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Abstract

Iceberg calving plays an important role in the accelerating mass loss of ocean-terminating
glaciers worldwide. However, the dynamics and underlying processes of calving remain
poorly understood, in part because of the limited temporal resolution of satellite imagery,
which restricts the ability to observe individual calving events over extended periods.
This study analyses a high-frequency (every 4 seconds), two-year-long (July 2022 to July
2024) record from a tide gauge mounted on the fjord shore of a major tidewater glacier
in southern Greenland, the Eqalorutsit Kangilliit Sermiat glacier (EKaS). Tide gauges
record water level fluctuations, including those from tsunami waves that follow calving,
allowing for the indirect detection of calving events.

Using an automated calving wave detection algorithm, a total of 16’224 calving events
were extracted over the 2-year record (729 days) and substantial intra-annual variations
were found. Lower calving frequencies were observed during periods of dense ice mélange,
mostly in winter and spring, and higher frequencies during summer, but also in the sec-
ond winter of 2024, when strong foehn winds cleared the fjord of ice mélange. The ice
mélange appears to dampen wave propagation, and hence the sensitivity of calving event
detection. The correspondence with two additional tide gauge sensors deployed during
summer 2024 and alternative detection methods, such as terrestrial radar interferometry
and seismics, confirms the reliability of tide gauges as a simple method to detect calving
event trends for monthly, seasonal, and inter-annual scales and shows the potential of
wave height as a simple proxy for calving event size. Overall, our study highlights the
potential to monitor and better understand the calving process with inexpensive, au-
tonomous, and long-lasting tide gauges.
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1 Introduction

1.1 Motivation and context

Over the past decades, climate change modified the
general behaviour and evolution of the Greenland
ice sheet (GrlS). Because of it, the GrIS observed a
significant mass loss, due to different factors, such
as surface melt, changes in ice flow, and long-term
instabilities in the mass balance. Studies have been
analysing those processes and found that the ice
sheet mass balance is increasingly influenced by sur-
face melt processes, particularly during the sum-
mer months, combined with seasonal accelerations
in ice flux (Joughin et al., 2008; Bartholomaus et al.,
2016). All these processes combined with a contin-
uous retreat of glaciers have contributed to ice loss
in the GrlS, as shown in figure 1 (King et al., 2018;
Mouginot et al., 2019; Otosaka et al., 2023; Shep-
herd et al., 2020).

This loss of ice mass from the GrIS and the ac-
celeration of ice discharge from marine-terminating
outlet glaciers contribute significantly to global sea
level rise (Enderlin et al., 2014; van den Broeke et
al., 2016). The ice sheet contribution is therefore
larger than the surface melt alone (Rignot et al.,
2011; King et al., 2020). Model projections and
field observations suggest that actual changes in ice
d.ynz%mics will continue‘to contribute to sea level Figure 1: Greenland Ice Sheet
rise in the future (Morlinghem et al., 2017; IPCC (GrIS) rates of surface elevation
2019). . _ change between 2010 and 2021
The general warming of atmospheric temperatures (Otosaka et al., 2019).

has increased the sensitivity of GrlS to melting pro-

cesses (Straneo et al., 2013). This warming, com-

bined with ocean heat fluxes, is accelerating the thinning of the ice cap, and more precisely
the periphery of the GrIS (Rignot et al., 2006), which makes the ice sheet retreating (King
et al., 2020). Furthermore, raising air temperatures increase meltwater lubrication in the
glacier bed, which reduces the resistance to flow (Rignot et al., 2006), disrupting the
balance of the glacier.

The fact that tidewater glaciers in Greenland have thinned, retreated, and accelerated
in response to environmental change (Enderlin et al., 2014; King et al., 2018) is also re-
lated to the geometry and bathymetry of the fjords, with deep fjords hosting steep-based
glaciers that demonstrate distinct dynamic responses compared to those terminating in
shallow sills (Millan et al., 2018). The variability of glacier responses highlights the im-
portance of local topographic controls in influencing glacier dynamics (Rignot et al., 2006;
Catania et al., 2018).




1.2 The process of iceberg calving

Icebergs are produced by a process called calving, which occurs at the front of marine-
terminating outlet glaciers. This process occurs primarily due to ice fractures and oceanic
melt beneath the glacier’s waterline (Minowa et al., 2019). Ice fractures can be triggered
by various factors, including stress accumulation within the glacier (Straneo et al., 2013),
while oceanic melt is driven by warmer subsurface ocean waters melting the ice from
below the water surface (Benn et al., 2017) (see figure 2 for a schematic of the calving
process). Furthermore, damaged ice tends to produce smaller and more frequent calving
events than large-scale ones (Kneib-Walter et al., 2023). In fjord environments, the strat-
ification of water, often dominated by salinity (Sutherland et al., 2008; Mortensen et al.,
2013), plays a crucial role in the thermal dynamics of the fjord water, affecting the rate
and nature of calving events. When the sea surface is covered with ice, the temperature
tends to be relatively cold. Once the ice melts, by going through a transition phase called
ice-mélange, there is a period of warm water lasting about a month. Following this, the
temperatures drop again as the icebergs move around, creating a layer of cold freshwa-
ter over the saline water, resulting in cold surface water (Mortensen et al., 2013). The
interplay between atmospheric temperatures, ocean currents, and tidal patterns further
complicates this process, creating a highly dynamic and variable environment in which
calving events occur.

Tidewater Glacier increased
surface warming

and melting increased
- submarine
melting

weakening of
the ice melange

; d Fjord
= Circulation

Figure 2: Schematic of a tidewater glacier (Straneo et al., 2013).

Understanding calving is essential for several reasons. First, it directly impacts the mass
balance of ocean-terminating glaciers and, consequently, global sea levels. As glaciers
calve and lose ice mass, they contribute to the rise of sea level (Catania et al., 2020;
Kneib-Walter et al., 2021). Secondly, calving can influence the stability and behaviour of
glaciers, affecting their flow and potentially leading to more rapid ice loss. The temporal
and spatial evolution of the calving front is observed to be controlled by the topography
of the bed and fjords and the emergence of subglacial meltwater plumes (Catania et al.,
2020). During periods when ice-mélange is present, it has been observed that calving
events tend to be less frequent than with free ice, and the glacier front tends to advance
(Kneib-Walter et al., 2021). Accurate predictions of calving events are essential for im-
proving glacier models and forecasting future changes in glacier dynamics (Benn et al.,
2017) and are important in predicting the long-term impacts of climate change in Arctic
regions.



1.3 Theoretical background

While previous studies have provided valuable information on factors that influence calv-
ing, several gaps remain in quantifying and modelling calving processes. Until now, most
studies on calving have concentrated on monthly to yearly time scales (Bartholomaus et
al., 2015; Cassotto et al., 2015; Kneib-Walter et al., 2021), but there is a lack of studies
addressing high temporal resolution observations of individual calving events and their
variability in space and time (Kneib-Walter et al., 2021).

Current research has identified several environmental forcings that influence calving, in-
cluding atmospheric temperature, tidal patterns, supraglacial and subglacial hydrology,
or submarine melt (Benn et al., 2007; Minowa et al., 2019; Kneib-Walter et al., 2021).
However, the complex interactions between these forcing and calving processes remain
poorly understood.

The use of indirect methods such as seismic monitoring (Amundson et al., 2012; Bartholo-
maus et al., 2015; Walter et al., 2020), terrestrial radar interferometry (Walter et al., 2020;
Kneib-Walter et al., 2021 and 2023), time-lapse photogrammetry (Jouvet et al., 2017,
Minowa et al., 2018), or the analysis of ice mélange (Wehrlé et al., 2023) has provided
valuable information but is usually limited in temporal resolution or needs good weather
conditions. For example, satellite imageries analyses have a low temporal resolution with
a lack of visibility because of the possible presence of clouds. On the contrary, terres-
trial radar interferometers (TRI) have a high temporal resolution with detailed volume
measurements, but are generally limited to short observation periods, limited during the
field campaign (Kneib-Walter et al., 2023). More generally, at the Eqalorutsit Kangilliit
Sermiat (EKaS) glacier, South Greenland, several indirect measurement methods have
been installed to observe calving (Vieli et al., 2024, Green Fjord, s. d.). More information
about the different measurement methods is described in section 1.3.1.

Studies measuring surface water waves produced by calving have highlighted their po-
tential as an indirect method of monitoring calving events (Holland et al., 2016; Liithi
& Vieli, 2016, Minowa et al., 2018). The observation of wave characteristics such as the
decay in amplitude over distance, the dependence on the initial height fall of an ice block,
and the ice fall behaviour (Heller et al., 2019) can offer some interesting data for inferring
the energy and size of calving events (Minowa et al., 2019). However, the effectiveness of
methods using wave measurements for detecting small or distant calving events remains
uncertain and difficult (Minowa et al., 2019).

Interpreting the wave size time series from the tide gauges might reveal whether in the
future, only a temperature and pressure sensor would be needed to determine when it
freezes, eliminating the need for image analysis, or if, on the contrary, the temperature
and pressure sensor is insufficient. Therefore, this thesis will ultimately contribute to-
wards the development of a methodological approach to continuously monitor calving at
high temporal resolution.

1.3.1 Current methods for measuring calving events

To understand and analyse the calving process, many measurement methods can be used.
Firstly, modelling can be very interesting, as it allows one to better understand the phys-
ical processes and can be expanded to a larger scale, such as the Greenland ice sheet
(GrIS). However, high-resolution data for model initialisation and validation are needed,
as well as the development of both detailed process models and simple but robust calving
laws (Benn et al., 2017).



Other methods include measuring waves transported by the ground, water, or air. Seis-
mic records using seismometers are very accurate in measuring and locating a certain
movement of a glacier, or in our case a calving event (Amundson et al., 2012; Bartholo-
maus et al., 2015; Walter et al., 2020). Submersible and underwater acoustic sensors are
another possibility to measure those waves (Deane et al., 2019), as well as infrasounds
(Marchetti et al., 2021).

Another possible method is to use terrestrial radar interferometry (TRI) (Kneib-Walter
et al., 2021 and 2023), which allows a better understanding of the volume represented by
a certain calving event.

In addition, drones, satellites, and time-lapse cameras are interesting to investigate the
glacier front using images. Even with a low temporal resolution, such as satellites, this
method is useful because no terrain is necessary. On the other hand, drones can provide
highly precise images of a glacier as an ortho-image (Jouvet et al., 2017). Lastly, time-
lapse imagery can also lead to significant results when synchronised with tide gauge data,
for example (Minowa et al., 2018).

