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Abstract

Fannarakbreen, a mountain glacier in southern Norway, presents immediate responses to
climatic fluctuations through its mass balance, making such data important for analysing
climate change and glacier state. This study estimates the geodetic mass balance of
Fannardkbreen over various periods since 1966 by subtracting surfaces modelled with
conventional and Structure-from-Motion photogrammetry from historical aerial and UAV
imagery. Uncertainty was addressed using geostatistics. Results indicate an accelerating mass
loss, with the annual mass balance from 1966 to 2023 at -0.37 +£ 0.02 m w. ¢., and a 36.6%
total area reduction since 1955. Comparisons with Storbreen’s glaciological mass balance
reveal similar patterns, with discrepancies linked to differences in glacier size, local climates
and measurement techniques. Additionally, the results illustrate that Fannardkbreen exhibits
mass loss patterns and rates consistent with other continental glaciers in the region. The study
also quantifies winter and summer balances at 1.10 + 0.05 and -1.71 £0.09 m w. e.
respectively, based on high-resolution UAV data from 2022 and 2023. These findings
underscore how remotely sensed data, combined with precise co-registration methods, can
assess and reconstruct glacier changes in detail remotely, offering a method to supplement

global mass balance records.
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1. Introduction

1.1 Glaciers in changing climate

Mean global air temperatures have increased by 1.1°C during the last century and this has had
a detrimental effect on all ecosystems on Earth (IPCC, 2023, p. 346). Besides implications
such as increasing frequency of extreme weather events and loss of biodiversity, increasing
warming rates also continue to affect the cryosphere (WMO, 2023). With glaciers playing an
important part in geomorphological processes and as terrestrial freshwater reservoirs at a
regional level (Vaughan, 2014; Marzeion et al., 2017), they in turn also control seasonal river
run-off which is a water source for large populations, increase the risk for geohazards and
impact the global mean sea-level (GMSL) (Huss, 2011; Stoffel & Huggel, 2012; Marzeion et
al., 2017).
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Figure 1.1: Cumulative averaged annual mass balance values form glaciers worldwide measured with two different
approaches (1930-2021), compared to the year 1960 (figure from WGMS, 2023).
The adaptability of glacier geometry in response to atmospheric changes makes glaciers well
suited for climate research and understanding sea-level variability (Bojinski et al., 2014;
Marzeion et al., 2017), with smaller mountain glaciers being especially useful for this due to
their exceptional sensitivity to climatic fluctuations (Dyurgerov & Meier, 2000). Therefore,

glaciers have been recognized as one of the 55 Essential Climate Variables (ECV) by the



United Nations Framework Convention on Climate Change’s (UNFCCC) Global Climate
Observing System (GCOS) (Meier, 1984; Zuo & Oerlemans, 1997; Braithwaite & Zhang,
1999; Bojinski et al., 2014; Marzeion et al., 2017). Research has shown that over the last
couple of decades, glaciers have been shrinking and losing mass at extraordinary rates, with
double the rate compared to the 1990s (Figure 1.1) (Haeberli & Holzhauser, 2003; Zemp et
al., 2015; Roe et al., 2017; Hugonnet, McNabb, et al., 2021; Rounce et al., 2023; WGMS,
2023). Globally, there has not been a single year within the last five decades where, on
average, glaciers have increased in mass or maintained a positive mass balance (WGMS,
2023). Even if the climate was to stabilize, the retreat would continue due to glaciers being in
an extreme disequilibrium with the current climate conditions (Zemp et al., 2015). Such rapid
melting is estimated to have contributed to the Global Mean Sea Level (GMSL) changes by
27 £ 22 mm in the period between 1961 and 2016, of which 10 £ 4 mm can be ascribed to the
period of 2006-2016 alone (Hugonnet, McNabb, et al., 2021).

A thorough understanding of how glaciers acquire or lose mass with changes in climate can
be achieved by frequently (e.g., seasonally) surveying individual glaciers over long periods of
time, which according to Dyurgerov and Meier (1999), WMO (2011) and Thibert et al.
(2013), should be at least 30 years in order to infer a climatic response. This information, can
provide detailed insights on processes involved in glacier mass turnover, what is essential for
glacier-climate sensitivity studies in the time of the ongoing climate change, past and future
modelling of regional climate, and for inferring glacier health in regions where sampling is

scarce (e.g., Haeberli, 2011).

Today there are only 61 “reference” glaciers in the world that have such long mass balance
records (WGMS, 2024). Traditionally, long-term glacier mass balance conclusions have been
drawn from results obtained using the traditional glaciological method, which involves
measurements of surface elevation changes with ablation stakes and snow density
measurements of in snow pits (Zemp et al., 2015; Marzeion et al., 2017). Due to the practice
being field-based, mass balance records of the reference glaciers are heavily biased towards
few regions with accessible glaciers (such as the Alps), resulting in misrepresentation of
other, not surveyed regions (Braithwaite, 2009). Small sample sizes also influence the results
from the earliest years (WGMS, 2023). However, the more recent geodetic method utilising
remote sensing techniques for repeated mapping of glacier surface has been used for
surveying glaciers in secluded and isolated regions, as well as to fill temporal and spatial gaps

in the glaciological records (e.g., Seehaus et al., 2019; Huber et al., 2020; Hugonnet, McNabb,



et al., 2021; Mukherjee et al., 2023) and to calibrate measurements carried out in a traditional
way (e.g., Thibert & Vincent, 2009; Andreassen, Robson, et al., 2023). Thus, this approach is
also employed in this study, focusing on how repeated aerial surveys can be used to estimate

glacier mass balance.

1.2 Glacier monitoring in the Norwegian context

In Norway, glaciers are not only important as climate proxies but also characterise the
landscape and play a significant economic role in tourism and the power industry (Andreassen
& Elvehoy, 2021). The hydropower constitutes around 90% of all electricity produced in this
country (SSB, 2024) and around 15% of the runoff used for energy generation comes from
catchments with glaciers, where meltwater is responsible for high rates of discharge during
summer months (Andreassen et al., 2005). The incentive to begin glacier observations
stemmed from the demand of improved knowledge about glacier hydrology which would later
be utilized for development of hydroelectric power industry (Andreassen, Elvehoy, et al.,

2022).

Norwegian glaciers have shrunken substantially since the Little Ice Age (e.g., Winsvold et al.,
2014; Leigh et al., 2020; Paul Weber et al., 2020; Carrivick et al., 2022). More recently,
according to the inventory of country’s glaciers using Sentinel-2 images from 2018 and 2019,
a total of 2328 + 70 km? of Norway was glaciated, representing a 15% decrease in glacier-
covered area compared to the previous investigation conducted between 1999 and 2006
(Andreassen, Nagy, et al., 2022). In the region of Jotunheimen, the highest glacier retreat rates
have been observed in the period between the 1930s and 1965 (Ostrem & Haakensen, 1993;
Andreassen et al., 2005). For the period of 1965-2003, the glaciated area in the region shrank
by 12%, or at a rate of 3,2% per decade measured since the 1930s (Andreassen et al., 2008).
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Figure 1.2: Mass balance in meters water equivalent (m w. e.) for the six glaciers in southern Norway with the longest mass-
balance series (z‘flf'()tl?i‘een, Nigardsbreen, Rambedalskdka, Storbreen, Hellstugubreen, Grdsubreen - listed based on their
location from West to East), measured over the period of 1963-2022 (from Andreassen et al., 2023).

For a long time, the conclusions of long-term glacier mass balance have been drawn from the
results based on the traditional glaciological method using ablation stakes for measurements
of surface elevation change and snow pits for snow density (Zemp et al., 2015; Marzeion et
al., 2017). The total of 43 glaciers are surveyed annually by The Norwegian Water Resources
and Energy Directorate (NVE) using the glaciological method, accounting for only 5% of the
country’s total glacier area (Andreassen et al., 2020; Nesje, 2023; NVE, 2024). However,
there are only six glaciers with mass balance records of at least 60 years (Figure 1.2)

(Andreassen et al., 2020).

Nonetheless, for at least the last five decades, Norwegian glaciers have been captured in aerial
photographs by the NVE (Haug et al., 2009). Today, these images can be
photogrammetrically processed to provide detailed information about planimetric and
volumetric changes of glaciers (e.g., Andreassen, 1999; Andreassen et al., 2002; Ostrem &

Haakensen, 1999).

1.3 Glaciological and geodetic mass balances
The glaciological method requires measurements to be carried out being physically on the

glacier surface, what can be logistically challenging and require a lot of resources, because



glaciers are innately located in remote areas and often feature steep slopes with large
crevasses and sometimes requiring special equipment for access. This often results in sparse
measurement networks, as depicted in Figure 1.3, and insufficient amount of samples in
avalanche areas, steep slopes or crevasses (e.g., Ostrem & Haakensen, 1999; Klug et al.,
2018). As a consequence, the method relies on interpolation and extrapolation of data, and
fails to capture changes occurring internally and sub-glacially, as stake readings only show

the changes of the upper glacier layer (Jstrem & Brugman, 1991; Zemp et al., 2015;

Marzeion et al., 2017).
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Figure 1.3: A map showing locations of ablation stakes used for glaciological mass balance estimations of Storbreen,
Jotunheimen. The figure shows how sparse the measurement network can be, resulting in interpolation of data between the
points and extrapolation of data in areas that were not measured (Andreassen, Elvehoy, & Kjollmoen, 2023).
However, glacier surveying using remote sensing techniques and photogrammetry, which

enable the extraction of elevation data from optical images (Fox & Nuttall, 1997), offers

significant advantages. It allows for comprehensive measurement of the entire glacier surface



area and can be applied efficiently across large and remote regions using just a few images
(e.g., Mertes et al., 2017; Molg & Bolch, 2017; Robson et al., 2022). Remote sensing has been
used in numerous studies for glacier inventories (e.g., Bishop et al., 2004; Raup et al., 2007;
Andreassen, Nagy, et al., 2022), velocity estimations (e.g., Krimmel & Meier, 1975; K44b et
al., 2016) and for assessments of geodetic mass balance on different scales, including single
glaciers (e.g., Rolstad et al., 2009; Andreassen et al., 2016), larger regions and ice caps
(Andreassen, Robson, et al., 2023) as well as globally (Hugonnet, McNabb, et al., 2021).
Photogrammetry also allows utilization of archival aerial photographs for reconstruction of
past glacier surfaces (Figure 1.4) to learn about decadal trends in glacier response to
atmospheric changes. This is especially important for areas that are devoid of observations or
have short data records (Mertes et al., 2017). Therefore, geodetic approaches are needed to
complement field observations in many mountain regions to assess how glaciers act as

freshwater sources, their seasonality and impact on the sea-level (Pelto et al., 2019).
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Figure 1.4: A figure showing an example of historical imagery utilization for estimation of glacier surface elevation change.

A — Ny Alesund orthoimage, B — digital elevation model (DEM) from the 1936 image, C — elevation difference between 1936

and 2010. Yellow dots are ground control point (GCP) locations, solid black lines mark elevation profiles that were used in

the study. VB - Vestre Broggerbreen, AB - Austre Broggerbreen, ML - Midtre Lovénbreen, AL - Austre Lovénbreen and P —
Pedersenbreen (figure from Mertes et al., 2017).



1.4 Aims and objectives

This study will reconstruct the area and geodetic mass balance of Fannarikbreen (2.47 km?),
which due to its size is a sensitive climate indicator in Norway's Jotunheimen national park,
dating back to the 1950s. Fannarakbreen was chosen for its unexamined history and
sensitivity to climate due to its size. Its accessibility facilitates Unmanned Aerial Vehicle
(UAV) mapping across seasons, filling a regional research gap as no other temperate glacier

in Jotunheimen has such extensive records.

The dataset from Fannardkbreen will enhance the national glacier mass balance database and
validate against the long-term glaciological mass balance series from nearby Storbreen. High-
resolution seasonal data coupled with past reconstructions of mass balance can be used to
describe regional climate dynamics and this glacier's specific climate response, aiding
regional mass balance estimation, identification of local variations and future climate

modelling (Haeberli, 2011).

Archival aerial photographs (1955, 1966, 2004, 2010, 2017) (Kartverket, 2024b) and a
LiDAR (Light Detection and Ranging) Digital Elevation Model (DEM) from 2020
(Kartverket, 2020a) from the Norwegian Mapping Authority will be used for mass balance
reconstruction back in time. Recent glacier changes rely on UAV-derived elevation data from
photogrammetry, with missions conducted in September 2022, June and September 2023,
timed to capture seasonal change in glacier mass and quantify the winter and summer mass
balances. No previous such study is known to have taken place. Additionally, two image sets -
one with only nadir and another with nadir and oblique angles - will be analysed to determine

the most suitable method for mapping steep glacier areas.
The research questions are therefore as follows:

e How did the volume and area of Fannarakbreen change between the 1955 and 2023
and how does its long-term mass balance compare regionally?

e What are the short-term (seasonal) mass changes and how accurately can they be
measured using remotely sensed UAV data?

e How does the geodetic mass balance of Fannaradkbreen compare to the glaciological

records of Storbreen?



2. Theoretical background and terminology

To provide better clarity to this study, this section presents the main concepts and key terms
forming the basis for this investigation. It will be elaborated on definitions as well as relevant

theoretical concepts that support the analysis and discussion of the results.

To begin with, it is essential to clarify the term “glacier”. H. Ahlman, one of the pioneers of
glacier research in Norway, defines it as ““a many year old mass of snow and ice in
movement” (H. Ahlman in Liestel, 2000, p. 13). Patterns of glacier distribution on Earth
depicts the interaction between topography (aspect and relief), precipitation that can be turned
to ice and air temperature, differing in a consistent manner around the globe north-south, east-
west as well as proximity to a source of moisture (Benn & Evans, 2010, p. 11). Glaciers form
where summers are not warm enough to melt snow fallen during winter, allowing it to

accumulate over several years and forming ice underneath (Liestal, 2000).

Glaciers are characterized by movement initiated by mass accumulation in the higher parts
that eventually begins to press the ice down the slope and outwards where air temperature is
higher, resulting in melting of the old ice during ablation Figure 2.1 (W. Werenskiold in
Liestel, 2000, p. 13). Normally, glaciers tend to gain more mass than they lose in the upper
parts, however, the opposite is true for the parts at a lower altitude (Bakke & Nesje, 2011).

Iceberg

Sublimation
Calving . /?
. 7 \

ablation

Flow trajectory

Meltwater pool

Terminus ~ On glacier
Meltwater Meltwater (toe)
stream tunnel

Figure 2.1: An idealized representation of glacier geometry showing processes important for glacier mass balance (figure
from Marshak & Repcheck, 2009).



2.1 Remote sensing in glacier studies

In glacier studies, while direct glacier survey techniques can be resource-demanding and
spatially limited, remote sensing can bridge gaps in glacier monitoring networks by
observations across large areas (Bamber & Rivera, 2007). Remote sensing not only helps in
carrying out glacier inventories and mapping glacier area (e.g., Andreassen et al., 2008;
Andreassen, Nagy, et al., 2022), but also in estimating volume change and mass balance from

stereo-imagery (e.g., Gardelle et al., 2013; Hugonnet, McNabb, et al., 2021).

Nonetheless, today’s prevalent satellite data often lacks the precision to capture changes in
small glaciers (Leprince et al., 2007; Bash et al., 2018). This was evident in the latest
Norwegian glacier inventory (Andreassen, Nagy, et al., 2022), where over 2000 small glaciers
were detected using 10 m spatial resolution Sentinel-2 imagery, which were overlooked with
the previous inventory that employed three-times coarser Landsat imagery (Andreassen et al.,
2012). Furthermore, the quality of space-borne data also depend on cloud coverage and
temporal resolution which is predefined, while aerial photography, although more accurate, is

usually quite costly (Wigmore & Mark, 2017).

-5

Figure 2.2: A setup used to survey Llaca glacier in Peru. a) dGNSS for direct spatial referencing of images, b) target for
ground control and c) the UAV used for mapping (figure from Wigmore & Mark, 2017).
Unmanned Aerial Vehicles (UAVs, commonly called drones) have emerged as a solution to
these issues, capable of capturing high-accuracy, high-resolution topographical data over time

and space, and adaptable to various wavelengths (Bhardwaj et al., 2016). Employing sensors



with precise positioning systems (e.g., differential Global Navigation Satellite System or
dGNSS, Figure 2.2a), UAVs facilitate detailed three-dimensional analyses through Structure-
from-Motion (SfM) and Multi-View Stereo (MVS, see section 2.4.1) algorithms (Smith et al.,
2016). This allows UAVs to capture glacier dynamics with a spatial resolution of a few
centimetres, to monitor surface fluctuations over comparatively short time periods, from
months to days, (e.g., Wigmore & Mark, 2017; Che et al., 2020; Baurley & Hart, 2022), even
for slow moving glaciers (Cao et al., 2021). This resource-efficient technology is increasingly

utilised to calculate glacier volume changes, enabling precise assessments of mass balance.

2.2 Glacier parameters

There are several different glacier parameters that can be monitored for learning about
climate. The one showing almost immediate glacier response to changes in air temperature or
precipitation is glacier mass balance (vertical changes), through a number of processes

affecting glacier dynamics and in turn influencing terminus position and total glacier area

(horizontal changes) (WGMS, 2008).

2.2.1 Mass balance
Glacier mass balance is regarded as reflecting the immediate and direct response of glaciers to
climate changes (Haeberli, 1998; Nesje et al., 2008; Marzeion et al., 2017). It is considered
the variable that links glacier changes to climate (Meier, 1965), indicating increasingly
unstable atmospheric conditions as mass balance deviations from zero become more
pronounced (WGMS, 2023). For around 100 years ago it become an objective of measuring in
different regions to determine the overall state of glaciers, initiated by Forel (1895) and today
glacier observations from across the world are in coordination by several institutions into the
Global Terrestrial Network of Glaciers (GTN-G) (Marzeion et al., 2017), published in
“Fluctuations of Glaciers” every five years since 1967 (Kasser, 1967; PSFG 1973, 1977,
1985; WGMS, 1988) with a biannual supplement “Glacier Mass Balance Bulletin” (WGMS,

2023 and earlier issues).

