.996 0.996 1 0.996 0.996
Munro 0.999 0.998 0.996 1 0.887
Lettau 0.899 0.877 0.996 0.887 1

across the glacier. Figure 3.4 illustrates the down-glacier mean zy values for all glaciers and
models. The figure shows that mean zy values vary about half an order of magnitude between
the models. In general, the Smith model provides the lowest zg values followed by the Chambers
model. The Fitzpatrick model is often close to the two other models of the raster method. Unlike
them, the Fitzpatrick model cannot be put in a fixed order. In other words, the zg values of the
Fitzpatrick model can either be lower or higher compared to the Smith and Chambers model
depending on the glacier and wind direction. Furthermore, the Lettau model generally produces
higher 2y estimations than the Munro model. In summary, despite the clear relative agreement
between the models, the estimated magnitude of the 2y values varies substantially between the
models.
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Figure 3.5: Variability of zy values for Nordenskioldbreen (2019) depending on the calculation
models Smith (a), Chambers (b), Fitzpatrick (¢), Munro (d) and Lettau (e) for a subarea grid
size of 50 m x 50 m and a down-glacier wind direction. Graph (f) shows the according DEM with
the underlaid hillshade layer. 35
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3.2.2 Glacier Variability

In this thesis 2z values of four different glaciers have been estimated. Figure 3.4 not only provides
insights about the model variability of zg values but also indicates that there is some variability
among the mapped glaciers (see also Table C.1). The results show that the mean zp values for
the Smith model and down-glacier wind direction are somewhat larger on Tunabreen (22.3 cm)
and the extract of Nordenskioldbreen mapped in 2020 (23.1 ¢cm) compared to the other glaciers.
The same mean zg values on Nordenskioldbreen measured in 2019 are lower with only 12.9 cm.
Heuglinbreen (15.0cm) and especially Fridtjovbreen (8.2cm) show lower mean zy values than
the glaciers mentioned above.

The mapped glaciers all vary in size of area, mostly due to mapping time (see Table 3.1). These
areas were cropped to an extent where they to a large part are heavily crevassed (i.e. only little
non-crevassed areas), because that corresponds to the main focus of this study. However, there
are still parts of the glacier that are less heavily crevassed (e.g. upper part of Fridtjovbreen or
right part of Tunabreen) influencing the estimation of an average zg value of the mapped glacier.
Therefore, it is helpful to also have a look at the local subarea zy values on each glacier in order
to determine the aerodynamic roughness length differences among the glaciers. Figure 3.6 shows
the map of subarea zy values for a down-glacier wind direction calculated with the Smith model.
There it can be seen that all glaciers show a similar range of zg values with decimeter to meter
scale for heavily crevassed subareas and milimeter to centimeter scale for less crevassed subareas.
In general, all the observed patterns recognized in further investigations below (e.g. impact of
wind direction or subarea grid size on z values) are independent of the chosen glacier and vary
(if even) only in magnitude rather than relative patterns in between the glaciers.
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Figure 3.6: Variability of zp values for the glaciers Tunabreen (a), Heuglinbreen (b) Fridtjovbreen
(¢) and Nordenskildbreen 2020 (d) calculated with the Smith model for a down-glacier wind

direction and a subarea grid length of 50 m. 37



3.2. Aerodynamic Roughness Length

3.2.3 Wind Direction Dependency

Since the roughness elements on the tidewater glaciers investigated in this thesis are very het-
erogeneous (see Table 3.2), each model calculated the subarea zy values for all four cardinal
wind directions. Figure 3.8 shows the map of Fridtjovbreen with calculated subarea zg values
of the Smith method for four cardinal wind directions. Thus, it is visible that zy values are
higher for wind directions that face the crevasses perpendicularly (i.e. up- and down-glacier).
Since crevasses are mainly oriented perpendicular to the flow direction, the mapped areas show
a strongly anisotropic pattern of the glacier surface. This wind dependency effect is visible on
all five applied models (see Figure C.2 in Appendix C for the Munro model). The measured
four cardinal wind directions can be subdivided into two groups of similar zg values. Up- and
down-glacier winds lead to higher zy values than wind directions crossing the glacier from the
side. This pattern can be observed independent of the roughness element size and applied model.
However, Figure 3.8 illustrates that larger roughness elements (i.e. area close to the glacier front
and crevassed area in the centre of Fridtjovbreen) present a stronger wind dependency since they
vary stronger with turning wind directions compared to areas that are less crevassed (i.e. upper
part of Fridtjovbreen). In summary, the direction from which the wind is blowing has a large
impact on the resulting aerodynamic roughness length values.
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Figure 3.7: Boxplot visualization of subarea zy values for all four wind directions and each applied
model determined on Fridtjovbreen. The wind direction is either down- (orange) and up-glacier
(green) or cross the glacier from right-to-left (blue) and left-to-right (red).

Additionally, Figure 3.7 shows the boxplot graph of zy estimations illustrating the wind direction
dependency of zy values on Fridtjovbreen (for other glaciers see Figure C.1). The boxplot z
medians of all models vary in a range of 1.2cm to 3.7 cm for crosswind directions and 5.8 cm to
20 cm for up- and down-glacier wind systems. Therefore, aerodynamic roughness length values
show a range of up to one order of magnitude for changing wind directions. The large dependency
of estimated zg values on the chosen wind direction is observed throughout all models. In contrast
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to the large differences between two perpendicular wind directions, Figure 3.7 shows that up-
and down-glacier wind systems (left-to-right and right-to-left crosswinds, respectively) present
zp values that are in very close agreement in between each other. Their mean and median values
never differ more than 10% and only rarely more than 5% independent of the chosen model or
glacier. In summary, it can be stated that the impact of wind direction on average or median z
values slightly exceeds the model variability. Locally however, both parameters can vary about
one order of magnitude.
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Figure 3.8: Variability of zy values for Fridtjovbreen depending on the wind direction for a
subarea grid size of 50m calculated with the Smith model. Winds blowing across the glacier
either from the left to right (a) or right to left (d) produce smaller zy values than down- (b) or
up-glacier (¢) wind systems.
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The following anisotropy ratio €2 was used to additionally investigate the trend in wind direction
dependency for local subarea zg values (Smith et al., 2006):

Q= 20 (3.1)
Z01 + 202

The ratio compares aerodynamic roughness length of the mean parallel (z91) and mean per-
pendicular (zp2) wind directions for every subarea. A ratio value of 0 means that the surface
roughness is isotropic. A positive ratio towards 1 means the parallel winds (up- and down-
glacier) are dominant and a negative ratio towards -1 means that perpendicular winds (cross-
glacier) dominate. Figure 3.9 illustrates a histogram of the subarea 2 values on the example of
Fridtjovbreen and for the Smith and Munro model. The results show, that the subarea zg values
are strongly anisotropic all across the glacier whereas wind directions parallel to the flow direc-
tion are dominant. Almost all estimated subareas have larger values in parallel wind direction
than in perpendicular (i.e. are positive). Both the raster (here Smith model) and the transect
method (Munro) show a similar pattern with the highest frequency at the range of 0.4 to 0.7
(Smith) and 0.4 to 0.8 (Munro). Although Tunabreen has still mostly positive ratio values it is
the glacier with the least anisotropic behaviour of all the glaciers.
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Figure 3.9: Anisotropy ratio values for the two models Smith (a) and Munro (b) calculated for
subarea zg values on Fridtjovbreen. The further away the ) values are from zero, the larger
the anisotropy. A positive ratio towards 1 means that parallel winds (up- and down-glacier) are
dominant over perpendicular winds (cross-glacier).

3.2.4 Grid Size Dependency of Subarea

The mapped glacier areas were divided into subareas with a grid size of 50m x 50 m to account
for the spatial variability of zg on the glacier. However, to investigate the grid size dependency
of the subareas on zy values, a small case study on the glacier Fridtjovbreen was conducted.
Therefore, zg values for varying grid sizes between 5m and 150 m were calculated. Thus, Figure
3.11 illustrates the scale dependency of zy on the example of the Smith model for down-glacier
wind directions on a map of Fridtjovbreen. To guarantee a better orientation a hillshade layer of
the DEM has been underlaid. The resulting zp values show a strong dependency on the chosen
grid size independent of the model, glacier and wind direction. The larger the chosen grid size
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of the subarea, the larger the resulting zp values. Nevertheless, relative spatial patterns across
the glaciers remain similar regardless of the chosen grid size. In more detail, a grid size of 5m
to 10 m mostly produces zg values in a scale of centimeters (apart from locally high values on
the front or exceptionally steep crevasses). For larger grid sizes like 50 m or more, the estimated
zp values tend towards a scale of decimeters. Thus, for a small grid size like 5m, the relatively
large 2y values correspond well - as it is supposed to - with the steep fronts of the crevasses seen
on the hillshade. This is especially distinct on the upper part of Fridtjovbreen where the ice
surface is generally flat but interrupted by clearly shaped crevasses. In any case, for such a small
grid size, zg values are representing microtopography on top of the roughness elements rather
than the large-scale surface roughness of the objects themselves. However, the main focus of the
thesis is on the large-scale roughness as already discussed with Figure 2.10.
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Figure 3.10: Scale dependency of mean zy values for the five applied models and a down-glacier
wind direction on Fridtjovbreen with chosen subarea grid sizes from 5m to 150 m. The zg values
are increasing with larger grid size independent of the chosen model.

