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ABSTRACT

Sequential photographic records of glacier termini go back to the mid-20th century, revealing climate-
driven retreat. More recently, time-lapse imagery has enabled detailed analysis of glacier dynamics,
including calving. Here, we use long-term, high-frequency (15 minutes) time-lapse images from May—
October 2016 to manually investigate calving activity at Hansbreen, a marine-terminating glacier in
Hornsund Fjord, Svalbard. We explore the spatio-temporal variability in calving frequency and styles
along the glacier terminus and its relationship to environmental drivers. Average calving frequency was
found to be 30 events d!, and peaking at 60 d'. The calving activity aligns well with air and ocean
temperature at a seasonal scales, while some peaks in calving correspond to increased modelled meltwater
runoff and rainfall. These links are inconsistent and reflect high complexity. Calving at Hansbreen varies
greatly in time and across five delineated terminus zones. In two of the zones, over 60 % of waterline
events occur during ebb tide; these segments also experience regular ice cave formation. However, further
efforts are needed to explore the high-frequency evolution of terminus morphology and its link to calving.

Our dataset can also be used to train automated algorithms for calving detection from time-lapse imagery.
1. INTRODUCTION

The rapid rise in global temperatures in the early 21st century is largely driven by human activities, with
greenhouse gas emissions reaching 59 + 6.6 Gt CO: eq. in 2019, approximately 54 % higher than in 1990
(Mukherji, 2023); this warming extends beyond the atmosphere, as ocean temperatures have risen to
record levels since at least the 1950s (Johnson and others, 2021; Cheng and others, 2022). In a much
warmer climate, mountain glaciers worldwide are shrinking rapidly, with many projected to vanish by the
end of this century (Zemp and others, 2019; Marzeion and others, 2020). The ice loss from the Antarctic
Ice Sheet reached ~252 + 26 Gt a™ between 2009-17 (Rignot and others, 2019), while Greenland’s ice
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loss averaged 286 + 20 Gt a™ between 2010-18 (Mouginot and others, 2019); the latter is driven by a
nearly balanced contribution from glacier dynamics and surface mass balance (primarily meltwater
runoff) (Mouginot and others, 2019; IMBIE Team, 2020). Meltwater runoff is defined as a combination
of surface melt and rainfall at the glacier (Van Pelt and others, 2019; Schmidt and others, 2023).

Along with increased surface melting and meltwater runoff, mass loss from ice sheets is also
driven by the thinning, acceleration, and retreat of marine-terminating glaciers (King and others, 2020).
Marine terminating glaciers are responsible for transporting ice from inner regions of ice sheets or
glaciers towards the oceans (Robel and others, 2018). Studies have further shown a positive correlation
between rising ocean temperatures and the retreat of glacier termini, emphasizing the role of ocean-driven
melting (e.g., Holland and others, 2008; Cowton and others 2018; Wood and others, 2021). Marine-
terminating glaciers account for approximately 40 % of the total global glacier area, playing a crucial role
in ice mass loss (RGI Consortium, 2017). However, the high complexity of ice/ocean interactions makes
it difficult to project ice mass loss at marine margins (Nick and others, 2013; First and others, 2015;
Aschwanden and others, 2019). While all glaciers lose mass through surface melting, ice loss from
marine-terminating glaciers occurs through frontal ablation, primarily driven by two key processes:
submarine melting and glacier calving (Joughin and others, 2004; Nick and others, 2009; Straneo and
others, 2013; Luckman and others, 2015).

Calving is defined as the mechanical loss of ice from marine margins of glaciers and ice shelves
(Benn and others, 2007). Calving at tidewater glaciers accounts for substantial amount of total ice mass
loss; for e.g. in Greenland, calving contributes to nearly 40 % of its annual net mass loss, equivalent to
0.33 mm a™ of global sea-level rise (Mouginot and others, 2019). In Svalbard, calving accounts for 17—25
% of total mass loss (excluding Kvitaya) (Btaszczyk and others, 2009). In Hornsund fjord, total frontal
ablation from marine-terminating glaciers amounts to ~630 Mt a™!, of which Hansbreen contributes ~35
Mt a! on average between 2006-19 (Btaszczyk and others, 2019). Mass loss through calving has also
been documented in regions such as Patagonia and Alaska (e.g., Venteris, 1999; Motyka and others, 2003;
Minowa and others, 2018, 2021). Columbia Glacier has been intensively monitored since its rapid retreat
began in 1982, providing valuable insights into calving dynamics and glacier behaviour (e.g., Meier and
Post, 1987; Van der Veen, 1996; O'Neel and others, 2005; Walter and others, 2010). In addition to
playing a key role in driving ice loss, calving affects the ocean by inducing mixing in the water column
(Meredith and others, 2022). However, long-term calving front observations remain scarce (Kochtitzky
and others, 2022); this limitation makes it difficult to quantify the relative contributions of calving and
submarine melting (Schuler and others, 2020) and fully understand the governing processes (Schuler and

others, 2020; Li and others, 2023). Consequently, the spatiotemporal variability of calving and its
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connections to environmental drivers are not yet fully understood (e.g., How and others, 2019; Kneib-
Walter and others, 2021). Despite decades of glacier observations, this knowledge gap persists due to
several limitations; the ice/ocean interface is a highly complex environment (see Fig. 6), and the harsh

polar conditions make direct observations challenging.

In recent years, numerous studies have focused on quantifying calving. Examples include
photogrammetric techniques like time-lapse imagery and terrestrial laser scanning (e.g., Walter and
others, 2010; Petlicki and others, 2015; Podgorski and others, 2018; Vallot and others, 2019; Baurley and
others, 2022; Ciepty and others, 2023), geophysical approaches such as seismic monitoring, underwater
acoustics, and terrestrial radar interferometry (O’Neel and others, 2007; Amundson and others, 2008;
Pettit, 2012; Bartholomaus and others, 2015; Podolskiy and Walter, 2016; Glowacki and Deane, 2020;
Winberry and others, 2020; Kneib-Walter and others, 2021; Wehrlé and others, 2021), and satellite
remote sensing and modeling techniques for large-scale analysis (Greene and others, 2022; Kochtitzky
and Copland, 2022; Li and others, 2023). Additionally, tsunami waves generated by calving events were
also used to estimate calving fluxes (Minowa and others, 2018, 2019). Of these different observational
techniques, the acquisition of time-lapse imagery at calving glacier termini is probably the most widely

used.