Ice-mélange monitoring is another simple method (Amundson et al., 2010). This method
looks at the motion of the ice-mélange, its structure, and the size of the icebergs. But
wave records produced by calving can also be used to analyse the calving frequency or size
distribution, the method chosen in this thesis. The high temporal resolution, the small
price of the sensor, the simple installation, and the robustness of the sensor make this
method very interesting compared to other methods for long-term analysis. By installing
more than one sensor in the fjord near the glacier front, it is possible to compare their
detection and extract a lot of valuable information.

1.3.2 Historical knowledge of the EKaS glacier

The Eqalorutsit Kangilliit Sermiat glacier
(EKaS), also known as Qajuuttap Sermia
in some historical records (Weidick, 2009),
was already an object of scientific inter-
est a hundred years ago. Some general de-
scriptions and pictures of the glacier sys-
tem can be found in the paper of Moltke
and Jessen (1896), who documented it dur-
ing an expedition to the Sermilik Fjord re-
gion. Later, Jenkins et al. (1980) empha-
sised the glacier’s hydrological significance,
particularly during investigations assessing

its potential for hydroelectric power devel- _ o
opment in the 1970s and 1980s. Then, Figure 3: The Eqalorutsit Kangilliit Ser-

Weidick et al. (2009) have provided a de- miat (EKaS) glacier in 1942. The glacier
front is further back than nowadays (Wei-

dick, 2009).

tailed description of the glacier’s fluctua-
tions over the 20" century (figure 3), ex-
plaining that while other glaciers in the
same region retreat, the EKaS glacier presented continuous advance from the 1940s until
the early 2000s and is considered as the largest expansion of the postglacial time (Weidick,
1995). For the years after, a Nasa simple model computed the evolution of the glacier



front until the year 2024, and the results showed an overall advance until 2024 (Earthdata
Search, s. d.). This means that the glacier behaviour did not change after the year 2000,
but continued to advance. This interesting behaviour has been linked by Weidick (2009)
to local variations in precipitation patterns influenced by the highlands north of Johan
Dahl Land. For Millan et al. (2018), this behaviour is an anomaly because other glaciers
with a deep fjord such as the EKaS one should be retreating much more.

Since March 2022, a new project has started exploring sociocultural and environmental
interactions in South Greenland. It is called the Greenfjord project and is divided into
six clusters: atmosphere, ocean, biosphere, cryosphere, human, and land. The cryosphere
cluster investigate processes of glacier calving and iceberg export, as well as the resulting
hydrodynamics and nutrient fluxes in the fjord (Green Fjord, s. d.). The first trip of
the cryosphere cluster occurred in July 2022. From this period, several sensors and in-
struments (such as time-lapse cameras, weather stations, and a tide gauge) measure the
changes that occur on the EKaS glacier and will continue until the end of the Greenfjord
project in 2026. This thesis fits directly into this project, since the tide gauge used was
installed by Greenfjord in July 2022, during their first field trip.

1.4 Aim of the thesis

This study focusses on the Eqalorutsit Kangilliit Sermiat (EKaS) glacier in southern
Greenland, with the aim of improving understanding of calving processes. More precisely,
this study investigates the frequency and wave height distribution of calving events over
two years of continuous data (from 24" July 2022 to 22°¢ July 2024). The goal when
speaking about frequency distribution is to see if temporal patterns on daily, monthly,
seasonal, and annual scales emerge and to assess how external forcing factors, such as
atmospheric conditions, ocean temperature, precipitation, ice-mélange, tides, and sea ice
presence, affect the frequency and the wave heights of calving events. These parameters
vary and affect the frequency of calving in different ways, so it is essential to consider
them in the analysis.

Sensor data is collected from multiple instruments to help realise this objective. It in-
cludes continuous tide gauge measurements, weather station records, and time-lapse cam-
era images. These additional data sets provide complementary information on calving
evolution and their relationship to environmental factors. The analyses include statistical
and correlation tests between calving activity and external forcing, as well as for frequency
and wave height distribution links. This work will also contribute to the methodological
development of high-temporal-resolution monitoring systems for glacier calving, based on
calving waves measured by tide gauges.



1.4.1 Research questions

This study aims to address three research questions that explore the dynamic behaviour
of the Eqalorutsit Kangilliit Sermiat (EKaS) glacier. These questions are as follows.

e How does the frequency and wave height distribution of calving events vary over
the 2 years of data?

e On a daily time scale, how variable are the responses of the tide gauges depending
on their location?

e How do external factors such as the presence of sea ice (ice mélange), atmospheric
conditions, glacier flow variability, and tides influence the frequency and wave height
of calving events?

e Methodological question: Is a tide gauge sufficient to monitor calving activity?

Together, these questions will help us to understand the glacier behaviour on a short and
long time scale. More precisely, the interactions between calving processes and environ-
mental forcing are analysed to see how they are related.

1.4.2 Hypotheses

To be able to answer the research questions previously exposed, this study is guided by
several hypotheses. Regarding the frequency distribution of calving events over long time
scale, a distinct seasonal pattern should be visible in the records, with a higher number
of events occurring during the warmer months due to a thinner layer of ice present on
the fjord sea and warmer temperature.

For the wave height distribution, a higher frequency of small calving events and a com-
paratively lower occurrence of large-scale events are suggested, due to a highly crevassed
glacier (Kneib-Walter et al., 2023).

On a daily time scale, it is expected that the variability in tide gauge signals will be in-
fluenced by the local topography, as variations in fjord geometry and bathymetry change
the propagation and detectability of calving-induced signals (Vieli et al., 2001; Millan et
al., 2018). The precise location of a tide gauge (just behind a boulder, for example) can
also change the reception of the signal.

Then, the influence of external forcing factors will be investigated using a number of hy-
potheses. Wind and ocean temperature are expected to have no direct effect on calving
events, as ocean temperature is not changing because of the continuous presence of ice
(Mortensen et al., 2013). In contrast, the presence of sea ice, or ice mélange, should at-
tenuate the detection of calving events by damping signals recorded by tide gauges, as it
acts as a buffer reducing wave amplitudes. The higher air temperature will also intensify
calving activity because of the increase in melt on the glacier.

Lastly, the only use of a tide gauge to monitor calving activity is questioned. The hy-
pothesis suggests that, while a tide gauge could provide valuable long-term records, it
would be insufficient for a detailed analysis of individual events.



2 Methodology

2.1 Study area

Eqalorutsit Kangilliit Sermiat (61.33°N, 45.79°W) is a highly crevassed marine-terminated
glacier in southern Greenland, north of Qaqortoq. The glacier system covers an area of
about 5000 km?, with 11 % of it forming the ablation area (Weidick 2009). Its front,
looking at the fjord from north, is 3.5 km wide, and its height varies between 50 m on the
edges and 100 m on the middle part. The glacier rests on bedrock (Millan et al., 2018),
composed of granite, biotite, and hornblende-bearing and commonly porphyritic (GEUS
Dataverse, s. d.).

The fjord bed is flat, with, 1 km further south of the glacier front, an average depth
of approximately 395 m. As no depth sounding can be done at the glacier front, these
values have been extrapolated using a boat bathymetry. On the west side of the glacier,
a high cliff goes straight down to the flat sea floor, whereas on the east part of the glacier
front a small island is present, suggesting a harder bedrock on this side. This island also
influences the activity of the calving. Less events occur on the east side of the glacier,
while the centre of the glacier front has the most activity recorded. This is mainly due
to the variation in speed between the centre and the edges of the glacier, but also to the
barrier created by the island in the eastern sector of the glacier.

The glacier’s rate of advance evolves and changes according to an almost annual cycle
(its live a Nasa Measure Program, s. d.). Its speed varied between 2000 and 3750 m/year
over the past 20 years, but in general the glacier front advanced. The reason why it
behaves this way is still poorly understood (Millan et al., 2018).
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Figure 4: Field site with all equipment installed and the two base camp location. The
equipment is composed of two weather stations (in blue), four time-lapse cameras (in
green) and three tide gauges (in red) (MapChart, s. d.).



2.2 Calving front position evolution
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Figure 5: Monthly evolution of the glacier front position between the 21°° of July 2022
and the 2™ of July 2024.

The position of the glacier terminus evolves with calving activity and changes in
glacier flow. Interestingly, the glacier front of the EKaS glacier does not retreat as the
majority glaciers do in Greenland due to climate change (Catania et al., 2018; Earthdata
Search, s. d.), but increased in length between 1953 and 2024 (Weidick, 2009). This
behaviour is not visible over the two years of the data set in this thesis, as the time scale
is too short.

Figure 5 shows the position of the glacier front each month over the extent of the data
set using Sentinel IT data (Sentinel Hub, s. d.). This graph was made using QGIS and
monthly satellite images to manually draw the front of the glacier. The evolution of the
glacier front is as follows: an increase in length during winter (from dark blue to light
green) and a retreat during summer (from light green to yellow). Two parts of the glacier
front show more changes in the glacier front position, first on the west side of the glacier
(left side of the picture) and right on the left from the island (east part of the glacier
front). The extreme east part of the glacier front, situated on the right side of the island,
has no real changes, except for 25" June 2023, when the glacier increased slightly more.
For the rest of the glacier, on 28" April 2023 it was the date with the most significant
extent in glacier length. It is interesting to note that the greatest extent of the glacier
occurred in spring 2023. In contrast, the month with the highest retreat occurred in
21%¢ July 2022, the first date of the data set. The biggest difference in length between
the shortest and the longest month is 431 m and occurred on the west side of the island
between the month of July 2022 and the month of April 2023. For comparison, the east
part of the island has only a maximum of 183 m difference between the shortest and
longest length of the glacier.

The fact that the glacier front remains consistent in length over the two years of data
indicates that the distance to tide gauge number 1 (P1) remains constant throughout the
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entire dataset. This is a significant advantage as it ensures that the signal intensity is
not influenced by variations in distances. Consequently, two signals of the same inten-
sity, one occurring in 2022 and the other in 2024, can be classified as having the same
intensity. However, this observation is only valid by ignoring other potential factors that
could influence signal intensity. These factors can be the amount of ice mélange present
in the fjord, the type of fall, and the initial height fall of an ice block (Heller et al., 2019;
Minowa et al., 2019).

2.3 Sensors deployed

Figure 4 shows the location of several instruments and sensors that have been installed
around the fjord. Those are time-lapse cameras (green), weather stations (blue), and tide
gauges (red). As the project started in July 2022, the instruments and sensors have two
years of continuous data, except for the tide gauges P2 and P3, installed in July 2024 for
seven days.

