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Abstract: The relative share of debris-covered glaciers strongly increased in recent decades
due to climate change and amplified rock production, but despite their relevance as climate
indicators, accurate demarcation of respective glaciers is challenging. Remote sensing is
an important tool for glacier mapping, but most existing studies apply medium resolution
sensors, which are not suitable for small, rock covered glaciers, or use semi-automatic
approaches. We present a simple methodology to automatically derive debris-covered glacier
areas by using multitemporal, high resolution UAV images. Thereby, standard products, such
as elevation differences calculated from digital surface models and displacement rasters,
combined with statistical or error thresholds, provide the basis to automatically delineate
glacier areas. The comparison of the automatically derived debris-covered glacier area to the
geodetically determined glacier snout showed lowest errors for the elevation-based method
using yearly data (total error of 0.32 m or 8.6% of the yearly glacier retreat) and higher errors
for four-year intervals (0.97 m, 34% of the yearly glacier retreat) or displacement-based
methods (0.51 m, 13.6% of the yearly glacier retreat with yearly epochs). Visual evaluation
also showed strong errors of the displacement-based method with many areas wrongly
identified as debris-covered glacier area. We conclude that the elevation-based method allows
for accurate delineation of debris-covered glaciers and pro-glacial areas, providing increased
standardization of glacier monitoring using remote sensing.
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1. Introduction

In recent decades, debris cover of glaciers outside the polar regions steadily grew, showing
strong areal increases of 10% to 20% over about 20 to 30 years (Kellerer-Pirklbauer,
2008; Azzoni et al., 2018; Mayr and Hagg, 2019; Shukla and Garg, 2019; Fleischer et al.,
2021; Tielidze et al., 2024; Zhou et al., 2024). This strong increase and the significant
share of debris covered glaciers in mountain regions, whereby the relative mean debris
coverage of glaciers was around 23% in the Eastern Alps in 2015 (Fleischer et al., 2021),
makes mapping of such glaciers a prerequisite to correctly assess the state of the alpine
cryosphere and to monitor connected issues, such as freshwater supply or natural hazards.
However, despite the relevance of accurate glacier mapping to study these important
climate indicators (Sahu and Gupta, 2018), delineation of debris-covered glaciers is still
connected to major research challenges (Xie et al., 2020; Yang et al., 2024). Remote
sensing is currently the main tool to derive glacier boundaries and several approaches
exist for glacier mapping (Khan et al., 2020). However, climate change and increased rock
production lead to excessive debris coverage of many existing glaciers. This makes clear
demarcation of these glaciers difficult, as their surfaces are characterized by strong optical
similarity to proglacial areas.

Existing approaches to delineate debris-covered glaciers mainly use medium resolution
satellite data, including spectral bands, indices, Synthetic Aperture Radar (SAR) and
Digital Surface Model (DSM) based topography indicators (Paul et al., 2004; Bolch et
al., 2007; Mölg et al., 2018), but most of respective approaches are only suitable for
large areas and not small glaciers (Sahu and Gupta, 2018). Thereby, machine learning is
a main tool for satellite-based glacier classification (Khan et al., 2020), but delineation
of debris-covered areas often also requires manual efforts for correct mapping (Barr et
al., 2018). Object based image analysis (OBIA) methods showed some improvements for
automatic mapping compared to pixel based methods on larger glaciers (Robson et al.,
2016). Additionally, Foster et al. (2012) introduced a method for estimating supraglacial
debris thickness from thermal band remote-sensing data.

Recently, the advance of deep learning and convolutional neural networks led to
improvements in delimiting debris-covered glaciers (Xie et al., 2020; Yang et al., 2024),
and combining OBIA and deep learning showed good performance with satellite based
approaches (Thomas et al., 2023). Mentioned studies focus on larger glaciers, often
characterized by distinctive morphological features, and exclude very small glaciers
or glaciers without clearly developed glacier tongues, which are now typical for many
remaining glaciers in the alps (Huss and Fischer, 2016). Studying minor glaciers or glaciers
with smaller changes requires higher resolution datasets, and methods based on data
obtained by unoccupied aerial vehicles (UAVs) show promising results for debris-covered
glaciers (Fugazza et al., 2015; Azzoni et al., 2018). Therefore, UAVs became increasingly
popular for studying glacial changes in recent years (Piermattei et al., 2015; Sledz et al.,
2021). Existing UAV methods mostly used semi-automatic methods or approaches that
require intensive manual mapping to classify debris-covered glaciers. Fully automatic
approaches to demarcate debris-covered glaciers from UAV images are scarce. Therefore,
the presented approach aims to improve mapping of debris-covered glaciers by examining
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possibilities of automated demarcation with bitemporal UAV flights by analyzing height
changes and displacement vectors at the glacier margins. A main focus is on testing
simple standardized approaches without additional input of field data. A comparison of
different automatic methods for defining the glacial margin intends to contribute to better
understanding of glaciers as central climate indicators.