Time-lapse imagery has been used for decades to monitor glacier dynamics (O’Neel and others,
2003, 2007; Murray and others, 2015), including surface velocity, retreat rates, calving events, and
glacier/ocean interactions (Vallot and others, 2019). Its popularity in glaciology stems due to three main
advantages: high spatio-temporal resolution, simplicity, and cost effectiveness. Unlike optical satellite
imagery, which often suffers from limited temporal resolution and interference from cloud cover, time-
lapse cameras can be installed close to glacier terminus to capture high resolution images at intervals
ranging from seconds to days over extended periods (e.g., Kristensen and Benn, 2012; Petlicki and others,
2015). Camera systems are not only relatively easy to deploy and maintain in the field but also
considerably more affordable than many other methods used to collect glaciological data (e.g., Motyka
and others, 2003; Ahn and Box, 2010). As a result, some studies from Svalbard have demonstrated the
value of time-lapse imagery in monitoring calving. How and others (2019) used high-frequency time-
lapse photography (one image every three seconds) at Tunabreen, Svalbard, to document calving
dynamics over a 28-hour period, identifying individual calving events along with their sizes and styles.
Petlicki and others (2015) analyzed time-lapse images at Hansbreen, Svalbard, to show how calving is
influenced by local force imbalances at the terminus, caused by the formation of a thermo-erosional notch

at the waterline. Despite some important limitations, such as reduced visibility during poor weather and
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difficulty in detecting submarine calving, methods to automatically identify calving events from time-

lapse imagery were also developed (e.g., Adinugroho and others, 2015; Vallot and others, 2019).

This study presents a long-term, high-frequency calving dataset for Hansbreen, a tidewater glacier
located in the Hornsund fjord of the Svalbard archipelago (see section ‘Study Area’ for the details of the
study site). The primary objectives here were to quantify the variability of calving events in time and
along the glacier terminus, and to identify the environmental factors driving this variability. Additionally,
one of the goals was to produce a calving dataset that could be used by the community to train automated
image processing algorithms. To achieve these goals, we have manually identified and classified calving
events using 10,765 time-lapse images of the terminus of Hansbreen, captured at 15-min intervals
throughout the 2016 ablation season. Time-lapse images were supplemented by satellite data, along with
oceanographic and meteorological observations, to assess the influence of environmental drivers on
calving. In the following sections, we first describe the study area, including the glacier and its
surroundings, followed by a description of the time-lapse imagery dataset and the methods used to
identify calving events and classify their size and style. We then present the spatio-temporal variability of
calving frequency along the glacier terminus and explore how this variability relates to environmental
drivers acting over short timescales. Finally, we discuss the implications of our findings and evaluate the
utility of time-lapse imagery, when combined with observational and modeled environmental data, for

studying calving variability.
2. STUDY AREA
2.1 General Setting

Hansbreen is a grounded, tidewater glacier, located in southwest Spitsbergen, Svalbard (see Fig. 1). The
glacier is ~14 km in length, and covers an area over 50 km?, with the main trunk flowing from North to
South (Btaszczyk and others, 2019, 2024; Osika and Jania, 2024). Hansbreen’s terminus is 1.5 km wide
and has an average height above the waterline of 30 m (Blaszczyk and others, 2009; Glowacki, 2022). In
2015, the average grounding depth along the terminus was approx. 60 m (Btaszczyk and others, 2021),
corresponding to a mean ice thickness of ~90 m. The volume and maximum ice thickness (in the upper
sections) of the glacier are found to be 9.5 km® and ~380 m, respectively (Grabiec and others, 2012).
Since 1899, the terminus of Hansbreen has been retreating (Btaszczyk and others, 2024). From 1991 to
2015, the glacier's terminus retreated by 900 m (Btaszczyk and others, 2024).

Figure 1 near here
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2.2 Climatology and Oceanography

Hornsund is warming rapidly, with an average temperature increase of 1.14°C per decade from 1979 to
2018 with daily mean temperature of -3.7 °C for this period (Wawrzyniak and Osuch, 2020). The
precipitation (rainfall) records from the monitoring of the Polish Polar Station Hornsund (PPS, see Fig. 1)
for the period 1983-2018 indicate that April and May are relatively dry, while September is wetter,
receiving the highest rainfall (Wawrzyniak and Osuch, 2020). The surface meltwater runoff from glaciers,
driven by the atmospheric forcing, is responsible for almost 40 % of the freshwater delivery to Hornsund,
about 25 % is due to the frontal ablation (Btaszczyk and others, 2019). The frontal ablation of marine-
terminating glaciers in the fjord is largely controlled by submarine melting (Petlicki and others, 2015;
Ciepty and others, 2023); this is in line with observations from other regions (e.g. Motyka and others,
2003; How and others, 2019). However, there is no clear trend in the presence of warm Atlantic Water
masses in Hornsund despite its southernmost location in Spitsbergen (Jain and others, 2024; Korhonen
and other, 2024); this is largely due to the complex interactions between the West Spitsbergen Current
and Spitsbergen Polar Current, and the resulting high interannual variability in hydrographic conditions
(e.g., Prominska and other, 2017; 2018; Jain and others, 2024). Similarly, there is no clear trend in the sea
ice coverage in Hornsund (Swirad and others, 2024). Nevertheless, recent study reported an increased
presence of the Atlantic Water close to the fiord’s entrance (Strzelewicz and others, 2022); this may

suggest that Hornsund can be more sensitive to climate-driven changes in the future.
2.3 Glacier dynamics

Tidewater glaciers, compared to land-based glaciers, generally exhibit high basal velocities year-round
(Meier and Post, 1987; Van der Veen, 1996), with increasing velocities near the terminus driven by high
water pressure (Kamb and others, 1994; Vieli and others, 2000). A similar increase in velocity near the
terminus has also been observed at Hansbreen (Vieli and others, 2000). Hansbreen has been characterized
as a slow moving glacier with average annual ice velocities of 100 m a™ (e.g., Vieli and others, 2002;
Btaszczyk and others, 2024). Between 2007-15, average annual velocities 3.5 km upstream from the
terminus ranged from 50 to 90 ma!, whereas near-terminus velocities reached 139 ma™ in 2013-14
(Blaszczyk and others, 2019; 2021). The ice velocity plays a key role in controlling glacier dynamics;
nevertheless, Vieli and others (2002) showed that seasonal changes in the position of the terminus of
Hansbreen are driven by calving. Calving activity at Hansbreen has been frequently observed since 1950
(e.g., Jania and Kolondra, 1982; Jania, 1988; Vieli and others, 2002). Over the decades, various tools and
methodologies have been used to analyze calving, including terrestrial photogrammetry (e.g., Jania, 1988;
Petlicki and others, 2015; Ciepty and others, 2023), passive underwater acoustics (e.g., Glowacki and
Deane, 2020), and satellite remote sensing (e.g., Blaszczyk and others, 2021). Petlicki and others (2015)

5
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analyzed hourly time-lapse images and found that calving at Hansbreen is largely driven by thermo-
erosional undercutting at the waterline. Furthermore, the long-term (2011-16) analysis of low-frequency
(daily) time-lapse images revealed that different factors can drive seasonal and spatial variability of
calving at Hansbreen: sea temperature, activity of subglacial discharges, and the grounding depth (Ciepty
and others, 2023). Guided by the results of Pgtlicki and others (2015) and Ciepty and others (2023), and
the need for better understanding of the event-by-event spatio-temporal variability of calving, we use
high-frequency (15-min interval) time lapse images of the terminus of Hansbreen taken in May-October

2016. Details of the image collection and analysis is discussed in the following section.
3. DATA COLLECTION AND ANALYSIS

Figure 2 near here

3.1 Photogrammetry

3.1.1 Time Lapse Imagery

Images of the calving front of Hansbreen were captured at 15-min intervals using a camera positioned on
a mountainside approximately 1.4 km southwest of the glacier terminus center (see ‘TLC’ in Fig. 1).
Continuous image acquisition has been ongoing since 2015 as part of a monitoring program conducted by
the PPS. For this study, we analyzed images captured between 17 May 2016 and 31 October 2016 using a
Canon EOS 1100D camera with a resolution of 4272 x 2848 pixels and an 18 mm focal length. The
camera system was equipped with a Harbotronics Digisnap intervalometer and powered by a 12-volt
battery in combination with a solar panel. This period was selected because it provided the best data
coverage with fewer image gaps from adverse weather or technical issues. In addition, the availability of
pressure sensor data for tidal analysis supported the choice of this study period. Each image was
timestamped based on the camera's internal clock. However, clock drift occurred over prolonged time-
lapse photography sessions, a limitation previously documented for consumer-grade cameras in Welty
and others (2017). Regular inspections of the camera were conducted by an observer from the PPS to re-
adjust the camera clock and mitigate other technical issues (e.g., power outage, memory card

replacement, etc.).