However, methodological research on glacier mass balance did not begin until around 1940s
(Ahlmann, 1948). At the beginning, mass balance studies were aimed to help learn about the
health of glaciers (Ahlmann, 1948; Braithwaite & Zhang, 1999) and in later years, the

advancements in hydropower in Norway, further developed this interest (Collins, 1984). The
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longest persisting mass balance and glacier length monitoring has been taking place in

northern Sweden, Storglacidren, since 1946 until today (Schytt, 1962; Holmlund et al., 1996).

The state of a glacier in terms of balance is determined by the sum of inputs and outputs to a
glacier unit, either measured for the whole or a part of a glacier. The total change in mass is
estimated by adding together the amount of ice that forms under accumulation (positive) and
the amount of mass lost (negative) during the processes of ablation (schematically presented
in Figure 2.3). If ablation has exceeded accumulation, the net mass balance (b,) will be
negative, and if the opposite is true, it will result in a positive value. Normally, mass balance
is estimated for one hydrological year and sometimes for a period of several years, however,
for mid- and high- latitude glaciers, seasonal winter (b, positive) and summer (bs, negative)
balances which signify mass accumulation and ablation respectively, can be defined (Benn &

Evans, 2010, p. 37-38).
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Figure 2.3: The terms describing mass balance measured at a specific point. a) depicts simultaneous occurring of
accumulation and ablation throughout one mass balance year, b) represents the total difference in mass occurring during
one mass balance year (figure from UNESCO & IAHS report, 1970 in Ostrem & Brugman, 1991).

11



Mass accumulation in mid-latitude glaciers depends on winter precipitation variability, while
mass loss (ablation from ice or snow melt) is closely associated to summer temperatures,
linking to variations in weather conditions that occur within one year (Huss & Bauder, 2009;
Cogley et al., 2011; Wagnon et al., 2013). Therefore, seasonal mass fluctuations are key
indicators of climate impacts on glaciers (Vincent et al., 2004; Huss et al., 2008), but more
specifically, of the drivers (Andreassen et al., 2005; Marzeion & Nesje, 2012; Trachsel &
Nesje, 2015). These measurements not only help detail patterns and tendencies in glacier mass
development (Pelto et al., 2019), but also serve as important datasets for the calibration and
validation of both global and regional glacier models (Clarke et al., 2015; Huss & Hock,
2018; Maussion et al., 2019), as well as for integration of seasonal changes into regional
hydrological models (Schnorbus et al., 2014). However, these two components are not often

differentiated from the mass balance estimates (Dyurgerov & Meier, 1999; Ohmura, 2011).

Seasonal mass balance allows estimation of the amount mass gained and lost during one
mass-balance year, what is not possible to do if the measurements are performed only once
per year. However, as illustrated in Figure 2.3a, ice accumulation can also occur during the
summer and melting can happen during the winter months, leading to seasonal mass changes
to differ from the values representing accumulation and ablation. For temperate glaciers,
snowfall in the summer months is often regarded as rainwater flowing off the glacier.
Nonetheless, this does not influence the estimation of total b,, as showed in equation 2.1,

where ¢; = total accumulation and a; = total ablation (@strem & Brugman, 1991).

bn=Ct+at=bW+bS 21

Annual mass balance is measured as average change in thickness of water layer over glacier
area and expressed as meters water equivalent per year (m w. e. a’'), what includes corrections
for snow or ice density (Haeberli, 2011, p. 399). The reason usual mass unit kilogram per area
(kg m?) is replaced by meters, is that since the density of water in liquid form is 1000 kg m™,
1 kg of water if equally spread over 1 m?, would measure to 1 mm (0.001 m) of depth (Cogley
et al., 2011). As snow and ice can have different densities, the density of liquid water is

constant, making mass balance values to be comparable.

Surface albedo and debris cover, topography, air temperature and precipitation are the factors
that influencing the components of mass balance (Fischer, 2010; Cogley et al., 2011).
Typically, the regional distribution of winter precipitation, and local allocation of snow by

wind, as well as avalanching from surrounding slopes, influence how glaciers gain mass
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(Figure 2.4) (Lie et al., 2003a). During ablation, melting is the biggest contributor to mass
loss. Mass reduction can also be caused by evaporation and calving, however, when total

mass turnover is considered, their effects are not as significant (Qstrem & Brugman, 1991).
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Figure 2.4: A schematic representation of the main mass balance components (figure from Cogley et al., 2011).

Although these components influence mass change for the whole ice body, these changes are
not distributed homogeneously. For this reason, mass balance is classified into several types.
The first is surface mass balance, measured at glaciers’ surface, commonly by the traditional
glaciological method with the use of stakes. The second is internal mass balance, caused by
englacial processes such as refreezing of water, normally not detected during surface balance
surveys. Next, basal mass balance is the change of glacier mass caused by processes
influencing glacier sole at the bed, such as ablation due to ice pressure or geothermal heat
flux. Lastly, the term climatic mass balance has been introduced to address the frequent
instances where “surface” mass balance was used to refer to both surface and internal

balances (Cogley et al., 2011).

Even though the most mass is exchanged on the glacier's surface, the total balance is the result
of sub- and englacial processes, however, being quite difficult to detect and measure using
traditional methods. This is especially true for temperate glaciers, where vertical mass

allocation happens at the beginning of the ablation season, when meltwater from the surface
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percolates down and refreezes, releasing latent heat that and raising temperatures of the whole

snow layer to 0°C (@Dstrem & Brugman, 1991).

2.2.2 Planimetric glacier attributes
Planimetric glacier length variations (front positions) is another glacier parameter that is being
reported by WGMS, representing a delayed, filtered but relatively easily observed response to
changes in climate (Holmlund et al., 1996; Haeberli, 1998; Roe & O'Neal, 2009; Roe, 2011).
The change in glacier length can be described as a function between the observed vertical
glacier change (mass balance) and its initial length (Nye, 1960). This also means that if the
change of glacier length in a period of time is known, it may be possible to infer the change of
its mass. Therefore, length observations provide valuable information about glacier
interactions with climate, what is especially beneficial for regions where mass balance has not

been measured before, excluding instances of surging or calving glaciers (Haeberli, 1998).

Besides measurements of glacier terminus, the information on change of the total glacier area
also provides important insights about the general glacier state within the specific region.
Planimetric changes is a form of glacier adjustment to the extent appropriate for equilibrium
conditions (where mass balance is zero) (WGMS, 2023). Glacier area measured during glacier
inventories carried out on different scales is needed to quantify glacier mass balances, and
since mean glacier elevations are some of the results of such inventories, they can also be
applied for approximate estimations of regional equilibrium line altitudes (ELAs) (Haeberli,

1998).

2.3 Methods to measure mass balance

2.3.1 Glaciological method
The traditional way for mass balance calculation is glaciological, employing direct stake
measurements and excavation of snow pits (Hoinkes, 1970; Braithwaite, 2002). Originally,
the technique was developed by @strem and Stanley in the 1960s (1966, 1969), who built on
the foundation provided by H. W. Ahlman (Braithwaite, 2002; Cogley et al., 2011). The
emergence of first programs dedicated to monitoring glacier hydrology were the main
motivation for this development, as it raised the need for a uniform methodology and a
detailed framework for field measurements to estimate glacier mass in the coastal Northern
Europe (Thorarinsson, 1940; Ahlmann, 1948; Braithwaite, 2002; Cogley et al., 2011).

Typically, this approach is utilized to estimate annual fluctuations and seasonal balances
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(Klug et al., 2018). Ostrem and Brugman (1991) have produced a user guide based on the
instructions of Pstrem and Stanley (1966, 1969), which is still often referred to in research

articles.

The application of the method, as described by @strem and Brugman (1991), begins with a
choice of a suitable glacier (with regards to accessibility), followed by an establishment of an
as evenly distributed stake network as possible (stakes are poles installed on the ice surface
(Cogley et al., 2011)). The stakes marked regularly (as seen in Figure 2.5) are used to measure
the difference in glacier surface height between two observations. For winter balance at the
point where a stake is placed, the thickness of the snow layer is measured at the end of the
accumulation period, referencing its thickness to the layer from previous summer. As snow
can be distributed heterogeneously across the glacier, the accumulation pattern can be
established using probing rods. Conversely, to measure glacier melt, surface lowering in
relation to the poles drilled in ice is read directly from stake lengths (Jstrem & Brugman,
1991).

Figure 2.5: An ablation stake used in glaciological method on Engabreen. The markings on the pole are used to determine
elevation change of the glacier surface (figure from Andreassen, Elvehay, & Kjollmoen, 2023).
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The equation 2.2 (provided by Dyurgerov, 2002) demonstrates how to derive mass balance
(b)) for a specific point using stake method. With the first member of the equation, the density
of solid ice is calculated (normally, 0.90 g cm™). Here, po refers to ice density and Ah the
alteration in the ice surface level compared to the top of a measuring pole. The second part is
used to account for mass change due to snow or firn, with varying density over time that is
measured by weighing a known volume of snow taken form a snow pit. When specific point
balance values from several sites (multiple b;) are known, spatial information can be
integrated to derive mass balance for the entire glacier. First, specific mass balances for
different altitudes are estimated by multiplying the b; with area of the respective elevation

band it is measured at, then averaged and divided by the total glacier area (Dyurgerov, 2002).
b = poAh+ (p2hy — p1hy) 2.2

The glaciological method provides accurate point specific mass balance and information on
its spatial distribution (Hock & Noezli, 1997). Depending on the frequency of stake readings,
the field-based method can be utilized on a relatively high temporal scale making it suitable
for detecting shorter term mass balance changes. However, some estimations can have
different sources of uncertainties, such as stake relocations or logistical limitations that affect
stake distribution (e.g., Klug et al., 2018; Wagnon et al., 2020), outdated glacier area
information (Wang et al., 2014), interpolation between data points (Hock & Jensen, 1999),
extrapolation of unmeasured glacier areas (such as cliffs and crevasses) (Jansson, 1999;
Fischer, 2010) and inability to correctly identify the layer of the previous ablation season

(Cox & March, 2004; Andreassen et al., 2016).

2.3.2 Geodetic method
An alternative approach to traditional mass balance assessment is referred to as geodetic
(volumetric) method, introduced by S. Finsterwalder for the first time in the 19™ century
(Braithwaite, 2009). The method is based on repeated surveying of glacier surface and area,
building on the comparison of two DEMs from different dates to infer whether the surface had
thickened or thinned during that time period (difference DEM) (Figure 2.6) (Rignot et al.,
2003). The changes in glacier surface are measured with reference to the surrounding

bedrock, assuming that it is not changing (Haug et al., 2009).
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Figure 2.6: The difference in surface elevation between 1959 (aerial photogrammetry) and 2013 (airborne laser scanning),
Folgefonna. Elevation change is required for estimation of glacier volume change and. its further conversion to mass by
integrating ice density values (figure from Andreassen et al., 2020).

Accurate surface elevations with sufficient time period between for the change to be
significant, is the main element required to estimate geodetic mass balance (Bamber &
Rivera, 2007). This data can be sourced from old topographical maps, terrestrial and aerial
photographs (e.g., Krimmel, 1999; Andreassen et al., 2002; P. Weber et al., 2020), satellite
imagery (e.g., Larsen et al., 2007; Schiefer et al., 2007; Andreassen et al., 2012; Winsvold et
al., 2017), laser point clouds (e.g., Sapiano et al., 1998; Baltsavias et al., 2001; Andreassen,
Robson, et al., 2023) and GPS devices for location information. By utilizing a combination of
different data from various platforms, mass balance can be estimated over longer time scales,
and referenced to higher accuracy data, such as LIDAR or UAV imagery, as compared to

sources like aerial photographs or maps (Schenk & Csatho, 2012; Csatho et al., 2014).
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Once the average value of elevation change (Ah) for the entire glacier surface is quantified
through DEM differentiation, volumetric glacier change can be derived by multiplying it by
the glacier area (4). However, this number does not account for the mass of the material
whose volume has been gained or lost. Therefore, the density values (p) of snow (for
estimation of seasonal change) or ice (annual or balance over longer periods) must be
incorporated into the estimate, and the result should be converted to water equivalent by
dividing by the density of water, which is 1000 kg/m™, as shown in equation 2.3 (Giesen et
al., 2008; Cogley et al., 2011). For conversion of volumetric balance for the entire area of
land-terminating glaciers and for periods longer than 5 years, Huss (2013) suggests using the
value of 850 + 60 kg m™ for ice, assuming, stability of mass balance gradients, the presence

of firn on the surface and that the difference in volume are significantly larger than zero.

B _ Ah X A X Psnow/ice 2.3
geed = 1000 kg/m~3

However, calculation of winter mass requires knowledge of snow density. Accurately
estimating snow density can be difficult as it varies considerably with time and space, while
acquiring snow samples necessitates physical presence, making it laborious and costly (Pelto
et al., 2019). Therefore, besides uncertainties related to DEM production (see section 2.5) and
assuming snow layer homogeneity, snow density represents another potential error source
(Haug et al., 2009; Huss, 2013; Sold et al., 2013; Belart et al., 2017). Other significant errors
can arise from the data itself, especially if the exact date of image acquisition is uncertain or if
images from different dates are used to depict the surface conditions for the same time period

(Cogley, 1999).

The geodetic method is time and cost-efficient, and with historical data, mass balance can be
calculated far back in time (e.g., Haug et al., 2009). It enables mass balance analysis across
decades for entire regions (e.g., Wingham et al., 1998; Krabill et al., 2000; Bamber et al.,
2004; Larsen et al., 2007; Schiefer et al., 2007; Andreassen, Robson, et al., 2023), covering
entire glacier extents (Haug et al., 2009; Basantes-Serrano et al., 2018) and capturing all
processes related to surface change, including englacial and basal mass changes, and ice flow
effects (Cuffey & Paterson, 2010). It is also effective for assessing winter snowpack depth
(Berthier et al., 2014; Nolan et al., 2015), an important aspect of glacier mass balance (Jstrem
& Brugman, 1991).
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2.3.3 Method comparison
The two methods have their own strengths and limitations. Surface point elevations measured
geodetically are affected by glacier movement, while this is avoided with point measurements
read from ablation stakes which move in tact with the ice mass (Paterson, 1994). Additionally,
as opposed to field measurements, the geodetic mass balance does not accumulate systematic
errors with time, making it useful for detailing mass balances for longer time periods (Wang
et al., 2014). This together with the fact that geodetic mass estimations include internally
occurring accumulation and ablation, allow it to be utilised for calibration of glaciological
mass balance results and validation of mass change simulations (Johannesson et al., 2013;
Andreassen et al., 2016; Kronenberg et al., 2016). Therefore, it is suggested to incorporate
decadal volumetric measurements alongside with the records based on in-situ measurements
(Zemp et al., 2013). However, detailed glaciological point and snow density measurements
are also considered valuable, complementing the geodetic method with site-specific density

measurements (Braithwaite, 2002).

Which approach to choose, depends on the goal of the study: weather detailed, point-specific
data of surface change is needed, or broader insights of the entire glacier (including internal
mass change) or assessment on a larger geographical scale is preferred. Nevertheless, the most
thorough insights on glacier mass balance can be achieved if both methods are used in

combination (Thibert et al., 2008; Fischer, 2011; Huss et al., 2017; Klug et al., 2018).

2.4 Conventional and Structure-from-Motion photogrammetry

Due to increasing popularity of UAVs and increases in computing power, photography has
been widely used in recent years to study glaciers (Fox & Nuttall, 1997). Photogrammetry is
often used in relation to remote sensing. It aims to extract quantitative information about an
object from stereo-images through estimation of parallax — the shift of an object between two
overlapping photographs taken from two different angles (Lillesand et al., 2015). This allows

an extraction of object’s x, y and z coordinates (Schenk, 2005; Gomarasca, 2009).

The first initial motivation behind aerial photographic surveys of the ground and experimental
photogrammetry was for military surveillance purposes (Gomarasca, 2009), followed by an
invention of a stereoplotter. Further technological progress in computing throughout the late
1960’s enabled analytical photogrammetry to develop, along with the first computer programs
within the field, optimising aerial triangulation. The field entered a new era in the early

2000’s when digital cameras as well as processing microchips and devices for data
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preservation and access become more readily available, giving rise to digital photogrammetry
(Schenk, 2005). As working with large data volumes became easier, georeferenced digital
point datasets emerged as primary products in glacier research for deriving glacier DEMs
(Fox & Nuttall, 1997) with a possibility to reconstruct surfaces more than a hundred years
back in time utilising historical sources (e.g., Holmlund & Holmlund, 2019; Kavan, 2020;
Holmlund, 2021). The following overview of the core photogrammetry principles is informed

by Lillesand et al, 2015, p. 146-217.

2.4.1 The parallax
A principle in photogrammetry, describing how stationary objects seem to move relative to
each other when looked at from different positions is called a parallax. A typical example
would be looking through the window of a moving train and seeing objects in far distance to
appear moving less than objects closer to the viewer. When applied in photogrammetry, the
principle of parallax involves observing how far a terrain feature 4 in Figure 2.7 appears to be
shifted in one image relative to another. This shift indicates its relative distance from the
camera compared to another feature such as B, that also shifts, but by a different amount.
Essentially, objects at higher elevations will appear to have moved more than those situated
lower. By estimating this difference, it is possible to estimate the latitude (X), longitude (Y)
and elevation (Z), and generate a DEM (Lillesand et al., 2015, p. 177-178).