2. Methods

2.1. Study area and survey history

The research covers the terminus of the Gössnitzkess that is located in the Schober
group of the Hohe Tauern mountain range in the district of Heiligenblut, Carinthia, in
Austria (Fig. 1), at around 12.75◦ to 12.77◦ Longitude East and 46.96◦ to 46.97◦ Latitude
North with a total area of 15.24 ha. Due to the high altitude, the area is a high mountain
ecosystem with occasional scree or riparian vegetation. Thereby, “kees” is the local term
for glacier. The glacier is a typical cirque glacier and is fed primarily by avalanches from
the surrounding couloirs. There is no larger accumulation area for snow and ice. The strong
debris cover is characteristic of the glacier and of the entire Schober group (Lang and Lieb,
1993). This study focusses on the period 2018–2023. However, the Gössnitzkees has been
monitored annually using simple edge measurements as part of the glacier measurement
service of the Austrian Alpine Club since 1982. In addition, measurements of longitudinal
glacier profiles, terrestrial photos and aerial photo evaluations in 1954, 1983, 1997, 2006

Fig. 1. Overview of the research area showing the general location of the site in the district of Heiligenblut
(lower part, EPSG 3416) and (a) the ALS based DSM of the year 2012 (Land Kärnten 2012), (b) the
orthophoto of the year 1997 (Land Kärnten 1997) and (c) the orthophoto of 2021 (Land Kärnten 2021), all in

EPSG 31258. Graphical scale refers to (a), (b) and (c)



4 Harald Zandler, Wolfgang Sulzer, Viktor Kaufmann

and 2012 were conducted (Kaufmann and Ladstädter, 2008a; 2008b; Kaufmann and Sulzer,
2019). The change in position of the glacier tongue is well documented by annual surveys
(trilateration, 1982–2002; tachymetry, spanning 1996–2013 and since 2014, Real-Time
Kinematic Global Navigation Satellite Systems (RTK-GNSS) measurements).

Using Gössnitzkees as an example, Kaufmann and Sulzer (2019) recommend the
following procedure for long-term monitoring of small glaciers (in Austria): (1) Overall
evaluation, approximately every three years, from aerial photographs of the Austrian
surveying service (BEV) and annual measurement of the glacier face and at least one
longitudinal profile with RTK-GNSS and, if necessary, (3) additional evaluations from
UAV flights or terrestrial photogrammetric images (optionally terrestrial laser-scanning)
with (4) simultaneous integration of existing airborne laser-scanning (ALS) data. During

Fig. 2. Photo documentation of the glacier development with (a) an overview during the year 1988 showing
the glacier outline and the approximate location of detailed images of the glacier snout in (b) 1988, (c) 1997,

(d) 2018, (e) 2019 and (f) 2023
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the measurements in the trilateration period, the ice edge in the debris-covered area of the
glacier tongue had to be dug by hand to achieve a precise demarcation of the glacier, as
visual demarcation from surface features was not possible. Therefore, the detection of
the glacier tongue remains challenging with the mentioned traditional methods due to
the debris cover, the surrounding debris with a similar grain size and the lack of “typical”
glacier morphology with distinctive convex features.

In addition tomeasurements, a photo documentation of the glacier exists. A comparison
of the developments since 1988 clearly shows the challenges connected to glacier
demarcation during recent years, as the definition of the transition zone of the glacier to
the paraglacial zone is difficult (Fig. 2).