Images with no visibility due to poor weather were removed in pre-processing; this created gaps
in data of up to several hours. For each pair of consecutive images, the gap was calculated as a time
period exceeding the typical 15-min interval. For example, the interval of 45-min results in a gap of 30-
min (45-15). For most of the study period, the camera captured images at the expected 15-min intervals

(no gap). Additionally, some data gaps occurred due to unknown technical issues with the camera that
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could not be immediately resolved by the observer. Moreover, in the second half of October, image
frequency was reduced by 50 % due to the polar night; and during the final six days of October, images
were captured at an hourly interval instead of the typical 15-min interval. The mean monthly image gaps
for the duration of the study period amounted to approx. 41 %. However, occasional intervalometer
malfunctions led to more frequent image captures (e.g., every one or two minutes). These additional

images were retained and included in the analysis.

Besides the data gaps, several other issues with time-lapse images were also addressed in post-
processing. Factors such as strong winds, precipitation, and occasional human intervention during the
memory card replacement caused minor shifts in the camera’s position and tilt. These shifts were
manually identified using natural control points in the topography, and corrected using IrfanView
software to ensure image consistency, an approach also discussed by Harrison and others (2017), for
glacier time-lapse monitoring. The images were also cropped to enlarge the view of the glacier terminus,
making it clearly visible for identifying and classifying individual calving events. Details of the tilt
corrections and cropping parameters are provided in the supplementary material (see Table S1).
Furthermore, five equidistant diagonal lines (see Image S1 in supplementary material) aligned with the
glacier's flow direction were overlain on all images (see Fig. 2a), dividing the glacier terminus into six
zones to assess the spatial variability of calving. However, the easternmost zone six was excluded from
further analysis due to the minimal calving activity within its boundaries. Moreover, it is important to

note that zone one was only partially visible on camera images.

During manual observation of calving events, several weather-related challenges were
encountered. For example, the glacier terminus was often obscured on cloudy and foggy days. Moreover,
occurrences of sun glare also posed difficulties by overexposing portions of the images. Despite the
reduced visibility, it was usually still possible to detect and document some calving events. To address the
visibility-related issues, visual enhancements such as contrast and brightness correction were sometimes

necessary to improve the clarity of the glacier terminus (done in IrfanView).
3.1.2 Analysis of Calving — Location, Size, and Style

A total of 10,765 images were manually analyzed for calving events by comparing two consecutive time-
lapse images (image pairs) taken 15-min apart. The images were reviewed sequentially in a time-lapse
viewer, allowing changes in the terminus to be reliably identified. If the second image showed changes in
the features of the terminus (see Fig. 2c-f); such as freshly exposed ice or change in colour/shadow, these
changes were recorded as calving events. The presence of glacial ice on the sea surface also served as

additional evidence of calving activity. Since the exact moment of each calving event was unknown, the
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midpoint between the two consecutive images was used as the event’s recorded time. In rare cases, when
the intervalometer malfunctioned and images were captured every minute, the event was recorded using
the exact timestamp of the image in which it appeared (e.g., for images at 12:01, 12:02, and 12:03, a
calving event observed at 12:02 is recorded as 12:02 rather than 12:01:30). This approach maintains
consistency across the dataset by reporting all times at the minute level, without including seconds. Each
event was then classified based on its location, size, and style. The event location was determined based
on manually divided zones (see ‘ZI-ZV’ in Fig. 2a). If an event occurred at the boundary of two zones, its
location is the zone for which the newly exposed area (in pixels) was higher. Calving sizes were
categorized into four classes relative to the terminus height above the waterline at the event location: less
than 25 % (one), 25 %50 % (two), 50 %75 % (three), and greater than 75 % (four) (Fig. 2b). As
mentioned earlier, the average terminus height of the glacier is 30 m (Btaszczyk and others, 2009). The
heights (H) of newly exposed areas for calving size classes one through four are approximately 7.5 m, 15
m, 22.5 m, and 30 m, respectively (see Table 1). For size classes one, two, and three, we assume an upper
bound of H?, allowing these events to be visualized as cubic ice blocks with edge lengths proportional to
the fraction of the terminus height. This approach generally overestimates the volume for most events,
with exceptions for some very large events. Size class four is not assigned a strict upper bound, as full-
thickness or particularly wide events may exceed these estimates. Estimated volume range for each size
class is provided in Table 1. Calving events were grouped into four different styles: sheet collapse,
submarine, icefall, and waterline (Fig. 2c-f); this is in line with classification applied previously by How
and others (2019) and Kneib-Walter and others (2021), with one exception: stack topple events. Due to
the 15-min interval between images, it was not possible to differentiate sheet collapses from stack topple
events. Consequently, both were classified as sheet collapse in this study. Waterline events involve small
ice pieces of sizes one and two breaking off at the waterline. Icefalls occur when blocks of ice, not
extending to the waterline, of sizes one, two, and three break off from the subaerial part of the ice front.
All events of size four are classified as sheet collapse. Lastly, submarine events were identified when
there were no changes in the features of the ice surface above the waterline, but new ice pieces appeared
in the water near the terminus. These pieces break off from below the waterline, rising rapidly to the
surface and often covered with sediments that give them a darker appearance. An additional fifth
category, referred to as the "mixed class", was identified during the classification process. This class
represents events where waterline and submarine calving occurred during the 15-min interval between
two consecutive images, at the same location. While these mixed events were included in the calculation
of total calving frequency, they were excluded from statistical analysis of calving styles due to their very

limited occurrence (less than one percent of the total calving events).