Figure 3.10 summarizes the mean 2y results of the case study for the down-glacier wind direction.
For all the models, the mean 2y values increase by at least half an order of magnitude between a
subarea grid size of 5m and 150 m. All models show a similar pattern with strongly increasing
2o values for small grid sizes (5m to 30 m) and only slightly increasing estimates afterwards. In
absolute terms, the two models from the transect method show a larger variability of zg with
increasing grid size. Relatively seen however, the scale dependency variations between the models
are not that pronounced. While the 5m 2y value of the Lettau model is only 7 % of the according
150 m value, the Smith model is with 11 % only slightly more robust. The Munro model shows
the smallest relative change by increasing grid size as its 5m 2y value is 16 % of the value of a
150 m grid size. In summary, for grid sizes of about 70 m or more the zy values are loosing their
strong scale dependency effect leading to stable zg estimations. The same effect is visible on
Figure 3.11, where the chosen grid size of 50 m represents similar zy values (colors) as the higher

41



3.2. Aerodynamic Roughness Length

grid sizes for the same location while still providing a considerable grid resolution. Furthermore,
on Figure C.11 the results of the grid size case study for a cross-glacier wind direction (left-to-
right) are presented. This wind direction shows the same behaviour as the down-glacier wind
direction, but the effect is less pronounced.
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Figure 3.11: Scale dependent zy values for the Smith model and down-glacier wind direction

applied on Fridtjovbreen for subarea grid size resolutions of 5 m (a), 10 m (b), 30 m (c), 40 m

(d), 50 m (e), 60 m (f), 70 m (g), 100 m (h) and 150 m (i) with underlaid hillshade layer for
orientation.
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3.2.5 Temporal Variability on Nordenskitldbreen between 2019 and 2020

Nordenskidldbreen is the only glacier that has been visited twice during the three field campaigns.
Thus, it provides insights on the temporal variability of zg values for two consecutive years.
However, the investigations in this thesis focus on the yearly change of zg variability rather
than the intra-annual deviation. Figure 3.12 shows the two DEMs of Nordenskitldbreen in 2019
and 2020, respectively. The mapped area in summer 2020 (one day of fieldwork) was smaller
compared to the field campaign approximately one year earlier in 2019 (three days of fieldwork).
Therefore, only the overlapping area has been used for the temporal variability investigation.
As a consequence, the resulting mean zg values of the clipped Nordenskiéldbreen 2019 DEM
were higher compared to the mean zy values of the whole area. Additionally, to prevent any
impact of different DEM resolutions, the DEM extract of Nordenskiéldbreen 2019 (0.17 m/px)
was resampled to the resolution of the Nordenskicldbreen 2020 DEM (0.22m/px). The two
DEMs in Figure 3.12 show that the roughness elements slightly changed shape and location
during this year. However, after all the two DEMSs look very similar.
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Figure 3.12: DEMs of the tidewater glacier Nordenskiéldbreen in 2019 (a) and 2020 (b) used
for the calculation of the temporal 2y variability. For a more accurate investigation, the DEM
of Nordenskidldbreen 2019 is clipped to the extend of the DEM of Nordenskitldbreen in 2020.
Again, a hillshade layer was laid under the DEMs for a better visualization of the roughness
elements.

Figure 3.13 compares the mean and median 2y values for a down-glacier wind direction and each
model for the two years of data on Nordenskitldbreen. First of all, the figure shows that the zg
values on Nordenskitldbreen are very similar for the two consecutive years. A closer look on the
graph illustrates that both the mean and median zy values of all models on Nordenskiéldbreen
were slightly higher in 2019 than in 2020. In contrast, only the median 2y values of the Munro
and Lettau model were somewhat higher in 2020. The same is valid for the up-glacier wind
direction, whereas for the cross-glacier wind direction all mean and median zg values were higher
in 2019. In more detail, the mean 2y value for the Smith model and down-glacier wind direction
in 2019 is with 0.25m higher than the according value on the same area but one year later
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(0.23m). Relatively, the mean zy values never deviated more than 20 % and mostly even less
than 10 % between the two years. In summary, the differences in produced z estimations across
the used models exceed the temporal zg variability by far, independent of the model calculation.
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Figure 3.13: Temporal variability on Nordenskiéldbreen with data gathered in summer 2019 and
2020. The plotted data show the mean and median zp values for the down-glacier wind direction
and each model. Please note that for meaningful comparison the data of Nordenskitldbreen 2019
was clipped to the extent of the area mapped in 2020.

Figure 3.14 compares the two corresponding maps of the Smith model for a down-glacier wind
direction, which show really similar zg subarea values. The relative high and low zy values can
be found in the same subareas (from top right corner towards left bottom corner). Furthermore,
Figure 3.13 shows that the median zy value is always lower than the corresponding mean value
for each glacier, model and wind direction. The mean is an average measure that is prone to
outliers. However, for the approach followed in this thesis high outlier zy values (i.e. from the
glacier front or large crevasses) are of particular interest and have an important contribution to
the actual melt rate of the glacier and therefore should not be excluded.
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Figure 3.14: Temporal variability on Nordenskitldbreen with data gathered in summer 2019 and
2020. The plotted data show zy values for the down-glacier wind direction calculated with the
Smith model. To compare the results, the mapped area from 2019 (a) was clipped to the extent
of the mapped area of 2020 (b) before running the calculation.

3.2.6 Characteristic Surface Features

One main advantage of the surface roughness approach followed in this thesis is to present spatial
variability of zg values across the glacier rather than just one single value for the whole mapped
glacier area. Several figures (e.g. Figure 3.6 and 3.7) show that the spatial variability of z
values across the mapped area is huge, with a range of up to three (locally even four) orders of
magnitude. Figure C.8 further illustrates this variability by presenting a histogram overview of
subarea zo values on Nordenskioldbreen (2020) for each cardinal wind direction calculated with
the Smith model. Thus, it can be seen that low zg values are very frequent, but locally they
reach values of up to 0.8 m. In general, the larger a roughness element the larger its aerodynamic
roughness length. The highest values were calculated with the transect methods and for winds
blowing parallel to the flow direction of the glacier. Thus, locally where roughness elements are
large the estimated zg values reach a length of one meter and more. Such values can be found
close to the glacier front where crevasses are big and steep. The lowest values are estimated with
the raster methods for smooth, crevasse-free ice often on the edges or upper parts of the mapped
areas.

Several locations (plots of 50m x 50m) on Nordenskicldbreen (2019) were selected in order to
determine zp values of certain surface features and to highlight the spatial variability across
the glacier. The according DEM extracts of five different surface characteristics can be found
on Figure 3.16. The sites were selected in a way to predominantly find the according surface
feature. The resulting zg estimations calculated for all models can be found in Figure 3.15. Thus,
the models of the raster method estimated zg values in a milimeter scale for debris-covered ice
(DCI) on a medium moraine. Small roughness elements like melt water channels (MWC) or
small crevasses (SC) can usually be found in flatter parts of the tidewater glacier or further
away from the glacier front. They have an estimated aerodynamic roughness length of up to
one centimeter. Further, heavily crevassed (HC) plots, that can usually be found close to the
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Figure 3.15: Spatial variability of zy values for different surface features (plots of 50m x 50 m) on
Nordenskidéldbreen. For each model and for a down-glacier wind direction the following surface
characteristics were measured: debris-covered ice (DCI), melt water channel (MWC), slightly
crevassed (SC) and heavily crevassed (HC) areas. Note the logarithmic scale on the y-axis.