2.2. Geodetic measurements

Ground truth and validation data to accurately determine the glacier snout and evaluate
the resulting UAV datasets was collected during several geodetic measurement campaigns
in 2018, 2019 and 2023 using RTK-GNSS measurements. Geodetic measurements from
1996 until 2023 can also be downloaded from Kaufmann (2024). Thereby, a local geodetic
network of fixed points was established using cadastre points on surrounding mountain
tops with classical triangulation. Yearly geodetic measurements, whereby RTK-GNSS
measurements were based on the local geodetic network, covered the glacial snout,
whereby measurements were based on accessibility, receiver connection and the recording
of the main vertices of the snout, and also included transects along the longitudinal axis of
the glacier (Fig. 3). The main validation product for the final automatic demarcation was
the geodetically derived glacier snout (Fig. 3a), whereby a line was created by connecting
the measurement points. To create equally spaced evaluation points, ten points per meter
were regularly placed along respective polyline. These points served as the ground truth
reference and the minimum distance to the automatically derived glacier area was used as
the main performance measure of the approach. Error measures were calculated using the
software R (R Core Team, 2024), version 4.3.3., in particular the packages sf (Pebesma,
2018; Pebesma and Bivand, 2023) and terra (Hijmans et al., 2024).

Fig. 3. (a) Geodetic measurement points of the glacier snout, (b) along longitudinal transects covering the
glacier, and (c) the photo documentation of the measurement process by V. Kaufmann. The DSM of the

background maps is from 2012 (Land Kärnten 2012)
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2.3. UAV surveys

UAV surveys were conducted in the years 2018, 2019 and 2023, referred to as epochs
herein. Survey years were differently spaced to test different monitoring strategies (one
year vs. several years) as outlined in Kaufmann and Sulzer (2019). Due to the remote
location of the glacier, a relatively lightweight DJI Phantom 4 with a 12-megapixel camera
was deployed for collecting images at a flight height of approximately 70 m, which resulted
in a ground sampling distance of around 4 cm. Respective UAV does not have RTK-GNSS
capabilities and hence, black-yellow disks with a diameter of 35 cm were used for accurate
georeferencing. For error evaluation, one third to half of these points served as reference
(Table 1). These points, referred to as check points, were not used in the bundle block
adjustment but used for calculating independent errors only. Points used in the bundle
block adjustment are referred to as ground control points (GCPs). Placement of GCPs
and check point followed standard criteria for structure from motion approaches (Westoby
et al., 2012). The changing surface of the glacier prevented the placement of targets at
identical positions between the years, leading to differences in GCPs between the surveys.
Recent research also showed that check point errors do not decrease with additional
GCPs after a certain threshold is reached and errors saturated at about eight GCPs in
a much larger research area (Wecht, 2021), which makes the placement of larger numbers
of GCPs not feasible. Furthermore, placement was connected to practical constraints,
such as the weather situation during the survey, which may limit the temporal resources
for GCP placement. Accordingly, the number of GCPs between the years varied but
always contained a certain minimum number according to recommendations in literature.
Orthoimages and DSMs were calculated using Agisoft Metashape Version 2.1.2 for the
years 2018, 2019 and 2023. Final coregistered rasters were resampled to a resolution of
4 cm. Furthermore, geodetic measurements along the transects were used for independent
evaluation of the UAV-DSM errors on supraglacial rocks. Thereby, the mean absolute
error (MAE), the root mean squared error (RMSE) and the bias were calculated. Formulas
for respective performance measures are outlined in Zandler et al., (2019).

Table 1. Ground control points and check points used for the UAV surveys

Year GCPs Check points

2018 11 7

2019 18 5

2023 6 6

2.4. DSM differences and displacement calculations

For calculating DSM differences, the DSM raster of the preceding epoch was subtracted
from the DSM of the temporally following epoch. The difference raster was subsequently
used for automatically deriving the glacier area.
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For calculating displacement, two different methods were tested, as suggested in
existing research for medium velocities (Jawak et al., 2018; Mueting and Bookhagen,
2023). The first algorithm was IMCORR (Fahnestock et al., 1992; Scambos et al., 1992;
Bremer, 2012), which is implemented in SAGA GIS 9.3.1 (Conrad et al., 2015) and uses
normalized cross-covariance of fast fourier-transformed images. Thereby, small subsets
of the images, called chips or windows, are used and compared between the images.
If a match is found, displacement values can be derived. Furthermore, the comparable
geoCosiCorr3D method was selected (Aati et al., 2022), which is a newer improvement of
the COSI-Corr algorithm (Leprince et al., 2007), as this method is recommended for this
purpose in a comparison study (Jawak et al., 2018). The geoCosiCorr3D algorithm uses
a multi-scale sliding window, with the first window trying to maximize the correlation,
while subsequent smaller sizes enable better displacement estimations (Aati et al., 2022).
Similar to IMCORR, it also uses a frequency correlation. Window sizes of 64 × 64 pixels
(256 cm) and 256× 256 pixels (1024 cm) and step sizes of 32 cm and 100 cm were tested.
Both methods use single band rasters as input. Therefore, the first principal component of
the three RGB-bands of the orthophoto was calculated and used in all algorithms. In case
of IMCORR, which results in point data and not a displacement raster, an inverse distance
interpolation was performed to create final displacement rasters with a side length of 32 cm.