To achieve this, a sufficient overlap between images is required together with exact camera
locations and camera angle information. These parameters, together with the measured
parallax and triangulation methods, can be applied to estimate the distances between the
camera and the object (Lillesand et al., 2015). For instance, the parallax of the point 4 in
Figure 2.7a can be estimated by subtracting the x image coordinate of the point 4 in one
image (x,) and its x coordinate in another image (x’;) of the stereopair (Figure 2.7b) as shown

in the equation 2.4 (Lillesand et al., 2015, p. 178-179).

!
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Figure 2.7: Geometric representation of parallax relationships on vertical photos of the same object taken from different
positions. a) a stereopair, b) superimposed images (right on left) (figure from Lillesand et al., 2015).
Having estimated the parallax of the point 4 and when the distance of the baseline (B)
between the exposure stations (L and L) is known, it is possible to estimate its X and Y
ground coordinates using the equation derived by triangulating (equations 2.5 and 2.6).
However, an assumption that that these photographs have been taken from the same height

and that they are perfectly vertical, must be made (Lillesand et al., 2015, p. 179-181).

X
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Based on the Figure 2.7a, the baseline (B) and the parallax (p.) forms a right-angled triangle
and gives an idea of how far away the point 4 is located from the camera (Z-dimension). With
the lengths of baseline and parallax providing two sides of the triangle, the rest can be

estimated using the Pythagorean theorem, which, after application of further geometric
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principles, can translate the 2D parallax measurements to 3D space and thus, extract the Z-

coordinate, a process called space intersection (Lillesand et al., 2015, p. 181-182).

2.4.2 Extraction of elevation data using photogrammetry
In digital photogrammetry (including scanned analogue photographs), image point matching
is done using numerical image correlations applying different matching techniques on pixel
scale. One of the techniques employs an idea of epipolar (reprojected to have the same
orientation (CATALYST.Earth, 2024b)) geometry to reduce the time needed for computation
by moving the search window (e.g., 5x5 pixel area) solely along the straight line where any
point parallax occurs. Since digital systems employ a variety of mathematical processing
algorithms, it does not rely on the assumptions about images being truly vertical nor their
altitude being constant, as they can handle these variations described by collinearity

equations, solving the exterior orientation, necessary for using aerial images for mapping.

Exterior orientation refers to the relationship between the absolute (ground) and relative
(image) coordinate systems, described by several parameters: omega (w) — rotation about the
x-axis, phi (¢) — rotation about the y-axis, kappa (x) — rotation about the z-axis (Figure 2.8).
This geometric relationship is determined by estimation of these parameters, what is done by
projecting image 2D coordinates to 3D system (and the other way around), a process called
indirect georeferencing. In direct georeferencing, however, these parameters have already
been measured for each image with the GPS and IMU (inertial measurement unit), removing

the necessity for establishment of ground control points (GCPs) (see section 2.4.4).
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Figure 2.8: Visual representation of the geometric relationship between image (relative) and ground (absolute) coordinate
systems, expressed in omega, phi and kappa angles. These angles are crucial for solving exterior orientations (figure from
Wolf & Dewitt, 2000).

Thereafter, relative orientation refers to the relationship and overlap between photographs in a

block (a set of overlapping images). This is solved by collecting points that are easily
identifiable in several images (tie points in Figure 2.9), comparing their photocoordinates
from each image and correcting for the differences. Further, bundle adjustment (an estimation
of exterior and interior orientations (Ullman & Brenner, 1979) of the whole block can be used
to determine how the relative positions of these points relate to the ground coordinates
(solving of the absolute orientation). If direct georeferencing has been applied, GPS
coordinates have already been acquired, making each image centre (points o in Figure 2.7) a
GCP. However, additional control points can be established to improve the absolute accuracy
of the model and it is common to measure 10 or more of such points for blocks consisting of

hundreds of images, even with direct georeferencing (Maune, 2007).

For historical analogue datasets, additional interior orientations defined by to the geometry of
camera lens need to be established. The goal is to locate the perspective centre (referred to as
PPA) and establish the curve of radial lens distortion, what is not needed to be done for
modern cameras (Schenk, 2005). The parameters needed to solve this are normally provided
in camera calibration report (Wolf & Dewitt, 2000; CATALYST.Earth, 2024c). Once these

orientations are solved, one of the main photogrammetric products, a DEM, can be extracted
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using highly automated elevation sampling of correlated images in the overlap area (Lillesand

et al., 2015).

@ Tie points

A Ground control points

Figure 2.9: An illustration showing how tie points describe relative orientation between a block of images and the fact that
ground control points are basically tie points with location attribute (figure adapted from Fig. 5.1 in Yuan, 2009).

2.4.3 Structure-from-Motion with Multi-Stereo View photogrammetry
In contrast to traditional photogrammetric techniques, structure-from-Motion (SfM)
photogrammetry does not require parameters set during camera calibration, as they are
estimated based on the geospatial information recorded by a GPS and the sensor orientation
captured by an IMU unit (Smith et al., 2016; Eltner & Sofia, 2020). This makes SfM
photogrammetry suitable for computation of inner image orientations in cases of missing
camera calibration reports for the analogue image datasets (e.g., Gongalves, 2016; Molg &

Bolch, 2017; Vivero et al., 2021).

The method employs computer vision algorithms for automated extraction of 3D point
coordinates from a large number of images using bundle adjustment. During this process, the
model is optimised through establishment of rays linking image centres with three-
dimensional tie points (bundle, Figure 2.9) seeking to find the best fitting non-linear function
to minimise the projection error (adjustment) (Granshaw, 1980; Triggs et al., 2000; Szelski,
2011). Lastly, georeferencing of the final point cloud is performed and, if needed, some
additional information, such as additional GCPs for improvement of interior and exterior

orientation parameters is added, and the model is readjusted (Eltner & Sofia, 2020).
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The resulting sparse point cloud is then densified utilising a Multi-View Stereo (MVS)
algorithm (Seitz et al., 2006; Remondino et al., 2014). Patch-based MVS developed by
Furukawa & Ponce (2010) is the algorithm type that are best suitable for applications in
physical geography today (Smith et al., 2016). It uses feature detection to create a set of
patches which are then expanded to collect even more patches. After a refinement, the

remaining patches constitute a resulting mesh used for modelling.

1.01km

Figure 2.10: The importance of having sufficient surface contrast for quality of a DEM (an example from this study) a) An
orthomosaic generated from underexposed photographs from 2017; b) photogrammetric dense point cloud coloured by point
confidence, extracted from imagery in a); c¢) a shaded representation of a DEM extracted from the point cloud in b). As seen

from the figure, areas with the lowest surface texture in a) yielded no data in the final output c).

The quality of the final product depends greatly on the quality of images, since the foundation
of the SfM photogrammetry is feature detection and their matching (Furukawa & Ponce,
2010; Gruen, 2012). Therefore, sufficient image contrast that is affected by the texture of
surface being photographed, is of high importance. For this reason, mapping of homogeneous
featureless surfaces such as snow can be challenging, resulting in data gaps within DEMs
(Figure 2.10) (Eltner & Sofia, 2020). Other factors such as ground sampling distance (most

often corresponding to spatial sensor resolution (Lillesand et al., 2015), surface capturing
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from different perspectives and distances (Micheletti et al., 2015; Eltner et al., 2016; Smith et
al., 2016), optimal image overlap (not too large and not too small) (Mosbrucker et al., 2017)
are also considered having an effect on the quality of the reconstructed photogrammetric

model.

Utilisation of SfM photogrammetry with MVS is considered having been revolutionary for
surveying topography (e.g., Lucieer et al., 2013; Tuffen et al., 2013; Eltner et al., 2014;
Javernick et al., 2014) due to its ability to produce highly accurate spatial products, the
versatility of applicable sensors, cost efficiency, feasibility of frequent surveying and point
quality that is comparable to LiDAR clouds (Westoby et al., 2012; Carrivick et al., 2016;
Smith et al., 2016). These were also the reasons for the choice of this remote sensing data

processing method for glacier surface mapping in this study.

2.4.4 Direct and indirect georeferencing of models
Low to medium cost UAVs normally come with cheaper IMUs and GNSS receivers, affecting
the accuracy of direct image georeferencing (Ekaso et al., 2020). Therefore, in such cases, it is
recommended to improve image location accuracy indirectly, by establishing GCPs
surrounding the area of interest prior to the survey. This can be done by marking and
accurately measuring the locations of specific points with differential GNSS, which would be
easily recognised in the images during conventional photogrammetric processing (e.g.,
Westoby et al., 2012; Lucieer et al., 2013), what may also be important for improvement of
absolute and relative accuracies of elevation models (James et al., 2017). As shown in Figure
2.11, height errors increase with the distance from GCPs (Tonkin & Midgley, 2016), thus it is
suggested to distribute them effectively, ensuring they encircle the object or area being

modelled (James & Robson, 2012; Eltner et al., 2016; Smith et al., 2016).
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Figure 2.11: a) Elevation difference between a DEM generated using a homogenous ground control point (GCP) distribution
and a DEM derived with the use of a less even distribution of GCPs across the same model. b) A plot visualising the trend of
increasing elevation errors with larger distances from the GCPs in form of a polynomial regression (figure form Tonkin &
Midgley, 2016).

In some cases where sites are less accessible, a proper GCP distribution may not be possible
(Ekaso et al., 2020). Therefore, another way to improve absolute accuracy of a model is to
manually select a number of tie points that belong to non-moving features such as corners of
large boulders. By sampling their X, Y and Z coordinates from a previously georeferenced
orthomosaic and DEM, they can be used as virtual ground control points (e.g., Immerzeel et

al., 2014).

However, recent advances in the development of methods and hardware for UAVs,
specifically designed for earth surface surveys, now enable the acquisition of high-accuracy
spatial information. Thus, the reliance on any type of GCPs is for production of high-accuracy
models is becoming less crucial, making mapping of inaccessible areas using StM
photogrammetry increasingly more attractive (Eltner & Sofia, 2020). Direct referencing is
now possible through techniques such as Real-Time Kinematic (RTK) positioning and Post
Processing Kinematic (PPK) technology which are used to correct GPS data. The RTK
method involves a fixed base station installed at the survey site sending correction signals to
the GNSS receiver (rover) on the aircraft during flight, achieving location accuracy to within
a few centimetres (Ekaso et al., 2020; Eker et al., 2021) (Figure 2.12a). In contrast, the PPK
technique involves correcting GNSS data recorded by a module on the aircraft against a
nearest base station’s known location during post-processing, resulting in corrections of

positional errors (Wingtra, n.d.) (Figure 2.12b).
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Figure 2.12: Schematic representation of a) Real-time kinematic (RTK) and b) Post processing kinematic correction of
location data used for direct image georeferencing under surveying (vector icons sourced from Flaticon, 2024).

2.5 Uncertainties from DEM differencing

The results of glacier volume change, and thus, mass balance are largely affected by the
quality of input DEMs (Rolstad et al., 2009). These DEMs are produced through various data
acquisition methods and processing techniques, which introduce uncertainties that are carried

through to the final results. Therefore, these factors should be addressed.

2.5.1 Error sources
First, it can be distinguished between DEM accuracy and precision. Accuracy represents how
different the recorded (DEM) and the true (reference) elevation values are statistically (Mesa-
Mingorance & Ariza-Lopez, 2020). On the one hand, accuracy relates to systematic errors
within the entire DEM (affine biases) potentially resulting from horizontal/vertical, rotational
DEM adjustments or scaling, tilt alignments and vertical shifts (Mukherjee et al., 2013; Kulp
& Strauss, 2019), which were performed in order to correct for any misalignments to the
reference dataset. On the other hand, accuracy can vary among specific cells due to various
factors. These include specific biases related to different resolutions (Vaze et al., 2010;
Gardelle et al., 2012), methods for data acquisition and instruments used which may introduce
issues such as inaccurate positioning and lens distortions (Girod et al., 2017; Dehecq et al.,
2020). Additionally, factors such as terrain complexity and the quality of the software and
algorithms used in data processing can also affect accuracy (Hugonnet et al., 2022) (Figure

2.13).
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Figure 2.13: An illustration of a framework proposed for DEM uncertainty assessment based on stable terrain. Accuracy can
include both affine and specific systematic errors, while precision includes heteroscedasticity and spatial correlations (figure
from Hugonnet et al., 2022).

In contrast to accuracy, precision relates to random errors of data acquisition and represents
the spread of inaccuracies, indicating how much individual errors vary from the average error
value (Mesa-Mingorance & Ariza-Lopez, 2020). This measurement is important for
reproducibility, since a high-precision DEM consistently produces similar elevation values for
a specific location using the same measurement methods, showing to higher reliability due to
less random spread of errors. Precision shows to either a pattern of error variability (spatially
correlated errors), or to errors not having a constant variance (heteroscedasticity). The former
can for example be influenced by the resolution or spectral range of an instrument and noise
that took place under processing which normally correlates with aspect, while the latter can be
dependent on a terrain attribute and result in higher errors in areas with e.g., steep slopes

(Hugonnet et al., 2022) (Figure 2.13).

2.5.2 Uncertainty assessment
The main approach used to evaluate the quality of a DEM is to compare it to an independent
reference dataset over stable areas (bare rocks) and statistically determine the discrepancies
between them (Cox & March, 2004; Nuth et al., 2007; Haug et al., 2009). The reference
DEM, which should be at least three times more accurate than the DEM under assessment, is

considered to approximate true ground values. This is despite the acknowledgement that
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obtaining a true elevation value is impossible due to unavoidable uncertainties inherent in

measurement techniques (Mesa-Mingorance & Ariza-Lopez, 2020).

However, the differentiation is not always a straightforward process, sometimes requiring
application of several different types of 3D alignments, including generic registration
techniques (e.g., Zhou et al., 2016), methods considering least squares (e.g., Gruber et al.,
2012), or specialised DEM registration incorporating terrain constraints (e.g., Nuth & Kiéb,
2011). As mentioned in section 2.3.2, DEM differencing is also employed to estimate changes
in glacier surface elevation by comparing co-registered glacier pixels, aiming to deduce
changes in glacier volume, and consequently, mass balance. Therefore, the method of
differentiation is significant for the results of mass balance and the assessment of uncertainty.

The techniques for co-registration and bias correction are elaborated on in section 5.2.

3. Study area

Fannarakbreen is located in the western part of the national park of Jotunheimen, central
South Norway (Figure 3.1). Covering an area of around 3500 km?, Jotunheimen mountain
range belongs to the Scandinavian Caledonides (Winkler et al., 2020, p. 169). Over a hundred
peaks which are rising above 2000 m a.s.l. with two of them being Norway’s highest
(Galdhepiggen, 2469 m a.s.l. and Glittertinden, 2464 m a.s.l.), resemble “residual massifs” of
the initial mountain range in this area (Gjessing, 1978) and the plateaus in between that are
mainly above 1500 m a.s.l. are considered being the paleic surfaces from the preglacial period

(Reucsh, 1901; Ahlmann, 1919, 1922; Gjessing, 1967).

During the most recent glacier inventory of Norway, it has been estimated that there was a
little over 150 km? of glaciated area in Jotunheimen national park, including ice remnants and
perennial snow fields (Andreassen, Nagy, et al., 2022). Small and very small (> 0.5 km?)
valley and cirque glaciers constitute the majority of all ice bodies within the area, some of
them connecting and forming larger glacier systems (Winkler et al., 2020, p. 171). Yet,
glaciers larger than 1 km? are taking up the most of the total glaciated area (Andreassen et al.,
2008). Besides Jotunheimen being the region characterized by glaciers, it also stands as one of

the key permafrost areas in Scandinavia (Gisnas et al., 2013; Gisnas et al., 2017).
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Figure 3.1: A map over the study area in the geographical context of the region in central southern Norway. The measurements of
other (vellow) glaciers were used to compare the results of Fannardkbreen in section 7.2..
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3.1 Geographical context

The glacier is located just north-east from the Hurrungane massif, which together with the
area of Sognefjellet are referred to as the Western Jotunheimen (Winkler et al., 2020).
Situated in the elevation range between 1460 and 2500 m a.s.l, Fannardkbreen has north-east
aspect and is surrounded by steep slopes in the south-west - a typical morphology for cirque
glacier erosion. A mid-moraine can be distinguished from the patterns of debris on the

surface, following the direction of glacier movement (Figure 3.2).

The surrounding terrain is dominated by undulating surface with aggregations of loose blocks
as well as continuous bedrock without the cover of loose material. Orthopyroxene gneiss is
the bedrock type that dominates the study area, with pyroxene granulite featuring a

composition that varies between gabbroic and quartz-monzonitic, along with the presence of

anorthosite and amphibole-rich gneiss pockets (Lutro, 2002).

Figure 3.2: Figure showing Fannardkbreen’s mid-moraine and heights of the surrounding peaks. Yellow dashed line marks
the route used to access the glacier.

The glacier drains through two main meltwater streams to the dam Prestesteinsvatnet, where
water is further directed towards the dam overflow routed towards the @Ovre Hervavatnet
(Figure 3.1). The first stream drains directly to the dam (in close proximity to the dashed

yellow line), the other leading meltwater through the series of smaller lakes.
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Fannardkbreen is located approximately 12,5 km south-west from Storbreen in Leirdalen
valley, with an area of 4.9 km?, at an altitude between 1420 and 2091 m a.s.l. Fannardkbreen
and Storbreen are both of similar size, ranging between similar ranges of altitude and having
the same north-east aspect. Storbreen is a Norwegian glacier that has had its length measured
since 1902 and annual mass balance series are available since the 1949, making it a glacier
with the second longest continuous mass balance records in the world, after Storglacidren in

Sweden (NVE, 2023).

3.2 Climate

The local climate in the study area is largely influenced by Norway’s general weather patterns
that are related to country’s coastal position and steep topography, with most of the
precipitation being frontal in the autumn and orographic in summers (Andreassen et al.,
2012). The North Atlantic (NAO) and Arctic (AO) oscillations, as well as the mountain range
called the Scandes and stretching north-south direction, are the main factors influencing this

pattern.

