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Abstract. Long-term surface velocity observations of glaciers reflect the dynamics of glacier ice and its interaction with
the mass balance, including variations due to climate change. In this study, we investigate the surface velocities of a slow-
flowing glacier which is influenced by strong surface melt and negative mass balance during the last decades. The annual
stake measurements date back to 1966 and allow the study of ice dynamics for more than five decades. We observed a strong
relationship between the surface velocity and ice thickness, especially in the case of the glacier “s response to thinning. A series
of slightly positive mass balances led to a minor glacier advance around 1980, associated with a considerable speed-up of the
glacier. With the onset of the negative mass balances, the velocity has decreased steadily until today. Based on recent ia-sttt-in
situ measurements, a seasonal variation of surface velocities can be identified, with around 30% higher summer velocities in

relation to the annual average. In order to investigate the current ice surface flow, we ane tal imite

ote-se sforslow-flowingg ndard-remote-sensing-techniques-did-netprovide blere due-to-the-aimed
to derive a spatially distributed velocity map. The combination of low ice flow and high ablation -and-the-assoctated-diffieulty
in-establishing-coherenee-and-identifyingstable-features-in-the remote-sensing-produets—Instead;challenge the use of standard

remote sensing techniques, as ablation induced changes overlay the displacement of surface features. We therefore relied on
manual feature tracking based on a-combination-of stake-measurements-and-the-investigation-ofunpiloted aerial vehicle (UAV)

surveys, and airborne imagerywas-tsed-, and combined the results with stake measurements to generate a referenee-dataset for
the period 2018-2023. With an average velocity of 1 myr~! and a maximum displacement rate of 4 myr~! in the central part

of the glacier, it gives a clear picture of the low present-day glacier flow.

1 Introduction

Mountain glaciers move downwards due to internal deformation and, in most cases, basal sliding, induced by the surface slope
and gravitational forces. They act as a delayed response to climate change by translating changes in the mass balance into area
changes modulated by the ice flow (Heid and Kéib, 2012; Mayer et al., 2013b). The glacier surface velocity, which can be
measured using field or remote sensing techniques, is based on two components: internal deformation of the ice, predominantly
due to shear stress and basal sliding at the glacier bed. The glacier surface velocity and its impact on glacier dynamics have

been investigated in several studies. For instance, surface velocity changes may provide valuable information on hydrological
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conditions, including subglacial water pressure and drainage system evolution (Iken, 1981; Mair et al., 2002), on variations
in meltwater production (van de Wal et al., 2008) and on changes in glacier geometry and topographic conditions (Heid and
Kédb, 2012; Thomson and Copland, 2017). Thus, glacier velocity serves as a key indicator of multiple processes within the
glacier system. Understanding these velocity pattern and their temporal changes on a resolution considerably higher than the

spatlal vanablhty is 1ncreasmgly 1mportant partlcularly for capturing variations in glacier processes. To-achieve-this;spatial

Therefore, long-term measurements
of the ice velocity are essential for detailed analyzes. A long time series of measurements makes it possible to investigate the
flow processes of a glacier and their response to climate change. For example, Vincent and Moreau (2016) found no correlation
between changes in surface velocity and subglacial water runoff for the Argentiere glacier in the Mont Blanc area. On the other
hand, mass balance influences the flow behavior, where Vincent et al. (2009) found a reaction of glacier velocities within a
maximum time span of three years. However, ice geometry variations and surface velocity evolution are not always directly.
correlated. For example at glacier de Saint Sorlin, Grandes Rousses area, velocities around the year 2000 are still larger than
in_1960, despite a negative cumulative net mass balance since 1957 (Vincent et al., 2000). This shows the complexity of the

rocesses involved. Spatial high-resolution velocity information as well as long-term monitoring allow a reliable analysis of
glacier behaviotrbehavior.