2.5. Attempt of an automatic derivation of the glacier area

The presented method intends to use easy but effective methods and principles to derive
glacier areas. Thereby, DSM difference and the displacement rasters serve as main products
to automatically derive glacier areas. Kernel density estimation of all raster values was
used to create density curves. Respective curves were the basis for threshold derivation
for the elevation difference-based approach.

For the delineation approach using elevation differences, the leading principle was
that glacier areas show strong surface changes due to ice melt. In contrast, paraglacial
areas, with the exception of large gravitational mass movements, are characterized by
small surface changes. However, these minor changes around zero are expected to be much
more common (high density, i.e. the main peak of the density curve) compared to strong
glacial changes (i.e. a secondary peak of the density curve). Therefore, an automatic peak
and valley detection algorithm using the R-package pracma (Borchers, 2023) was applied
to find the valley before the main peak around zero. Respective minimum value before
the ascend to the data peak was used as a threshold to define glacier areas of the initial
year of the DSM-difference pair, i.e. all values with change larger than the threshold were
considered as glacier areas of the earlier epoch.

The other theoretical concept and approach was that glacial flow is a main
characteristic of active glaciers in comparison to rocks and dead ice bodies that ceased
to flow (Kellerer-Pirklbauer et al., 2021). Therefore, all areas that show displacement
beyond an error value, which is defined by the accuracy assessment of the UAV survey,
may be considered as glacier area. Respective approach could potentially be extended
using the density curve to exclude very large, unlikely displacements. Finally, small
isolated patches of under 100 m2 were removed from the glacier area rasters using the
R-package smoothr (Strimas-Mackey, 2023).
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3. Results

3.1. UAV surveys

The internal evaluation of the aerial triangulation using independent check points showed
total three-dimensional errors of about 3.2 cm to 5.5 cm (Table 2). Highest errors were
not constant between the years and were found in the X, Y or Z domain. Horizontal errors
were around 3 cm to 5 cm per epoch. The cumulated horizontal error of two epochs, which
amounts to 8–9 cm, serves as an orientation for building a threshold for the automatic
glacier demarcation using the displacement data. Therefore, to use a conservative threshold
for the displacement-based method without additionally field mapping, the maximum
summed error of two epochs (i.e., 9 cm) was used as the threshold for the automatic
glacier demarcation using the displacement data.

Table 2. Error measures of the UAV surveys using independent check points (in cm)

Year n X Y Z Total XY Total XYZ
2018 7 3.09 2.03 3.59 3.70 5.15
2019 5 3.00 3.84 2.66 4.87 5.55
2023 6 2.22 1.86 1.30 2.90 3.17

The additional evaluation of altitudes on supraglacial rock surfaces along the transects
showed higher errors with maxima around ten centimeters (Table 3). This error may be
used for an alternative threshold for a glacier delineation using DSM differences, but due
to the requirement of additional field data, this method cannot be considered automatic.

The visual assessment shows that higher errors were calculated at the lower and upper
ends of the transects in 2018 and 2019, whereas the 2023 survey shows relatively uniform
error magnitudes along the elevation transects (Fig. 4).

Fig. 4. Differences between the RTK-GNSS survey and UAV derived DSM altitudes along the elevation
transects
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Table 3. Elevation error measures on rock surfaces along the transect points on the glacier in meters

Year n MAE RMSE Bias
2018 25 0.08 0.11 0.08
2019 35 0.09 0.10 0.09
2023 65 0.05 0.06 -0.02

3.2. DSM differences

The differences of the one-year period 2018 to 2019 showed a decline of about 1 m to
1.5 m in height on the glacier, 2 m at the western part of the glacier and up to 4 m decrease
along the tongue and glacier rim (Fig. 5).