The NAO is defined as a variation in difference of the sea level pressure between the
Icelandic low and the Azores high in the Atlantic Ocean, not showing any systematic trends in
the pattern (Hanssen-Bauer, 2015). High positive NAO or AO index values are higher, they
show to high low-pressure activity in the northern seas that bring mild temperatures to the
coast and snow to maritime glaciers, while negative values result in the opposite — lower
winter temperatures and less precipitation. In Norway, these weather systems influence the

main wind direction, which is west (Hanssen-Bauer & Forland, 1998; Nesje et al., 2000).

The mild and moist air masses brought by the westerlies after reaching the coast and the
mountain range in south-west (area of Jotunheimen) are orographically lifted, where
condensation occurs due to lower temperatures, resulting in 8% more precipitation every 100
meters of elevation (Selthun, 1973; Haakensen, 1989; Dahl & Nesje, 1992; Dahl & Nesje,
1994). According to the data from period between 1971 and 2000, most of the precipitation
(3500-4000 mm annually) is received by lower western areas with more than 5000 mm being
modelled to fall within glacier areas at higher elevations (Figure 3.3c). Due to proximity to
the ocean, the average temperatures between the coldest and the warmest months differ by

only between 10 and 15 °C in coastal areas (Figure 3.3a, b) (Hanssen-Bauer, 2015).
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Figure 3.3: Mean annual climatic values for Norway, in the period of 1971-2000. a) mean annual winter temperature (°C),
b) mean annual summer temperature (°C) and c¢) mean annual precipitation (mm) (figures from Hanssen-Bauer et al., 2015).

The conditions in the study area are regarded as transitional, where oceanic climate of the
south-west changes towards more continental eastern, with more pronounced differences
between the highest and the lowest temperatures throughout the year. This is indicated by the
trend in precipitation data showing dryer conditions west-east direction, with Hurrungane
massif in the west receiving up to 2000 mm, Galdhepiggen further east - 1500 mm and
Veodalen even further east, only up to 1000 mm of precipitation annually. The temperature
and precipitation records also demonstrate Jotunheimen’s role in creating a rain shadow effect

over eastern areas such as Lom and Skjak (Winkler et al., 2020).

3.2.1 Implications on glaciers
These climatic patterns, especially the west-east temperature-precipitation gradients that show
a transition from strong oceanic conditions towards continental, are of high influence with
regards to glacier distribution and the boundary of the regional equilibrium-line altitude
(ELA). The distribution of this line where glacier net mass balance is equal to zero, has been
modelled for southern parts of Norway based on the relationship established by Liestol
(Figure 3.4a) (Lie et al., 2003b). Considering the factors that the relationship is based on, the
regional ELA has been estimated to be located between 1200 m a.s.l. in coastal areas and
2000 m a.s.l. towards Jotunheimen and even higher further east, intersecting with the largest
country’s plateau glaciers validating this model (Figure 3.4b) (Liestel, 1967; Lie et al.,
2003b).

The west-to-east pattern of the ELA can be explained by the mild westerlies that in

combination with orographic uplift, result in sufficient amounts of snow in the winter season
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allowing glacier formation at lower altitudes than in more continental areas, while changes in
the south-north directions can be ascribed to topography that influences orographic uplift (Lie

et al., 2003b). According to the model, the climatic ELA at the study area is at around 1900 m
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Figure 3.4: a) An exponential relationship between temperature and precipitation of the ablation season at the ELA (Liestol
in Sissons, 1979), b) Map that symbolises the climatic (over 30 years) Temperature-Precipitation ELAs (‘TP-ELAs) estimated
for southern Norway (figure from Lie et al., 2003b).

3.2.2 Local weather data
Weather stations in the vicinity of the study area as seen in the Figure 3.5 are Fannaraki (2026
m a.s.l.), Sognefjellhytta (1413 m a.s.l.) and Hervavatn (1304 m a.s.l.) (Norsk
Klimaservicesenter, 2024). The measurements at Fannaraki summit at the top of the glacier
started in 1932 and were terminated in 1978. The data from this station has to be handled with
caution due to the fact in mind that it had been influenced by the conditions specific to the
area (Winkler, 2001). Three months after the closure of the nearest station, the Sognefjellhytta
station just below the glacier was opened and has been recording air temperature and

precipitation until today.
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Figure 3.5: A map of the closest weather stations and their altitude (background imagery source from Earthstar Geographics
in ArcGIS Pro).

Except for the period from September 2012 to January 2014, there is no overlap in the data
from Fannarékbreen and Sognefjellhytta; this includes extended periods of missing data
(Table 3.1). The same situation applies to the Hervavatn station. Thus, instead of utilising data
from the local climate stations, weather information for the study area has been extracted from
seNorge 2018 interpolation by Lussana et al. (2019), covering the entire country for the time
period between 1957-2023 (see section 4.4). The existing overlap of temperature data from
Fannarakbreen and Sognefjellhytta stations has been used to establish the temperature
gradient specific to the study area, which is -0,4°C/100 m, agreeing with the regional laps rate
0f 0,42 °C decreasing every 100m (Aune, 1993).
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Table 3.1: An overview of the local weather stations with elevation, variables measured with regards of temperature and
precipitation and time period the data is available for (Norsk Klimaservicesenter, 2024).

Station name Elevation (m a.s.l.)  Variables Data from Data until
1932-08-01/ 1978-08-31/
. Temperature
Fannaraki 2062 2012-08-31 2014-02-05
Precipitation 1932-08-01 1978-08-31
Temperature 1978-12-01 Until now
Sognefjellhytta 1413
Precipitation 1978-12-01 Until now
Temperature 2018-12-04 Until now
Hervavatn 1304
Precipitation 2022-11-19 2023-07-31

3.3 Previous research from the area

The study by Matthews et al. (2000) analysed two sediment cores from Smerstabbtinden area
in central Jotunheimen (the location of Storbreen) with a goal to learn about glacier
fluctuations throughout the deglaciation period of the Holocene. In another study by
Matthews (2005) lichens were used to date moraines from the LIA in 16 different areas in

Jotunheimen and it was found that the moraines formed during 12 distinct events.

A later study by Hormes et al. (2009) utilised a sediment core from Nedre Hervavatn, one of
the lakes in the lake system that Fannardkbreen drains through. The sediments were used to
radiocarbon date utilising a wiggle-match technique to assess minor changes in the
environment that took place between 9750 and 1180 cal BP, identifying three episodes of

large volumes of meltwater.

The moraines in area of Styggedalsbreen, Hurrungane (just south-west for Fannardkbreen) has
been investigated by Shakesby et al. (2020) to determine climatic fluctuations during the
Erdalen Event (approx. 10.2 — 9.7 ka). Three different techniques for dating were applied on
several ridges providing chronology of the events, and together with ELA estimations for
Styggedalsbreen, showed to high glacier sensitivity to environmental changes. It has been
concluded that climatic fluctuations during this event were more complex than previously

assumed.
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A remote sensing glacier inventory using Landsat imagery for the entire Jotunheimen has
been conducted by Andreassen et al. (2008). Glacial changes that occurred between the 1930s
and 2003 were assessed, utilising glacier outlines derived from previous investigations in the
1960’s and 1980’s. The results showed an overall glacier retreat, with an exception being

some glaciers, showing to differences being highly individual.

4. Data

In this study, several different data sources were utilised to derive glacier surface information.
This includes historical analogue and newer digital photographs from the archives of
Norwegian Mapping Authority (Kartverket), a LIDAR derived elevation model and UAV
imagery acquired during three fieldwork sessions in the study area. Other data utilised in this
analysis encompassed climate values extracted for the study area from the interpolation
datasets, information on the geoid height (difference between two datums) and base station

corrections used for georeferencing of the field data.

4.1 Historical imagery

The archive of historical aerial imagery owned by Norwegian Map Authority (Kartverket)
consists of images with some sets covering just parts or the entire country since the 1930’s,
acquired with a goal for them to be used for mapping (Kartverket, 2024b). A total of seven

sets of archival aerial imagery over the study area have been suitable for this study (Figure
4.1).

By
‘
e -

b Tl
g8l g 90 @

38



39



Figure 4.1: Examples from each scanned, raw set of historical aerial imagery over the study area. The scale in these images
is not uniform and since they are not orthorectified, distortions are present. Photographs from 1955-2004 (four black and
white and one in RGB) have data frames with additional information such as flight altitude or image number on one of the

edges and fiducial marks either in corners or on edges, representing image boundaries.

All image sets have calibration reports that include detailed information, such as focal length
and radial distortion required for solving image orientations in photogrammetry. The oldest
images are from 1955, surveyed by the US Army Map Service (AMS) covering southern parts
of the country. Images from 1981, 2004, 2010 and 2017 have been previously digitized and
published in Norgeibider (Kartverket, 2024e). However, all images were delivered in raw
format, not spatially referenced. Due to high snow and ice albedo, image scans of darker
exposure have been provided for the sets from 2004 and 2017. The information of each set is

summarized in Table 4.1.
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Table 4.1: A summary of the historical aerial photograph sets used in the study with information of the date images were
taken, flight operator, amount of images available over the study area, scale or/and spatial resolution, flight and the main
products that were extracted during processing.

Number of Scale/
Date Project name and operator photographs Resolution Product
1955 US Army Map Service (AMS) 3 1:50 000 Orthomosaic
WF-1834 (Widerge's Flyveselskap Orthomosaic,
1 -07-2 2 1:2
966-07-26 AS) 8 000 DEM
NLF-07084 1:40 000 Orthomosaic,
1981-08-28 (Norsk Luftfoto og Fjernmaling) 2 0.4m DEM
-11 L 1:
1993 FWG 534 (Notsk uftfoto og 1 40 000 Orthoimage
Fjernmaling) 0.4m
Orthomosaic,
2004-08-12 TT—13124 (TerraTec AS) 3 0.5m DEM
Orthomosaic,
2010-09-27 BG-BNO10044 (Blom AS) 6 0.5m DEM
Orthomosaic,
2017-09-23 TT-14233 (TerraTec AS) 12 0.25m DEM

4.2 Digital Elevation Model from Hoydedata

To cover the year 2020, a freely available DTM based on airborne LiDAR data had been
downloaded from Hoydedata (Kartverket, 2024d), under the project NDH Jostedalsbreen 2pkt
2020 (2pt/m?). The data was acquired by TerraTec AS as a part of an undergoing initiative to
generate a detailed national elevation model of Norway. The scanning took place in the month
of August, with elevation accuracy of 0.1 m being referenced to the Norwegian vertical datum

NN2000 (Kartverket, 2020a).

4.3 Field data (UAV)

To capture seasonal glacier surface elevation changes, the area has been visited in total of
three times (refer to Table 4.2 for summary). The data collected in field was UAV imagery,
acquired over the whole glacier area covering some surrounding stable ground for generation
of DEMs and orthoimages of the glacier. To maintain ground sampling distance as constant as
possible, terrain following feature was employed for all flights (e.g., Karuss et al., 2022).
Automatic camera capturing was used with endlap of at least 70% and sidelap of at least 30%

for each acquisition.

The first survey took place at the end of the ablation season, on the 20" of September 2022,
the second took place on 17™ of June 2023 and the third on the 6™ of September 2023. The
first flight was carried out automatically using a third part-app Map Pilot Pro (Maps Made
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Easy, 2024) with a connection of an iPad, while the other two missions were planned using
the software integrated into the UAV controllers. The geospatial information for the data from
the first survey was enhanced via a collection of virtual GCPs referenced to the LIDAR
dataset form 2020 during processing (further details are found in section 5.1.2). However, due
to cold temperatures and slight wind, power became an issue, resulting in incomplete first
coverage of the glacier surface at the highest altitudes, with some steepest parts missing. In
June 2023, the imagery was referenced employing an RTK (DJI D-RTK base station) (Figure
4.2a, b), while the data from the final acquisition in September 2023 (Figure 4.2¢) employed
WingrtaHub software for PPK correction (explained in section 2.4.4), based on the data from

a base station located in Ardal (Figure 4.3).

Table 4.2: The summary of UAV missions showing flight dates, the type of UAV used, image spatial resolution and number of
images taken during each survey.

Numb f Locati
Flight date UAV type Sensor Resolution (m) l.'lm ero ocation
images source
DJI Mavic 2 Hasselblad 1”
2022-09-20 Pro CMOS 20 MP 0.07 1165 GCPs
DJI Mavic 3 Hasselblad 4/3
2023-06-17 Pro CMOS 20 MP 0.05 1384 RTK
2023-09-06  WingtraOne RGB61 0.06 1847 PPK
Slope mapping
. 0.018 (ortho) / 338 (ortho) /
2023-00-06 DMavie3  Hasselblad4/3 - o0y e 889 (DJI Smart  RTK
Pro CMOS 20 MP . .
Oblique) Oblique)

Image acquisition for the comparison of slope mapping methods took place in June 2023. The
location data for the images from this acquisition were corrected with RTK, utilising
Continuous Positioning System (CPOS), real-time positioning service for direct referencing
provided by Kartverket, accessed via a subscription. Utilising the network of permanent base
stations and the user’s location, CPOS established a virtual reference station (VRS) which
was then used to correct the position information of the UAV for each image captured

(Kartverket, 2023). Permanent base station positions are shown in Figure 4.3b.
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Figure 4.2: Photographs taken during fieldwork. a) Landing of the DJI Mavic 3 Pro with field assistants in June 2023; b)
snow covering large areas, looking down from the glacier; c) the survey UAV Wingtra One used in September 2023 with
Fannardkbreen in the background; d) after the acquisition of slope data with DJI Mavic 3 Pro during the last field visit, the
mapped area is marked with dashed yellow line.

4.4 Climate data

Since there were large gaps in in the climate data from local climate stations (the same
problem was experienced by Andreassen and Oerlemans (2009)), values for air temperature
and precipitation for the period 1957 — 2023 were extracted for the glacier area from the
interpolation dataset seNorge 2018 v. 23.09 instead. This is the latest version, reviewed and
updated using the newest datasets and modelling methods (Lussana, 2020, 2021). The average
monthly temperature and precipitation datasets for the whole country are available through
the Norwegian Meteorological Institute’s Thredds Data Server (MET, 2023, 2024c, 2024b,
2024a). The datasets were downloaded in the NetCDF format and handled in ArcGIS Pro as
multidimensional datasets for extraction of the interpolated meteorological values over the

study area.

4.5 Elevation reference and base station data

The model of elevation difference between the datums EUREF89 and NN2000 was utilized to
correct the values of DEMs derived from UAV data to make them comparable to the LIDAR
dataset, referenced using NN2000 vertical datum (orthometric height). The difference model
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(Figure 4.3a) was provided via national database for geographic data Geonorge (Kartverket,

2016).

To correct the geospatial information from the last acquisition (as mentioned in section 4.3),
data from Ardal base station belonging to Kartverket was used. It is available via a
subscription through their service ETPOS (Kartverket, 2024¢) and was downloaded from their

platform available at https://etpos.kartverket.no/.
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Figure 4.3: a) A map illustrating elevation differences between the two datums used for data acquisition in this study
(EUREF89 (ellipsoidal) and NN2000 (orthometric, relative to sea-level)). The area of interest falls within the area of the
highest difference; b) a map showing the locations of Kartverket's permanent base stations used along with CPOS service
(basemap: Geodata AS, et al. 2024. Data: Andreassen, Nagy, et al., 2022; Kartverket, 2024a).

44


https://etpos.kartverket.no/

5. Methods

Several different approaches have been utilized with the goal to assess the mass balance of
Fannardkbreen. The methodology presented in Figure 5.1 includes photogrammetric data pre-
processing techniques to extract elevation values and generate glacier elevation models,

followed by their utilisation for calculation of mass balance.

Methodology overview

Data acquisition and pre-

. Processing
processing
o Historical and DEM co-registration DEMs of
Data acquisition UAV imagery > and subtraction difference (DoDs)
! |
l Glacierarea _’\| Estimaiton of volume
Photogrammgtric wiz- change — Volume change
processing |
—> DEMs v
¢ Conversion to mass Mass change
change
DEM cleaning — i |
Conversion to mass
balance

Mass balance

Uncertainty analysis

Figure 5.1: Chart representing the methodology and workflow, illustrating the main steps to generate DEMs and further
DEM processing for quantification of glacier surface change and mass balance.
5.1 Generation of digital elevation models

In this study, a DEM subtraction method was applied to estimate glacier surface change,
requiring several steps. Initially, aerial imagery was acquired from Kartverket and via three
UAYV missions in the study area (section 4.3). An additional pre-processing step was required
for the latest glacier data, during which the image geolocation was corrected using the PPK
technique, applied with the software WingtraHub, following the procedure suggested by the
producer (Wingtra Knowledge Base, 2024).

The DEMs were generated using photogrammetric (section 2.4) approaches. The main outputs
(DEMs of difference) for estimating glacier mass change were produced by differentiating

between aligned DEM pairs (section 5.2.1) and removing linear and non-linear biases that
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were still present in the surface models after the co-registration. Lastly, the accuracy was

quantified to determine the overall uncertainties associated with the outputs.