glacier front, produced zy values in the scale of several decimeters. For non-crevassed areas with
a rather smooth ice surface (i.e. snow covered and flat), which for instance can be found on the
upper part of Fridtjovbreen, zy values drop even further than those for debris-covered ice (<
0.5mm). While the transect methods estimated zy values that are larger for debris-covered ice
than for melt water channels it is reverse for the raster methods. The stated values are valid for
a down-glacier wind direction. For perpendicular wind directions, the differences in aerodynamic
roughness length values are still visible in the same order, but are lower in absolute values
compared to the down-glacier wind direction (see Figure C.12 in Appendix C). In particular, 2
values of the crevasses (for both slightly and heavily crevassed) decrease a lot if the wind blows
crosswise over the glacier.
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Figure 3.16: DEM extracts of Nordenskicldbreen 2019 (50 m x 50 m) to investigate the aerody-
namic roughness length of specific surface features. This features are debris-covered ice (a), melt
water channels (b), slightly crevassed (c) and heavily crevassed (d) areas. A hillshade layer was
laid under the DEMs for a better visualization of the surface features.
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3.3 Surface Energy Balance Model

In order to visualize the impact of a varying aerodynamic roughness length on surface ice melt the
zo values were implemented into the surface energy balance model of Brock and Arnold (2000).
Figure 3.17 shows the resulting daily surface ice melt (blue dots) under weather conditions
that can be found on an average July day on Nordenskiéldbreen for several input aerodynamic
roughness lengths. Increasing zp values lead to a larger melt of the glacier ice varying in this
example from 24.2mm w.e. per day for a zp = 0.1 mm up to 43.2mm per day (29 = 1m). For
comparison, a typical literature aerodynamic roughness length zg = 0.8 mm was also implemented
into the model. The value was estimated by Smith et al. (2016b) in their study for a rather smooth
glacier and reveals a daily ice melt of 25.4 mm. However, the mean zg value for a common down-
glacier wind direction estimated for Nordenskiéldbreen in 2019 estimated with the Smith model
(20 = 0.13m) leads to a melt of 29.7mm. This is an increase in daily ice melt of 17 % only due
to larger surface roughness.
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Figure 3.17: Daily surface ice melt (blue) according to different input zy values modelled with
a simple surface energy balance model (Brock and Arnold, 2000) for weather conditions which
can be found in July at Nordenskidldbreen. Additionally, the model was fed with the mean zg
value of Nordenskitldbreen 2019 (red) and a literature zp value of a glacier with a non-crevassed
(orange) surface roughness (Smith et al., 2016b) leading to the corresponding daily ice melt.

Locally, where the zy values exceed the length of 0.5m, their impact on the ice melt starts to
increase substantially. Accordingly, a very rough glacier with an aerodynamic roughness length
of 1m would have an ice melt that is almost twice as large as the melt on a smooth glacier with
2o = 0.1mm. In other words, especially the larger roughness elements (i.e. heavily crevassed
areas) have the potential to substantially increase the surface ice melt indicating the importance
of considering their surface roughness when estimating the ice melt of a glacier.
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Discussion

The results obtained in this study are in line with the aims of the thesis stated in Chapter
1. First of all, the applied approach showed that it is possible to use UAVs to build DEMs of
the tidewater glacier’s terminus areas. This DEM information was then used by five different
models (split in transect and raster method) to estimate the aerodynamic roughness length of the
mapped area. Further, the estimated zg values can be used to better represent the heat exchange
rates and with it the actual ice melt rate of glaciers calculated in surface energy balance models.
Accordingly, the results are able to answer the three stated research questions. However, before
concluding with bare numbers, the data deserves a more detailed discussion.

4.1 Digital Elevation Models

The input data to build the DEMs in this thesis were aerial pictures captured with drones
rather than airborne/terrestrial LIDAR approaches (e.g. Nicholson et al., 2016) or ground-based
pictures (e.g. Miles et al., 2017). The received DEM resolution from our approach (about 0.25m)
was accurate enough to visualize the large crevasse obstacles. Given the advantages of a drone
compared to other devices (e.g. cheap price, applicable in inaccessible areas), this thesis proofs
that drones provide a reliable and effective way of data gathering used for aerodynamic roughness
length estimation on heavily crevassed tidewater glaciers.

Although the SfM-MVS approach managed to build trustworthy DEM results, the obtained
depth of the crevasses must be seen as a minimum depth. In other words, the crevasses might
advance further down into the glacier than actually measured. This can have several reasons.
The surface that was mapped during the spring field campaign could still have had some snow-
bridges in the crevasses preventing the camera to capture the whole crevasse depth. Moreover,
Agisoft Metashape might not be able to construct the whole crevasse depth due to the lack of
reflected light from the deep crevasses. Thus, the narrowest part of the crevasse is most likely not
constructed by the software. Additionally, at a depth where the crevasses get narrow down to a
width of some decimeters the obtained resolution of the DEM is too coarse to map the crevasse
even though it probably is continuing vertically for some meters (Ryan et al., 2015). However,
in an aerodynamic context those narrow crevasses might not have a large influence.

The main shortcoming of the DEM construction is that no GCP points could be used for georef-
erencing. In general, properly georeferenced UAV point cloud models manage to keep up with the
accuracy of laser scanning photogrammetry (Federman et al., 2017). However, for this thesis the
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usage of GCPs was practically not feasible. This led to a small deformation of the DEMs what
can influence the zy estimations. On the one hand, the observed deviation can be explained to
some part by a systematic offset. According to James and Robson (2014), systematic errors are
a result of self-calibration that often occurs when only using nadir image datasets. The authors
further state that systematic errors could have been significantly reduced by capturing oblique
images. Since for this thesis only pictures in nadir mode were collected (to save battery and
capture a larger area), for further research a combination of nadir and oblique images should be
considered to improve the DEM accuracy. On the other hand, the deformation of the DEM can
also to some extend be explained by distortion. As seen in Figure 3.2 the deviation between the
satellite image and the drone-based DEM can in particular be detected towards the sides of the
glacier. This is a typical feature appearing with only nadir viewing directions used, because the
reconstruction software is not able to derive the accurate radial lens distortion. Thus, it leads
to a systematic ’"doming’ DEM deformation (James and Robson, 2014). The same effect already
got detected in the precision maps of the study of James et al. (2017) on an example of weak
georeferencing.

One apparent issue of building DEMs without using GCPs or other georeferencing tools (i.e.
GNSS-supported aerial triangulation) is that in particular the z-axis was often substantially
shifted. Again, the offset is to a large part only systematic (see Figure 3.3). This may be explained
by the drone that assumes to take off at sea level height (what was not the case for Fridtjovbreen
with the largest vertical offset) and calculates the altitude from that reference point. The use
of artificial control points, which were set on the sea ice or water level, mostly removed that
problem (see Figure 3.3 and also Ryan et al. (2015)). However, the stated investigation is no
proof that there is no distortion when not using artificial control points or especially GCPs. It
only indicates that systematic errors compensate for large parts of unreasonable locating.

As stated above, it needs to be pointed out that the DEMs come along with a specific uncertainty.
Additionally, it is hard to even express the extent of uncertainty (i.e. the distortion) in numbers
without any reference points available. While for the horizontal accuracy assessment the DEMs
were compared with satellite images, a similar approach was not possible for assessing the vertical
accuracy. The main challenge there is that no fix reference point could be found. For further
research it might be a possibility to additionally use terrestrial laser scanning to determine the
height of glacier front, which can be used to determine the vertical distortion. Alternatively, a
drone equipped with RTK technology could also largely decrease the stated uncertainty.

In any case, since we are most of all interested in the relative object distances (i.e. size and spacing
of roughness elements) rather than their accurate localization, the present approach is sufficient
for the objectives of this thesis. Moreover, as the DEMs were detrended before implementing the
2o model calculations (Smith et al., 2016b), all systematic offsets were negligible. Furthermore,
the resulting zo values are not that sensible to small distortions (see Table 3.3). A distortion of
for instance 5% leads to a change in zg of 10%. This means that even a distortion of several
meters over the mapped area would still stay within a trustful range of zy estimations. Due
to all those reasons, the zo variability resulting from the distortion uncertainty of the DEMs
is minor compared to other parameters influencing the zg estimations such as wind direction,
model calculation or scale dependency. In other words, despite the mentioned shortcomings, the
DEMs are still a reliable data source to estimate the aerodynamic roughness length.
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4.2 Aerodynamic Roughness Length

The zg estimations on crevassed terminus areas of tidewater glaciers differ depending on wind
direction, model calculation and subarea grid size as well as roughness element size and mapping
time. However, it is hard to determine which parameter has the largest impact on the z — 0
estimations. Especially the range of zg values by varying wind direction, grid scale and model
calculation is about one order of magnitude for each parameter. Since variability due to subarea
grid size and model calculation refer to method and model uncertainties they should be further
narrowed down in future investigations. However, the spatial and temporal variability and the
dependence on wind direction present a real range of zy values actually found across a tidewater
glacier. Therefore, this variability should be included into surface energy balance models as
accurate as possible. For a final conclusion about the relative impact of each discussed parameter,
a comparison with meteorological data (e.g. anemometer) is inevitable.