2.3.1 Tide gauges

Three tide gauges have been installed
around the glacier. The tide gauge, about
30 cm long and 3 cm wide (see figure 7), is
placed in a metal tube to protect it from
icebergs. Then the metal tube is attached
to a boulder on the shore to prevent it from
moving, and to get a better record of the
waves, as can be seen in figure 6 for P1. A
tide gauge measures the water temperature
(°C) and the water pressure (dbar). The
pressure is directly related to the depth of
the water (m), and the tide gauge can con-
vert it into the depth of the water by itself.
For an easier understanding, it has been Figure 6: Picture of the tide gauge number
chosen to approximate 1 dbar as 1 m (see 1 (P1), placed into a metal tube and screwed
Minowa et al. (2018) for more informa- to a rock.

tion). Temporal resolution can be modi-

fied as needed before installing the sensor. Tide gauge number 1 (P1) was installed in
July 2022 during the first field trip of the cryosphere cluster of the Greenfjord project
and has a temporal resolution of 4 seconds over 729 days. Some minutes are missing due
to the time needed to change the batteries and read out the data from the first year in
August 2023. The other two sensors (P2 and P3) were installed during the field trip of
July 2024 and have a temporal resolution of 1 second over seven days.

To extract the data from the sensor, the tide gauge is put out of water and the data
is downloaded on a computer. The downloaded file with an rsk extension can be read
on the programme called Ruskin, and the water temperature, water pressure, and water
depth are available.




Figure 7: Picture of the tide gauge sensor (RBR, 2024).

The side location of the tide gauge P1 is due to the simple access to it. For P2 and P3,
the objective was to have the approximative same signal to be able to compare them,
and localise a certain calving event. The localisation of individual calving events has not

been done because of the time limitation.

2.3.2 Time-lapse cameras

Four time-lapse cameras have been placed around the
glacier (see figure 8). Each location was chosen to look
at different parts of the glacier, to be able to see dif-
ferent calving events, and to have a better understand-
ing of the calving front, the quantity of ice in the fjord,
the plume activity, or the advancing of the glacier it-
self.

Each time-lapse camera takes an automatic picture ev-
ery 20 minutes. During the three field trips in July
2022, August 2023 and July 2024, the temporal reso-
lution of the time-lapse camera named ”hill” has been
increased to 2 minutes and even 1 minute in July
2024.

To extract the data, the routine is to take the SD card
and replace it with an empty one, and to make sure that
the angle of the camera has not changed during manipula-
tion.

Weather changes (rain, snow, fog), light intensity changes,
and dark nights limit the number of pictures that can be
used.

2.3.3 Weather stations

The two weather stations were installed in July 2022 near
the two camps (see figure 9) for easy readability of the data
and because the climate is different between the two camps.
The 7hill camp” has less climatic impact from the glacier,
whereas the weather station on the shore has more frequently
cold winds. The weather stations measured relative humid-
ity (%), air temperature (°C), solar radiation (W/m?), and
precipitation (mm). In addition to the weather stations in-
stalled on the field, the data from the weather station of
Narsarsuaq’s airport are available (Publikationer Og Rap-
porter, s. d.). The reason these data were used is that over

10

Figure 8: Picture of the
time-lapse camera named
hill, near the main camp.

Figure 9: Picture of one
of the weather stations,
near the main camp.



30 years of data is in open access and, in particular, wind speed (m/s) and relative hu-
midity (%). Those data are useful to understand whether the warm wind is coming from
the glacier, which has a great impact on the quantity of ice present in the fjord.

2.3.4 Other detection methods deployed

Three detection methods are used in this thesis to help understand tide gauge records.
Manual observations were made by the Greenfjord team on site, and terrestrial radar
interferometry (TRI) and the seismometer were deployed in the hill camp, running con-
tinuously.

Manual observations of calving events were made 10 times between 1 and 4 hours con-
tinuously, spread over a six-day period from 16" to 21 July 2024. These observations
were made from a point of view in front of the glacier using binoculars, to observe calv-
ing events. For each observed event, a standardised description was recorded, including
an estimated size category, the approximate location along the glacier front (categorised
broadly from east to west), and the exact time of the occurrence. Hearing a calving event
but not seeing it was not notified as no description of the event could be made. This
method provided a great first idea of the size of calving events, which helped to compare
certain events with the events recorded by the tide gauge.

The TRI was deployed between 12 and 25" July 2024, and continuously scanned the
glacier front from a fixed position. The method is based on radar interferometry, which
uses successive radar scans to detect surface displacements and height changes. Operat-
ing at high temporal resolution (typically every 1-2 minutes), the TRI captures glacier
surface motion and elevation changes in near real time. By differentiating digital eleva-
tion models generated from radar returns, it is possible to detect ice loss at the front,
identifying calving events with high spatial and temporal precision. This technique allows
for the quantification of calving volumes and the analysis of dynamic processes such as
crevasse formation, front retreat, and velocity gradients. For more information on how
the TRI method works, refer to Kneib-Walter et al. (2023).

Seismic sensors were deployed for a full year to detect calving events based on ground
vibrations. For this thesis, two field periods are interesting (28 November to 9 De-
cember 2023 and 6 May to 5™ June 2024). The instruments were buried in the ground
and recorded seismic waves produced by ice detachment and impact. From these data,
a range of event parameters can be derived, including the precise time of an event, epi-
centre coordinates (latitude and longitude), uncertainty of location (dx, dy), duration of
the event, and corner frequency (cf). The corner frequency is an interesting parameter,
since 1/cf is an approximation of the calving size. The corner frequency is the frequency
at which the amplitude of a seismic signal starts to drop, marking the transition between
low and high frequencies in the signal spectrum. It is used as an approximation of the size
of the calving because larger calving events typically generate lower corner frequencies,
reflecting the longer duration and greater energy of the event.
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2.4 Data processing

2.4.1 First day of opening of the bay using Satellite images Sentinel 11
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Figure 10: First opening day of the bay at the location of the pressure sensor 1 (right
side of the images). The first year, it occurred between the 8™ and 11 of April 2023
(pictures 1 and 2) and for the second year between the 30™ of April and the 3™ of May
2024 (pictures 3 and 4) (Sentinel Hub, s. d.).

To understand the evolution of the frequency of calving events, an important factor
is the location of the pressure sensor P1. As it is located in a bay on the east part of the
glacier (see figure 4), the quantity of ice mélange present there varies differently compared
to the rest of the fjord. The shallower depth of the bay keeps larger icebergs away from
it. This creates a barrier that makes the bay have less ice floating there. That is why the
bay opened earlier in the year than the rest of the fjord. Figure 10 shows the day of the
year when the bay opens for the first time. As we can see in the satellite images, the bay
opens while the rest of the fjord is still deeply frozen. Images 1 and 2 show an opening of
the bay between the 8 and the 11*® of April 2023, while images 3 and 4 show an opening
between the 30" of April and the 3' of May 2024. The fact that the first day with an
open bay is kept in a range of several days is due to a too low temporal resolution of
the satellite images of Sentinel II, with a few days within the opening period being too
cloudy to be useable.

2.4.2 Data set on the variation in thickness of ice mélange

To perform the analyses, the amount of ice present in the fjord has been a question.
Time-lapse cameras have been useful to know the variation of the amount of ice present
on the fjord over the two years of data. To keep it simple and easy enough, four categories
have been created, with the inspiration of Muckenhuber et al. (2016): "fast ice”, ”thick
ice mélange”, "light ice mélange”, and ”open water”. A typical image of each category
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Figure 11: Typical amount of ice present on the fjord depending on each category.
Picture 1 represent "fast ice”, picture 2 "thick ice mélange”, picture 8 "light ice mélange”,
and picture 4 "open water”.

is visible in figure 11. To pass from ”open water” to ”light ice mélange”, there should
still be some blue patches visible or only a thin layer of ice on the water. The icebergs
are still moving freely. Then, to pass into the category ”thick ice mélange”, the icebergs
move slower than with "light ice mélange”, and no blue patches are visible on the fjord.
If the ice does not move anymore during the day, we pass in the last category, ”fast ice”.
No movement is visible between the shore and the ice mélange.

2.4.3 Data processing parameters

Several steps were necessary to process the tide gauge data and extract a reliable database
of calving activity. The analysis focusses on a 7-day reference period (from 15" July 2024
at 15:30:00 until 21%° July 2024 at 12:00:00), during which the three tide gauges (P1, P2,
and P3) were simultaneously recorded. Among these three, only P1 was continuously
recorded over a full two-year period and was later used for long-term analysis.

The objective of this processing was to identify and count calving-related peaks in tide
gauge records. To do so, a Python script developed by Walter et al. (2020) was used. A
high-pass filter of 0.001 Hz was used in the code to first remove the tide influence from
the records, so only the calving peaks remain, and the peaks generated by calving activity
are still visible. This script can then detect peaks based on two main parameters: a min-
imum peak height (mph) and a minimum peak distance (mpd) between two consecutive
detections.

As a first step, the peaks were manually counted over the 7-day reference period to obtain
a preliminary estimate of the number of events. This was done for each tide gauge using
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a fixed y-axis scale (-2 to 2 m) to maintain visual consistency. The manually detected
number of events was: 85 for P1, 98 for P2, and 110 for P3.

Following this, several combinations of the mph and mpd thresholds (listed in table 5 in
the appendix) were tested to reproduce manual counts using the Python script. The best
match between manual and automated detection gave 89 events for P1, 96 for P2, and
107 for P3.

To improve the scientific robustness of the mph threshold, manual observations of calving
events conducted in the field were used (see section 2.3.4). The events were categorised
into six groups: very small, small, medium, large, very large, and huge. Only four of
the eleven “very small” events observed in the field matched tide gauge signals, with an
average height of 0.0133 m. “Small” events had a better correspondence between manual
observations and tide gauge records and an average height of 0.0428 m. For reference,
the smallest events detected by manual peak counting had a height of 0.0847 m.

In addition to field observations, TRI (Terrestrial Radar Interferometry) data were also
used to cross-check tide gauge records (see section 3.5.1). Among the 31 events detected
using TRI, seven events were not detected by the tide gauges. Those seven events were
also extremely small (average height: 0.0166 m), in line with the "very small” field cat-
egory. They were not considered either, as their size is very close to that of the "very
small” events in the manual observations.

Based on the comparison with both field and TRI observations, the mph threshold was
adjusted to 0.002 m. With this value, the smallest detected peak for each tide gauge dur-
ing the 7-day period was 0.04 m, consistent with the "small” event category. To maintain
a similar relative difference in detection counts between P1, P2, and P3 as in manual
counting (difference of 13 between P1 and P2, and a difference of 12 between P2 and P3),
mpd thresholds were set as follows: for P1 300 pixels, for P2 600 pixels and for P3 800
pixels. The differences between each tide gauge slightly changed, but stayed in the same
range. Ultimately, the thresholds used for each tide gauge record are summarised in the
table below (table 1).