Table 1 near here
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3.2 Satellite Data

In addition to the time-lapse imagery, satellite data provided complementary information on the
spatiotemporal variability of the terminus position. Sentinel-2 images were obtained from the Sentinel
Hub web browser, covering the months of May, July, August, and September 2016. True-color images
were used, and they were pre-processed in the web browser to enhance brightness, contrast, and
sharpness. The spatial resolution of the satellite imagery was 10 m, which allowed for the identification of
large-scale changes in the terminus morphology, like the varying width and shape of the terminus.
However, this resolution was not sufficient to detect smaller calving events, highlighting the need for
time-lapse imagery as the primary tool for monitoring calving events in this study. To ensure the most
accurate data, only the satellite images with minimal or no cloud cover were selected for analysis. These
images provided clear visibility of the glacier terminus, ensuring that the zone boundaries were delineated
as accurately as possible. Further details of the satellite images can be found in the supplementary
material (see Table S2). The primary goal of the satellite image analysis was to estimate the width of five
zones of the glacier terminus, which were previously applied to time-lapse images (see section 3.1 and
Fig. 2a). Identifying the width of the calving terminus in each zone for every month allowed us to
normalize the calving frequency estimated from the time-lapse images to the changing width in each zone
(bias removal). To accurately delineate the zone boundaries, time-lapse images were used as a reference,
with the closest time-lapse image to the satellite acquisition date being selected for comparison. Features
on the glacier terminus such as distinct shapes and areas of murky water indicating subglacial discharge,
provided key reference points for determining these boundaries. This process was necessary because the
shape and location of the calving front changed dynamically during the ablation season, causing the width
of the zones to vary over time. As such, the satellite images for each month were analyzed to account for
these temporal variations. However, due to the manual nature of the process, an error margin of 100 m is

assumed in determining the exact location of the zone boundaries.
3.3 Marine and Meteorological Data

Oceanographic and meteorological data sourced from the PPS database were incorporated into the
analysis to explore environmental conditions influencing calving events. To examine temperature and
salinity conditions at various depths near the calving terminus of Hansbreen, data from a fixed mooring
and CTD casts were utilized (‘T” and ‘CTD’, Fig. 1). The mooring (T) was equipped with RBRsolo-T
temperature sensor. It was located approximately 750 m from the calving terminus and deployed at a
depth of 40 m, recording ocean temperature every two seconds from 21 July 2016 until the end of the

study period.
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Salinity and temperature data at multiple depths were obtained from 19 CTD casts conducted at
an average distance of 350 m from the calving front. Two different instruments were used: a Valeport
miniCTD until 8 June 2016, and a SAIVA/SSTD/CTD-208 thereafter. These casts were performed by an
oceanographer from the PPS as part of regular monitoring (see detail in Korhonen and others, 2024).
Meteorological data, including daily average air temperature and precipitation, were acquired from a
permanent meteorological station at PPS, covering the entire study period. Additionally, modelled
meltwater runoff estimates at 250 m resolution were sourced from the outputs of the downscaled model
developed by Igneczi and Bamber (2024). The environmental data were processed using Matlab to
generate time series, which were then compared to calving frequency on various temporal and spatial
scales. For the tidal analysis, the period from 1 July — 30 July, 2016 was selected due to particularly
intense calving activity. Sea level data was collected using a water pressure sensor (see ‘P’, Fig. 1) at one-
second intervals during the first 17-min of each hour (Swirad and others, 2023), and this data was
interpolated to provide results at one-minute intervals. The mean sea level was subtracted from the
timeseries to obtain tidal amplitude. For each calving event during this time, the tidal amplitude was
recorded and categorized into two datasets based on whether the events occurred during ebb or flood
tides, excluding those that occurred at the highest or lowest sea level within each tidal cycle. Finally, the
bathymetry data for the bay in front of Hansbreen provided information on the variability of water depth
along the glacier terminus (see Fig. 1). This dataset was processed using QGIS software and analyzed
with Matlab. More details about the CTD cast, pressure data and meteorological measurements are
provided in Korhonen and others (2024), Swirad and others (2023) and Wawrzyniak and Osuch (2020),

respectively.

4. RESULTS AND DISCUSSION

4.1 Relationship between calving activity and environmental conditions: an overview
Figure 3 near here

Fig. 3 summarizes the calving activity at Hansbreen and the corresponding variability of environmental
conditions from May to October 2016. Panel a shows the number of calving events per day (calving
frequency), represented by orange dots. On average, the calving frequency during the ablation season of
2016 was 30 d™*, with peak values reaching up to 60 d™. While data availability is limited in May and
June, these months are included to illustrate the increasing calving frequency at the start of the ablation
period. Overall, the calving frequency at Hansbreen exhibits substantial variability throughout the
ablation season. The blue line in panel a represents the time series of ocean temperature measured at the

mooring location (see ‘T’ in Fig. 1). Although data is only available from mid-July onward, ocean
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temperature closely aligns with calving frequency variability. During this period, ocean temperature
reaches up to almost 4.5 °C, with a peak around 18 August that coincides with increased calving activity
(50-55 d). To fill the data gap from May to mid-July, ocean temperature measurements from 19 CTD
profiles collected between May and October (approximately 350 m from the terminus; see ‘CTD’ in Fig.
1) are shown as magenta dots. These profiles reveal a clear warming trend, with median ocean
temperatures rising from about —1.8 °C in early May to nearly 4 °C by mid-July. Notably, the CTD-
derived temperatures align well with the mooring data from mid-July onward, further supporting the
observed relationship between elevated ocean temperatures near the glacier terminus and increased

calving activity.

Panel b of Fig. 3 breaks down the total calving frequency into four components, each representing
a different event sizes (1 to 4, see also Fig. 2b). In addition, the black line shows the daily cumulative
event size, providing a first-order volumetric estimate of calving contributions. Among these, calving
events of sizes one and four dominate throughout most of the study period, with typical frequency of
around 10 d™*. While a high frequency of smaller calving events is expected, as noted in previous studies
(e.g., How and others 2019; Kneib-Walter and others 2021), the substantial contribution from the largest
calving events is somewhat unexpected, as fully grounded glaciers like Hansbreen are generally less
prone to very large events (Astrom and others, 2014). However, given that the time-lapse camera captured
images at 15-min intervals, some of these large events may actually represent multiple smaller events that
occurred within the time gap but were not individually recorded. This introduces some uncertainty into
the results, which unfortunately cannot be fully resolved with the available data. Nevertheless, when
considering the cumulative event size, it is clear that the largest events (sizes three and four) contribute
the most to total calving volume, even if smaller events are sometimes more frequent or similar in
number. Similar patterns, where large events dominate the volumetric flux, have been observed at
LeConte and Columbia glaciers, both of which have termini that are floating or close to flotation (Astrém
and others, 2014; O’Neel and others, 2003). Another interesting observation is the variability in the
proportion of different event sizes over time. For instance, between 30 June 2016 and 10 July 2016,
calving frequency varies noticeably across all four sizes, whereas from 30 July 2016 to 9 August 2016

and in 18-28 September 2016, calving frequency for all event sizes are much more similar.