4.2.1 Variability of Aerodynamic Roughness Length across the Glacier

Literature values of zy for such heavily crevassed glacier areas as investigated in this thesis have
not been estimated before what makes it difficult to compare the results. Table 1.1 gives an
overview of studies that investigated zy values of large crevasses. Despite the large spread of
zo values across the models, the mean results from Table 3.4 which are averaged in all wind
directions roughly agree with zg values found in the literature. Especially, the values from the
raster method fall mostly within the same order of magnitude as proposed for instance by Smeets
et al. (1999). However, the estimated zg values of this thesis are in general higher or at the upper
limit of the listed literature values in Table 3.4. Only the range given by Fitzpatrick et al. (2019)
fits for most of the models and glaciers. While comparing the zp estimates with literature values
the size of the effectively measured roughness elements must be taken into account. Thus,
obstacles declared as ’deep’ or "large’ crevasses still can present a huge range of obstacle shapes
and sizes. None of the stated studies in Table 1.1 investigated a crevassed area with such large
roughness elements as done in this study. Therefore, somewhat higher 2y estimations must be
expected in this thesis.

Wind Direction Dependency

The wind direction has a large impact on the magnitude of the zy values on crevassed glaciers
due to the mostly orderly arrangement of the roughness elements. Smith et al. (2016b) state,
that in particular crevasses are prone to anisotropy. Our results confirmed this statements since
the larger roughness elements present a stronger wind dependency. The importance of wind
direction can be observed in many studies (e.g. Fitzpatrick et al., 2019; Munro, 1989; Smith
et al., 2016b) and is found to be the strongest on ablation zones where elongated features like
meltwater channels and crevasses are frequent. Thus, wind directions that face these features
perpendicularly lead to higher zp values due to an increased form drag (Fitzpatrick et al., 2019).

The broad-scale topography (i.e. glacier shape and surrounding landscape) has an important
impact on the aerodynamic roughness length (Quincey et al., 2017). According to the study of
Fitzpatrick et al. (2019) winds are very likely (93 % of the time) to blow in direction of the mean
slope angle (within 45°). Also Karner et al. (2013) observed mainly down-slope wind direction
in their study on Kongsvegen glacier in northwest Spitzbergen. The reason is a topographically
influenced synoptic wind system and katabatically forced down-slope winds. These can often
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be observed in glacial boundary layers and are in particular common over the glacier terminus
(Munro, 1989). In other words, winds on tidewater glaciers are often blowing down the glacier
what makes this wind direction more interesting than the others (especially compared to cross-
glacier wind systems). Therefore, the effect of roughness anisotropy on the variation of zy values
and hence on turbulent heat exchange might be overestimated because not all four wind directions
have the same likelihood to occur (Fitzpatrick et al., 2019).

Temporal Variability on Nordenskitldbreen

The aerodynamic roughness length is not constant in time as several studies already investi-
gated (e.g. Fitzpatrick et al., 2019; Smeets et al., 1999). The temporal study conducted on
Nordenskidldbreen presented a small difference in obtained zy values, whereas the mean zg value
decreased with time. The observations are in line with other studies (i.e. Fitzpatrick et al., 2019),
which also did not observe a large difference in 2y estimates for the same location measured in
two consecutive years. The area and resolution of Nordenskitldbreen investigated in this case
study are the same since the larger area of the Nordenskitldbreen 2019 DEM was clipped and
resampled to the extent and resolution of the Nordenski6ldbreen 2020 DEM. Small changes in
the input area due to a changing glacier front line are expected to have a minor impact on the
results, because the roughness elements on the two DEMs are very similar. Therefore, a slightly
larger input area is not affecting an average zg value.

It is hard to find the real reason for the decrease in zy estimation, especially since the deviations
in zg values are small (mostly below 10%). Nevertheless, the differences might be explained
due to a lower glacier front height (see Figure 3.12). The ice thickness at the glacier front
of Nordenskidldbreen is about 5m to 30m lower in 2020 compared to one year earlier, if no
vertical referencing errors of the DEMs are assumed. Nordenskicldbreen is a tidewater glacier
that is about to loose its contact to the sea water and thus the surface ice melt is an increasingly
important contributor to ice loss (Blaszczyk et al., 2009). This melt could have led to a change of
the roughness element height what then impacts the aerodynamic roughness length. However, an
investigation of average roughness element sizes produced exactly the same mean height values
(16 m for up- and down-glacier and 9m for cross-glacier wind directions) for the clipped area of
Nordenskicldbreen 2019 as for the same area one year later (see Table 3.2). Thus, despite the
large ice melt, the roughness elements managed to roughly keep the same size and therefore are
not having a strong impact on the resulting zo values.

A further reason to explain the temporal variability in zg values could be that the data for the
DEM 2020 was collected one month earlier. Thus, there might still were some snow bridges
remaining in the crevasses what lowered the resulting aerodynamic roughness length. The two
stated reasons are most likely able to explain the differences in mean zy values since the decrease
in zg is small. In any case, only the temporal variability in zp from one year to the next was
investigated in this thesis. Alternatively, the intra-annual variability could be of interest and
most likely leads to larger deviations, especially when considering snow cover. Quincey et al.
(2017) found out that the impact of a snow event could reduce the aerodynamic roughness length
by about 75 %. However, the impact might decrease with increasing roughness elements. Thus,
such an approach should be investigated in future research.
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Figure 4.1: Drone picture of Tunabreen (left) and Fridtjovbreen (right) taken during fieldwork.
The crevasses on Tunabreen are chaotically aligned and steep whereas on Fridtjovbreen they are
aligned more regularly and less steep. Photos taken by Richard Hann.

Glacier Variability

In general, Tunabreen and Nordenskitldbreen (especially the part mapped in 2020) show higher
zo values than Fridtjovbreen and Heuglinbreen. This is in good agreement with the average
length and height of roughness elements estimated for each glacier in Table 3.2. The crevasses
on Tunabreen and Nordenskioldbreen are generally deeper and steeper than the crevasses on the
other two glaciers (see DEMs in Appendix B). This might be explained by different dynamical
behaviour, leading to higher 2y values. Crevasses and ice flow velocity are closely linked. In gen-
eral, it is assumed that the faster a glaciers flows, the more crevasses are observed in the terminus
area of the glacier and the larger the area of crevassing (Blaszczyk et al., 2009). Out of all the
visited glaciers, Tunabreen is the most dynamically active. Tunabreen and Nordenskiéldbreen
both have flow velocities of about 0.3 m/day (averaged over the year 2019) in the upper parts of
the glacier (Luckman, 2020). Additionally, Tunabreen was surging in the years 2003 to 2005 and
had another advance of the glacier front about ten years later (Ericson et al., 2019). According
to Mansell et al. (2012), such surging events usually lead to very chaotically aligned crevasses.

Figure 4.1 confirms the same effect comparing drone pictures from Fridtjovbreen (right) and
Tunabreen (left) taken during fieldwork. Corresponding pictures of Heuglinbreen and Norden-
skidldbreen can be found on Figure C.14 in Appendix C. The front area of Tunabreen is chaot-
ically crevassed and covered with many steep roughness elements. Crevasses on Fridtjovbreen
are more regularly aligned and less steep leading to triangular-shaped roughness elements. The
pictures support the observation that the anisotropy ratio value €2 is lowest on Tunabreen, as
perfectly aligned roughness elements increase the anisotropy effect. Further, it is in line with
the fact that the aerodynamic roughness length on Tunabreen is higher than on Fridtjovbreen.
However, comparing average zg values among different glaciers is challenging because the mean
zp values depend a lot on the mapped input area and therefore the size of included roughness
elements. This also explains the following occurrence: The mean zy values of Nordenski6ldbreen
2020 are larger than those of Nordenskioldbreen 2019 (see Figure 3.4). However, as soon as the
Nordenskiéldbreen 2019 data is clipped to the same extend as in 2020 its zg values are very
similar and in this case even slightly larger than those in 2020 (see Figure 3.13). This is because
many subareas with small roughness elements in 2019 were excluded in the clipped version used
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for the investigation of the temporal zg variability. Therefore, the differences in zg between the
glaciers, as for instance shown in Figure 3.4, should not be over interpreted since zg estimation
are more similar in between the glacier if the same roughness elements sizes are compared (see
subarea values on Figure 3.6).