Tige gauge | Mph threshold | Mpd thresholds | Nbr of events
P1 0.002 300 140
P2 0.002 600 162
P3 0.002 800 176

Table 1: Summary of the thresholds used for each tide gauge in the python code. The
two thresholds are the minimum peak height (mph) and the minimum time between two
detections (mpd).

Finally, using the selected thresholds (table 1), calving activity was extracted from
the entire two-year data set recorded by P1. A high-pass filter of 0.001 Hz was applied
again to remove tidal signals. A total of 16’224 events were detected, corresponding to
an average of 22.26 events per day for 729 days. Although the amount of ice mélange and
iceberg coverage in the fjord varied over time, the same thresholds were applied consis-
tently throughout the 2 years to ensure comparability and avoid introducing seasonally
biased thresholds.

14



2.4.4 Threshold sensitivity

To illustrate the sensitivity of the thresholds used in the python code to extract the
calving events, a few results using different thresholds are compared in figure 12. The
upper graph shows the daily number of calving events detected by the code with a fixed
minimum peak height (mph) and a variable minimum time between two detections (mpd).
The blue curve, with an mpd of 300 is the one used for the final code extraction (see
table 1). The higher the mpd threshold, the smoother the curve over the entire dataset.
The range between the highest and lowest number of calving events detected is highly
diminished. Concerning the second graph, the mpd threshold is fixed, while the mph
fluctuates. The blue curve is the same as the upper graph for a better comparison of
the effect of each threshold modification. In this lower graph, a lower mph threshold
shifts the curve upwards and the range between the highest and lowest number of calving
events detected increases.
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Figure 12: Sensitivity of the thresholds for conducting the data processing. Visual
representation of the two thresholds used in the python code (mpd and mph), with a fized
minimum peak height (mph) in the first graph, and a fived minimum time between two
detections (mpd) in the second graph. The time scale is only a part of the dataset, going
from July 2023 to July 2024 for a better visualisation of the curve fluctuations.
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3 Results

This chapter is divided into several sections. The first section outlines the frequency
distribution of the calving events, looking at long- and short-time-scale changes. In the
second part, the size distribution is presented, also over long and short time scales. In
the next part, a comparison between the number of calving events and the wave height
evolution is presented. Then, the effects of external forcing factors are described. Ul-
timately, a comparison between tide gauge data and three other detection methods is
evaluated (TRI data, manual observation, and seismic data).

3.1 Calving frequency distribution

3.1.1 Long timescale analysis using the tide gauge P1

The number of calving events detected can vary depending on the season, the month, and
the day. This section describes the frequency distribution over those time scales, using
data from the tide gauge P1.

3.1.1.1 Seasonal distribution
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Figure 13: Number of calving events seasonally distributed separated into two years.
Each year starts in July, the 24™ July 2022 for the first year (in light blue) and the 24™
July 2023 for the second year (in dark blue).

Concerning the seasonal distribution, some differences are visible within the first (Au-
gust 2022 to July 2023) and the second year (August 2023 to July 2024), but also between
the two years. The first year, visible in light blue in figure 13, has the most events detected
during the fall 2022, with 2863 events. In contrast, only 531 calving events occurred in
spring 2023. For the second year, visible in dark blue in figure 13, a smaller difference
is visible between the biggest season in terms of the number of calving detected and the
smallest. 3123 calving events occurred in summer 2024, while only 1342 of them occurred
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in spring 2024.

Spring is the season with the lowest number of calving events detected in both years.
The season with the closest gap between the two years is summer, with a difference of
596 events. On the opposite, the season with the most differences is winter, with 1961
more events detected during winter 2023-2024 than during winter 2022-2023. Lastly, the
only season where the first year has more events detected is fall, with 847 more events
detected during fall 2022, mainly due to the month of September (see figure 14).

3.1.1.2 Monthly distribution
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Figure 14: Number of calving events monthly distributed divided into two years. Fach
year starts in July, the 24™ July 2022 for the first year (in light blue) and the 24™ July
2023 for the second year (in dark blue).

The distribution of calving events over the months changes over the course of a year,

but also between the two years of data. During the first year (August 2022 to July 2023)
visible in light blue on figure 14, the number of calving events detected changes in each
month. July, August, and September have the most events detected, with on average
1’180 events detected during the three summer months. In contrast, February, March,
and April have the fewer events detected, with on average 146 events per month.
For the second year (August 2023 to July 2024), the behaviour is slightly different. The
three months with the most events detected are August, December, and January. On
average, the number of events detected during these months is 1'249. However, the three
months with the least detection are March, April, and May. Here, the number of events
detected on average for these months is 447, significantly more than for the three months
with the lowest occurrence of calving in the 1% year. Interestingly, the evolution of the
calving activity between the two years evolves differently. In September, December and
January, the differences in terms of number of calving are higher, with a difference of,
respectively, 740, 750, and 813 events between the two years of the same months.
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3.1.1.3 Daily distribution

An analysis of the number of calving events that occur during the day compared to the
night has been carried out to see if any differences are visible in the records. 8630 events
have been detected during the day and 7’593 events during the night. This difference was
found to be significant using both the Chi-squared and binomial tests (p-value equal to
0.0 for both tests), suggesting an influence of temperature on calving activity.

In addition to this analysis, the number of calving events detected during early morning
(4 a.m. until 12 a.m.) and late afternoon (4 p.m. until 12 p.m.) have been conducted.
The number of events that occur during the morning is 4’524, and 4’796 during late
afternoon. The differences have also been tested using Chi-squared and binomial tests,
and came out significant, even though the p-values are higher (0.0048 and 0.005 respec-
tively), which correlate with the previous suggestion about the temperature influence, as
the highest temperature during a day occurs during the afternoon.

3.1.2 Short time scale analysis using the tide gauges P1, P2 and P3

Number of calving events
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Date

Figure 15: Daily number of calving events detected by P1 (in blue), P2 (in green) and
P3 (in orange) over the 7 days of overlapping data (15.07.2024 - 21.07.2024).

The number of calving events detected can vary over days, but also between tide
gauge sensors. Figure 15 presents the differences between the three tide gauge records,
depending on their location. In general, the number of calving events detected by P3 (in
orange) is higher than P2 (in green), which itself is higher than P1 (in blue). In addition,
P1 always recorded the least number of calving events, except for 18" July, where P2
recorded the least number of events. This trend changes on 20" July 2024 and 21°* July
2024, with P2 having the most recorded events.

The biggest gap in terms of the number of events occurred on 17" July 2024, with 11
more events for P3 than for P1. The highest number of calving events detected for each
tide gauge occurred on 20" July 2024, with 38, 44, and 42 events detected for P1, P2,
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and P3, respectively. This same behaviour highlights a more active day in terms of the
number of calving events compared to the rest of the week.

3.2 Wave height distribution

3.2.1 Long time scale analysis using the tide gauge P1

Figure 16 illustrates the wave height distribution and their cumulative wave heights for
each month, separated into two graphs, one for each year (the first year on the left and
the second year on the right). For this figure, the events detected on 13 July 2023 at
07:21:52 (with a wave height of 2.54 m) have been removed because of an unusual shape
in the record (and no calving event is visible at this date on the time-lapse camera). The
tide gauge at this time was out of water half of the time when this event occurred, due
to the combination of low tide and large waves. The first year (24.07.2022 to 23.07.2023)
has a shorter range of wave heights and fewer cumulative wave heights compared to the
second year (24.07.2023 to 22.07.2024). In terms of ranges, the wave heights of the first
year go from 0.045 to 1.69 m (in November 2022), and its cumulative wave height has a
maximum of 175.5 m corresponding to September 2022. The second year has a range of
wave heights of 0.039 to 2.12 m (in May 2024), and a maximum cumulative wave height
of 280.7 m corresponding to December 2023.
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Figure 16: Cumulative wave height distribution of calving events for each month of the
first year on the left (24.07.2022 - 23.07.2023) and second year on the right (24.07.2023
- 22.07.2024).

The two years have some similarities. March and April had less recorded calving activity,
June, July, and August have generally more events cumulatively, and September, Octo-
ber, and November are in between.

In contrast, the first and second years differ in December, January, and February. These
three months had a very different wave height maximum (around 0.8 m for the first year
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against 1.5 m for the second year), and the cumulative eave height was significantly higher
in the second year (around 250 m and only around 50 m for the first year).
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Figure 17: Probability density function (PDF) method of calving events. The blue curve
corresponds to the empirical data, the red curve to a power law fit, the green curve to an
exponential fit, and the purple curve to a log-normal fit (Alstott et al., 2014).

In addition to figure 16, figure 17 illustrates the probability density function (PDF)
method of calving events (Alstott et al., 2014). The PDF gives a representation of how
the values within a dataset are distributed. It describes the likelihood that data points
fall within a specific range for any given interval. Globally, the blue curve shows that
much more small events (left side of the graph) are present in the data set, with the y-axis
indicating how frequently different wave heights occur in the data set. It is a stationary
process that takes all events and sort them by height. To see if the curve behaves as a
power law, three curves have been tested: power law, exponential, and log-normal.
Some parameters have to be defined to fully understand this graph. The parameter « is
the exponent of the power-law distribution (see equation 1). It determines how steep the
tail of the distribution falls off. A lower a (a close to 2) indicates a heavier tail (more
extreme values are more probable), while a higher o (« close to 3) means the tail drops
more quickly. Concerning the parameter A, this parameter is the rate for the exponential
or truncated power law distributions (see equation 2). [ is the exponent in the stretched
exponential distribution (see equation 3). It controls how quickly the tail of the distri-
bution decays: when ( is equal to 1, it becomes a pure exponential, while 8 lower than
1 means that the tail is heavier than exponential but lighter than a power law. Lastly, p
is the mean of the logarithm of the values in a log-normal distribution (see equation 4).
In the fourth equation, o is the standard deviation.
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Most importantly, R is the log-likelihood ratio between two fitted candidate distributions.
It measures which distribution is a better fit for the data. If R is greater than 0, the first
distribution is a better fit, while if R is lower than 0, the second distribution is better.
In the algorithm from Altsott et al. (2014), the equation R looks like this:

R, p=fit.distribution compare(’power_law’, ’exponential’) (5)

The statistics show that the power law distribution is not the best fit because a few big
events highly influence the best-fit curve. With an « of 2.68, larger calving events are
less frequent but still significant, which is consistent with a heavy-tailed distribution.
In addition, the p-value of 0.09 is too high to be statistically significant. Considering
an exponential fit, with a A of 2.81 this model underestimates the likelihood of extreme
events compared to the power law. Finally, the log-normal distribution is a better model
than the power law, because of a negative R (-85), but the exponential model fits better
with an R of -132. This tells us that the exponential model is statistically preferred to
describe the dataset in this paper, even if the power-law model fits the dataset relatively
well. In general, what is interesting in this graph (figure 21) is that this glacier calves
significantly more small events than big ones.