5.1.1 Photogrammetric image processing

To calculate the mass balance for
Fannarakbreen for the period of 57 years,

two photogrammetry approaches were

Exterior orientation
Define project CRS info

v

Enter camera calibration Values from the

applied to the data. Archival analogue - <«———  camera calibration
. . report
aerial photographs were treated using v
conventional digital photogrammetry in Data input «— Aerial images
CATALYST Professional OrthoEngine v
Collection of GCPs and
software, v. 222.0.3 (CATALYST.Earth, TPs
2024a), a workflow summarised in Figure v
Refinement of surface
5.2. model
¢ —p Ortho generation
The inner orientations for all historical Bteracipal gaertion l
images were solved by inserting camera !
. . Mosaicing of orthos
parameters from the calibration reports, Genaration of DS
such as PPO (Principal Point Offset), PPA v l
DEM — Orthomosaic

(Principal Point of Autocollimation), PPS
(Principle Point of Symmetry), FL (Focal

Length), lens distortion parameters and _ ,
Figure 5.2: The photogrammetry workflow used for analogue

images in CATALYST OrthoEngine. Blue and green ovals
represent inputs and outputs respectively, while yellow
rectangles depict processes.

coordinates of the fiducial marks
(CATALYST.Earth, 2024c¢). Next, the
model’s projection was established, and the positions of the fiducials located on image frames
were identified, setting the boundaries of the data. In the next step, image tie points (TPs)
were acquired automatically using different methods available within the software, allowing
alignment of image frames using bundle adjustment. In the following step, image
georeferencing took place by sampling GCPs from the georeferenced 2017 orthomosaic and
LiDAR DEM from 2020 (both available at Kartverket, 2024d). This was done by pinpointing
identical stable terrain features in both the reference materials and the dataset being
referenced, entering their horizontal and vertical coordinates to the software, what also
improved the relative model orientation. After the collection of virtual GCPs, more tie points

were collected and the ones having the highest root mean square error (RMSE) values were
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removed, further improving overall model accuracy. The Table 5.1 shows a summary of the

number and RMSE values for the TPs and GCPs.

Table 5.1: The summary of tie points (TPs) and ground control points (GCPs) and their horizontal and vertical root mean
square error (RMSE) for each dataset processed in CATALYST OrthoEngine (given in meters).

TP GCP GCP GCP

No. of No.of = TPRMSE, TPRMSE, RMSE RMSE,x- RMSE, y- RMSE
Year TPs GCPs X-axis y-axis Z-axis axis axis z-axis
1955 264 10 1.383 3.238 1.292 4.090 2.924 11.410
1966 285 12 0.036 0.117 0.052 0.639 0.876 5.312
1981 1460 10 0.080 0.173 0.071 0.844 0.834 3.796
1993 25 9 0.055 0.351 0.142 0.791 0.713 -
2004 987 10 0.065 0.083 0.036 0.695 0.866 5.124

CATALYST OrthoEngine uses epipolar images to automatically generate DEMs. Blending
was used as mode for combining these epipolar images. Based on visual interpretation, the
NCC (Normalised Cross Correlation) method appeared to produce better results than SGM
(Semi-Global Matching). All four datasets yielded DEMs with 1 meter of resolution along
with a .#if file with the information of data quality for each pixel (image score), later used to

remove erroneous values (see section 5.1.3).

In the final stage of photogrammetric processing, orthomosaics were generated applying the
Ortho and Mosaic tools available at the CATALYST software. The best image merging
method appeared to be “Minimum Squared Difference”, while “bundle” worked best for
balancing image colours and cubic convulsion appeared to be the most optimal approach for

resampling.

With regards to scanning, the photographs from 1955 were of the poorest quality of all
historical image sets. In addition to them being of the smallest scale, they did not yield a DEM
of sufficient quality for mass balance estimations, however, they were still suitable for
mapping of the glacier area. Moreover, the image set from 1993 was not suitable for DEM
extraction due to insufficient overlap between the photos over the glacier area and was solely
used for digitizing the glacier area for that specific time period (for output summary refer to

Table 4.1).
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5.1.2 Structure-from-motion photogrammetry
The digital photographs from Kartverket
(2010 and 2017) along with UAV imagery Image alignment ~ 4+———— Aerial images

from the last two UAV acquisitions were v
. . Convert project CRS E)‘(ter‘lo‘r orielntation
processed with Agisoft Metashape info (if available)

v

Professional v. 2.0.2 (Agisoft LLC, 2024), LiDAR DEM from
GCP collection <+——— 2020, orthomosaic
while the data from 2022 was processed from 2017

v

Realignment of images

with Pix4D Matic v. 1.58.1 (Pix4D, 2020)

to obtain glacier surface elevation data. J
Since these datasets contained several more De”;‘;npe?;'lf;r'f“d
images, the largely automated SfM v

Manual noise removal

v

Building of DSM  — Build orthomosaic

v v

DEM Orthomosaic

photogrammetric method proved to be
more suitable than conventional
photogrammetry that treats each image
individually.

This approaCh reads 1mage metadata Figure 5.3: The workflow of Structure-from-Motion
photogrammetry for digital images processed in Agisoft
Metashape Professional. Blue and green ovals represent

inputs and outputs respectively, while yellow rectangles
depict processes.

containing the geospatial and orientation
information automatically. In the first step
of the workflow (Figure 5.3), it is utilised
for generation of sparse (tie-point) cloud during image alignment (Figure 5.4a) to establish
image locations using feature matching across overlapping images. For photographs from
2010 and 2017, this data was input manually from the text files that followed these datasets
and additional virtual GCPs were collected in the same manner as described in the previous
section 5.1.1 with the goal to improve the absolute accuracy. GCPs, also referenced to the
LiDAR DEM were accommodated for the UAV imagery from September 2022, what after
performing realignment function, substantially lowered the residuals. Images captured in 2023
were georeferenced directly using dGNSS and PPK, eliminating the necessity for GCPs. In
the next step, dense point cloud (Figure 5.4b) was generated for each of the five photosets

with the quality parameters set to very high, depth filtering set to mild.

In the last step, DEMs (Figure 5.4c) were extracted automatically from the dense point clouds
alongside with orthomosaics (Figure 5.4d). The DEM generation was performed without
allowing interpolation to only keep only the measured data points. The resulting voids were

later filled using more glacier appropriate methods described in 5.2.3. The imagery from 2010
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produced DEMs with 0.3 m, and 2017 with 0.2 m per pixel, while UAV data yielded DEMs

between 0.05 and 0.07 m of spatial resolution.

Table 5.2: The summary of tie points (TPs) and ground control points (GCPs) and their horizontal and vertical root mean
square error (RMSE), given in meters for each dataset processed using Structure-from Motion photogrammetry. Each
surface model was generated in Agisofi Metashape Professional except for the 2022-09, which was produced using the
Pix4D Matic sofiware.

No. TP TP TP GCP GCP GCP
of RMSE, x- = RMSE, RMSE  RMSE, x- RMSE, y- RMSE
Year No.of TPs | GCPs axis y-axis z-axis axis axis z-axis
2010 27 086 11 0.11 0.24 0.59 0.61 0.92 0.73
2017 433384 11 0.88 0.70 0.06 0.54 1.28 0.33

2022-09 7 706 859 16 0.17 0.17 0.17 0.651 1.910 1.177
2023-06 1620758 0 0.199 0.159 0.317 - - -
2023-09 921 885 0 0.093 0.157 0.259 = = =

Figure 5.4: The main steps of SfM imagery processing with UAV imagery from September 2023 as an example. a) The first
step is feature matching in the overlapping images and the generation of a sparse point cloud representing the initial surface
model in three dimensions, as well as camera positions. b) The dense point cloud with colours as recorded in photographs. c)
The extracted DEM represented as hillshade generated in ArcGIS Pro and d) an orthomosaic showing the location of a snow

avalanche.

5.1.3 DEM calibration and cleaning
During image processing, it has been noted that elevation values between some of the DEMs

had a constant mean difference of 47.7 meters over stable terrain. The reason for this were
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different vertical datums used for the UAV and LiDAR datasets, with the latter having been

used for reference. By default, UAVs utilises WGS84 coordinate system referenced to

ellipsoid height () (NGA, 2014), while Kartverket’s LiIDAR dataset that has been used for

georeferencing of historical data, is referenced to the Norwegian vertical reference frame

NN2000 that reads elevation from the geoid, referring to orthometric height (/) (Figure 5.5)

(Kartverket, 2020b).

The difference between the two is the heigh of the geoid, needed to be subtracted from the

ellipsoidal values to estimate orthometric height. Based on the height reference model

provided by Kartverket (2016), the value for the area of interest is 47.47 m (see Figure 4.3a).

Since the RTK and PPK corrections also utilised the NN2000 datum for vertical referencing,

only the UAV dataset from 2022 required adjustment by subtracting this value. This was

necessary to account for the difference and facilitate comparison with other datasets.
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Figure 5.5: An illustration of the difference between vertical reference systems used by vertical datums. The WGS84 datum
uses ellipsoidal height (h), whereas orthometric height (H) is measured from the geoid for the NN2000 datum. The difference
between them is referred to as the geoid height, which varies across the Earth’s crust (figure from Al Shouny et al., 2017).

In addition to correction for the different datums used, pixels with a correlation score of 0 in

Figure 5.6b that resulted from low surface contrast seen in Figure 5.6a were removed from the

final DEMs. This was accomplished utilising an additional product generated in CATALYST

Professional OrthoEngine that holds information on pixel quality. Other areas that visually

appeared erroneous in the shaded representation of DEMs were subjects for manual removal.

Although interpolated values normally appeared over lakes, areas lacking contrast due to

shadows or overexposure, also needed to be removed. It was attempted to remove all

interpolated areas from the final DEMs using the additional pixel score product as a mask.
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However, a decision to keep some smaller clusters of interpolated values and remove larger

manually has been made (as seen in the Figure 5.7 a, b, ¢), to avoid large gaps being left.

Figure 5.6: a) An orthoimage from 2004, b) a visualisation of the quality of each DEM pixel with 0 showing to pixels with
the lowest score which were attempted to be removed. Pixel score is an additional product generated automatically in
CATALYST Professional OrthoEngine.

Figure 5.7: Manual DEM cleaning of interpolated areas. a) An orthomosaic of the Fannardkbreen in 2017 with dark
shadows casted on its surface. b) Smooth areas in the corresponding hillshade of the DEM derived from the imagery. c)
White regions show to areas that were manually removed from the DEM.

5.2 Assessment of glacier surface change

Having modelled glacier surface elevations for each date, the difference between them was
quantified in several steps. The first step involved different approaches for DEM alignment,
followed by bias correction for achieving best possible accuracy, and interpolation of the

resulting difference DEMs (DoDs).

5.2.1 DEM Co-registration
Glacier surface changes between two DEMs can be estimated by comparing spatially
corresponding pixel values (Nuth & Kééb, 2011). First, two DEMs are subtracted and the
difference between them over terrain assumed stable is determined (Nuth & Kédb, 2011). If

there is no significant difference present, the resulting DoD is the final output and can be
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further used for estimation of the average change for the area of interest. However, if
elevation differs, a co-registration, or alignment of DEMs along with bias corrections may be
necessary (Figure 5.8). The misalignments can be caused due to linear or non-linear
systematic errors (biases) that need to be corrected before calculations of elevation change
(Nuth & Kédidb, 2011), even if inner orientations have already been assessed during the
photogrammetric processing. By addressing displacements between two DEMs, accurate
absolute orientation can be assured and the risk for elevation changes being affected by

unrelated discrepancies across the datasets, can be eliminated.

Subtract DEMs.
Difference over stable
terrain?
No I Yes
v
Subtract or add the No Is the difference
difference to the DoD constant?
lYes
Use a co-registration
No method. Is there still a
difference over stable
terrain?
lYes
\ 4
Use the DoD and » No Use a bias-correction
interpolate if needed method

Figure 5.8: A decision tree for generation of a final DEM of difference (DoD). If there is a difference in elevation over what
is assumed to be stable terrain, a co-registration and/or bias corrections may be needed. Blue colour represents the initial
step, yellow — the decisions that must be made, green — the final step utilising the desired outcome.

To estimate glacier surface change and calculate mass balance for each time period, each pair

of succeeding DEMs was differentiated between (Table 5.3) and the bias attempted to be
removed using co-registration. This has been accomplished by employing glacier area and
snow vector files (the generation of which is described in section 5.3) to exclude unstable ice
and snow surfaces. This allowed for the utilisation of various DEM analysis methods
available in the xDEM Python toolkit, developed by Mannerfelt et al. (2021). This package
provides several methods for DEM co-registration to address bias in stable terrain. It also
offers bias-correction techniques, tools for interpolation of DoDs based on glacier
hypsometry, and the estimation of mean elevation change and the uncertainty. Other packages
such as Anaconda, Numpy, Geopandas, Pandas, Geoutils, Rasterio and Datetime were also

utilised in this analysis.
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Table 5.3 summarises the co-registration and bias-correction methods that were fitted for each
pair. The Nuth and Kddib (201 1) approach adjusts the position of a DEM that is being aligned
by identifying where it is slightly misaligned. It begins with comparing two DEMs to estimate
the difference and generate a DoD, followed by a generation of slope and aspect maps based
on the DEM used as a reference. These maps together with the DoD are utilised for the
generation of a cosine function that is applied to assess offset direction, allowing for
horizontally shifting a DEM to better fit the reference. The process repeats iteratively until
either the maximum number of tries is reached or the improvement of the normalised median
absolute deviation (NMAD), which measures statistical dispersion used to handle extreme
elevation values (Hohle & Hohle, 2009), between the DEMs becomes insignificant. Although

addressing horizontal biases, this method disregards rotational misalignments.

Table 5.3: A list of all DEM pairs that were aligned, the time period between data acquisitions and methods used for removal
of biases using tools available in the xDEM package. N/r — not relevant.

DEM pair for co- Year Area Methods for co-registration Error (m)
i . reference ] .
registration span year and bias removal (median; NMAD)

Nuth and K33b + Deramp, 2"
1966 - 1981 15 1966 . -1.16; 1.98
dgr. polynomial

Nuth and K33b + Deramp, 2"

1981 - 2004 23 1981 ) -1.59; 1.89
dgr. polynomial
2004 - 2010 6 2004 Nuth and Kaab -0.01; 1.56
2010 -2017 7 2010 Deramp, 2" dgr. polynomial 0.03;1.0
2017 - 2020 3 2017 Deramp, 3™ dgr. polynomial 0.09; 0.55
2020-2022 2 2017 - 0.78;1.35
2022 -2023 1 2022 Deramp, 3™ dgr. polynomial -0.02; 0.54
1966 — 2023 Sept 57 1966 - 0;1.70

Season DEMs
2022 Sept—2023

| 0.5 2022 Deramp, 3™ dgr. polynomial -0.02; 0.54
une
2023 June — 2023 , ,
_— 0.5 2022 Constant bias of -3.64m Not estimated
ep
Slope DEMs
Nadir — LiDAR
N/r N/r Nuth and Kaab 0.0;0.01
2020
DJI's Smart Oblique
) q N/r N/r Nuth and K&ab 0.0; 0.13
— LiDAR 2020

Instead, Iterative Closest Point (ICP) method can perform rotational corrections by treating

DEMs as point clouds and adjusting the data multiple times until the best possible alignment
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is reached (Besl & McKay, 1992). It compares the points of one DEM to the nearest points of
the other, calculates how far off they are and then shifts the DEM to reduce this distance.
Similarly to the Nuth and Ké&b method described above, the process is repeated until
improvements are no longer significant or the iteration limit is exceeded. This method also

removes outlier points that do not fit well in order to avoid large errors.

Another method referred to as 7ilt, accounts for 2-dimensional tilted misalignments by
calculating a 1* order polynomial function based on the values of the entire DoD (Mannerfelt
et al., 2021). It can account for small rotations or non-linear differences that are not
uncommon for DEMs derived using Structure-from-Motion photogrammetry (e.g., Rosnell &
Honkavaara, 2012; Javernick et al., 2014; Girod et al., 2017). Lastly, a supplementary
function addressing vertical misalignments called Vertical shift. This xDEM function adjusts
the model that is to be aligned based on e.g., mean or median value of elevation difference

and should be used as an addition to another approach (Mannerfelt et al., 2021).

5.2.2 Bias correction
If relocation or rotation of a DEM does not fix the deviation measured over stable terrain,
several other methods that include DEM transformations such as scaling, bending or warping
in order to reduce or remove the differences between two datasets can be applied. xDEM
allows biases to be identified and corrected by estimation of statistical measures (e.g., mean or
median), or fitting of a parametric function for each terrain variable such as elevation, slope
and/or aspect. The following description of different bias-correction approaches refers to

Mannerfelt et al., (2021).

One of the biases can arise by residuals of the camera model that was calculated during
photogrammetric processing. By applying a polynomial correction of a certain degree,
deramping method can correct for these across the entire DoD. However, as it does not
address horizontal shifts, it should be used as an addition to another approach. Terrain bias
correction also employs polynomial functions to correct for systematic errors which result
from the process of DEM rescaling, needed to perform in cases of different spatial
resolutions. Lastly, biases that vary depending on the direction or orientation (e,g, flight
direction during image acquisition) and repeat in a certain pattern, can be corrected by fitting

of a sinusoid function of an appropriate frequency.
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5.2.3 Interpolation of DoDs
Avoiding interpolation of the photogrammetric DEMs led to the presence of holes in some
outputs. The Python package xXDEM offers a tool for filling these holes on the glacier surface,
utilising glacier hypsometry estimated from a reference DEM (McNabb et al., 2019). In this
case, the reference used for each differentiation was a LIDAR DEM from 2020. This
interpolation method relied on the assumption that surface elevation change relates to
elevation, since ablation areas usually experience more lowering than upper glacier parts. This
relationship is established from the difference and reference DEMs (Figure 5.9), and
expressed as a linear or polynomial function, which is then used for filling of gaps. The
figures detailing surface change plotted against glacier hypsometry for other time periods can
be found in the section 2 of the Appendix. Once the holes withing the DoDs were
interpolated, they were exported, and their values divided by the number of years that span
between data acquisitions to derive values of elevation change per year for that specific

period.