The occurrence of heavily crevassed areas on a glacier can have a large influence on its mean zg
value. If we consider tidewater glaciers like Fridtjovbreen or Heuglinbreen, which are only heavily
crevassed on their terminus area (see Figure 2.1), this small area is still substantially impacting
the resulting mean zp values. To make an example, a fictitious glacier has a heavily crevassed
area of about 10 % of its complete surface with a zy value of 0.2m. The other 90 % are mostly
smooth with a 2y value of 0.001 m. Thus, the mean zy value of the glacier is still about 0.02 m.
In summary, even small areas on a glacier which are heavily crevassed can have a large influence
on the total surface ice melt and surface energy balance of this given glacier. However, this
influence is larger for glaciers like Nordenski6ldbreen or Tunabreen which are heavily crevassed
on most parts of the glacier area and in particular for surging glaciers which are often chaotically
crevassed.

4.2.2 Evaluation of Model Calculations

The obtained 2y estimations manage to point out the two used calculation approaches, as models
of the raster method have similar values which are in general (locally up to one order of mag-
nitude) lower than those calculated with the transect method. The correlation values of Table
3.5 indicate how similar the estimated zg values are in a relative perspective among the different
models. However, it does not give any conclusion about the quality of the individual models. To
find out which model performs the best and for a better evaluation of the estimated 2y values,
a comparison with alternative measurement methods (e.g. wind profiles) would be necessary.
These need to be measured at the same time and location as the DEM input data surveying, as
done in several studies (Fitzpatrick et al., 2019; Quincey et al., 2017; Smeets et al., 1999). For
this thesis however, the area of interest was inaccessible for such measurements what means that
this validation option was impossible to achieve.

Assessment of Model Results

There are several studies investigating the aerodynamic roughness length with both a transect
and a raster method (Chambers et al., 2020; Quincey et al., 2017; Smith et al., 2016b, 2020).
However, no other study calculated zy with the same approach on such heavily crevassed glaciers.
This makes it challenging to evaluate the model estimates and therefore a proper assessment of
the results is hard to achieve. Further, the model results in this thesis could not have been
verified with the data and method of the study on which our models are originally based on (e.g.
Smith model with study of Smith et al. (2016b)), since neither codes nor DEM input data of these
studies were available. This could have improved the confidence in the obtained model results
and could be interesting for future investigations. Nevertheless, the study results can still be
compared relatively. In the study of Smith et al. (2016b), the differences between the algorithms
were in general small, since the results from the raster method were about 20 % lower compared
to the transect method. However, this study was only looking at smaller plots (2m x 2m).
Additionally, as soon as the authors were looking at deep crevasses, the transect method could
lead to zg values twice as large as those calculated with the raster method. A similar relationship
between the two methods has been determined in the study of Chambers et al. (2020) and on
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some spots in the study of Quincey et al. (2017). The authors of the last-mentioned study found
only small zg differences among the two methods for small plot sizes, but more random results
for larger plots (e.g. 15m x 15m). On locations with crevassed glacier ice, Smith et al. (2020)
received 2o values which were about 35% smaller calculated with the raster method compared
to the transect method, whereas the difference increased for increasing roughness elements. In
summary, the results found in other studies show similar characteristics as those investigated in
this thesis.

The spatial variability of aerodynamic roughness length values on glaciers can be large as vari-
ous studies already investigated (e.g. Smith et al., 2016b). The obtained results on all mapped
tidewater glaciers confirmed this statement. In general, the size of subarea zy variability param-
eters (i.e. Std or IQR) across a glacier is about the same size as the mean zy value itself (see
Figure 3.4). This again indicates a large topographic variability on a glacier surface. Moreover,
it reveals an important sampling issue (Smith et al., 2016b) as in general the standard deviation
and IQR increase with increasing mean zy values. However, the basic approach followed in this
thesis allows accounting for local variabilities instead of just using one single value per glacier.
All models manage to produce high relative zg values in areas of large crevasses and low relative
zo values for non-crevassed areas. Therefore, and same as Miles et al. (2017) concluded in their
study, each model manages to provide an approximation of roughness in relative scales. Never-
theless, the range of model results also indicates some uncertainties about the magnitude of the
aerodynamic roughness length.

Since little reference values for zg on heavily crevassed roughness elements can be found in the
literature, the models were run over specific surface features on Nordenskidldbreen for comparison
(see Figure 3.15). The resulting zy values correspond well with the existing values from other
studies. Debris-covered ice from a medium moraine with a estimated aerodynamic roughness
length of several milimeters (calculated with the raster method) is a bit lower than those found
by Quincey et al. (2017) of 5mm to 25mm or by Brock et al. (2010) with 16 mm. Only the
transect methods estimated 2y values within a similar range. However, small crevasses estimated
with the raster method, reach the same magnitude as zp values (9mm to 18 mm) measured
by Smith et al. (2016b). For clean ice, zp values below 0.5mm were estimated in this thesis.
A literature study by Brock et al. (2006) shows that zo values for glacier ice often are between
0.1 mm and 2 mm. Therefore, the estimated values are within the (lower) range of zo values found
in the literature. Further, Smith et al. (2016b) found zy values of 2 mm to 4 mm for supraglacial
channels what corresponds well with our estimated values for the meltwater channels (2mm to
8 mm for the raster method). In summary, the estimated zo values for small scale surface features
correspond with existing literature values indicating that the used model approach is applicable
for heavily crevassed tidewater glaciers. In general, the zg values of the surface features show
that the raster method performed slightly better than the transect method as its results were
closer to literature values.

Sheltering Effect of Roughness Elements

The transect method on the one hand does not account for sheltering of an obstacle (Smith et al.,
2016b), what is a main shortcoming of this approach. The raster method on the other hand ne-
glects the frontal areas below the detrended plane agssuming that it would be effectively sheltered.
According to Nicholson et al. (2016), zp values are expected to be lower if the sheltering effect
is considered. The model results in this thesis confirm this statement as the transect methods
consistently produced higher 2y values than the raster method. To consider the sheltering effect,
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the so called displacement height z; is often applied. A large density of roughness elements
leads to an upwards displacement of the zero wind velocity level. The length of this vertical
displacement is called z4 (Nicholson et al., 2016). Tt is a corrective height displacement (Lettau,
1969) occurring over taller roughness elements where the level of momentum transfer between
obstacles and airflow is displaced vertically (Nicholson et al., 2016). As a general approximation,
zq is often defined as 0.7 A" (Grimmond and Oke, 1999). For the raster method, the displace-
ment height z; corresponds to the detrended plane level that was introduced earlier. Therefore,
the effective roughness only depends on the roughness elements above this displacement height
which indicates how far the effective turbulent mixing advances into the crevasses (Nicholson
et al., 2016). Again, the transect method is not considering any displacement height.

Furthermore, the sheltering issue can be discussed from another perspective. If the roughness
elements on a plot are too densely packed, then the objects begin to interfere aerodynamically
with each other (Rounce et al., 2015). They form a plateau-like new surface at their tops (Lettau,
1969) leading to a skimming flow. If this roughness density (frontal area divided by ground
area) increases as far that skimming flow is happening then the zy values are decreasing again
(Grimmond and Oke, 1999). Accordingly, the results from the transect methods which are not
considering any sheltering effects are likely to overestimate the roughness, especially for densely
packed obstacles (Nicholson et al., 2016). Several studies (e.g. Nicholson et al., 2016; Rounce
et al., 2015; Smith et al., 2016b) used a roughness density threshold of 20 % to 30 % (as stated
by Macdonald et al. (1998)) for Equation 2.8 of Lettau (1969) to still be valid. In our thesis,
all glaciers were tested with the Smith method for their roughness density. Some glaciers (e.g.
Fridtjovbreen) are completely within the range for which Equation 2.8 holds. Other glaciers
(e.g. Tunabreen) present some subareas with a higher roughness density (locally up to 0.5)
which indicates some skimming flow over the obstacles. Among all glaciers, the subareas with
a roughness density above the threshold of 30 % can be found predominantly in areas close to
the glacier front, which are heavily crevassed. Similar observations were already investigated by
Smith et al. (2016b). However, the large majority of the subareas are below the threshold and
only some exceed it. This is represented by the mean roughness density values of the glaciers,
which are between 0.1 and 0.16 for each glacier (e.g. 0.15 for Tunabreen). Therefore, this thesis
shows that the Lettau (1969) Equation 2.8 can be assumed to hold also on heavily crevassed
tidewater glaciers.

Definition of Obstacle Height

Another important difference between the model methods is the definition of the obstacle height
h*. Rounce et al. (2015) state that the lack of a clear obstacle definition presents the main
problem of the bulk method approach introduced by Lettau (1969). Especially in crevassed
glacier areas, where an apparent base level is missing, it is hard to define individual roughness
elements and their according height (Nicholson et al., 2016; Smith et al., 2016b). Moreover, Nield
et al. (2013b) state that the obstacle height is the most important control parameter over the
output of zp what means that an appropriate definition of 2" is crucial. In this thesis, the Smith
and Chambers models, as well as Munro and Lettau models, only differ in the definition of h".
While the parametrization of A" with twice the standard deviation produced higher zp values
in the raster method (Chambers), the results of this approach are lower in the transect method
(Munro).