Fig. 5. Annual DSM differences between the epochs (a) 2018–2019 and (b) 2019–2023

The differences between the four-year period 2019 to 2023 showed considerably higher
absolute values, but annual differences were much lower at the margins and partly higher
in some interior areas. Increases were rarely found and were located in small depressions.
Respective areas were characterized by remaining snow fields during the 2019 survey.

3.3. Surface velocities

Results of IMCORR and geoCosiCorr3D were mostly identical. Both results showed
glacial movements around 20 cm to 50 cm between the period 2018 to 2019 (Fig. 6).
Furthermore, both methods showed a noticeable number of artifacts, particularly on
water surfaces but also in some other areas. The epoch from 2019 to 2023 resulted in
stronger artifacts and inferior visual results due to increased data decorrelation. This
issue could be minimized by analyzing uncorrelated individual measurements (e.g. using
manually mapped displacement vectors), which are then used for a filtering approach that
worked well on rock glaciers in existing research (Kaufmann et al., 2019). However, such
an approach would divert from the aim of an automatic and simple approach and was
therefore not applied in the presented manuscript.
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Fig. 6. Displacement 2018–2019 calculated with (a) IMCORR and (b) geoCosiCorr3D

3.4. Automatic glacier delineation

3.4.1. DSM difference method

Density plots for the yearly epochs from 2018–2019 showed a clear bimodal distribution
with a higher peak for differences around zero and another peak with stronger negative
differences. Automatic peak-valley detection using regular rising and falling pattern of the
curve resulted in a threshold for glaciers if the decline is more than 0.61 m (Fig. 7). The
comparison of the epochs 2019–2023 shows a similar peak around zero, but the elevation
changes were more equally distributed and the second data peak was comparatively flat.
The automatically derived threshold value was –1.41 m for this period, meaning that all
areas with a decline more than 1.41 m over the four year period were classified as glaciers.

Fig. 7. Kernel density plots of DSM differences and automatically derived glacier values below the threshold
(red) for the epochs (a) 2018–2019 and (b) 2019–2023
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Visually, respective thresholds showed good agreement with the geodetically derived
glacier snout (Fig. 8). Errors amounted to a mean difference of 0.32 m in 2018 and
0.97 m in 2019 between the geodetically derived glacier snout and the automatically
derived glacier area.

Fig. 8. Automatically derived glacier area using DSM differences compared to (a) the geodetically measured
glacier snout in 2018 using the epochs 2018–2019 and (b) the geodetically derived glacier snout in 2019

using the epochs 2019–2023

If compared to the total retreat of the glacier snout between 2017 and 2018 of 3.74 m,
the error amounts to 8.6% of the total change in the reference period. Regarding the
comparison to the total retreat of 2.85 m from 2018 to 2019, the relative error of the 2019
result is 34.0%.

3.4.2. Displacement based method

The automatic glacier area demarcation using displacement data resulted in a relatively
large derived glacier area, but showed a close proximity to the geodetically derived glacier
snout (Fig. 9). Calculated errors using epochs 2018–2019 amounted to 0.51 m compared

Fig. 9. Automatically derived glacier area using surface displacement results compared to (a) the geodetically
measured glacier snout in 2018 using the epochs 2018–2019 and (b) the geodetically derived glacier snout in

2019 using the epochs 2019–2023
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to the measured glacier snout in 2018 and 1.89 m compared to the glacier snout 2019 if
using the epochs 2019–2023. Respective errors are 13.6% of the total change 2017-2018
and 66.3% of the total change 2018–2019.

4. Discussion

This is the first study that automatically delineates the terminus of small, debris-covered
glaciers using standard products of UAV surveys and simple demarcation metrics. Results
of annual epochs and with the elevation-difference methods showed low errors and
accuracies similar to other, non-automatic approaches (Azzoni et al., 2018), although
comparisons to other research is difficult due to methodological dissimilarities. The
utilization of longer periods showed comparably high errors and the results indicate
that annual periods are an important prerequisite for accurate automatic delineation of
debris-covered glaciers with the presented method, which is in line with other studies
recommending annual or higher temporal resolutions for glacier monitoring (Immerzeel
et al., 2014; Ewertowski et al., 2019; Avian et al., 2020).