Normalized area distribution (hypsometry)
0.00 0.05 0.10 0.15 0.20

1400 A

T T T T T T T T
-0.014 —-0.012 —0.010 —0.008 —0.006 —0.004 —0.002 0.000
Elevation change (m / a)

Figure 5.9: A figure showing glacier surface elevation differences at different glacier altitudes between 1966 and 2023. The
transparent bars in the background shows glacier area distribution with elevation.
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5.2.4 Surface change and precision
In the last step of DEM differentiation, the average annual glacier surface change for each
period and its uncertainty were calculated. This was done by modelling spatial correlation of
standardised error for stable ground, which was then used to infer data precision on the glacier
surface (Mannerfelt et al., 2021). The input difference DEM had already been corrected for
systematic errors, which values represented residuals after the removal of systematic biases.
The analysis was performed employing spatial statistics tools provided by Hugonnet et al.
(2022) and Rolstad et al. (2009), developed to analyse DEMs. Tool execution was based on
the xDEM and scikit-gstat (Mélicke, 2022) Python packages, allowing to compute variograms

that help depicting spatial data covariance and thus, assess the precision of the final value.

The precision of elevation measurements over stable rocky ground and smooth glacier surface
may vary due to the influence of different terrain types and surface albedo (especially
important for glaciers) (Figure 2.13). To address this in the assessment of elevation change
uncertainty, spatial correlation and heteroscedasticity (spatial measurement error variation)
needed to be quantified. The process began by estimation of a variogram (Figure 5.11a)
defining spatial dependencies in order to calculate the number of independent observations
(N), as shown in equation 5.1, by addressing number of pixels (N:«:), pixel size (PS) and the

range of spatial correlation (d).

Nior X PS 5.1
N = Dot ’
2d
It continued with the calculation of standard elevation error (o;) across space (equation 5.2).
This estimation considered the variance of elevation difference samples (o41) and the number

of independent observations (pixels, N):

o = 2 5.2
VN

The standard elevation error was used to derive normalised median absolute deviation values
(NMAD) for the DoD data which had been grouped into bins. The NMAD was then assessed
against a variety of stable terrain attributes (such as slope, aspect or terrain curvature, Figure
5.10) calculated from an independent DEM, which in this study is LiDAR elevation dataset
from 2020. Since this reference DEM was known to be the most precise among all DEMs in
possession, it was presumed that this analysis reveals solely the precision of the coarser DEM

within the pair.

56



This step was necessary to identify variables that could explain changes in the variance of
errors (heteroscedasticity). For the period of 1966 - 2023 (as for the rest of the time intervals,
see figures in section 1 of the Appendix), these variables were slope and maximum absolute
curvature (the maximum values for both absolute profile and planform curvatures
(Zevenbergen & Thorne, 1987)) (Figure 5.10 a, ¢), as NMAD and aspect failed to show a
systematic variance (Figure 5.10 b). Thus, when plotting the NMAD together with the two
explanatory variables, the heteroscedasticity could be identified and a predicative function for
the elevation error could be established. This function allowed for data standardisation - a step
necessary for appropriate scaling as elevation errors from the stable terrain are inferred on the

glacier (Figure 5.11Db).
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Figure 5.10: Modelling elevation error heteroscedasticity, required to assess the precision of difference DEM, which may
vary with a) slope, b) aspect, and c) curvature. After identification of explanatory variables errors are plotted against them
(d). The figures produced with tools available in the xDEM package.

Next, the spatial error correlation and the count of effective samples for results to be
significant were determined with the help of a variogram analysis (Figure 5.11a). The

spatially integrated errors were then re-scaled using the measurement error which were
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dependent on the terrain variables explaining it (Figure 5.11b), thereby estimating the
uncertainty of the average elevation change across the glacier surface (Figure 5.11c¢). Table

6.2 summarises the glacier surface elevation change for each period of time and its

uncertainty.
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Figure 5.11: a) A variogram generated with a goal to estimate the number of effective samples and assess spatial
correlation; b) a heatmap of elevation difference dispersion; c) the difference DEM with plotted glacier outline and the
resulting mean elevation difference and its uncertainty.

5.3 Area change
As outlined in section 2.3.2, geodetic mass balance estimation requires glacier area. Since
glacier surface was mapped using optical images, the same data was suitable to determine
glacier area for each time epoch. Both analogue and digital data has been georeferenced and
orthorectified to produce orthomosaics. These products were then used in ArcGIS Pro v. 3.2.0

(ESRI, 2024) for manual delineation of glacier area.

Determination of glacier boundaries for small glaciers in mountainous areas can bring

challenges (Leigh et al., 2019). Due to Fannardkbreen having been a large unit in the 1950’s
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that broke into several smaller units during retreat, only the largest coherent unit belonging to
the same watershed was considered (area based on watershed, Figure 5.12). Difficulties in
delineation occurred when separating the glacier from snow patches connected to the main
glacier unit and identification of the drainage basin defined by the terrain. The LIDAR DEM
from 2020 was used to generate contour lines and flow direction raster of the underlying

terrain that was used for guidance during glacier delineation from other datasets as well.

Area

1955 - Topographic

|:| 1955 - Visual
|:| 2023

Figure 5.12: a) Aspect of the surrounding terrain estimated based on LiDAR DEM from 2020, visualised with colours and
arrows, with glacier extent in 2023 (black line). b) Glacier extent in 1955, visually interpreted from images (blue outline) and
based on topography (light blue polygon); ¢) a 3-D visualisation of the terrain and glacier area. This study is based on
glacier area determined by topography (the watershed of the current glacier).

5.3.1 Snow masks
Additional vector files were obtained specifically for differentiation between DEMs to
exclude ice and snow patches surrounding the glacier in the co-registration (section 5.2.1).
Such masks were produced for the LIDAR DEM from year 2020 using a hillshade model in
ArcGIS Pro (Figure 5.13a), by manually delineating all areas that appeared smooth and
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merging them into a single vector file. Another such mask was generated for the DEM
derived from the 2023 June imagery, using orthomosaic as a reference (Figure 5.13b). In this
case, all pixels with the brightness value of >95 were reclassified into a binary raster mask

and converted to a vector.

250 500 ] 0 250 500
[ E— [ I—

Figure 5.13: Vector masks used for DEM alignment to exclude ice and snow patches from the procedure. a) Manually
delineated polygon based on smooth surfaces of the LIDAR 2020 DEM visualised as a hillshade in ArcGIS Pro, b) polygon
extracted by reclassifying brightness values of the orthomosaic from June 2023.

5.3.2 Area change uncertainty
The uncertainty in the glacier area (E,, see equation 5.4) originates from imagery resolution
used during the process of manual delineation and was assessed using the method of buffering
(Bolch et al., 2010; Robson et al., 2022). Glacier area was buffered by the width of
orthoimage’s resolution, resulting in two additional areas both larger and smaller by a certain
magnitude, than the original polygon. This area difference was subsequently expressed as a
percentage, the value then used for the estimation of the total volume change uncertainty

(section 5.4.1).

5.4 Estimation of geodetic mass balance

With having estimated mean change in glacier elevation between the paired DEMs, it was
possible to derive annual change in geodetic mass balance. This was accomplished by first
estimating the alteration in glacier volume by multiplying glacier surface change by the
glacier area. Once volume change was known, it was converted to meters of water equivalents

using values for ice density of 850 + 60 kg/m> (Huss, 2013), as showed with the equation 2.3.
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However, for the period between September 2022 and June 2023, the volume change was
assessed as accumulation of snow. Since snow density is not possible to measure remotely, an
independent value of 421 kg/m™ was adapted, measured for Storbreen in April, 2022 at
around 1700 m a.s.l. by Andreassen, Elvehoy and Kjellmoen (2023).

5.4.1 Mass balance uncertainty estimation
The accuracy of volumetric glacier balance for each time period (EAv;) was determined
based on the approach used by Falaschi et al. (2019) (equation 5.3). First, the initial value of
volume uncertainty was derived by multiplying the standard elevation error (EAh;) estimated

in 5.2.4 by the glacier area (4;)

EAUl' = EAhl X Ai 5.3

However, as the result of total volume change is also affected by other uncertainty factors
originating from area delineation (the percentage for each survey date estimated in 5.3.2) and
density estimations (+ 60 and £15 kg/m?> for ice and snow density respectively), a further error

propagation is necessary. Thus, the total uncertainty value (EAv,,;) was quantified as follows:

EAveo, = \JE2Av; + E2p + E2a 2.4

5.5 A comparison of slope mapping methods

An additional comparison of two methods that can be applied for data acquisition with the DJI
Mavic 3 Pro UAV was performed. The first way for image capturing, which was also applied
for mapping of glacier surface in this study, was by having a constant camera angle at 90°
(Figure 5.14a). The second approach was offered by the producer, integrated in the mission
planning software, based on mapping the area of interest from both nadir and 45° angle

(Figure 5.14b).
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a) Nadir slope mapping b)  DJI Smart Oblique slope mapping

Camera at
90° and 45°

Camera at
90°

Figure 5.14: Two modes of camera position for terrain mapping. a) True vertical camera position, b) DJIs feature of Smart
Oblique based on capturing images in both nadir and fixed oblique angles.
Using the Smar Oblique Capture function, the scene is captured from up to five angles by
rotating the gimbal with a single-lens camera. The flight plan to be followed is segmented into
several sections (Figure 5.15), with each sub-area corresponding to the number of angles
images will be taken from. Sections along the edges are covered from fewer angles than the
innermost parts within the survey area shortening the time required to accomplish the mission
by reducing the amount of data which may not be necessary for the analysis (DJI-Enterprise,

2021).

DJI's Smart Obliqgue Capture

2. Gimbl
di‘rrgctizn, 457
| 1>« o

Back Front Right Left  Ortho

MNumber of photos captured
Wi s+ s

Flight speed

N

Figure 5.15:4 visual representation of the DJI's Smart Oblique flight execution. The area of interest is divided into subareas
with different flying speed and varying number of images that are taken from different angles (figure modified from an
animation in DJI-Enterprise, 2021).
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The two sets of images were used to generate two different slope DEMs. To determine their
quality, they were aligned and co-registered to LiDAR data from 2020, excluding unstable
ground. The difference DEMs of both comparisons were then used to estimate the NMAD

utilising their pixel values.

6. Results

6.1 Changes in area

The analysis of glacier area span from 1955 until 2023, showing a general declining trend
with some episodes of area increase (Table 6.1). Over this period of 68 years, the glacier area
from 3.9 km? was reduced by 36.6 %, to the total of 2.47 km? (Figure 6.2b). Initially, the
glacier surface area decreased to 3.58 km? by 1966, representing an 8.12% decline over 11
years, with an average annual decline rate of approximately -0.74%. A further decline

continued until 1981, at a slower annual change of -0.28%.

Table 6.1: Table summarising the results of glacier area change over the period between 1955 and 2023.

Year Area (km?) Area change a™ (%) Area change a (km)
1955 3,90+ 0,94% - -
1966 3,58 +0,84% -0,74 -0,029
1981 3,44 +0,47% -0,28 -0,010
1993 3,66 +0,58% 0,55 0,019
2004 3,17+0,91% -1,23 -0,045
2010 2,89+0,38% -1,47 -0,046
2017 2,87 +0,70% -0,10 -0,003
2022 2,46 +0,31% 2,84 0,081
2023 2,47 £0,05% 0,40 0,010
1955-2023 - -0,54 -0,021
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Glacier area over time
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Figure 6.1: a) Glacier area in km? and estimation uncertainty (red bars) over time; b) Mean area change rate (%) estimated
for each period of time.

However, the area increased to 3.66 km? by 1993, showing a 6.57% increase since 1981, at an
average annual rate of 0.55%. Nonetheless, significant declines can be noted in the later
periods. By the 2004, the area had reduced to 3.17 km? and further decreased to 2.89 km? by
2010, with an annual decline rate of -1.47% during this six year period. The area remained
relatively stable until 2017, reaching 2.87 km?, followed by a sharp decrease to 2.46 km? in
2022. A slight increase was observed in 2023, resulting in area of 2.47 km?. Overall, during
the observational period, the glacier shrank at an average annual rate of -0.54%. A

visualisation of the glacier area changes throughout the respective periods can be seen in

Figure 6.2a, c.
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Figure 6.2: a) An orthoimage from 2023 with glacier outlines from each survey period, b) an orthoimage from 1955 with
glacier extent vectors from 1955 and 2023 for comparison; c¢) a 3D-scene of the study area with orthoimage from 2023
draped over the LiDAR DEM. Background satellite image sourced from ESRI, Maxar, Earthstar Geographics and the GIS
User Community, generated with ArcGIS Pro.

6.2 Surface elevation

6.2.1 Annual surface fluctuations
The basis for geodetic mass balance estimation was the difference in glacier surface elevation
measured in subsequent time intervals between 1966 and 2023 (Table 6.2). Over this 57-year

period, the average rate of glacier thinning was -0,43 £ 0,05 m annually. However, the rates of
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elevation change varied greatly, not only across different periods, but also across different

areas of the glacier (Figure 6.3).

From 1966 until 2004, the glacier experienced a relatively steady thinning rate of -0.25/-0.28
+0.01 m a™! over the period of 38 years. The pace increased between 2004 and 2010, with a
mean surface lowering of -1.11 = 0.10 m annually. A slower thinning was detected in the next
seven-year period between 2010 and 2017, with an average rate of -0.65 + 0.03 per year. The
next period from 2017 to 2020 exhibited faster surface lowering again, at rate of -1.06 + 0.05

mal.

The time frame with the fastest thinning was between 2020 and 2022, when the surface
elevations declined sharply, by -2.55 + 0.19 per year. Contrasting with the previous two years,
the development during last period between 2022 and 2023 was considerably less dramatic,

detailing a decrease of -1.26 £ 0.10 m a™".

Table 6.2: The summary of annual glacier surface change for each period of time and the uncertainty.

DEM pair for co- DoD resolution Mean elevation difference
registration Year span (m) (ma?l)
1966 - 1981 15 2 -0.25+0.02
1981 - 2004 23 2 -0.28 £0.01
2004 - 2010 6 1 -1.11+£0.10
2010-2017 7 0.3 -0.65+0.03
2017 -2020 3 1 -1.06 £ 0.05
2020-2022 2 1 -2.55+0.19
2022 -2023 1 0.15 -1.26 £0.10
1966 — 2023 57 -0,43 £0,05

Seasonal elevation changes
2022 Sept—2023 June 0.5 0.15 +2.60+£0.26 m
2023 June — 2023 Sept 0.5 0.15 -4.08+0.51m
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Figure 6.3: a) - h) Maps depicting glacier surface elevation change per year estimated for each period of time, with glacier
boundaries (blue line) that were used for DEM differentiation. Orthomosaics are from the same year as the outline, with an
exception being h), where the outline is from 1966 and orthomosaic is from 2023. Generated in ArcGIS Pro.

Each elevation change profile (Figure 6.4) shows negative development of glacier surface
elevations, with the lowest glacier parts thinning the most, except for the period between 1966
and 1981, when glacier experienced some increase in surface elevation above 1670 m a.s.l.
Moreover, in the last survey period between 2022 and 2023, the elevation seems to have
decreased the most in the uppermost altitudes. The least surface change was registered for the

earliest period, between 1966 and 2004.
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Elevation change profiles for different time periods
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Figure 6.4: Mean annual glacier elevation change for every 25-meter band for each time period measured, with standard
deviation plotted as shadowed area along the profiles.

6.2.2 Seasonal surface elevation change
During the period of accumulation, glacier shows to have thickened by on average 2.60 + 0.26
m and lowered again by -4.08 = 0.51 m during the melting months. The surface change that
occurred due to winter accumulation was not homogenous across the entire glacier area. For
instance, the accumulation data clearly indicates areas where surface height changed due to
avalanche events (Figure 6.5a), also less accumulation seems to have happened at glacier
front, at altitude from around 1540 to approximately 1600 m a.s.l. (Figure 6.6). Summer
surface lowering, however, seems to have been relatively uniform (Figure 6.5b), with the
most decrease having occurred along the mid-moraine and at the lowest parts at the glacier

front (Figure 6.6).
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Figure 6.5: a) Increase in surface elevation during winter accumulation (September 2022 — June 2023), b) surface lowering
caused by summer ablation (June 2023 — September 2023).

Seasonal elevation change

2000

1900 / }

&

=

=
1

1700 + —

Altitude (m a.s.l.)

1600

1500 //
( —— Accumulation &
—— Ablation

Il
T T

-4 -2 0 2
Elevation Change (m)

Figure 6.6: Mean seasonal glacier elevation change, measured every 25 meters of altitude with plotted uncertainty of one
standard deviation. Yellow represents the ablation profile, while blue shows vertical accumulation.
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6.3 Volume alterations and geodetic mass balance

Fluctuations of the glacier surface for the available datasets were transformed into volume
changes using glacier area values from the beginning of the respective periods. These
volumes were then converted to mass changes by applying the density for ice and snow and,
finally, these mass changes were converted to water equivalents, as described in section 5.4

(for cumulative mass balance see Figure 6.8).

Figure 6.7 illustrates annual rates of volume change and Table 6.3 summarises these rates
along with the estimated mass balance. A trend of negative annual volume change and mass
balance trend is evident for the entire observational period. For this period of 57 years, the
dataset shows an average annual volume change of -1.06 + 1.12 m? x 10° and mass balance of

-0.37 £ 0.02 m w. e., denoting glacial retreat for almost six decades.

Rate of volume change for each period
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Figure 6.7: A figure illustrating the changing rate of glacier volume loss from 1966 to 2023. The rate has been accelerating
dramatically with each period, except for 2010-2017, when the acceleration decreased by 3.16 m*x 10° per year yet
continuing being negative. Note that the fastest rate of -7.37 m’ x 10° may be an overestimation.

During the first 15 years of observation, the glacier has been losing -0.90 = 0.07 million m? of
volume each year, resulting in negative annual mass balance of -0.21 £ 0.01 m w. e. during
this period. From 1981 to 2004, the reduction in both volume and mass balance were at the
lowest, with volume changes of -0.96 + 0.03 m?® x 10° per year, yielding mass balance of -0.24
+ 0.01 m w. e per year. However, a significant increase in rate of volume loss can be seen
between 2004 and 2010 as it accelerated to -3.48 + 0.06 m3 x 108 annually and the mass
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balance also becomes increasingly more negative, reaching -0.94 m w. e. a’!. This
acceleration somewhat slows down between 2010 and 2017, yet still resulting in annual
volume losses of -1.85 = 0.12 m? x 10° and further loss of mass by -0.54 + 0.03 m w. e. each

year for three years.