Again, it is hard to tell which model and which definition of A" might performs better as there is
no reference data to compare it with. Both definitions have their merits and weaknesses. Smith
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et al. (2016b) on the one hand question the rationale behind the standard deviation approach.
The authors state that any chosen obstacle height will be somewhat arbitrary. Moreover, they
suggest that their obstacle height (i.e. mean height above detrended plane) could be most
meaningful on ice surfaces that are mainly irregular. Chambers et al. (2020) on the other hand
chose the standard deviation definition to preserve the influence of the larger roughness elements.
However, it clearly can be seen that the definition of 4" has a lower impact on the results than the
basic approach (i.e. raster/transect) itself. This is because the differences in zy results between
the two methods are far larger than the according differences between the same method but
varying definition of h".

In summary, the transect method is assuming isotropy, equal size and distribution of roughness
elements and not considering sheltering. None of those assumptions is effectively valid on heavily
crevassed tidewater glaciers. Additionally, the transect method assumes tower-like roughness
elements whereas in reality crevasses are getting more narrow with depth. The raster method
is not making any of those assumptions and is even considering the displacement height z.
Furthermore, the raster method is making the best use out of the available dataset as every
pixel value is considered for calculation (Smith et al., 2020). Despite the lack of any appropriate
reference measurements (e.g. anemometer) what aggravates a clear conclusion on best model
performance, it can be stated that raster methods should - at least theoretically - be more
accurate.

4.2.3 Scale Dependency of Aerodynamic Roughness Length

The grid size study made on the DEM of Fridtjovbreen with different subarea sizes showed clearly
that there is a scale dependency issue for the calculation of the aerodynamic roughness length.
This issue appears independent of the chosen glacier, model or wind direction. In theory, the
estimated zp values should be independent of the input grid size as long as homogeneous object
spacing and shape can be assumed (Lettau, 1969). However, many studies investigated and
encountered the dependency of zy estimations on the size of the subarea or the transect length
(e.g. Fitzpatrick et al., 2019; Miles et al., 2017; Rees and Arnold, 2006). They all agree on the
relationship: larger subareas or longer transects cause zg values to increase (Chambers et al.,
2020). Also the grid size study conducted on Fridtjovbreen revealed that the zy values increase
with increasing grid size. This can be explained with the fact that glaciers (especially crevassed
terminus areas as mapped in this thesis) often have heterogeneous roughness elements (Quincey
et al., 2017). In general, it needs to be considered that the selection of an appropriate grid size
comes along with a large uncertainty. Thus, the question appeared which grid size would produce
the most meaningful results.

Chambers et al. (2020) state that the comparison with independent methods like aerodynamic
wind profiles is the best way to answer this question. Quincey et al. (2017) did exactly that and
concluded that small patch sizes usually underestimated the zy values while large patch sizes
in general overestimated them. As they were focusing on debris-covered glacier roughness they
chose patch sizes of 5m up to 15m. Thus, their patch sizes were larger than their mean roughness
element. In any case, the option to use meteorological data (e.g. met mast) was not possible in
this thesis. Therefore, the decision needed to be made otherwise. The grid size in our models
is directly (Smith and Chambers model) or indirectly (Munro, Lettau and Fitzpatrick model)
correlated to the ground area S. According to Lettau (1969), S is defined as the total area of a
site divided by the number of obstacles. Thus, the stated relation can be fulfilled if the grid size
is chosen in a way that it represents the size of one individual roughness element. Therefore, in
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this thesis the grid size was defined such that it is large enough to include an average obstacle
size and small enough to provide a considerable spatial resolution of zy values across the glacier.
As far as the results could be evaluated, the selected grid size of 50m x 50 m led to meaningful
2o estimations.

The validity of the chosen grid size can further be evaluated theoretically. According to the theory
of Smith (2014), the definition of 'roughness’ is related to the grid scale that separates roughness
from topography. In other words, the author distinguishes between the grain roughness that
represents the texture of a roughness element and the form roughness which corresponds to the
form drag of the roughness element itself. The grid size, at which the transition from roughness
to topography (grain to form roughness, respectively) occurs, provides a useful reference point
(Smith, 2014). This transition between different scales of roughness can be found on a kink in the
trend line of a figure plotting zo values against increasing grid sizes (Shepard et al., 2001; Smith,
2014). Figure 4.2 illustrates this breakpoint on the example of the Smith and Munro model for
the down-glacier wind direction on Fridtjovbreen. The breakpoint is located somewhere between
a subarea grid size of 30m and 50 m.

To make sure not having a too small grid size, a grid size of 50 m was chosen. If the grid size
would be smaller than 50m, then it only would consider the microtopography of a roughness
element itself rather than the effect of the large-scale surface features. Thus, the small grids
might not include an obstacle population that is large enough to represent the glacier surface
(Miles et al., 2017). This effect has already been discussed in Section 2.4 for detrending grid
sizes. Furthermore, Smith (2014) state in his theory, that the scale of specific features that are
already distinguished, determines an appropriate grid scale. In our case, this corresponds to the
mean roughness elements described in Table 3.2, which again have the size of about 30m to
50m. Due to all those reasons, a grid size of 50 m seems to be the most appropriate one for the
tidewater glaciers investigated in this thesis, despite the lack of a clear reference measurements
to properly assess the results.

4.3 Surface Energy Balance Model

Karner et al. (2013) found out that the sensible heat flux was the most important energy source
at the surface of Kongsvegen, a glacier with similar size and topographic conditions as those
investigated in this study. Another important energy source was the latent heat flux. Both
heat fluxes were almost entirely contributed to ice melt rather than heating of the ice. Another
study of Fausto et al. (2016) states that on average the non-radiative energy fluxes on their
study site in Greenland contributed up to 76 % of the daily ice melt energy. Both studies show
that turbulent fluxes are an important contributor to the ice melt and therefore essential to
include into surface energy balance models (Steiner et al., 2018). To do so, the terms for the
turbulent fluxes (sensible and latent heat flux) must be derived. This is commonly achieved
by the aerodynamic bulk method using the aerodynamic roughness length to calculate these
turbulent fluxes, whereof z( is the most important input parameter (Chambers et al., 2020).

Various studies (e.g. Fausto et al., 2016) investigated the large influence of increased zy values on
surface ice melt. Brock et al. (2000) found out that an increase of zp by one order of magnitude
will more than double the value of turbulent fluxes. The same effect was investigated in this
thesis with a simple energy balance model to calculate surface ice melt. Although the effect
was not that large as in the study of Brock et al. (2000), the impact of an increasing zy value
is substantial. The larger the zy values, the larger the calculated surface ice melt. The results

o8



Chapter 4. Discussion

1 —— e —
= ® Smith
ot Trend Smith
08t - MUHI’O
Trend Munro
07 r
-l = - o
L e SEa
_ 0.6 / v o
E 05T o~
=1 L
L] ’/
04
/
03+ /
/
| I ®
oz2r ¢f - ®
e L ]
o1ré 7
- g
510 30 40 50 60 70 100 150
Grid Size (m)

Figure 4.2: Scale dependency of mean zy values of the Smith and Munro model for the down-
glacier wind direction on Fridtjovbreen with chosen subarea grid sizes from 5m to 150m. The
solid line marks the trend line of the lower and upper three data points, respectively. The grid
size at the intersection of the two trend lines marks the breakpoint indicating a meaningful
subarea grid size.

showed, that the surface ice melt for a glacier with a roughness like Nordenskitldbreen is almost
20 % larger compared to the roughness of a smooth glacier. Locally, where the zg values are above
average, the surface ice melt can increase substantially. However, it needs to be considered that
the reference zy value of the smooth glacier is averaged over the whole glacier, whereas our z
values only refer to the mapped extract of each glacier. This is especially important for the
tidewater glaciers Fridtjovbreen and Heuglinbreen where only the area close to the glacier front
is crevassed. Furthermore, the surface energy balance model used in this thesis is very basic and
based on the bulk method. The two Equations 2.11 and 2.12 are used for the calculation of the
turbulent heat fluxes, which of course are model approximation and therefore come along with
some uncertainties.