3.2.2 Short time scale analysis using the tide gauges P1, P2 and P3

To illustrate the distribution of wave heights depending on the location of a certain tide
gauge, figure 18 shows that most calving events are the smallest, visible in the first bin
of the graph, under 0.17 m in wave height. In total, 139 events have been detected by
P1, with 72.1 % of them being in the first bin. For P2, 161 events have been detected,
with 62.7 % of them being in the first bin. For P3, 175 events have been detected, with
62.3 % of them being in the first bin.

The number of events detected by each tide gauge in each category does not vary more
than a difference of 11. It also appears that some events from the highest bins were not
detected by each tide gauge, which is due to the location and local topography effect. It
can happen that the same event is stored in a different bin as the wave can propagate
differently. This can explain why tide gauge number 1 has more events in the first bin
than in the higher bins.
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Figure 18: Wave height distribution of calving events of the three tide gauges in 10 bins
for the 7 days of record (15.07.24-21.07.24). P1 is in blue, P2 in green and P3 in orange.
The number of calving events recorded in each bin is written on top of each bar.

3.3 Calving frequency evolution comparison to wave height

This section investigates potential relation between calving frequency and wave height
over the two years of data from the tide gauge P1.

3.3.1 Long time scale analysis using the tide gauge P1

Figure 19 illustrates the number of calving events detected daily over the two years of
data in blue, and the daily average wave height in red. The number of calving events
varies depending on the months and seasons, as described in section 3.1.1. Several peri-
ods with distinctly higher numbers of calving events are visible. The first period starts in
August 2022 and ends in December 2022 with around 45 detections per day. The second
period starts in July 2023 and ends in August 2023 with up to 140 events detected. The
third period is between mid-October 2023 and January 2024 with around 40 detections
per day, and the last period from June 2024 until the end of the data set (22" July 2024)
with around 35 detections per day. On 8% and 10" August 2023, the exceptionally high
number of calving events detected (128, 140) is a period with more waves than usual,
which may explain why there is such a difference in the detection compared to the other
periods.

In contrast, the daily average wave height evolution does not vary very much over the two
years of the data set. It is stable in a range of 0.1 to 0.25 m, with three exceptions: first,
on 10" March 2023 the average wave height increased significantly to 0.76 m because
only two large events have been recorded (1.19 and 0.32 m), which increase the daily
average wave height. Similar peaks in wave heights occur in May 2023 and in May 2024
(both up to 0.4 m). However, in general, there seems to be no clear relationship between
the average daily wave height and the number of calving events (see figure 20).
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Figure 19: Daily average number of calving events detected in blue and daily average
wave height in red over the two years of data. The uncertainty of the average wave height
18 1N grey.

3.3.1.1 Monthly comparison between wave height and frequency

The link between wave height and the number of events can highlight the dynamics
of each season. Figure 20 shows the number of calving events that occurred in each
month compared to the average median wave height of these events. The two study years
(08.2022 - 07.2023 and 08.2023 - 07.2024) are coloured green and blue, respectively.
Looking at the variation in the number of calving events, three main groups can be
identified. Each group consists of the same months for the two periods. The first group,
composed of February, March, April, May, and June, visible as two blue circles, has the
lowest number of detected calving events. The second group is coloured yellow and is
composed of October and November. The last group in red is composed of July and
August, with the exception of July 2024 that behaves like the yellow months. The
four months of January, July, September, and December have a very different behaviour
between the two years, which is why there are not categorised in any group (grey). July
2023 is still categorised in the red group because of the similarities with its next month,
August 2023 and are both summer months.

Concerning the wave height of the events, there is an overall trend to have a higher wave
signal in the second year than in the first one. Except for September and August, all
months show an increase in the median wave height for the second year. Removing this
effect from consideration to see more clearly, two clusters can be categorised. Those
clusters are not directly visible in figure 20, but the goal here is to illustrate a tendency.
The first group, with the smallest median on average, is composed of March, May, and
October (both years). The second, with a higher median, is composed of July, November,
and December (both years). As an exception, February, April, and June (both years)
appear to have a small median wave height during the first period and a higher one
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during the second period. Meanwhile, August has a lower median wave height in the
second year, and September does not reveal any changes. The September dynamic can
be explained because of a longer or shorter summer period depending on the year, which
is why the number of calving events detected vary a lot.
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Figure 20: Monthly variability in number of calving events on the z-axis compared to
the monthly median wave height of those calving events on the y-axis. The first year is
visible in orange and the second one in blue (08.2022 - 07.2023 and 08.2023 - 07.2024).
The blue, yellow and red circles categorises the number of calving events depending on

the months. The grey circles highlight the greater difference in a given month between the
two years.

3.4 Influence of external forcing factors on calving events fre-
quency and wave height

Additional analyses have to be assessed to understand the reasons for the differences in
the frequency and wave heights of the calving events in the data set. To know if some-
thing is behind such variations, analyses of external forcing factors are necessary. To do
S0, six external forcings have been compared to the calving activity and their respective
wave height. Those factors are the quantity of ice mélange present in the fjord (divided
into 4 categories, see section 2.4.2), the wind speed (m/s), the relative humidity (%), the
air temperature (°C), the glacier flow variability (m/yr), and the tides.
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3.4.1 Impact of ice mélange on calving activity

3.4.1.1 Impact on calving frequency
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Figure 21: Daily average number of calving events detected during the two years (08.2022
- 07.2023 and 08.2023 - 07.2024 in blue). The ice mélange quantity in red on both subplots
1s made of four categories: open water, light ice mélange, thick ice mélange, and fast ice.
The grey dashed line represents the day when the fjord opened for the first time at the
tide gauge location (see section 2.4.1).

In figure 21 the comparison between the daily number of calving events (in blue) and
the evolution of the quantity of ice mélange present in the fjord (in red) is represented.
The figure is divided into two graphs, with the first year (August 2022 - July 2023) being
on the graph on top, while the second year (August 2023 - July 2024) is below. The
grey dashed line shows the day when the bay opens for the first time of the annual year
(see section 2.4.1 for more information). Concerning the dashed line, no influence of the
opening of the bay is visible. No direct changes in the frequency of calving events can be
seen.

This graph illustrates a direct link between frequency and ice mélange. During the pe-
riods when the daily number of calving events is higher than the average (the average
number of events detected throughout the dataset being 22.26), the thickness of the
ice mélange present in the fjord decreases, staying between categories 3 to 1. This oc-
curred during four periods, where a thin ice mélange layer and a higher daily calving rate
were present: between August and mid-December 2022, between end-July and Septem-
ber 2023, between November 2023 and mid-February 2024, and between mid-June 2024
and the end of the data set (22°¢ July 2024). During the rest of the dataset, the daily
calving frequency is lower than the average, with globally a higher ice mélange density
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on the fjord, staying mostly in category 4, with some short periods in categories 3 and
2. This happened during three periods of time: first between December 2022 and June
2023 continuously, then between September and October 2023, and between February
and May 2024. In the last section, four exceptions can be seen, with drops to category 2
and even one time until category 1, with complete open water.
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Figure 22: Monthly average number of calving events compared to the average ice
mélange density present on the fjord. The first year is in orange and the second in
blue. Each month has a different point size depending on their median wave height over
the month.

To better understand how the amount of ice mélange in the fjord influences the fre-

quency of calving, the figure 22 shows each month of the data set as a comparison between
the frequency of calving activity and the categories of ice mélange. Each month has a
circle size adjusted to the median wave height that occurred in each month. The first year
is visible in orange, and the second year is visible in blue. The graph shows the number
of calving events that occurred within a month on the x-axis, and the monthly average
density of the ice mélange on the y-axis. A trend can be identified: the more events
there are during a month, the thinner the density of the ice mélange (lower category).
A spearman correlation with a value of -0.977 and a p-value of 2.505 x 10716 shows a
strongly significant negative relationship.
In more detail, the six months with the less calving activity are during the first year (in
order: April, February, March, May, January, and June). These six months also have a
smaller median than the one from the respective second yearly period. In addition, the
month with the highest number of calving events recorded (August 2023) does not have
a specifically high median size, suggesting that a lot of small events occurred. This aligns
with the PDF representation from figure 17.
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3.4.1.2 Impact on the wave height

The figure 23 illustrates the 20 biggest events detected within each of the four categories
from the ice mélange database (see section 2.4.2). It has been chosen to use only the 20
largest events to better see the impact of the ice mélange on the big waves, to see how
large waves can or cannot travel through a thick ice mélange. Using more events in this
analysis would have lost its importance and its results. This graph is important to answer
the question whether the ice mélange present in the fjord would smooth the waves and
dampen the signal recorded by the tide gauges, especially during the winter and spring
months.

What can be seen is that the range height of the 20 biggest waves in each category stays
the same, with a maximum during a frozen fjord period. For this figure, the event detected
on 13" July 2023 at 07:21:52 (with a wave height of 2.54 m) has been removed because
of an unusual shape in the record. The tide gauge at this time was out of water half of
the time when this event occurred, due to the combination of low tide and large waves.
The differences in wave height between the frozen fjord, the light ice mélange and the
open water categories are not significantly different, but the thick ice mélange category is
statistically different compared to the light ice mélange and frozen fjord categories, with
a p-value of 0.00019 and 0.0096 respectively, using the Mann-Whitney U test. The light
ice mélange and open water categories are also statistically different with a p-value of
0.00104. If we merge the frozen fjord and thick ice mélange categories and compare them
with the light ice mélange and the open water categories merged together, their difference
is no longer statistically different (p-value 0.155). This graph suggests that there is no
influence of the density of the ice mélange on the tide gauge records for large waves.
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Figure 23: 20 biggest events detected occurring during each category of fjord sea-ice.
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3.4.2 Meteorological influence

3.4.2.1 Long time scale evolution using the Narsarsuaq dataset
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Figure 24: The first graph shows the relative humidity (in light blue) and the second
graph shows the wind speed (in yellow), both compared to the fjord composition (in black).
The daily average temperature (in red) is shown in the third graph and compared to the
number of calving events in blue. The three graphs show data from July 2022 to August
2024. The grey curve in each graph represents the average relative humaidity, the average
wind speed and the average temperature recorded between 1958 and 2025.