The DSM difference-based approach showed good results in the presented setting and
research area, but main limitations have to be considered. Gravitational mass movements
of greater magnitude would obviously lead to false glacier detection with this approach,
whereas smaller changes, such as sediment reworking or small fluvial changes, which
are typical for glacial areas (Di Rita et al., 2020), should be excluded by the selected
algorithm. False detections caused by larger gravitational mass movements can be limited
by confining the automatic algorithms to existing glacier outlines or glacier inventories
(Patzelt, 1980; Lambrecht and Kuhn, 2007). Furthermore, another option would be the
connection to glacier velocities, e.g., an additional rule set considering only areas beyond
the DSM threshold and also with regular surface movements. The visual evaluation also
showed that the automatic threshold may be partly too conservative, which is illustrated
by areas within the glacier body that were not classified as a glacier in 2018, but were
considered as glacier area in the year 2019.

In contrast to the presented automatic threshold derivation method, error-based
approaches, i.e. using the independent GNSS measured elevation transects, would be
another more traditional method to derive thresholds for glacier demarcation. Using the
elevation error of the validation transects as a threshold, which resulted in an error/threshold
of about 10 cm in this study, would lead to lower errors if compared to the glacier snout
(22 cm for the 2018 glacier margin and 28 cm for the 2019 glacier margin) compared to
the automatic approach, but would lead to substantially increased glacier artefacts in areas
of small changes due to other processes (sediment reworking, snow, erosion) and would
be dependent on additional field data, deviating from the aim to explore an automatic
delineation approach. However, the error threshold approach also shows that it may be
more suitable for more than one-year intervals, as the 2019–2023 error is only slightly
larger than the yearly interval.

Accurate, UAV derived products are the main foundation for deriving glacier areas.
The error assessment of the UAV survey showed low errors below 6 cm in total on the
target check points, which is relatively low compared to other studies using non RTKUAVs
(Piermattei et al., 2015). Higher errors were detected along the elevation profiles, whereby
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the main explanation is that check points use targets with a 35 cm diameter, i.e. a flat
surface, whereas the elevation profiles were measured directly on the rock surface with
strong microtopography (e.g. cracks between rocks), which can lead to strong elevation
differences even with very small horizontal offsets. However, these errors, which were
also below 10 cm, may be considered sufficient for delineating debris-covered glaciers and
comparable to other state of the art methods for topographic analysis (Yurtseven, 2019).

The displacement-based method also showed relatively good performance using yearly
epochs. However, this method also led to false positive classifications of many non-glacier
areas, such as the lake and the sloped terrain in the east and west. Low contrast areas are
generally problematic for this method, leading to issues on water and snow surface, as
outlined in existing research (Paul et al., 2017). Naturally, sloped, non-glaciated terrain is
a constant error source for the presented method, as solifluction is a frequent process in
this areas, which leads to surface displacements that are not connected to glacial activities
(Pronk et al., 2021). Respective issues may be reduced by also introducing density-curve
based thresholds and suitable filtering approaches (Kaufmann et al., 2019). Additionally,
the result of the four-year period was characterized by many artefacts. Therefore, this
method is only applicable with additional variables or rule-based approaches. Generally,
there are numerous possibilities to substantially adapt and improve the presented method
with field data, but such an approach is beyond a purely automatic method of debris-
covered glacier demarcation. Finally, the presented methods are based on the assumption
of glacier retreat and would have to be slightly adapted to also include glacier advances.

5. Conclusions

The presented test of different methods for automatically delineating debris-covered
glaciers resulted in good performance, showing a difference of only 0.32 m to 0.97 m
when compared to the geodetically derived glacial snout. Methods based on elevation
differences also showed a good visual representation of the glacier area, with glaciated
areas correctly identified as glaciers and no abundance of false positive mappings of non-
glaciated surfaces, but the error assessment indicates that yearly surveys are a prerequisite
for accurate demarcation. Displacement based methods showed lower performance, with
errors between 0.51 m and 1.89 m, and a large number of wrongly assigned glacier areas,
indicating that this method would benefit from further adjustments. In summary, this
study provides an example for simple and automatic derivation of the glacier margin of
debris-covered glaciers using high resolution UAV imagery. Derived error metrics show
that the presented methodology allows accurate delineation of debris-covered glaciers
and pro-glacial areas using an automated method, enabling increased standardization of
remote sensing-based glacier monitoring.
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