Panel c presents the time series of three environmental parameters: precipitation (white bars), air
temperature (orange line), and modeled meltwater runoff (blue line). The overall trend of calving
frequency appears to roughly correspond with daily average air temperature. At the start of the ablation
season, an initial increase in calving frequency coincides with rising air temperatures; this is followed by

a relatively stable period around mid-September 2016, then a slight decrease, and finally another peak in
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October 2016. However, air temperature alone does not fully account for the high variability observed on
shorter timescales, such as daily or weekly fluctuations. Instead, ocean temperature shows a relatively
stronger alignment with calving frequency variability (even though not all peaks coincide), suggesting it
may be a more important driving factor; this is in line with previous studies conducted at Hansbreen
(Petlicki and others 2015; Ciepty and others 2023). A closer view of the peak alignment is provided in
Fig. S1 of the supplementary material. On some instances, the meltwater runoff also correspond with
calving frequency; for example, a decline in runoff between 20 July 2016 and 9 August 2016 coincides
with a decrease in calving frequency. This aligns with previous studies linking subglacial discharge to
variations in calving activity (e.g., Sikonia, 1982; Meier and others, 1985; Meier and Post, 1987; Downs
and others, 2023). Howover, while some peaks in precipitation correspond to increased frequency of
calving (see, for example, around 19 July 2016 and 17 August 2016), others do not; indicating that short

episodes of rainfall, in certain cases, can drive vigorous calving activity at Hansbreen.
4.2 Spatio-temporal variability of calving
4.2.1 Calving Frequency

Building on previous studies that have examined the variability of calving along the glacier terminus (e.g.,
How and others, 2019; Vallot and others 2019; Wagner and others 2019; Kneib-Walter and others, 2021),
here we analyze calving activity at five different zones (see Fig. 2A). Fig. 4 illustrates the spatio-temporal

variability of calving frequency at Hansbreen over the study period.
Figure 4 near here

Fig. 4a shows the calving frequency across five zones averaged over five-day periods. Calving
frequency in zones | and V usually do not exceed five d™. Conversely, there are typically at least five
events daily at zones Il, Ill, and IV for most of the study period; the maximum calving frequency are
observed in zone IV, reaching up to around 23 d™ in July. Overall, all sections of the terminus experience
substantial calving variability over time; this suggests that certain environmental drivers influence calving
along the entire terminus, while additional localized factors may regulate calving frequency within
specific zones. Examples may include deeper sea beds in zones IlI, Ill, and IV (see Fig. 1), potential
activity of subglacial discharge plumes at specific locations, spatial variability of ice fragmentation
processes, and expected higher velocities in the middle part of the glacier terminus as compared to the

edges.

To better characterize the spatial variability of calving activity at Hansbreen, Fig. 4b presents the

normalized monthly calving frequency at each zone. The normalization accounts for the zone widths that

12

https://doi.org/10.1017/jog.2025.10107 Published online by Cambridge University Press


https://doi.org/10.1017/jog.2025.10107

are variable over time as the terminus retreats (see section 3.2 for details). Additionally, the black line
indicates the duration for which the camera was active in each month (in percentage); this is necessary to
account for potential bias associated with the varying number of images used for the analysis. Overall, we
observe an increase in calving frequency during the summer months (June-September), which is expected
during the ablation season due to higher air and water temperatures (see Fig. 3). In the central zones (II-
IV), the typical normalized calving frequency range from 0.02 to 0.03 d™ m™. However, there are two
exceptions. First, in May the normalized calving frequency does not exceed 0.01 d* m™ in any of the
zones; this suggests that the ablation season at Hansbreen started in June this year. Second, a particularly
high calving frequency is observed in zone 11 in October; this could be due to (i) potential high activity of
subglacial discharge plume in zone Il resulting in terminus undercutting (Motyka and others, 2003; see
also elevated rainfall in October in Fig. 3c) and (ii) the bias associated with lower image frequency in
second half of October compared to July, August and September (see section 3.1.1 for details). The image
coverage is high in July-September (75-95 %), while in May-June and October it drops to 20-40 %; this is
largely due to technical issues with the camera (May-June) and previously mentioned lower image
frequency in October.

4.2.2 Calving styles

Fig. 5 illustrates the calving frequency across four distinct styles and its variability over time and along
the terminus (see Fig. 5a and 5b, respectively). Fig. 5a highlights the evident contrast in calving frequency
among the four styles. Sheet collapse and waterline events dominate throughout the study period,
averaging 15 d™. Conversely, icefall and submarine events occur far less frequently, averaging only two—
three d™. Guided by previous studies, the high frequency of waterline events was expected; for example,
How and others (2019) reported a dominance of waterline events at Tunabreen captured with time-lapse
imagery at three-sec intervals. However, our study shows that at Hansbreen sheet collapses occur just as
frequently as waterline events; this is likely due to the lower image frequency compared to the study by
How and others (2019). We assume that at least some fraction of events classified as sheet collapses were
in fact composed of multiple low-magnitude events not captured at 15-min interval imagery.
Unfortunately, this limitation cannot be resolved without a new set of data. The overall high frequency of
waterline events is likely associated with high melting at the waterline, as previously observed at
Hansbreen by Petlicki and others (2015) and Ciepty and others (2023). However, when considering the
cumulative event size (Fig. 5a, black line), it is evident that sheet collapse events contribute more to the

total (estimated) calving volume than waterline events, despite similar or slightly lower frequencies.

Figure 5 near here
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Fig. 5b presents the percentage distribution of calving styles across different zones over the entire
study duration. Notably, the proportion of dominant waterline events increases from 35 % in zone | to 46
% in zone V. A similar pattern is observed for icefall events. Conversely, the percentage of submarine
events decreases from 20 % in zone | to less than 1 % in zone V; this is likely due to increasing distance
from the camera and the associated difficulty in recognition of such events (no changes at the visible part
of the terminus). As a result, the number of submarine events in zone V is almost certainly
underestimated, which may also partially explain a higher proportion of waterline and icefall events in
this zone. Recent studies using geophysical techniques such as underwater passive acoustics have
improved the detection of submarine events (Glowacki 2022); such methods could work in tandem with
time-lapse imagery. Sheet collapse events are more frequent in zone Il, I1l, and IV; this is in line with
previous observations by Petlicki and others (2015), which indicate a relationship between sheet collapse
and deeper sea beds (see bathymetry in Fig. 1). To complement this percentage-based view, we
additionally present a first-order volumetric perspective in the supplementary section (see Fig. S2),
showing the cumulative event size distribution across zones. This analysis highlights that, although
waterline events dominate numerically in some zones, sheet collapse events (sizes three and four) account
for the bulk of calving volume, with Zone IV exhibiting the highest estimated volumetric discharge and
Zone | the lowest. Integrating this volume-weighted perspective with the event-count percentages

provides a more comprehensive understanding of calving variability along the terminus width.
4.3 Driving factors

As shown in our results, calving frequency at Hansbreen exhibit spatial and temporal variability. A
complex relationship between the calving frequency and styles and various environmental parameters
indicates that calving is not driven by a single factor (see Fig. 3,4, and 5) (e.g., Venteris and others, 1999;
Motyka and others, 2003; O’Neel and others, 2003). Instead, a combination of factors influences calving
at different locations along the terminus width over varying time periods; this is not surprising, as
previously demonstrated for other tidewater glaciers (How and others, 2019; Kneib-Walter and others,
2021). Several atmospheric and oceanographic processes are illustrated schematically in Fig. 6 to better
understand the potential drivers of high spatio-temporal variability of calving at Hansbreen. Fig. 6a shows
a front-facing, quasi-three-dimensional view of the glacier bay along with different environmental factors
varying along the terminus width: ice velocity (higher in the central region and lower towards the edges),
seabed geometry, and localized freshwater discharge plume. It also depicts the division of the glacier
terminus into five distinct zones (see section 3.1.2), and average depth of the sea bed in each zone. Fig. 6b
focuses more on the processes that can be assumed to evenly influence the entire glacier terminus:

weather conditions (air temperature, precipitation, solar radiation), advection of warm water masses at
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depth and mixing, periodic changes of the sea surface height (tidal cycle), and wind driven surface waves.
It is difficult to accurately quantify the individual impact of each environmental driver on calving due the
fact that these drivers themselves are interdependent. However, we will now discuss some important

processes (and their interdependencies) that influence calving at the ice/ocean boundary.
4.3.1 Processes and relationships: an overview