There are several methods to measure glacier surface velocities. The-first:A method established by Nye (1959) measures the
displacement of stakes installed at the surface over a period of time to determine the strain rate. This is a very labour-intensive
in-site-in situ method, where stakes are placed in boreholes in order to track the movement of the glacier surface. The advantage
of this traditional in situ method is the accuracy of displacement measurements over months and years, providing seasonal or
annual ground-truth measurements of surface displacement. The disadvantage is the limited spatial coverage due to the point
measurement approach, which is further restricted to accessible glacier sections. In addition to traditional methods, modern
remote technologies offer ways to estimate glacier velocities efficiently with large spatial coverage. For instance, data acquired
by air- or space-borne sensors and UAV's (unpiloted aerial vehicles) can be used to derive glacier surface velocities
by using different tracking approaches.

The further development of UAVs offers an economical and simple method to obtain data from a specific area in the desired
temporal and spatial resolution. Previous applications are described in detail in Gaffey and Bhardwaj (2020). Despite their
great potential, UAV-based methods also have certain limitations, such as flight time and distance or dependence on weather
conditions, especially in the low-cost and open-source software sector, as demonstrated by Groos et al. (2019). Such as UAV
measurements, airborne data makes it possible to estimate ice surface velocities over a large spatial area. A variety of sensors,
including aerial imagery (Leprince et al., 2008), SAR (synthetic aperture radar) interferometric (Prats et al., 2009) and LiDAR
(light detection and ranging) (Arnold et al., 2006) can be applied.

Space-borne remote sensing data can be utilized to estimate ice velocity ;
of mountain glaciers and in particular of polar ice sheets (Dirscherl et al., 2020). However, these methods have certain limita-
tions, such as temporal and spatial resolution, the need for recognizable features, or maintained coherence across acquisitions.

In their investigation across several regions, Millan et al. (2019) showed that sensers-such-as-Sentinel-2 data can produce more




60

65

70

75

80

85

90

aceurateresults-than-otheroptical-sensersprecise results than Landsat-8. Global datasets, like FAU’s glacierportal (Friedl et al.,
2021), ITS_LIVE (Gardner et al., 2022) or a dataset published by Millan et al. (2022) offer user-ready velocity products, pro-

viding comprehensive coverage and accessibility for glaciers worldwide. Nevertheless;-at-very-For individual glaciers, better
results can be achieved with specific optimized data processing than with global data sets (Mattea et al., 2025). Even relativel

low ice velocities

can be detected, as Gindraux (2019) shows for Griesglacier. However, slow-flowing glaciers need specific temporal baselines

between image pairs to capture recognizable flow. However-this-This implies a potential loss of coherence, as surface features

(e.g. crevasses) can change considerably during this period (van Wyk de Vries and Wickert, 2021).
The aim of our study is to investigate in detail the surface-veloeities-of-ice dynamics of the slow-flowing glaciers;using

velocity measurement information from 1966 te-present)-—Fhe resulting reference-datasetto present for analyzing the ice flow
and its variability in relation to the also observed mass balance/ice geometry time series. In addition, we aimed on providing a
map representation of current ice flow, in order to demonstrate the low-flow character of the glacier, with its specific variability.
We decided to use manual feature tracking, after highlighting the challenges associated with high ablation for retrieving glacier

velocities on slow-moving glaciers with remote sensing techniques. The resulting map of current velocities, combined with
the long-term ice dynamics information, supports modeling of alpine glaciers and the-evalaation-a plausibility assessment of

future remote sensing datasets and methods.

2 Study site

The study was carried out on the slow-flowing (Mayer et al., 2013b) alpine glacier Vernagtferner (VF), located in the southern
Oetztal Alps, Austria. The glacier covers an area of approximately 6 km? and is still one of the largest glaciers in Austria, with
an altitude ranging from around 2900 to about 3500 m a.s.l.. VF was selected based on its extensive data availability, suitable
for this study. The data archive of VF covers over 130 years of observations, beginning with the first topographic map of the
glacier in 1889 generated by Sebastian Finsterwalder (Finsterwalder, 1897). At VF, continuous monitoring of mass balance
and surface velocity started in 1966. Negative mass balance persisted for the last 35 years (WGMS, 2024). The neighboring
glaciers Kesselwandferner (KWh)-and-Hintereisferner(HEF)-and Hintereisferner have also been observed in detail, starting

in the 1950s. Together, VF, KWE-and-HEFforming-a—unique-monitoring-Kesselwandferner, and Hintereisferner forming a