A major advantage of the method used in this thesis is that not only one 2y value but various
across the mapped glacier area were determined. Thus, they all could be implemented into
the surface energy balance model leading to a more accurate representation of the surface ice
melt. This is especially crucial for surfaces with heterogeneous roughness elements like heavily
crevassed glacier surfaces where a single zy value for the whole glacier is a poor representation
of the actual processes (Miles et al., 2017). Given that the climate gets wetter, warmer and
windier under climate change, turbulent fluxes have an increasing contribution to surface energy
balance models (Smith et al., 2020). Furthermore, heat flux variations can be large, already
within a small spatial scale due to topographic effects (Sauter and Galos, 2016). Accordingly, an
appropriate estimation of spatial variations in zg values is important to decrease model errors
for the calculation of surface ice melt (Miles et al., 2017).
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Chapter 5

Conclusion and Outlook

5.1 Conclusion

The heavily crevassed terminus areas of the tidewater glaciers Fridtjovbreen, Heuglinbreen, Nor-
denskitldbreen and Tunabreen were mapped with drones to build DEMs using a SfTM-MVS
photogrammetry approach with Agisoft Metashape. UAVs for data surveying proved to be a
successful and cheap tool to map inaccessible and heavily crevassed glacier areas while still pro-
viding a DEM resolution good enough to reveal crevasse shape informations like spacing width
and depth. To take into account the spatial variability across the glacier, the DEM was divided
into subareas of 50m x 50m. Five different models were successfully applied to each DEM
subarea to calculate the aerodynamic roughness length and therefore achieved the aim of the
first research question. The five models can be divided into two groups: the transect method
and the raster method. While the transect method is simply counting the number of roughness
elements for each transect, the raster method is using each DEM cell’s elevation value to cal-
culate the aerodynamic roughness length. The 2y estimations from the transect method are in
general higher (up to one order of magnitude) than the raster method estimations. It is hard to
evaluate which model performs the best, since reference data (e.g. wind profiles) is not available.
However, in contrast to the transect method, the raster method accounts for some sheltering
effects and does not assume homogeneity among the roughness elements. This makes the raster
method theoretically more trustful than the transect method.

Wind direction and grid size of the subarea have a large impact on the zp estimations, again
producing a range of up to one order of magnitude for each parameter. The roughness elements
investigated in this thesis are strongly anisotropic. For winds blowing parallel to the ice flow
direction the zg values are larger than for winds crossing the glacier perpendicularly. The chosen
grid size of the subareas, each producing one zy value and thus influencing the spatial resolution
of the investigated area, presents a large uncertainty in aerodynamic roughness length estimation.
The resulting zo values are strongly scale dependent, whereas a larger grid size leads to higher
zo values. A conducted grid sizes case study led to the selected subarea grid size of 50 m x 50 m,
which was assumed to be large enough to include an average roughness element while still being
small enough to account for the roughness variability across the glacier. If all parameters are
included, the range of the resulting z( estimations is large, with locally up to three (in extreme
cases even four) orders of magnitudes. Nevertheless, the model estimates of zy strongly correlate
to each other. In other words, all models managed to detect the same relative spatial variability
across the glacier. In absolute values and to come back to the second research question, the
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estimated zp values range from below one milimeter (snow-covered, smooth glacier surface) up
to several decimeters (heavily crevassed ice) or locally even more. Averaged zy values for down-
glacier wind directions vary from 0.08 m up to 0.88 m depending on glacier and model.

The chosen approach allows providing several instead of just one average zg value for each mapped
glacier area. This is crucial especially for such heavily crevassed glaciers as investigated in this
thesis, where one value would be a poor representation of the real roughness on such a complex
topography. The zy values of the investigated tidewater glacier are substantially larger than
average values of smooth glaciers often found in literature and used for surface energy balance
models. Therefore, such models can now incorporate these distributed zy estimations leading
to a better representation of turbulent heat fluxes and prediction of surface ice melt rates. In
this thesis, a simple energy balance model was used to answer the third research question, by
showing that larger 2y values found on heavily crevassed tidewater glaciers significantly increased
the surface ice melt of a glaciers. The calculated melt is almost 20 % larger for an average zg
value found on crevassed tidewater glaciers compared to the zg value of a smooth glacier. This
effect increases substantially where local 2y estimations exceed a value of 0.5 m. In other words,
heavily crevassed glacier areas have the potential to significantly increase the surface ice melt
indicating the importance of considering their surface roughness when estimating the ice melt
of a glacier. To conclude, despite the challenges and uncertainties of the approach used for
this thesis the obtained results are promising. They show that drone-based DEMs represent a
valuable and operating tool to investigate the spatial variability of the aerodynamic roughness
length and its influence on turbulent fluxes and surface ice melt, especially on crevassed and
inaccessible glaciers.

5.2 Outlook

As stated above, the range of estimated zg values is large. While one part of it can be attributed
to real variability (e.g. wind direction and general spatial variability), another part is related to
calculation uncertainty and simple method assumptions. The latter part provides potential to
further be minimized in future work. Some degree of uncertainty in 2o estimation comes along
with the unsatisfactory georeferencing of the DEM. Inaccessible topography made it impossible to
place any GCPs in the field. Thus, the most obvious georeferencing method could not be applied
during fieldwork on heavily crevassed glaciers. However, other georeferencing tools like GNSS-
supported aerial triangulation (Chudley et al., 2019), RTK equipped drones or the additional
application of oblique imagery (Vacca et al.,; 2017) might improve the accuracy of the DEM and
with it the resulting zg estimation and therefore should be considered for further investigations.

Furthermore, the scale dependency of the models is responsible for a large part of the total
model uncertainty. Ideally, for future work a scale independent calculation method for zg could
be found. Otherwise it is crucial to determine which input grid size of subarea produces the most
trustful zg values. To do so and to additionally evaluate model performance or simply narrow
down the large range of meaningful 2y values, a comparison with meteorological measurements
(e.g. wind profiles) is highly recommended for future work. Whenever possible, this needs to be
measured at the same time and location as the field work is conducted. In inaccessible areas these
measurement stations might have to be placed on the glacier by helicopter or the drones could
be used themselves to measure such parameters. Alternatively, the models might be evaluated
on a test area where reference meteorological data is available. Another possibility to assess the
results is the comparison with wind tunnel models or computational fluid mechanics simulations.
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Several studies investigated the impact of the DEM input resolution (e.g. Chambers et al., 2020;
Miles et al., 2017) and the chosen detrending method (e.g. Chambers et al., 2020; Smith, 2014)
on the resulting zy values. Both parameters are able to strongly influence the zy estimations.
For further research and to best estimate the aerodynamic roughness length out of drone-based
data, the impact of input resolution and detrending method should be investigated. Additionally,
the widely adopted drag coefficient of Lettau (1969) corresponds to an average form drag effect
on roughness elements, what not necessarily holds for heterogeneous locations (Quincey et al.,
2017). Therefore, for further research it might be helpful to investigate how appropriate one
single drag coefficient value is, given the large range of roughness element sizes.

UAVs provide a good opportunity to investigate inaccessible and crevassed tidewater glaciers.
However, a major shortcoming is that the size of the mapped research area is limited due to
signal distance and battery capacity. Drones are an appropriate tool to investigate the surface
energy balance of a single glacier or at least parts of it. However, for large glaciated areas (i.e. ice
sheets) this approach might not be suitable. Since these areas often are of particular interest for
surface energy and mass balance models, especially regarding climate change scenarios, it could
be meaningful to combine the approach with satellite data in future research. If a correlation
between local, drone-based roughness estimations and global satellite data can be made, an
extrapolation to large-scale estimations of spatially and temporally distributed zg values might
be possible.
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Appendix A

Agisoft Metashape Processing
Parameters



Processing parameters of Agisoft Metashape to build the DEM of Nordenskiéldbreen
2019 using SfM photogrammetry.