Interactions between glaciers and the ocean are strongly influenced by processes occurring at (the surface)
and within the glacier. One example is the production and drainage of meltwater. Recent studies have
shown an increase in the modelled runoff from glaciated regions in Svalbard in the past few decades,
which was found to be primarily driven by the enhanced summer melt (Van Pelt and others, 2019;
Schmidt and others, 2023). As explained by Scambos and others (2000), and Hagen and others (2003),
surface meltwater drains into the cracks, crevasses, and moulins in the ablation zone of the glacier. The

presence of water in the glacier system impacts calving in two different ways.

First, crevasses filled with water can further deepen and reach the sea surface level (Van der
Veen, 1998), increasing the calving rate (crevasse-depth calving criterion; Benn and others, 2007).
Second, the glacier velocity increases with the increasing amount of surface meltwater reaching the
glacier bed (Vieli and others, 2000; O'Neel and others, 2005). Indeed, Vieli and others (2004) revealed
persistently high basal sliding rates in the ablation zone of Hansbreen throughout the year, with enhanced
velocities near the glacier terminus; similar observations are reported from other regions than Svalbard
(e.g., Krabill and others, 1999 for Greenland). Higher flow velocities facilitate crevassing and increase the
ice flux towards the terminus, both of which promote calving (e.g., Van der Veen, 1996; Vieli and others,
2000; Schild and others, 2018).

Figure 6 near here

Along with the increase in velocity close to the terminus, studies have also shown increased
subglacial discharge following the summer glacier melt (e.g., Joughin and others, 1996; Motyka and
others, 2003; Chu and others, 2009) The subglacial discharge can be highly variable in terms of the
amount of water transported, location, and timing, depending on the surface melt rate and spatio-temporal
evolution of the drainage system (Vallot and others, 2017; Schild and others, 2018). The outflow of
subglacial water at depth promotes mixing of the water masses through upwelling and enhances
submarine melt at the glacier terminus (Motyka and others, 2003; Cowton and others, 2015). The
increased melt at the discharge location undercuts the terminus and thereby drives calving (Vallot and
others, 2017; Everett and others, 2021). The undercut depth depends strongly on the properties of the

ambient waters; Carroll and others (2015) suggested that the degree of ocean stratification impacts the
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neutral buoyancy depth to which the plume rises. Increased calving at locations of active subglacial
plumes have been widely reported in different regions; examples include Svalbard (Schild and others,
2018; How and others, 2019) and Greenland (Kneib-Walter and others, 2021).

Another factor impacting the calving rates at marine-terminating glaciers is the variability of the
thermohaline structure of the ocean (e.g., Rignot and others, 2010; Luckman and others, 2015; Holmes
and others, 2019). Besides the short-term and seasonal changes of the hydrography (driven largely by
local environmental conditions), the fjords along the west coast of Spitsbergen can be influenced by the
warm Atlantic water masses (e.g., Schauer and others, 2004; Strzelewicz and others, 2022, Jain and other,
2024). The Atlantic waters may interact with the submarine part of the glacier terminus, potentially
promoting melting followed by undercutting, and thereby enhancing calving (e.g., How and others. 2019;
Truffer and Motyka, 2016; Rignot and others, 2015). However, the presence of the sill may limit or
restrict the inflow of warm water masses towards the terminus (e.g., Bao & Moffat, 2024; Carroll and
others, 2017).

While the sill depth is one important geometric control on the water intrusion into glacier bays,
the water depth at the glacier terminus also influences the calving behavior. For example, Brown and
others (1982) and Pelto and Warren (1991) found a linear correlation between the water depth and calving
activity (rate/flux); Van der Veen (1996) and Vieli and others (2001) reported that the retreat of marine-
terminating glaciers can be largely driven by changes in bed topography. Although our study focuses on
calving frequency, we also observe spatial variability that may reflect bathymetric controls; specifically,
more calving events in the central portion of the glacier terminus compared to the edges, which may be

related to the deeper water in zones two, three and four compared to zones one and five.

In addition to the bathymetry, wind driven surface waves and tides can potentially influence
calving by promoting erosion and force imbalance at the terminus. Several authors reported a relationship
between tidal phase and variations in calving size and style (e.g., Holmes and others, 2023; How and
others, 2019; Bartholomaus and others, 2015). This relationship is discussed in detail in the following

section.
4.3.2 The role of tides

To investigate the role of tides in controlling calving frequency at Hansbreen, we related the pressure
sensor data with the outputs of the image analysis for the month of July (see section 3.3 for details); Fig. 7
summarizes the results of this exercise. Fig. 7a shows the proportion of calving events of different styles
observed during the ebb and flood tides. Waterline events show the strongest asymmetry, with 56 % of

events occurring during the ebb tide. In contrast, icefall events exhibit the opposite pattern, with 53 % of
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events occurring during the flood tide. There is no tidal dependence on the number of sheet collapse
events. Previous studies suggested some preference of calving events to occur during the ebb tide. For
example, Bartholomous and others (2015) and Holmes and others (2023) showed that large calving events
are occurring more often during the falling tide at Yahtse Glacier (Alaska) and Kronebreen (Svalbard),
respectively; similar observation was reported by How and others (2019) for Tunabreen regardless of the
calving style. The conclusion from these studies was that deeper water has a stabilizing effect on the
glacier terminus. However, it is unlikely that the decrease of the backstress during the ebb tide would
solely affect waterline events (as observed in our case). Given the significant tidal influence on waterline
events at Hansbreen, further results primarily focus on this calving style (see Fig. S3 in supplementary

material for other styles).
Figure 7 near here

The histogram in Fig. 7b relates the number of waterline calving events and the tidal amplitude,
irrespective of tidal phase. The lowest number of calving events (less than 10 d™) are observed close to
high and low tides, for which the change in water level is expected to be more gradual. Conversely, it
seems that more abrupt changes in the water level result in an increased number of calving events (around
90 d* between -0.5 and 0.5 m, see Fig. 7b). We hypothesize that the drop of the sea surface height can
potentially destabilize the lowest parts of the glacier terminus by reducing the buoyancy of the

fragmented ice pieces.

The proportion of waterline calving events occurring during ebb and flood tides varies along the
glacier terminus, as represented by the pie charts in Fig. 7c. In zones Il and V, 61 % of waterline events
occur during ebb tide, while this number drops to 52-53 % in zones I, Il, and 1V; this indicates that (i) the
dependency of waterline events on the tidal cycle is not homogenous along the glacier terminus, and (ii)

there is an apparent localized driver(s) of calving in zones three and five.