Air temperature, wind speed, and relative humidity are three important factors that
cannot be neglected when looking at external forcing factors. What is interesting is that
foehn events, a high south wind combined with low relative humidity, can modify the
quantity of ice mélange present in the fjord, as visible in the two first graphs in figure
24. Four short periods where the ice mélange curve drops from category 4 to category
2 or 1 can be visualised in figure 21 in section 3.4.1.1. Those events happened between
February and May 2024 and are typical examples.

Figure 24 shows the relative humidity (%) in blue on the top graph, while the second
graph right below shows the wind speed (m/s) in yellow. As data have been available
since 1958, a grey line has been added to each of the three graphs to show the average
relative humidity and wind speed over a period between 1958 and 2023. The time series
represented in this graph extends from July 2022 to August 2024 (Publikationer Og Rap-
porter, s. d.). Both graphs have as a comparison the four categories of the ice mélange
thickness evolution visible in black. This allows a better view of the changes of the ice
mélange on the fjord with the respective foehn events. To find foehn events, a wind speed
greater than 7.5 m/s and a 20 % drop in relative humidity or less than 50 % were chosen.
A total of 47 foehn events have been found in the data set with the chosen parameters.
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Figure 24 does not directly point out these events, but they can easily be seen each time
the wind speed curve (yellow) increases sharply. To see if a foehn event breaks the ice
mélange in most cases, we looked for a drop in the ice mélange density from two days
before to two days after the 47 events. A total of 21 events remained. This difference
has been tested as not significant considering the binomial test, with a p-value of 0.81,
which means that foehn events do not significantly increase the likelihood of ice mélange
break-up in most cases.

The influence of air temperature on calving activity is also an important external factor
that can change calving variations. The last graph in figure 24 shows the number of calv-
ing events detected by the tide gauge P1 (in blue) and the daily average air temperature
(°C) (in red). The grey line represents the average air temperature during the period from
1958 to 2023, the same period as for the wind speed and relative humidity. Concerning
the temperature, it does follow the grey line shape, being a few degrees higher during
the whole period, with the exception between November 2022 and February 2023. The
variability in temperature is higher during this period. This behaviour is visible again,
but with a lower range of variability between mid-October 2023 and March 2024. The
highest peak of calving events detected in August 2023 occurred in summer, but abnor-
mally high temperatures were not detected.

For example, at the start of January 2023 and March 2023, abnormally high tempera-
tures correlate with a higher number of calving events detected. In addition, a drop in
relative humidity and a high wind speed are also present. These are two typical exam-
ples of periods where three external factors together (relative humidity, wind speed, and
air temperature) influence a fourth factor (the presence of ice mélange), leading to an
increase in the number of calving events.

3.4.2.2 Temperature evolution in July 2024 compared to the daily number
of calving events

Two weather stations were also deployed, one on top of a hill and the second near the
shore (see section 2.3.3). The air temperature evolves differently depending on the two
locations. Near the shore of the fjord, the temperature is usually colder than up a hill as
a result of cold air coming down from the glacier. Figure 25 shows this different evolution
during the two weeks of the field camp (12.07.2024 - 25.07.2024). The temperature near
the shore (in orange) is colder than the one on top of the hill (in red), except on 20"
July in the early afternoon. On this day, the temperature range for the entire day on the
shore is 20 degrees, while on the hill it is only 8 degrees.

Compared to the daily number of calving events occurring during this period, no real
trend can be found as those two weeks are in the same month of the same season, with
constant sunny weather. The day with the highest number of calving events is July 12,
while the average temperature on the hill and on the shore is relatively cold. On the
20" July, while the air temperature is at its highest, the number of calving events also
increases, which could suggest a trend if there was not the counterexample on July 12t
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days. The grey curve represents the average temperature recorded between 1958 and 20235.

3.4.3 Impact of variations in ice velocity on the number of calving events

1401 —— Daily calving events —— Glacier flow
F4500
1204
F4000
2
§ 100+ -
v +3500 2
o 1S
£ 801 —
= 2
@© (=)
o 3000 =
O 60 ! Q
3 l ®
c (Tl F2500 ©
S 401 |
=z ‘
‘J ' i 2000
20 \ " f | il
0- 1500

2022-07 2022-10 2023-01 2023-04 2023-07 2023-10 2024-01 2024-04 2024-07 2024-10
Date

Figure 26: Evolution of the glacier flow (in red) and the daily calving frequency (in blue)
between the 24™ July 2022 and the 5™ October 2024.

Figure 26 illustrates the EKaS glacier flow variability in red (its live a Nasa Measure
Program, s. d.) and the daily number of calving events detected by the tide gauge P1
in blue over two years (between 24" July 2022 and 5™ October 2024). The ice velocity
varies in a range between 1’500 m/yr and 4’600 m/yr. This cycle is almost seasonal, with
the lowest speed occurring in October, and the highest in June during both years.
Between 24" July 2022 and mid-November 2022, the glacier flow curve nicely follows the
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evolution of the daily number of calving events: the lower it gets, the less calving activity.
But after mid-November 2022, the blue curve decreases, while the red curve increases. In
August 2023, the red and blue curves seemed to follow each other again until December
2023, before the blue curve decreases and the red curve increases again. No statistical
correlation has been detected using Spearman correlation, with a coefficient of -0.03 and
a p-value of 0.609.

3.4.4 Tidal evolution impact on the number of calving events
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Figure 27: Number of calving events detected above four different tide thresholds (0.9,
0.8, 0.7, 0.6) in dark blue, and below four different tide thresholds (0.1, 0.2, 0.3, 0.4) in

light blue. The remaining events are visible in gray.

Tides can influence the frequency of calving events. To understand the impact of tides
on the number of calving events, a comparison between the number of calving events that
occur during high tide and low tide has been made. Different simple thresholds have been
used.

Firstly, a comparison was made between low and high tide. In figure 27, this comparison
corresponds to the leftmost group of bars, labelled ”Low 0.1, High 0.9”, where the 10 %
lowest and 10 % highest tide levels were used. The difference in the number of calving
events detected between high and low tide is 18. The remaining calving events are plotted
as a grey bar. Statistically, this difference is not significant using a chi-square test, with
a p-value of 0.75. Additional comparisons have been made using other thresholds. The
thresholds used are 20 % and 80 % for low and high tide, 25 % and 75 %, 30 % and 70
%, and 40 % and 60 %, respectively, shown in figure 27 as the next group of bars. The
difference between low and high tide is, respectively, 336, 467, 516, and 732. Each of
them is statistically significant using the chi-square test, with p-values being 0.000201,
1.79 x 1072, 7.16 x 107°, and 0.00021 respectively. Even with a statistical significance
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and a visible trend to an increase in difference between low and high tide, it is normal, as
the thresholds include more events. Therefore, this result should be taken with caution.
In addition to these tests, it has been checked whether there was a significant difference in
the number of calving events during rising and falling tides. Even if there was a slightly
higher number of calving events occurring during a rising tide (3’891 events detected at
rising tides and 3’591 events at falling tides over the two years of data set), these differ-
ences were not significantly different.

3.5 Comparison of the tide gauge detection and other detection
methods

To improve the understanding of the tide gauge detection method, a comparison of the
tide gauge data and three other detection methods is described in this section. The other
detection methods are terrestrial radar interferometry (TRI), manual observations, and
seismic records. Two of the three detection methods (TRI and manual observation) were
used during data processing, which has been explained in section 2.4.3. Here we present
how the three complementary methods are correlated with the tide gauge data.

3.5.1 TRI correspondence
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Figure 28: Comparison between wave height and ice-fall volume, using the tide gauge
and terrestrial radar interferometry (TRI) data. FEach point is an event that have a
value from one of the three tide gauges and the TRI records, with each tide gauge being
tllustrated with a different colour: blue for P1, green for P2 and orange for PS3.

The TRI method detected 31 events during the 7 days of record in July 2024. The
goal is here to know if the 31 events detected by the TRI were also detected by the three
tide gauges. To do so, a Python algorithm tried to find out if within an hour before or
after a TRI event (this 1 hour time has been chosen due to the TRI time uncertainty
and the tide gauge time uncertainty), an event was detected by each of the three tide
gauges. In total, a correspondence of 30 calving events was found with P1, 28 with P2,
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and 29 with P3. The figure 28 illustrates each event, with the height of the calving wave
as the x-axis and the respective estimated volume from the TRI data as the y-axis. A
trend can be identified: the larger the event is from the tide gauge data, the larger the
volume is from the TRI data. A spearman correlation of 0.606 with a p-value of 0.001 was
calculated, using events of P2 (green). This means that there is a statistically significant
relation between the TRI and the tide gauge data.

In addition to the statistical correlation, some events can be defined as outsiders (2 events
for P1, 2 events for P2, and 2 for P3). The first two events from the left that have a vol-
ume higher than 200’000 m® have a too high volume compared to their respective wave
height. Those events do not align with the correlation, even if the three major green
events from P2 in terms of volume are taken into account for the statistics.

3.5.2 Manual observations correspondence
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Figure 29: Comparison between the manual observations made during the field camp
(filled coloured points referring to the right y-axis) and the tide gauge P2 record (in blue,
referring to the left y-axis). The light gray shaded rectangles refer to periods when manual
observations were made. FEach colour refers to a type of ice fall. The yellow points (1) are
ice-fall events, the red points (SC) are sheet collapses, the orange points (ST) are stack
topples, the light blue points (W) are waterline events, and the dark blue points (S) are
subaqueous events.

Figure 29 shows the ten periods in which manual observations were made, with, in
colour, each observation that was described during the field camp with their associated
type of fall (I, SC, ST, W and S). In general, the events manually described are spread
over six very different size categories, while the possible corresponding events detected
from the tide gauge are quite small compared to some other events that occurred over a
time period without manual observations. The interesting aspect here is the invisibility
of events categorised as "huge” on the tide gauge record, or only with a medium or even a
small wave height. Only one event was described as "huge”, as a subaqueous ice-fall type.
Another interesting point is that for each of the 10 periods where manual observations
were conducted, more calving events are described from manual observations compared
to the number of calving events detected using the code algorithm.

Regarding the type of fall, the ice-fall calving type (I) is mostly present in lower-size cat-
egories, even if they are spread quite uniformly between ”very small” and ”large” events.
The sheet collapse types (SC) are mostly bigger events, spread between "medium” and
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"very large” size categories. Concerning the stack topples types (ST), only a few events
have been categorised as such, with only one ”large” and one "medium” event. The wa-
terline types (W) are also present in a lower frequency, spread between the ”very small”
and "medium” categories. Lastly, subaqueous events (S) are spread over the entire range
of sizes, making it difficult to extract any trend.
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Figure 30: Comparison between wave height and manual observations. Each point is an
event that found a correspondence between the manual observations and the tide gauge P2
records. Each colour refers to a type of ice fall. The yellow points (I) are ice-fall events,
the red points (SC) are sheet collapses, the orange points (ST) are stack topples, the light
blue points (W) are waterline events, and the dark blue points (S) are subaqueous events.