General
Cameras 4024
Aligned cameras 4022
Coordinate system WGS 84 (EPSG::4326)
Rotation angles Yaw, Pitch, Roll
Point Cloud
Points 1,334,300 of 1,571,748
RMS reprojection error 0.144689 (0.950551 pix)
Max reprojection error 3.61879 (63.1191 pix)
Mean key point size 6.15607 pix
Point colors 3 bands, uint8
Key points No
Average tie point multiplicity 12.1747
Alignment parameters
Accuracy Medium
Generic preselection Yes
Reference preselection Source
Key point limit 40,000
Tie point limit 4,000
Guided image matching No
Adaptive camera model fitting Yes
Matching time 4 hours 6 minutes
Matching memory usage 2.36 GB
Alignment time 8 hours 1 minutes
Alignment memory usage 5.73 GB
Optimization parameters
Parameters f, b1, b2, cx, cy, k1-k4, p1, p2
Adaptive camera model fitting No
Optimization time 47 minutes 13 seconds
Software version 1.6.2.10247
Depth Maps
Count 1603
Depth maps generation parameters
Quality Medium
Fittering mode Aggressive
Processing time 1 days 14 hours
Software version 1.6.2.10247
Dense Point Cloud
Points 158,251,379
Point colors 3 bands, uint8
Depth maps generation parameters
Quality Medium
Filtering mode Aggressive
Processing time 1 days 14 hours
Dense cloud generation parameters
Processing time 3 hours 47 minutes
Software version 1.6.2.10247
Model
Faces 25,210
Vertices 13,460

IT



Appendix A. Agisoft Metashape Processing Parameters

Vertex colors
Reconstruction parameters
Surface type
Source data
Interpolation
Strict volumetric masks
Processing time
Software version
DEM
Size
Coordinate system
Reconstruction parameters
Source data
Interpolation
Processing time
Software version
Orthomosaic
Size
Coordinate system
Colors
Reconstruction parameters
Blending mode
Surface
Enable hole filing
Processing time
Software version
System
Software name
Software version
oS
RAM
CPU
GPU(s)

IT1

3 bands, uint8

Height field

Sparse cloud

Enabled

No

1 minutes 12 seconds
1.6.2.10247

18,122 x 17,318
WGS 84 (EPSG::4326)

Dense cloud

Enabled

4 minutes 59 seconds
1.6.2.10247

52,158 x 43,503
WGS 84 (EPSG::4326)
3 bands, uint8

Mosaic

DEM

Yes

1 hours 54 minutes
1.6.2.10247

Agisoft Metashape Professional

1.6.3 build 10732

Windows 64 bit

127.78 GB

Intel(R) Core(TM) i9-9900K CPU @ 3.60GHz
GeForce RTX 2080



Processing parameters of Agisoft Metashape to build the DEM of Tunabreen using
SfM photogrammetry.

General
Cameras 2552
Aligned cameras 1595
Markers 4
Coordinate system WGS 84 (EPSG::4326)
Rotation angles Yaw, Pitch, Roll
Point Cloud
Points 931,296 of 1,037,277
RMS reprojection error 0.132774 (1.03688 pix)
Max reprojection error 0.629585 (44.0592 pix)
Mean key point size 7.00054 pix
Point colors 3 bands, uint8
Key points No
Average tie point multiplicity 6.58923
Alignment parameters
Accuracy Medium
Generic preselection Yes
Reference preselection Source
Key point limit 40,000
Tie point limit 4,000
Guided image matching No
Adaptive camera model fitting Yes
Matching time 47 minutes 51 seconds
Matching memory usage 939.46 MB
Alignment time 12 minutes 0 seconds
Alignment memory usage 782.41 MB
Optimization parameters
Parameters f, b1, b2, cx, cy, k1-k3, p1, p2
Adaptive camera model fitting No
Optimization time 46 seconds
Software version 1.6.1.10009
Depth Maps
Count 1595
Depth maps generation parameters
Quality Medium
Fittering mode Aggressive
Processing time 7 hours 21 minutes
Software version 1.6.1.10009
Dense Point Cloud
Points 140,270,731
Point colors 3 bands, uint8
Depth maps generation parameters
Quality Medium
Filtering mode Aggressive
Processing time 7 hours 21 minutes
Dense cloud generation parameters
Processing time 1 hours 9 minutes
Software version 1.6.1.10009
Model
Faces 17,600

v



Appendix A. Agisoft Metashape Processing Parameters

Vertices
Vertex colors
Reconstruction parameters
Surface type
Source data
Interpolation
Strict volumetric masks
Processing time
Software version
DEM
Size
Coordinate system
Reconstruction parameters
Source data
Interpolation
Processing time
Software version
Orthomosaic
Size
Coordinate system
Colors
Reconstruction parameters
Blending mode
Surface
Enable hole filing
Processing time
Software version
System
Software name
Software version
oS
RAM
CPU
GPU(s)

9,311
3 bands, uint8

Height field
Sparse cloud
Enabled

No

22 seconds
1.6.1.10009

20,015 x 17,819
WGS 84 (EPSG::4326)

Dense cloud

Enabled

2 minutes 55 seconds
1.6.1.10009

66,723 x 57,247
WGS 84 (EPSG::4326)
3 bands, uint8

Mosaic

DEM

Yes

1 hours 16 minutes
1.6.3.10732

Agisoft Metashape Professional
1.6.3 build 10732

Windows 64 bit

127.78 GB

Intel(R) Core(TM) i9-9900K CPU @ 3.60GHz

GeForce RTX 2080



Processing parameters of Agisoft Metashape to build the DEM of Heuglinbreen
using SfM photogrammetry.

General
Cameras 621
Aligned cameras 620
Coordinate system WGS 84 (EPSG::4326)
Rotation angles Yaw, Pitch, Roll
Point Cloud
Points 243,548 of 284,343
RMS reprojection error 0.147481 (0.914086 pix)
Max reprojection error 0.53496 (24.0897 pix)
Mean key point size 5.96371 pix
Point colors 3 bands, uint8
Key points No
Average tie point multiplicity 9.55508
Alignment parameters
Accuracy Medium
Generic preselection Yes
Reference preselection Source
Key point limit 40,000
Tie point limit 4,000
Guided image matching No
Adaptive camera model fitting Yes
Matching time 17 minutes 50 seconds
Matching memory usage 375.88 MB
Alignment time 2 minutes 44 seconds
Alignment memory usage 334.07 MB
Optimization parameters
Parameters f, b1, b2, cx, cy, k1-k4, p1, p2
Adaptive camera model fitting No
Optimization time 10 seconds
Software version 1.6.1.10009
Depth Maps
Count 549
Depth maps generation parameters
Quality Medium
Fittering mode Aggressive
Processing time 3 hours 16 minutes
Software version 1.6.1.10009
Dense Point Cloud
Points 50,761,120
Point colors 3 bands, uint8
Depth maps generation parameters
Quality Medium
Filtering mode Aggressive
Processing time 3 hours 16 minutes
Dense cloud generation parameters
Processing time 17 minutes 9 seconds
Software version 1.6.1.10009
Model
Faces 7,724
Vertices 4,261

VI
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Vertex colors
Reconstruction parameters
Surface type
Source data
Interpolation
Strict volumetric masks
Processing time
Software version
DEM
Size
Coordinate system
Reconstruction parameters
Source data
Interpolation
Processing time
Software version
Orthomosaic
Size
Coordinate system
Colors
Reconstruction parameters
Blending mode
Surface
Enable hole filing
Processing time
Software version
System
Software name
Software version
oS
RAM
CPU
GPU(s)

VII

3 bands, uint8

Height field

Sparse cloud
Enabled

No

10 seconds

1.6.1.10009

15,334 x 9,358
WGS 84 (EPSG::4326)

Dense cloud

Enabled

1 minutes 10 seconds
1.6.1.10009

43,284 x 26,167
WGS 84 (EPSG::4326)
3 bands, uint8

Mosaic

DEM

Yes

12 minutes 16 seconds
1.6.1.10009

Agisoft Metashape Professional
1.6.3 build 10732

Windows 64 bit

127.78 GB

Intel(R) Core(TM) i9-9900K CPU @ 3.60GHz

GeForce RTX 2080



Processing parameters of Agisoft Metashape to build the DEM of Fridtjovbreen

using SfM photogrammetry.

General
Cameras
Aligned cameras
Markers
Coordinate system
Rotation angles
Point Cloud
Points
RMS reprojection error
Max reprojection error
Mean key point size
Point colors
Key points
Average tie point multiplicity
Alignment parameters
Accuracy
Generic preselection
Reference preselection
Key point limit
Tie point limit
Guided image matching
Adaptive camera model fitting
Matching time
Matching memory usage
Alignment time
Alignment memory usage
Optimization parameters
Parameters
Adaptive camera model fitting
Optimization time
Software version
Depth Maps
Count
Depth maps generation parameters
Quality
Fitering mode
Processing time
Software version
Dense Point Cloud
Points
Point colors
Depth maps generation parameters
Quality
Filtering mode
Processing time
Dense cloud generation parameters
Processing time
Software version
Model
Faces

VIII

1198

1198

3

WGS 84 (EPSG::4326)
Yaw, Pitch, Roll

701,262 of 832,456
2.32841 (12.0113 pix)
3628.6 (13754.9 pix)
8.47778 pix

3 bands, uint8

No

5.4151

Medium

Yes

Source

40,000

4,000

No

Yes

33 minutes 21 seconds
599.27 MB

13 minutes 56 seconds
523.17 MB

f, b1, b2, cx, cy, k1-k3, p1, p2
No

17 seconds

1.6.3.10732

653

Medium

Aggressive

9 minutes 43 seconds
1.6.3.10732

48,218,254
3 bands, uint8

Medium
Aggressive

9 minutes 43 seconds

12 minutes 32 seconds
1.6.3.10732

13,281
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