We hypothesize that the presence of subglacial discharge plumes might be the reason for
increased calving frequency at specific zones; such a relevance has also been suggested in previous
studies. Early work in Alaska linked seasonal variations in calving velocity within embayment at glacier
termini to subglacial runoff (e.g. Sikonia, 1982; Meier and others, 1985). Furthermore, Motyka and
others (2003, 2013) demonstrated that subglacial discharge drives submarine melt at LeConte glacier,
thereby promoting calving. Building on this foundation, recent studies have observed similar patterns at
other locations. For example, Schild and others (2018) and How and others (2019) showed increased
calving activity at the locations of discharge plumes at Kongsbreen and Tunabreen (Svalbard),

respectively. Moreover, Cook and others (2021) found a 70 % increase in the number of calving events at
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Sermeq Kujalleq (Greenland) at locations of meltwater plumes; however, these were mostly small-size
events. Higher calving activity was also observed at the locations of meltwater plumes at Eqip Sermia,
Greenland (Wehrlé and others, 2021). We looked again at the time-lapse images from July 2016 to
explore the potential relationship between the plume locations and frequency of waterline calving events.
The assumption was that the presence of cave-like formations at the waterline (ice cavities) may indicate
the activity of discharge plumes. Ice cavities follow a cyclic pattern; they form and expand as small ice
fragments detach from the terminus, eventually collapsing and reforming. In July 2016 we observed clear
ice cavities in zones Il and V (see Fig. 8), which corresponds to the highest occurrence of waterline
events (see Fig. 7¢). It may suggest the complex relationship between the expansion of ice cavities and
the destabilizing effect of the falling tide (discussed previously). Despite limitations due to the low
camera angle, ice debris, and variable optical conditions, plume activity was visible in some locations on
some days in July. Most consistently, plumes were observed at the border of zones 111-1V and in zone V.
The plume at the zone I11-1V border corresponds with an embayment at the glacier terminus, while the
plume in zone V aligns with one of our identified ice cavities. Occasional plume activity was also noted
in zone I. These observations indicate that plumes are present at multiple sites, although they may not
always appear at the surface, likely because they reach the depth of neutral buoyancy (Carroll and others,
2015). The prominent plume locations identified in July 2016 from both satellite and time-lapse imagery

are shown in supplementary material (Fig S4).
Figure 8 near here

The tidal cycle is associated not only with the variability of the water level (vertical movement),
but also with tidal currents (horizontal movement); the horizontal water flow definitely impacts the
submarine melting and melt undercutting of the glacier terminus due to the water advection and mixing
(see, e.g., Holmes and others, 2023). However, we are not in a position to speculate about the influence

of the tidal currents on the calving activity due to the lack of dedicated measurements.
4.4 Challenges and future needs

Despite recent advances in using time-lapse imagery to quantify the spatiotemporal variability of calving,
some challenges still remain in capturing the fine-scale dynamics at the ice/ocean interface (Kneib-Walter
and others, 2021); these difficulties are largely compounded by complicated logistics in harsh Arctic
conditions. Time-lapse cameras often suffer battery failures in extreme cold, and image quality is
frequently degraded by cloud cover, fog, rain, or wind-driven shifts in camera orientation (How and
others, 2019; Vallot and others, 2019). Enhancing time-lapse imagery for calving studies requires

improved power systems, more reliable intervalometers, and higher image capture frequency to resolve
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individual events more effectively. Moreover, time-lapse images become useless during the polar night,
and remote locations of glacierized bays often prevent regular inspections of the camera systems.
Importantly, time-lapse observations of calving events should always be supplemented with other
measurements to better understand environmental drivers and complex interactions between different

processes (interplays between the atmosphere, ocean, and glaciers).

Long-term meteorological data from the PPS reflects general weather patterns in southern
Svalbard (Wawrzyniak and Osuch, 2020), but these measurements are likely not representative for local
conditions in glacial bays driven by topographic factors (e.g., glacier geometry, shape of the coastline,
level of isolation by mountain ridges). Moreover, the three-dimensional structure of the ocean
temperature, salinity and currents is often sampled at sparse locations and with low temporal resolution;
examples include infrequent CTD casts, point measurements by moored systems, and sporadic active
acoustic sensing of ocean mixing and activity of subglacial plumes. In situ oceanographic measurements
near glacier termini are further restricted by the dangers of navigating boats among icebergs and the risk
of sudden calving events. As a result, our understanding of ice/ocean interactions that drive calving is still
limited (e.g., Straneo and Cenedese, 2015; How and others, 2019; Kneib-Walter and others, 2021).
Furthermore, some glaciological measurements also remain difficult and constrained. For example, ice
velocity is usually measured with stakes mounted far from the glacier terminus at a few specific locations
(e.g., Blaszczyk and others, 2024); as a result, detailed observations of velocity variability along the
terminus width remain limited. Overall, measurements of atmospheric, oceanic, and glaciological drivers
are crucial to better understand the spatio-temporal variability of calving (e.g., heterogeneity along the

terminus, seasonal cycles, calving styles).

Integrating time-lapse imagery with simultaneous data from passive underwater acoustics,
satellite imagery, and other geophysical tools can significantly improve event detection and interpretation
(e.g. Glowacki and others, 2015; Li and others, 2023). For meteorological monitoring, deploying
automated weather stations closer to glacier terminus would enable better detection of microclimatic
conditions and their influence on calving activity (e.g., Kneib-Walter and others, 2021). In the ocean, it is
impossible to perfectly characterize the complex three-dimensional environment. However, including
numerical models or conducting more frequent CTD and active acoustic measurements along glacier
termini certainly helps to better characterize the mixing of different water masses and identify subglacial
discharge locations (e.g., Mankoff and others, 2016; Jackson and others, 2017; Schild and others, 2018),
both of which are critical for understanding ice/ocean interactions and their role in calving variability.

Moreover, expanding the multi-sensor approach to multiple glacier bays within the same fiord (or system
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of fiords) would improve our understanding on the impact of site-specific conditions on calving (e.g.,

glacial and bay geometry).

Meanwhile, recent technological advancements, including drone-based data collection and active
acoustic sensing, have already provided valuable insights into calving dynamics. UAVs and aerial drones,
for example, have been successfully used to reconstruct 3D structures of glacier terminus and icebergs
through structure-from-motion photogrammetry, providing insights into the ice geometry and calving
fluxes (e.g., Westoby and others, 2012; Ryan and others, 2015). Similarly, active acoustic techniques
have proven effective in mapping the submerged parts of glacier termini and subglacial discharge plumes
(e.g., Weidner and others, 2024; Sutherland and others, 2019), and passive underwater acoustics show
promise for remote monitoring of calving fluxes and styles (Glowacki and Deane, 2020; Glowacki, 2000).
Furthermore, recent advances in marine robotics have demonstrated their value in collecting data close to
the ice/ocean interface, such as near-glacier bathymetry, ocean temperatures, and subglacial meltwater
plumes, using tools like Autonomous Underwater Vehicles (AUVs) and Unmanned Semi-Submersible
Vehicles (USSVs) (Howe and others, 2019; Bruzzone and others, 2020).