Nonetheless, in the subsequent time intervals between 2017 and 2020, and 2020 - 2022,
further increases in loss rates were observed. Especially in the latter period, when the volume
changes reach -7.37 = 0.54 m? x 10° per year and the mass balance rate measures less than -2
m w. e. a”' during this interval. This constitutes the highest rates of loss in the entire dataset,
which is followed by a slowdown in the annual volume loss (-3.10 = 0.25 m? x 10°) and a less

negative mass balance (-1.07 £ 0.05 m w. e.) in 2023.

Table 6.3: A summary of annual volume change for each period and conversion to geodetic mass balance.

Time period AV al (m3x 109) Mass balance (m w. e. a)
1966 - 1981 -0,90 + 0.07 -0.21+0.01
1981-2004 -0,96 £ 0.03 -0.24+0.01
2004 - 2010 -3.48 £ 0.06 -0.94 +£0.05
2010 - 2017 -1.85+0.12 -0.54+£0.03
2017 - 2020 -2.81+£0.23 -0.83+£0.04
2020 - 2022 -7.37£0.54 -2.18+£0.11
2022 - 2023 -3.10£0.25 -1.07 £0.05
1966 - 2023 -1,06 £0.12 -0.37£0.02

Seasonal volume change

Accumulation 6,42 + 0,64 1.10+0.05
Ablation -10,02 + 1,28 -1.71+£0.09

The distinct seasonal patterns contrasting to the annual trends show how the accumulated
mass is distributed across the glacier during winter and snow melting patterns during summer.
There is an increase in volume by 6.42 + 0.64 x 10° m? in the accumulation months, resulting
in winter balance of 1.10 + 0.05 m w. e. In the brief summer months from June 2023 to
September, the experienced loss of volume was -10.02 + 1.28 x 10°m?, turning summer

balance to -1.71 m w. e., highlighting large seasonal variation.
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Figure 6.8: Cumulative geodetic mass balance estimated as changes since 1966. For the uncertainty values see table 6.3, as
they were too small to be depicted using the scale of this figure.

6.4 Topographic slope mapping

The statistical NMAD values were calculated for the difference DEMs, which were derived
by differentiating the data acquired using the two different slope mapping methods and the
LiDAR dataset. A slight difference between these values were exhibited where the slope was
at approximately 20° - 30° and between 40° and 60°. Overall, the NMAD appears to be lower
for the DJI’s Smart Oblique method.

—— DJI's Smart Oblique
4.0 —— Nadir

10 20 30 40 50 60 70
Slope

Figure 6.9: A figure comparing NMAD values estimated for differences between the tested methods when compared to
LiDAR data. The plot shows similar results, with DJI’s Smart Oblique producing slightly more dispersion from normal
values with the slope between 20- 30° as well as between 40-60°.
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7. Discussion

This section will discuss the significance and relevance of the results, and place the glacier
change estimates from this study within a broader context. Since methodology was the
primary factor influencing the results, it will be discussed first. Following this, the estimated
parameters of Fannardkbreen will be compared with those of other glaciers and examine the

findings in relation to other studies.

7.1 Method limitation and error assessment

Due to the use of different sources to evaluate glacier changes over the period of 68 years, a
number of challenges having an effect on the results were faced (e.g., Andreassen, Robson, et
al., 2023). With the focus of this study being the assessment of the geodetic method using
remote sensing to estimate glacier mass balance, this section presents challenges related to
data collection, photogrammetric processing and estimation of surface elevation change using

DEM co-registration.

7.1.1 Photogrammetry precision on steep terrain
The additional test which aimed to evaluate how the accuracy of photogrammetric datasets
was affected by the steepness of the terrain revealed that neither method produced
significantly better results, as detailed in section 6.4. However, as the DJI’s Smart Oblique
method resulted in slightly more dispersed errors, it was concluded that there was no

particular advantage in using this data-intensive method for mapping sloping terrain.

The reason why capturing terrain from four different angles using the DJI’s method did not
prove to be more beneficial is presumably that some of these angles were not optimal. A more
effective approach might have been to allow for flexible camera adjustments based on the

slope of the undelaying terrain.

7.1.2 Area delineation
Implementation of correct glacier area to assess volumetric changes is important, as it has a
direct effect on calculations of the glacier’s total volume change over time. Inaccurate area
measurements can lead to incorrect further estimations of mass balance, producing
significantly erroneous results. However, utilising accurate and up-to-date area information is
not always possible, as analyses over extended periods of time often require the use of various
sources with differing spatial resolutions to estimate area changes (Andreassen, Robson, et al.,

2023).
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In this study, orthomosaics from aerial photographs were utilised to manually delineate
glacier area vectors, which were used to analyse area change and geodetic mass balance, as
outlined in section 5.4. Relatively fine image resolution resulted in inaccuracies being less
than 1% (Table 6.1), showing to the most accurate delineation ever performed on this glacier.
After visual inspection of historical photographs, it became clear that the glacier consisted of
several units, with Fannardkbreen being the predominant ice body today (Figure 6.2b). This
presented a challenge in making a decision on what should be included in the area change
analysis, as was also the case for some outlets of Jostedalsbreen in Andreassen, Robson et al.
(2023), resulting in discrepancies of change rates due to different divisions of the glacier cap.
A comparative analysis of Fannarakbreen images from 1955 and 2004 (Figure 4.1), revealed
that the southeastern parts of the glaciated area were undergoing vertical wastage, thus
considered being dynamically inactive. Moreover, for an ice mass to be classified as a glacier,
it must show signs of past or present flow. Thus, the presence of a medial moraine on the
main unit indicating the direction of ice and debris movement (Benn & Evans, 2010, p. 346)
provided an evidence of Fannardkbreen being dynamic. This served as the argument for solely
including the active glacier unit for the study, based on the current glacier watershed.
However, if the excluded part was to be included, the total area change between 1955 to 2023
would have been -73.72%, a way more dramatic development from 9.40 km? to 2.47 km?

7.1.3 Quality of the DEMs
The precision of surface models significantly influences the total uncertainty in mass balance
calculations, particularly when estimating changes over short periods as they tend to be of
smaller magnitude and require precise data to be detected (Beraud et al., 2023). Besides
processing factors, DEM quality also depends on the quality of the data used for extraction of
elevations. In this study, three distinct sources were utilised — historical analogue and digital
imagery, LIDAR surface elevation model and UAV imagery. The images from 1955
presented significant challenges during processing due to the presence of artefacts such as
scratches and dust (Figure 7.1a), as well as low surface contrast on the glacier, both affecting
feature matching. Moreover, the calibration report accompanying the photographs contained
mistakes, and the radial distortion values had to be extracted from a plotted curve, which
reduced the precision in determining exterior orientation. Consequently, the attempts to
produce a DEM were unsuccessful (Figure 7.1b) and the images were only orthorectified and

used for area estimation.
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Figure 7.1: a) The artefacts in imagery from 1955 that may have had an effect on feature matching during photogrammetric
processing; b) a shaded representation of a resulting DEM (2m of resolution, generated with ArcGIS Pro) with large errors,
thus being unsuitable for DEM differencing (orange line — glacier area in 1955).

Furthermore, the availability of more images of the scene enhances parallax estimation during
photogrammetric processing. For the years 1955 and 2004 three images were available, while
only 2 were available for 1966 and 1981 (Table 4.1). Although three images are generally
sufficient, two images may not adequately support the production of high-quality DEMs.
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Nonetheless, an attempt was made, and DEMs were produced. Additionally, the high surface
albedo of ice in the latter dataset resulted in almost featureless glacier surface in the images,
complicating the extraction of elevation data. Many pixels on the glacier had a correlation
score of zero (Figure 5.6), and they were removed during DEM cleaning (section 5.1.3).
Another challenge related to optical data was shadows; the largest shadow cast by the
southern glacier headwall in the 2010 imagery (Figure 5.7), necessitated interpolation of

elevation values, which were ultimately manually removed.

7.1.4 Assessment of surface elevation change through DEM co-registration
Aligning surface models was essential for identifying biases determined by the stable bedrock
surrounding the glacier and for their removal. Consequently, the co-registration of models
significantly influenced the final mass balance results. The longer the interval over which
elevation change is estimated, the easier it becomes to detect through comparison to the
surrounding terrain. For this reason, the co-registration of each DEM pair derived from
historical sources yielded low error margins, making it easier to clearly identify changes in the

glacier surface.

However, aligning the 2020 LiDAR and the 2022 UAYV datasets proved to be the most
challenging. None of the bias removal techniques available within the xXDEM package were
effective in eliminating the differences observed over the surrounding rock. Consequently, the
difference DEM without any co-registration was used in further analysis. As shown in Figure
6.3f, the elevation bias on stable terrain exhibited a decreasing trend radially towards the
centre of the dataset, with little to no difference at the glacier boundary. This trend could not
be confirmed for the glacier area, suggesting that surface lowering may have been
overestimated towards the middle of the glacier as shown in Figure 6.4, and resulted in the

highest value of uncertainty (Table 5.2).

Several factors may have contributed to these errors. Firstly, the type of UAV, which was not
specifically designed for topographic surveys, posing challenges in covering large areas in
high altitudes. Consequently, there was insufficient stable ground behind the glacier’s
headwall for proper model alignment. However, these issues were mitigated with the DJI
Mavic 3 and Wingtra UAVs due to easier mission planning opportunities, lenses without
causing distortions (such as fish-eye), longer lasting batteries and overall UAV size, making
them being more stable in windy conditions. Secondly, a snowmask used for co-registration

(Figure 5.12a) was manually delineated based on the surface smoothness in the shaded
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LiDAR DEM, as no imagery from that year was available. This method may not have been
precise enough to exclude snow patches effectively, leading to attempts to align the two
surfaces over areas that in reality were not stable. Finally, the need to rescale the 2022 DEM
down to 1 meter to compare the two DEMs may have introduced this bias, which in addition
to X, Y and Z errors of the model itself (Table 4.2), could not be corrected due to too limited

data available over the stable ground.

June 2023 and September 2023 were the other two datasets to which the 2022 DEM was
aligned. In June, although little of the surrounding ground was free from snow, it was
sufficient for co-registration and bias identification, as shown in Figure 6.5a. The same co-
registration method was successfully applied to the September 2020 — September 2023 pair
(Figure 6.3g). The success of these two independent alignments with the UAV data from 2022
suggests a possible issue with the LiDAR data, which was produced using only two laser
measurements per 1 m? (Kartverket, 2020a). However, this explanation seems less likely,

given the successful alignment of LIDAR DEM with the 2017 model.

7.1.5 Heteroscedasticity and spatial correlation of elevation errors
The elevation uncertainties of glacier DEMs cannot be adequately evaluated by solely using
DEM differencing, as the stable ground and glacier surfaces exhibit different characteristics
(e.g., contrast, albedo and slope) that lead to various inaccuracies. Therefore, the remaining
uncertainties were assessed using geostatistical methods (Rolstad et al., 2009). Slope and
maximum absolute curvature were identified as the two main factors affecting the precision of
vertical measurements, correlating with the changes in the variance of elevation errors. Larger
deviations from normal error values were observed with increasing terrain steepness, and in
areas with low curvatures. Consistent with the findings from other studies (e.g., Bolstad &
Stowe, 1994), the precision of photogrammetric elevation measurements was also shown to

decrease with steeper slopes in this study.

Regarding curvature, significant error deviations were observed in some of the flattest areas,
as shown in Figure 5.10c¢ (and additional figures in section 1 of the Appendix). This may be
attributed to the type of surveyed landscape, which included ice remnants and snow patches
that were likely not excluded from the analysis of stable terrain. Since photogrammetry
depends on feature matching to estimate the parallax (illustrated in Figure 2.7), having a
surface with sufficient texture is therefore crucial. Typically, such areas have more optically

uniform surface and are less curvaceous than bedrock. Additionally, the quality of the images
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must be adequate to identify and match surface features belonging to the object of interest in
stereo pairs. However, the historical photographs were not captured with optimal settings for

recording ice and snow, causing them to appear completely white due to overexposure.

In other cases, the NMAD values decrease with decreasing curvature, probably indicating
measurements of stable ground, and increase again with larger curvatures, which typically
correlate with steepening slopes. Consequently, as depicted in the heatmaps of this dispersion
(Figure 5.11b), the largest errors were inferred to occur on the glacier, where the surface is
relatively flat. In cases involving UAV data, error variance was more significantly influenced
by slope rather than curvature (see figures for other intervals in section 1 of the Appendix).
This variation may be due to smaller DEM extents used, which included fewer snow fields
and patches. Consequently, these features had little to no impact on large error deviations

associated with low curvatures.

The assessment of spatial correlation was also employed to estimate mass balance
uncertainties due to its significant impact on the total values. Considering that bare rock and
ice surfaces possess different physical properties that affect photogrammetrically derived
elevation data, employing semi-variograms (Figure 5.11a) to identify distance-dependent
variance aids in improving uncertainty estimates (Rolstad et al., 2009; Magnusson et al.,
2016). As shown by the variograms in the section 1 of the Appendix, dissimilarities increase
with distance, revealing different scales of spatial correlation linked to various potential
sources of error. Variance correlated with shorter distances (e.g., a couple hundred meters for
the 2004-2010 dataset) likely originates from photogrammetric feature matching used to
extract surface elevations. Meanwhile, variance at an intermediate scale of a couple of
kilometres (e.g., for the 1966-2023 in Figure 5.11a, as well as accumulation and ablation
DoDs in the Appendix) likely results from unresolved orientations relative to the image

coordinate system (Rolstad et al., 2009).

7.2 Mass balance

7.2.1 Mass balance uncertainty
One source of uncertainty for the geodetic mass balance was the uncertainties arising from
elevation measurements, evaluated through DEM differencing. Given focus of this study on
the application of photogrammetry in the geodetic method, the uncertainties arising from this

source are discussed in more detail in the previous section. The impacts of other error sources
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on the final mass balance values have also been evaluated utilising the standard error
propagation and are detailed in section 5.4.1 (equation 5.4), presented as a total uncertainty of

mass change.

However, an additional uncertainty that was not accounted for is the ice density value
proposed by Huss (2013), possibly introducing further inaccuracies if applied to mass
conversions over periods shorter than five years. In this study, there were four such periods
(the four most recent), suggesting that the uncertainties for the mass balance of these intervals

may be somewhat higher than estimated.

Moreover, the snow density measured at Storbreen in April 2022 may not have been
representative of Fannardkbreen in June 2023, and the uncertainty of this measurement likely
exceeded the uncertainty of the scales used for weighing snow. Possible mass loss due to ice
melt was not addressed, and it was assumed that the ablated snow maintained the same
density it had at the end of the accumulation period. Considering that snowpack densifies over
time, it is reasonable to believe that seasonal ablation may have been underestimated, as the
calculated volume loss might have involved mass with a higher density. This can be
evidenced by comparing the sum of seasonal volume changes (-3.6 m? x 10°) with the annual
change in volume estimated to have occurred between 2022 and 2023 (-3.10 £ 0.25 m? x 10%).
Moreover, the value of combined summer and winter balances (-0.61 m w. e.) is significantly
smaller than the observed annual balance (-1.07 = 0.05 m w. e.), indicating that density

variations may have significantly affected these estimates.

7.2.2 Connection with climate
The main driver for changes in mass balance in maritime glaciers is precipitation during the
accumulation season, while the average ablation temperature is the main factor influencing
the mass of those that exhibit more continental behaviour (Andreassen et al., 2005; Marzeion
et al., 2012; Trachsel & Nesje, 2015). Since Fannardkbreen is situated near the east-west
transect, there is a possibility for the influence of both factors. Winter precipitation, summer
temperature (extracted specifically for the study area from seNorge 2018 interpolation) and
Storbreen mass balance values have been averaged to match the intervals for which

Fannarakbreen data was available for and plotted together in Figure 7.2.

Similarly to Storbreen, the mass balance of Fannardkbreen is inversely correlated with mean
ablation temperatures. During the first two periods, Fannarédkbreen has been relatively stable,

while Storbreen experienced an increase in rate of mass loss in 1981, likely due to slightly
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increased summer temperatures and less snowfall. A faster mass loss was registered at both
glaciers starting in 2004, however, after 2010, the rate somewhat increased for
Fannarakbreen, while Storbreen continued to melt. This difference may be attributed to both
glaciers having more sensitivity to different drivers, e.g., even with less winter precipitation,
only slightly colder summer temperatures were enough to slow down the rate of mass loss of
Fannarakbreen, while Storbreen’s rate continued to accelerate. Despite an increase in the
amount of snowfall, a slight increase in the temperatures of the summer months in 2017
resulted in both glaciers melting faster than the previous period, with Storbreen exceeding
Fannardkbreen, which may be due to Fannarékbreen receiving more precipitation during

months of accumulation.

Average ablation temperatures, accumulation precipitation and mass balances
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Figure 7.2: Averaged mass balance values for Fannardkbreen and Storbreen plotted with mean ablation temperatures and

winter precipitation over respective periods. Note that the dramatic increase in rate of mass loss between 2020 and 2022 may
be overestimated due to large errors within the DoD from that time interval.