To test if a link between the manual observations and the tide gauge record emerges, the
data have to be rearranged. Figure 30 illustrates the wave height extracted from the tide
gauge as a x-axis, compared to the six categories of manual observations as a y-axis. Each
point in this graph is an event that was detected by the tide gauge and a corresponding
event from the manual observations, with 41 events in total. The way these two detection
methods have been linked is by using an algorithm that finds an event with the closest
time delay between the manual observation records and the tide gauge records, with a
maximum of ten minutes due to tide gauge response delay. The type of fall that has been
previously described is still visible with the same colours. Some events had no size cate-
gories assigned during the manual observations, which is why they are regrouped as the
first rung of the y-axis, named ”No category”. Their type of fall and wave height are still
visible. A Spearman test with a value of 0.178 and a p-value of 0.265 concludes that there
is a non-statistical correlation between manual size categories and tide gauge wave height.

3.5.3 Seismic data correspondence

To see if a comparison between seismic data and tide gauge data is relevant, two periods
were chosen. The first period is free of ice and the second period has a complete frozen
fjord. Figure 31 shows the daily average wave height of calving events detected by the
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tide gauge (in green) and the seismic data (in blue). The upper graph shows the period
of time in which the fjord was free of ice (28" November to 8® December 2023) and the
graph below shows the period with a complete frozen fjord (5** May to 5% June 2024).
Speaking only of the ice-free period (upper graph), 13’957 events were detected by the
seismic method (1’269 per day) and 467 by the tide gauge method (42 per day). During
the frozen fjord period (lower graph), 39’289 events were detected by the seismic method
(1’309 per day), while only 356 events were detected by the tide gauge method (12 per
day).

Considering the seismic data, as ”1/cf” (corner frequency) is an approximation of the
calving event size, a comparison can be made (see section 2.3.4). Looking at the upper
graph, an opposite evolution is visible: as the daily average size of calving events detected
by the seismic method (in blue) increases, the average daily size of waves detected by
the tide gauge (in green) decreases. This was not expected, as the thought was that the
average size of the calving would be the same. In the graph below, with a frozen fjord,
the average size evolves the same for both methods, until 14" May 2024. From that day
on, an opposite evolution takes place until 21%* May 2024. Then the seismic data do not
change anymore until the end of the period, on 4 May 2024. Concerning tide gauge
data, its daily average wave height changes over time.
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Figure 31: Comparison between the average daily size (1/corner frequency) of calving
events detected by the seismic method (in blue) and the average daily size of waves detected
by the tide gauge (in green). The upper graph shows the comparison in the record with
a fjord free of ice (28™ November to 8" December 2023), and the graph below shows the
comparison with a complete frozen fiord (5™ May to 5™ June 2024).
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4 Discussion

This study analyses the frequency and wave height distribution of calving events on the
Eqalorutsit Kangilliit Sermiat (EKaS) glacier over two years (July 2022 - July 2024), us-
ing a tide gauge as the main instrument. To improve the understanding of the evolution
and changes in the records, additional datasets were used, including records from three
weather stations, four time-lapse cameras (figure 4), a database of thickness changes of
the ice mélange (see section 2.4.2) and satellite images (figure 10). Further observations
were made to compare tide gauge records and other detection methods, such as terrestrial
radar interferometry (TRI), manual observations during the field, and seismic data.
The results show clear seasonal variations in the calving activity, with a significantly
higher frequency of events during the summer months. This dynamic is correlated with a
lower presence of ice mélange in the fjord, which may influence the detection. The tem-
poral distribution of events was analysed at different scales, including seasonal, monthly,
and daily variations (see sections 3.1 and 3.3). Additionally, wave height distributions
were examined on both short and long time scales (see sections 3.2 and 3.3), allowing for
comparisons over the full observation period as well as within individual months. The
influence of external forcing factors, such as the thickness of the ice mélange, meteorolog-
ical parameters (temperature, wind speed, and relative humidity), variations in glacier
flow and tidal cycles, was also evaluated in relation to calving frequency and wave height
(see section 3.4).

The discussion focusses on the four research questions exposed in section 1.4.1. First, an
analysis of how the frequency and wave height distribution of calving events vary over the
two-year observation period is performed. Then, it discusses how the location of a tide
gauge changes its record response on a daily time scale. After that, a discussion of the
influence of external factors, including the presence of sea ice (ice mélange), atmospheric
conditions, glacier flow variability, and tides, is conducted on both the frequency and
wave height of calving events. Finally, an evaluation of suitability of a tide gauge to be
used alone to monitor calving activity is assessed, taking into account the challenges to
extract calving signals, for example when the ice mélange is thick and can alter the signal.

4.1 Interpretation of results

4.1.1 Relation between wave height and frequency of calving events

Analysis of calving events over a two-year period showed significant variability in both the
frequency distribution and the size variability of the wave heights, with a strong seasonal
influence. Although the number of events fluctuates significantly throughout the data
set, the median wave height remains constant over time (figure 19). One reason for this
may be because the glacier is highly crevassed, which increases the ratio of smaller events
with a higher frequency, as illustrated by the PDF method (figure 17). This aligns with
previous studies suggesting that highly damaged ice leads to frequent but smaller-scale
calving events (Kneib-Walter et al., 2023). In contrast, large-scale calving events, even if
they are less frequent, contribute disproportionately to total ice loss (Jouvet et al., 2017;
Enderlin et al., 2014). This can explain why some periods still have a higher median
wave height, such as, for example, in March 2023 (figure 19).

A key observation is the monthly and seasonal variability in calving frequency (figures
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13 and 14). The summer months appear to be the period with the highest number of
events occurring (July and August), with the possibility that this high number of events
extends to September. This is the case only in the second year of the data set (September
2023), as it depends on when the cold period starts. In contrast, the winter and spring
months appear to be the periods with less calving activity (December to June). The
presence of ice mélange appears to be the main controlling factor. The ice mélange, when
densely packed, acts as an inhibitor of calving (Wehrlé et al., 2023), mainly for small
events (figure 19). This is particularly evident in the winter and spring months, when
the fjord freezes until it creates a thick ice mélange that can considerably reduce calv-
ing activity (see section 2.4.2 with the four ice mélange thickness categories). However,
external forcing, such as atmospheric conditions, can alter this balance. A contrast is
observed between December and January of the two years studied (figures 14, 20 and 22).
In the first year, a fully frozen fjord was present in the fjord with low calving activity
recorded, while in the second year strong foehn winds coming from the ice sheet broke
the ice mélange, which dispersed the ice blocks further down the fjord (figure 24). As
a result, the number of recorded calving events was significantly higher. Vieli and Nick
(2011) found that reductions in winter ice mélange thickness and duration can drive to a
rapid glacier retreat, which could be translated to our case to add another point to the
findings: less ice mélange present on the fjord over a season increases the average number
of calving events occurring daily over a year, which consequently makes the glacier front
retreat. Concerning the EKaS glacier itself, the glacier front does not retreat for now, as
can be seen in figure 5. This is supported by Nick et al. (2009) by the fact that tidewater
outlet glaciers adjust extremely rapidly to changing boundary conditions at the calving
terminus. So, the frequency of calving events is highly influenced by the presence of ice
mélange, how crevassed the glacier is, the time of year when the cold temperature arrives
and the foehn events that change the quantity of ice mélange present on the fjord.
Beyond the seasonal scale, the variability in calving activity is also influenced by several
environmental factors and the physics of the ice fall. The type of ice fall (submarine
event, cliff collapse, or buoyancy-driven event) plays a role in influencing the magnitude
of the wave of individual events (Benn et al., 2007; Heller et al., 2019), which is why two
same volumes of ice that fall into the fjord will not have the same wave height on the
tide gauge record (figure 30). Variability in the way ice falls into the fjord cannot explain
variations over long time scales but can explain daily fluctuations in terms of wave height
detection, especially when using average wave height over certain time scales. For exam-
ple, the average wave height present on figure 19 illustrates perfectly this problematic:
the 10" March 2023 was recorded only two important events using the algorithm which
increased the daily average wave height significantly.

Additionally, air temperature fluctuations contribute to diurnal and seasonal calving fre-
quency variability. Increased melting and subglacial discharge can lead to short-term
peaks in calving activity (Dachauer et al., 2024). The relationship between ice velocity
and calving also supports the observation that the more calving activity occurs at the
glacier centre, where the subglacial freshwater plumes emerge.

4.1.2 Tide gauge location variability

The analysis of tide gauge responses on a daily time scale shows significant variability
depending on their location. During the one-week period when all three sensors were
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installed, clear differences emerged between the P1, P2, and P3 records.

The first tide gauge (P1), located on the same side as the glacier front about 1.5 km east,
recorded significantly fewer events than P2 and P3 (figure 15). The events detected by
P1 were generally of smaller magnitude (figure 18), leading to a smoother signal with less
pronounced peaks. Its distance from the calving front has an effect on the ”sharpness”
of the peak as a wave travelling on a longer distance is reduced in height and the wave
becomes longer (Minowa et al., 2019). The placement of P1 behind a stable rock (see
figure 6) filters and modify the waves and their height. The topography of the fjord also
affects the signal as the fjord around the P1 location is much more shallow than just in
front of the glacier. In contrast, P2 and P3 were installed on the opposite shore of the
glacier with direct exposition to calving waves. The records were therefore more distinct,
and it was easier for the algorithm to detect events. Between P2 and P3, P3 showed even
more peaks (see table 3), which can be attributed to both its local placement and the
conditions of its mounting (Rabinovich, 1995). As for P1, P2 was placed behind a big
rock near the shore, which can have the same effect than previously explained for P1.
Unlike P1 and P2, P3 was fixed to a loose metal cable laid on the sea floor. Even if a
rock was attached to it to keep it from moving, this setup likely introduced additional
movement in response to waves and tides, possibly amplifying certain signal components
while also introducing noise. Unfortunately, this effect is not measurable.