Acrtificial intelligence and machine learning approaches have shown promise in automated
calving detection from time-lapse imagery (Vallot and others, 2019; Adinugroho and others, 2015);
however, these techniques face challenges such as false positives, variable lighting conditions, and
obstructed glacier views. As a result, manual image analysis still remains more reliable. Moreover,
automated techniques require high-frequency, long-term training datasets of manually-identified calving
events; such a dataset is provided here. A model trained on these data is expected to be most applicable to
glaciers with Hansbreen-like characteristics: relatively small, fully grounded tidewater glaciers with
terminus widths under ~3 km, average terminus heights (above the waterline) up to 50 m, frequent small
calving events, and rare or absent full-thickness failures, where calving is strongly influenced by
waterline melting. We do not anticipate such a model would perform well for ice shelves or for the much
larger tidewater glaciers of Greenland or Antarctica, where calving styles are fundamentally different and
dominated by large tabular iceberg production. Nevertheless, the dataset presented here could provide a

valuable foundation for model adaptation to other glacier settings.
5. CONCLUDING REMARKS

In this study, we analyzed the calving activity at Hansbreen using a dataset of over 10000 high-frequency
(15 minutes) time-lapse images captured between May and October 2016. By manually identifying and
classifying almost 3300 calving events based on their location, size, and style, we offer new insights into

the calving variability at Hansbreen (spatial and along the glacier terminus). The integration of calving
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data with environmental observations allowed us to assess the potential drivers influencing calving
variability. Our findings reveal that calving frequency at Hansbreen vary both spatially and temporally,
with an average frequency of approximately 30 d! during the 2016 ablation season and peak frequency
reaching 60 d'. Throughout the study period, calving events of lowest and highest magnitude were most
common, occurring at typical frequency of 10-15 events per day. While frequent small calving events are
expected (How and others 2019; Kneib-Walter and others 2021), the notable contribution from larger
events was more surprising. This may, in part, be due to the 15-min interval between images, which could
result in multiple smaller events being grouped into single, larger observations. Among the calving styles,
a similar uncertainty applies to the frequent sheet collapse events. Waterline calving events were
particularly common and are likely linked to enhanced melting at the waterline, in line with previous
observations at Hansbreen (Petlicki and others 2015; Ciepty and others 2023). By considering both the
size and style of calving events, a first-order volumetric assessment shows that sheet collapse events,
which consist primarily of the largest size classes, dominate the total calving volume, even though smaller
waterline events occur at a similar frequency. This highlights spatial variability, with the highest
volumetric discharge observed in zone 1V along the terminus. In two zones of the glacier terminus, more
than 60% of waterline calving events occurred during ebb tide, in areas where ice caves form regularly,
suggesting presence of subglacial discharge plumes at these locations. The relationship between calving
frequency, calving styles, and environmental drivers appears complex. Overall, the calving frequency
correlates with air and ocean temperature on seasonal scale; however, these environmental drivers (either
individually or collectively) do not fully explains calving variability, likely due to their interdependence
and the influence of additional, unmeasured processes. The high temporal resolution and detailed manual
classification of our dataset offer valuable potential for future applications. Specifically, this dataset could
serve as training data for the development of automated algorithms aimed at detecting and analyzing

calving events from time-lapse imagery.
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information was derived, were obtained from a pressure sensor at station ‘HBK 7’ and are available in
Swirad and others (2023): https://doi.pangaea.de/10.1594/PANGAEA.954201. Satellite imagery used in
this study was downloaded from https://apps.sentinel-hub.com/eo-browser/. Additionally, datasets related
to calving classification, moored ocean temperature, air temperature, and precipitation are provided as

supplementary material.
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LIST OF FIGURE CAPTIONS

Fig. 1. A map of the study site. The inset map (top right) shows the location of Svalbard, with star indicating Hornsund Fjord,
where Hansbreen is situated. Color dots show positions of the camera (yellow, ‘TLC”), CTD casts (pink, ‘CTD’), moorings with
the pressure (red, ‘P”) and temperature (pink, ‘T”) sensors, and the Polish Polar Station Hornsund (green, ‘PPS’). Red lines show
division of the terminus into five zones (I-V). Sentinel-2 true color satellite image from July 30, 2016 provided by the Sentinel
Hub. Bathymetric data from Btaszczyk and others (2020). Coordinates are given in UTM zone 33N (m).
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Fig. 2. Methodology of the image analysis. (a) Division of the glacier terminus into five zones (ZI to ZV). (b) Classification of
calving events into four size categories, defined as fraction of the glacier terminus height: size 1 (<25 %), size 2 (25-50 %), size
3 (50-75 %), and size 4 (>75 %). (c-f) Examples of different calving styles. Each pair of image is separated by 15 minutes; the
second image in each pair includes a yellow outline marking the calved portion of the terminus, highlighting the visual

differences used to classify events.
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Fig. 3. Calving frequency and environmental parameters at Hansbreen over a six-month period (May-Oct 2016). (a) Total calving
frequency at a daily scale (orange dots) and averaged over a five-day period (orange line), and the corresponding ocean
temperatures measured at the mooring position and during the CTD casts. Median values of ocean temperature from the CTD
casts are marked with magenta dots (for full water column), and standard deviations from the mean are indicated by whiskers (b)
Calving frequency for different event sizes and cumulative event size per day (black line). (c) Daily air temperature and

precipitation, and the modelled meltwater runoff.
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Fig. 4. Spatio-temporal variability of calving frequency in different zones at Hansbreen from May to October, 2016. (a) Calving
frequency averaged over a five-day period in different zones. (b) Monthly calving frequency values in each zone normalized by
variable terminus width (bars), and monthly image coverage (black circles).
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Fig. 5. Spatio-temporal variability of calving frequency for different styles at Hansbreen from May to October, 2016 (a) Calving
frequency averaged over a five-day period for different styles. (b) Percentage distribution of calving styles in all zones (ZI-ZV).
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Fig. 6. Schematic showing processes influencing calving at the ice/ocean interface of marine-terminating glaciers. (a) Front view.
(b) Side View
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Fig. 7. Influence of the tidal cycle on calving variability at Hansbreen, July 2016. (a) Percentage of calving events occurring
during ebb and flood tides, categorized into three calving types: waterline, icefall and sheet collapse. (b) Number of waterline
calving events as a function of tidal amplitude. (c) Percentage of waterline events during ebb and flood tides, classified by
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Fig. 8. Hansbreen front from two different time lapse cameras on 31 Jul 2016, showing three delineated caves - one in zone three

and two in zone five. (a) Oblique View 7:24 am (b) Perpendicular View 7:21 am
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TABLES

Table 1. Estimated volume range for calving size classes.

Class Relative height (% of 30 m)  Height of the exposed area H

Estimated Volume H® (m3)

(m)
1 <25 % <75 <400
2 25-50 % 7.5-15 400-3,000
3 50-75 % 15-22.5 3,000-11,000
4 >75 % >22.5 >11,000

https://doi.org/10.1017/jog.2025.10107 Published online by Cambridge University Press

37


https://doi.org/10.1017/jog.2025.10107