The variation between the two glaciers may be due to differences in their geometry or local
climate causing glaciers that appear to be similar and located at different basins, to behave
differently (Granshaw & Fountain, 2006; Fountain et al., 2009; Shindell & Faluvegi, 2009;
Brown et al., 2010). Moreover, this comparison between geodetic and glaciological mass
balances does not account for the inherent discrepancies inherent of both methods. Potential
differences in survey dates, internal and basal ablation which are not accounted in the
glaciological measurements (e.g., Schneider & Jansson, 2004), as well as interpolation
between glaciological points (e.g., Zemp et al., 2013), may affect the results. Additionally,
density uncertainties are relevant for both methods, and their validation is challenging due to

the scarcity of firn density measurements in Norway (Andreassen, Robson, et al., 2023).
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Thus, the results of Fannardkbreen mass balance may show to substantial amounts of mass
gained internally through refreezing, especially in the period between 2004 and 2010, what is
not uncommon for temperate glaciers (see section 2.2.2). As Dyurgerov (2002) suggests, at
least one measurement of internal mass gain for the glaciers being surveyed should be carried

out to evaluate its influence to the total balance.

Glaciological mass balance could also have been affected by the uncertainties of the method
(see section 2.3.1). Nonetheless, showing to the biases present in the DoD from the 2020 —
2022 period, it is reasonable to suggest that the sharpest acceleration of mass loss correlating

with the same period may be due to overestimation of glacier surface lowering (Figure 6.3f).

7.2.3 Seasonal changes
The snow accumulated during the winter season of 2022 - 2023 exhibited a heterogeneous
distribution, resulting in an increase of mass by +1.10 = 0.05 m w. e. This pattern of snow
allocation may be due to glacier’s north-eastern aspect, which allows the prevailing westerlies
to blow snow from the surrounding areas into the immediate hollow where the glacier is
situated. A fresh snow avalanche observed in June 2023 originating from within the glacier
area, indicates active slope processes and suggests that these are important for factors

influencing patterns of accumulation (Figure 6.5b).

In total, the glacier had lost more mass during summer than it had gained, with the difference
showing to annual balance of -0.61 m. w. e., what is almost 40% less than quantified by
differencing the DEMs from September 2022 and September 2023. This again show to the
possibility that the modelled surface of 2022 may have been lower than the actual elevations
(what the bias trend also shows to, Figure 6.3f), what led to an overestimation of surface
change and thus, mass balances for periods ending or starting with the year 2022. Another
explanation is related to conversion of volume lost during ablation to mass, using snow

density, causing this underestimation (as discussed in section 7.2.1).

The short-term geodetic mass balance of Fannarédkbreen was compared to the seasonal mass
balance fluctuations of Storbreen measured utilising traditional field-based approaches (NVE,
2024) in Figure 7.3. Storbreen is the closest glacier having such long mass balance records
and it has been shown to correlate with other glaciers of the region (Rasmussen et al., 2007).
However, due to the unavailability of Storbreen data from 2023, it is not possible to directly
compare the accumulation (Bw) and ablation (Bs) between the sites. Nonetheless, when

compared to the previous measurements, the values from Fannardkbreen fall within the range
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of variation observed for Storbeen, which may indicate that Fannardkbreen experiences a

lower seasonal mass turnover.

Winter and summer balances
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Figure 7.3: Glaciological winter (Bw) and summer (Bs) balances of Storbreen over the period of 1966 — 2022 and seasonal
balances measured for Fannardakbreen in and June and September 2023, visualised as points.

7.2.4 Regional context
Cumulative mass balance of Fannarakbreen was plotted together with the glaciological mass
balances of four other southern glaciers for comparison in Figure 7.4 - Nigardsbreen (a
maritime outlet glacier of Jostedalsbreen), Storbreen, Grisubreen, Hellstugubreen (more
continental glaciers situated in Jotunheimen, east for Fannaradkbreen) (for glacier location
refer to Figure 3.1). The surveys were conducted and published by The Norwegian Water
Resources and Energy Directorate (NVE, 2024).

The last decade of the 20" century is characterised by advancements of Norwegian coastal
glaciers due to high snowfall, influenced by high NAO and AO values (Nesje et al., 2008;
Andreassen, Elvehay, & Kjellmoen, 2023), what is also marked by decreased rates of mass
loss of the three glaciers used in this comparison. As this period fall between the surveys
conducted in 1981 and 2004, it is not possible to observe the response of Fannarékbreen.
However, only a slight decrease in rate of mass loss observed between these dates may
indicate that this period may also be possible to identify through the data if annual mass
balances were measured. At around 2004, the rates of mass loss increased dramatically for the

eastern glaciers including Fannardkbreen, caused by smaller amounts of winter precipitation
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and high summer temperatures (Nesje et al., 2008). This trend continued further, except for
the maritime Nigardsbreen, which had only experienced a surplus since the period of
advancement. Glacier size could be one of the explaining factors to this trend as well, since
smaller glaciers are more sensitive to climatic forcing than larger systems (Grudd, 1990;
Oerlemans, 1994; Nesje et al., 2008; Federici & Pappalardo, 2010). For the area of these

glaciers refer to Table 7.1.
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Figure 7.4: A comparison of cumulative geodetic mass balance of Fannardkbreen with glaciological balances of the four
other glaciers, also situated in southern Norway (NVE, 2024). Refer to Figure 3.1 for glacier locations.
On a national scale, between the years 1966 and 2023, Fannardkbreen has been losing mass
by on average -0.37 + 0.02 m w. e. per year, what is a slightly faster rate than the estimated
mean thinning for all Norwegian glaciers, -0.27 + 0.02 m w. e. a”' for the time period between
1960 and 2018 (Andreassen et al., 2020). This discrepancy may be explained by the
difference in time periods for which mass balances were estimated. It is known that glaciers
have been losing mass at increasing rates (Hugonnet, McNabb, et al., 2021), and the most
recent years may have risen the average values for country’s glaciers. Moreover, this may also
be due to the differences in glacier geometry, topography, and regional factors such as

continentality.

7.2.5 Comparison with global glacier change datasets
In this section, high-resolution surface elevation change data from 2004 to 2020 is compared

to changes measured from 100 m DEMs derived from ASTER stereo-imagery covering the
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period from 2000 to 2020, which were used in a global analysis of glacier change (Hugonnet,
McNabb, et al., 2021). The changes of the study glacier were estimated based on
photogrammetric and LiDAR surface models and were plotted for every 50 m of elevation in
Figure 7.5, along with the changes estimated using satellite imagery. To evaluate these
changes in a broader context, ASTER-derived elevation change was averaged across all
glaciers in southern Norway for each elevation bin and plotted alongside the changes
observed on Fannardkbreen. Following the approach used in the aforementioned global study,
which is based on glacier outlines generated during the Randolph Glacier Inventory in 2006
(RGI 6.0) (RGI Consortium, 2017), the average regional surface lowering was estimated at -
0.56 m annually. Meanwhile, the study glacier exhibited average yearly thinning of -0.84 m,

based on the satellite data.
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Figure 7.5: Glacier surface elevation changes per elevation bin of 50 m, based on ASTER data (blue and yellow, data from
Hugonnet, McNabb, & Berthier, 2021) and a DoD, sourced from historical aerial imagery from 2004) and LiDAR data from
2020 (green line). The shaded area is a visualisation of one standard deviation.

Similar to the study area, the glaciers of southern Norway also experienced the most thinning
at the lowest altitudes. However, the regional dataset indicates a somewhat smaller average

glacier surface lowering at altitudes between 1820 — 1880 m a.s.l., which is not observed for
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Fannarakbreen. According to both datasets, Fannarakbreen shows a slightly decreasing trend
at the highest altitudes. Nonetheless, it also exhibits at least one such incident at the lower

altitudes of its profile (1480 — 1520 m a.s.1.).

The changes on Fannarékbreen are slightly overestimated in the ASTER dataset, averaging to
-0,84 m per year, which is 0.26 ma™! lower than the values derived from high-resolution data.
However, the two datasets show good agreement between altitudes 1525 - 1625 m a.s.l. The
majority of the glacier area is lies within these elevations (see hypsometry depicted in the
Appendix, section 2), likely allowing the large pixels to capture changes more precisely than
at higher altitudes. Compared to the regional thinning patterns, Fannarakbreen exhibits a
steeper slope of elevation changes, possibly due to its continentality, while the regional
average is mostly influenced by the largest caps of Jostedalsbreen and Folgefonna, located in

maritime climates.

7.3 The shrinkage of Fannardkbreen in regional context

As seen in Figure 6.1, the area of Fannardkbreen has been reducing at varying rates, except
for the period 1981 and 2004, during which it increased by 6,57%. This increase is also
attributed to more pronounced NAO index values during that period, which contributed to

glacier mass gain, as described in section 7.2.3.

Area changes of the study glacier were compared to other glaciers form the region —
Storbreen, Grasubreen and Nigardsbreen (NVE, 2024). The area of these glaciers were
surveyed on different dates and from different sources, thus annual change rate was estimated
in order to make the changes comparable, as presented in Table 7.1. In Norway, as a
consequence of glaciers having a negative mass budget between approximately 1960 and
2018, the total glaciated area shrunk by 10% on average (Andreassen et al., 2020). In the
study region, with an exception being Nigardsbreen, all glaciers have also been reducing in
size, however, at higher rates than the national average. Fannardkbreen has been shrinking the
fastest, which may be attributed to the use of high-resolution orthoimages for its delineation.
In contrast, the area delineations of other glaciers might have been less accurate due to the
reliance on old maps and coarser satellite images during glacier inventories (e.g., Andreassen

et al., 2008; Andreassen et al., 2012; Andreassen, Nagy, et al., 2022).

Moreover, its relatively small size could have also played a role, as for instance, Grasubreen
has had a similar retreat rate and has the smallest area, again showing to the sensitivity of

small-sized glaciers to climatic forcing. Nigardsbreen is the largest glacier and is a part of a

85



much larger glacier system of Jostedalsbreen, what may explain the lowest change rate. In
addition, the topography of glacier bedrock plays a role in how quickly the area is lost, as it
affects the ice thickness, what in turn results in some areas becoming free from ice quicker
than others (Stokes et al., 2018). Also, this factor has a larger effect on smaller glaciers

(Demuth et al., 2008; DeBeer & Sharp, 2009; Evans, 2009), what may explain this trend.

It should be noted that if all glacier units of Fannarakbreen which appeared to belong to the
same system based on imagery from 1955 — 1993 were included in the area analysis, the
calculated loss would have been much larger. However, a decision was made to treat these
areas separately because they exhibited signs of stagnation and vertical melting without
immediate signs of significant movement, thus not meeting the criteria to be defined as a

glacier (see section 2).

Table 7.1: Area change for the study glacier and the four other glaciers from the same region for comparison (refer to
Figure 3.1 for locations of these glaciers).

Area at the
beginning Area at the Annual
Glacier Period (km?) end (km?) Change, % change, %

Fannarakbreen 1955-2023 3,9 2,47 -36,67 -0,54
Storbreen 1951-2019 5,73 4,87 -15,01 -0,21
Grasubreen 1962-2019 2,36 1,744 -26,10 -0,46
Hellstugubreen 1962-2019 3,38 2,656 -21,42 -0,38
Nigardsbreen 1964-2017 48,31 44,94 -6,98 -0,13

7.4 The overall state of Fannardkbreen

The assessment of changes in glacier mass balance over time must address the change in
glacier area (Elsberg et al., 2001). In accordance to the global glacier observations,
increasingly negative mass balance measured on a smaller glacier surface at each survey
provides a clear evidence of climate becoming more and more unstable, causing higher

amounts of glacier mass to be lost (WGMS, 2023).

With increasing melting rates, glacier surface thins and lowers the driving stresses that creates
glacier flow. This normally cause the retreat of glacier front, however, as they slow down,
vertical glacier wasting and fragmentation of the entire glacier may take place (WGMS,
2023). As seen from the images 1955 — 2004, a dissolution of one glacier unit to several seem
to be the case here, causing a dilemma when delineating glacier area. This show that the
glacier has been in negative balance for quite some time prior to the first image acquisition,

and with the same trend continuing, it is very likely to disappear within the next decades.
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This conclusion applies to several other glaciers from the observational network with long
mass balance records, detailing the importance of improving the strategy to make sure that
glacier monitoring can continue to be used in climate studies in the future. To do so, it is
suggested to keep on monitoring the glaciers that has the longest records and include
previously unmeasured glaciers — most importantly in regions that are not represented with
enough samples (Hoelzle et al., 2017; Nussbaumer et al., 2017; Gértner-Roer et al., 2019),
alongside with an employment of numerical assessments of the available data using remote

sensing (e.g., Huss & Hock, 2018; Hock et al., 2019; Rounce et al., 2023).

7.5 Remote sensing as a method for quantifying glacier change

Unmanned Aerial Vehicles (UAVs) have been increasingly used in glaciological
investigations (Bhardwaj et al., 2016), and together with photogrammetry, it has been shown
to be an effective and low-cost way to survey glaciers remotely (Hugenholtz et al., 2013). The
results of this study also prove that the use of UAVs can be used to map glacier surface in

high accuracy and high spatio-temporal resolution.

However, a care should be taken when choosing a type of UAV from the variety available.
The choice should depend on the size of the glacier and the surrounding terrain as these
factors influence the performance of different aircraft and the time needed to conduct the
survey. Comparing the performance of the three different types of UAV used in this study, it
can be concluded that those equipped with their own software for flight management and
cameras suitable for surveying performed the best under cold and windy conditions, and

provided data with minimal distortions.

To extract elevation information from the optical data, both UAV and historical aerial
photographs alongside with photogrammetric methods were applied. As shown in section 2.5,
the quality of the output DEM depends heavily on the sensor, accurate positioning, and
external factors, such as sufficient surface texture needed for successful feature matching. The
ice surface is normally relatively homogenous, what in some cases may result in low pixel
scores. However, having flexibility in choosing the date to perform a UAV survey may help
mitigate this. Nonetheless, it becomes more problematic when analysing archival data
acquired in coarser resolution, without customisation of parameters to fit glacier monitoring

and overexposing snow and ice areas.

Good alignment of surface models is another crucial factor influencing uncertainties of the

geodetic method based on remotely sensed data. However, co-registration seeking to align
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two models may not always be successful with the available tools, and as discussed in section
7.1.4, the bias in the 2022 DEM may have led to an overestimation of mass balance. This
dataset was very important for estimation of seasonal mass balance and taken early in the
master’s program. Under other circumstances, it would be excluded from the analysis and a

new attempt would have been made utilising an UAV more suitable for mapping large areas.

7.6 Further work

Based on the current experience, a repetition of this study using an UAV of the same type and
specifically developed for mapping large areas, may be beneficial. For improved accuracy of
cumulative mass balance values, it is recommended to combine field measurements of snow
density at taken at various glacier altitudes in June, as density conversion is identified as a
source of error when comparing seasonal and annual volumes and mass (section 7.2.1).
Additionally, it can be advised to ensure that datasets to be georeferenced indirectly using
GCPs cover more stable terrain for better model co-registration. Additionally, a more
thorough analysis linking seasonal glacier variations to fluctuations of climate may be of
interest, as it would allow estimation of glacier response time, allowing to evaluate its
sensitivity to climatic forcing. Lastly, given the series of lakes downstream of the glacier,
further study of sediment cores from these lakes could reveal glacier fluctuations and

associated climatic changes throughout the Holocene.

8. Conclusion

Based on the surface models derived from high-resolution aerial imagery it has been
estimated that Fannarikbreen has been losing an average of -1.06 + 0.12 million m* of its
volume, or -0.37 £ 0.02 m w. e. each year from 1966 to 2023 putting it in line with the
national average of -0.27 £ 0.02 m w. e. a” (1960 - 2018). During the same time, it
experienced an area reduction of -0.74% a™!. The period with the fastest observed melt rate
was 2020 - 2022, during which the annual geodetic mass balance was quantified to be -2.18 +
0.11 m w. e. This figure, however, may be an overestimation due to biases in the 2022 DEM.
Additionally, seasonal balances were quantified with high accuracy, with winter accumulation
estimated at 1.10 + 0.05 m w. e., and summer mass loss totalling -1.71 = 0.09 m w. e.,

indicating a negative development for the last survey period.

It has been shown that the glacier has been losing mass at increasing rates, consistent with

findings of the global and regional-scale study on glacier change. Compared to other glaciers
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within the area, Fannardkbreen’s response to atmospheric changes showed similarities with
other continental glaciers of similar size, highlighting size being an important factor in
climate sensitivity. A relatively good agreement was found between the patterns of
glaciological mass balance for Storbreen and the geodetic balance of Fannarékbreen, although
some deviations have been caused by differences in size and local climate variations.
However, it remains an open question how including disintegrated glacier parts in the analysis
and handling significantly decreased glacier areas during DEM differencing would affect the

results.

Historical aerial imagery can be combined with other high-resolution optical data to
reconstruct mass balance over time, provided there is sufficient surface contrast required for
photogrammetric processing. Data acquisition using UAVs with direct image georeferencing
eliminated the need for resources required to establish GCPs, making surveying of small and
hard-to-access glaciers feasible, providing more accurate results than coarser satellite data.
Moreover, the utilisation of Structure-from-Motion photogrammetric algorithms, allows for
processing of large quantities of imagery and the extraction of elevation data form historical

photographs lacking camera calibration reports by solving interior orientations.

Overall, measuring glacier mass balance is important, as it offers valuable information about
the state of the current and past climates across a variety of scales. Furthermore, assessing the
patterns of mass accumulation and ablation in high-resolution helps understand critical factors
influencing glacial responses and can aid in modelling glacier behaviour in remote areas to

assess the impacts on sea-level rise, fresh-water availability and related geo-hazards.
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Appendix

1. Plots used for estimation of surface change precision
This section contains plots form the remaining datasets generated using the xXDEM Python
package, introduced in section 6.2.4. The scale between figures varies to better visualise the

data, thus they should not be directly compared.
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1.8 Accumulation (September 2022 — June 2023)
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1.9 Ablation (June 2023 — September 2023)

Ablation (June 2023 - September 2023)
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2. Surface elevation changes and glacier hypsometry
In this section, the figures depicting annual changes for different glacier altitudes as well as
glacier hypsometry (shaded bins) are presented. Plots for seasonal changes are at the end of

the section.
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2022 - June 2023 (accumulation)
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