Statistical analysis of event-detection differences further illustrates the discrepancies be-
tween the three tide gauges. When considering events detected by both P1 and P2, 106
events were identified, with 11 false detections (a peak that was detected by the algorithm
but should not be counted as a real event) and 13 missed events (an event that was very
similar to a calving wave, but was not counted by the algorithm), as visible in table 2.
In addition to the one detected from both tide gauges, P1 detected 34 more events that
P2 did not detect, but falsely detected 24 events that were not real events and missed 15
real events. In comparison, P2 detected 56 more events in addition to the 106 detected
by both sensors, with only 8 more false detections and 2 more missed events, reinforcing
its better response to wave activity. In total, P1 falsely detected 35 events and missed
28 events, while P2 falsely detected 19 events and missed 15 events. With a p-value of
0.0062, a significant difference is calculated. This shows how the location of the tide
gauge is important and can change the results we get.

Sensor | Nbr detected | False detection | Missed events
P1 + P2 106 11 13
Only P1 34 24 15
Only P2 56 8 2
Total P1 140 35 28
Total P2 162 19 15

Table 2: Number of events detected with both pressure sensors (P1 and P2) or only one
of them.

The trend continues when comparing P2 and P3 (table 3). Both detected 140 events,
P3 identified 36 additional events beyond those captured by both and P2 22 more events
that P3 did not. However, both sensors exhibited 19 false detections in total and P3
had slightly more missed events (16 compared to 15 for P2). Using a chi-square test, a
p-value of 0.97 was found. The difference between the two sensors P2 and P3 records is
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therefore not significant. Their signal is close, with a better detection than that of P1.
Overall, it results in 103 events detected from all three sensors with 7 false detections
and 7 missed events (table 4). This highlights the fact that all three sensors detected
only 58 % of all events detected from P3, suggesting that this method could and should

be further developed.

Sensor | Nbr detected | False detection | Missed events
P2 + P3 140 10 13
Only P2 22 9 2
Only P3 36 9 3
Total P2 162 19 15
Total P3 176 19 16

Table 3: Number of events detected with both pressure sensors (P2 and P3) or only one

of them.

Sensor Nbr detected

False detection

Missed events

P1 + P2 + P3 103

7

Table 4: Number of events detected with all three sensors.

An important factor influencing the detection accu-
racy is the shape of the recorded signals. As calving
waves propagate through the fjord, their intensity
and distinctness vary depending on the location of
the sensor and environmental factors (Minowa et
al., 2019). The smoother record at P1, with less
distinct peaks, made it more challenging for the al-
gorithm to identify calving events (Kneib-Walter et
al., 2021). The flatter and longer wave signal shape
led to a higher likelihood of miss events, as seen in
the P1 record. Another way to miss often an event
is when a small event occurs just before a larger
one. This was visible in the three sensor records
and illustrated in figure 32 with a short period of
the tide gauge record P2. Conversely, false detec-
tions were often triggered by the decay phase of
a large wave, where the gradual decrease in signal
amplitude made the algorithm think that secondary
event peaks were occurring. P2 and P3, with their
clearer and more intense wave responses, exhibited
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Jul 18, 2024
Figure 32: Snapshot of a tide

gauge record. The purple crosses
are the peaks detected by the algo-
rithm. Just before the first cross,
we can see visually another calving
event that was not detected by the
algorithm surrounded by an orange
circle.

fewer detection errors. Therefore, the observed differences between P1, P2, and P3 may
be partially explained by the fact that the near-shore tsunami records are strongly in-
fluenced by local topographic effects (Minowa et al., 2018). All this is visible in both
figures 15 and 18. In the first figure, fewer calving events are detected at the P1 location,
compared to P2 and P3. In the second graph, these behaviours are represented by the
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fact that the three biggest events are detected by the P2 and P3 sensors and that P1
detected more small events than the other two sensors. The longer a wave needs to travel
to arrive at the P1 location, the more the wave will be attenuated (Minowa et al., 2019).
The implications of these variations in the response of the tide gauge extend to the
broader interpretation of calving activity. A more distinct wave record, such as those
captured by P2 and P3, allows for a more accurate identification of events, reducing
uncertainties in event frequency and size estimates over a longer time scale period. This
means that fewer detections using P1 do impact the number of calving events detected
over the two-year period, which ultimately underestimates the calving activity. Placing
the tide gauge directly in front of the glacier is a better option, even if P1 was placed on
the side of the glacier to limit the pressure exerted by the ice mélange during the winter
and spring months. Furthermore, while P3 recorded the highest number of events, the
potential influence of its loose mounting must be considered, as it could contribute to
add noise to the record. In addition, it is important to look at the local topography in
detail before installing a tide gauge to limit this effect on the record.

4.1.3 External forcing factors in relation with wave height variability and
frequency of calving events

In this section is discussed how external forcing factors, such as the presence of sea ice
(ice mélange), atmospheric conditions, glacier flow variability, and tides influence the
variability of wave height and the frequency of calving events.

The ice mélange and the accumulation of calved icebergs in front of the glacier terminus
play a significant role in modulating calving activity, as suggests in figure 21. Observa-
tions indicate that dense, packed ice mélange acts as a damping agent, suppressing or
reducing the detection of calving, especially for small events (figure 23). The bigger waves
can still travel through the fjord as they have more energy to move the ice. For instance,
Wehrlé et al. (2023) demonstrated that the presence of a dense ice mélange effectively
inhibits calving on a short time scale. Similarly, Kneib-Walter et al. (2021) observed a
notable increase in calving activity at the start of the melt season, coinciding with the
thinning of ice mélange layer. This suggests that the mechanical support provided by
the ice mélange stabilises the glacier terminus, and its absence increases the occurrence
of calving. Further supporting this, Bartholomaus et al. (2015) reported elevated ice-
berg calving flux during summer and fall, with a marked reduction in mid-winter, which
matches with the seasonal presence of ice mélange. Cassotto et al. (2015) also found
that freezing of the ice mélange during winter leads to decreased mobility of the mélange,
which is associated with a drastic reduction in iceberg production. To correlate with
these studies, figure 22 shows a correlation between the number of events that occurred
during a certain month and the average thickness of the ice mélange. This statistically
negative relation explains once more the impact of the presence of ice mélange and the
frequency of calving events.

Air temperature, relative humidity, and wind patterns indirectly influence calving ac-
tivity by affecting the stability and presence of ice mélange. During the two years of
measurements, episodes of foehn winds have been linked to the breakdown of the ice
mélange (see figure 24). These warm south-orientated winds coming from the ice sheet
associated with low relative humidity contribute to mechanically clear the ice from the
fjord, thereby removing the dampening effect. This effect is significantly more visible
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during the winter and spring months as the fjord is usually frozen. This is especially the
case for the second year of the data set, as several foehn events occurred in December
2023 and January 2024, completely modifying the dynamics of these two months (see
figures 14, 16, 20, 22). Minowa et al. (2019) reported higher calving rates during periods
with elevated air temperatures and falling tides, suggesting that atmospheric warm winds
contribute to mélange destabilisation. However, on an hourly time scale, the direct corre-
lations between atmospheric conditions and the frequency of calving are less pronounced
(figure 25). In this figure can be seen a difference in the maximum range of temperature
change during an individual day. In July 20", the temperature range was 20 degrees,
while on the hill it was only 8 degrees. This can be due to strong warm wind during the
day, before the cold weather takes place again when the sun goes down. The only other
relation on a daily basis is a four-hour delay between the highest temperature of the day
and the highest frequency of calving activity (Dachauer et al., 2024).

Concerning the variation in glacier flow, it only partially follows the variations in calving
frequency (figure 26). The glacier had a high velocity in late spring and a low velocity
in autumn of both years, almost the opposite for the calving frequency, which had a low
number of daily events in spring and a high number of calving events in summer. To
support this point, no statistical correlation was found between the two curves in figure
26. The variations in glacier velocity are complex and as it cannot be directly linked to
calving frequency, the changes of calving event rates over time are less influenced by this
process than others, such as ice mélange coverage (Sugiyama et al., 2025; Vieli et al.,
2001).

Tidal cycles were found to have a statistically significant influence on calving frequency
if simple thresholds were used above the top 20 % and below the first 20 % in tide height.
Specifically, a higher number of calving events are recorded during low tide periods. This
pattern may be attributed to the reduction in hydrostatic pressure at the glacier terminus
during low tides, which could facilitate fracturing and calving. Minowa et al. (2019) ex-
plained that an increase in calving rates is associated with falling tides, aligning with the
observations in figure 27. However, the magnitude of this effect is relatively modest and,
while statistically significant, does not represent a dominant control on calving activity.
Although external factors significantly influence the frequency of calving events whether
on a daily, monthly, or seasonal basis, their impact on the wave sizes of individual calving
events is less clear. No measurements on the influence of external forcing factors on the
height of the calving wave were possible, except with the thickness of the ice mélange
(see figure 23). Here, no statistical evidence of any impact on the calving wave height has
been detected, which is a counterexample to the previous explanation of the ice mélange
dampening the signal of the waves. An explanation for this discrepancy between the
damping effect and this figure comes with the seismic detection method (figure 31). This
method does not see any difference in terms of the numbers of calving events occurring
with either a thick ice mélange or a fjord free of any ice. This is explained by the fact
that the biggest waves produced by large calving events have enough energy to travel
through the ice even in the presence of ice mélange. Only the smallest waves produced
by small calving events are then dampened by the ice, which explains why in figure 23 it
cannot be seen any statistical difference between the four categories of ice mélange. Only
the 20 largest events were used to produce this graph. Ultimately, fewer calving events
in terms of frequency give the same average daily wave height, which offset each other.
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4.1.4 A tide gauge to monitor calving events?

This section discusses the question whether a tide gauge is sufficient to monitor calving
events. Several studies have shown that a tide gauge can provide valuable information
by capturing wave signals associated with ice fall (Kneib-Walter et al., 2021; Minowa et
al., 2018). Minowa et al. (2019) found that calving events produce a distinct waveform
that can be differentiated from other environmental signals, such as wind waves, tidal
currents, or boats.

As an advantage, a tide gauge is a simple, inexpensive, autonomous, and long-lasting sen-
sor. Studies have found the utility of such a simple sensor for measuring calving events,
as the amplitude of surface waves increased with the size of the calving event (Minowa et
al., 2019). This means that tide gauge data can provide an indirect measure of calving
flux and event magnitude over a long period.

Despite these advantages, a tide gauge alone has limitations that restrict their ability
to fully characterise calving events. One major challenge is the difficulty for one single
tide gauge in locating precisely individual calving events along the glacier front. Minowa
et al. (2019) emphasised that wave height measurements alone do not provide sufficient
information to determine the exact location of an event. Waves are influenced by mul-
tiple factors, including bathymetry and ice mélange conditions. In addition, Minowa et
al. (2018) explained that different types of calving produce similar wave spectra, making
it difficult to differentiate between a high ice fall, a submarine calving, or a rotational
collapse, even if some differences are visible on the records. In particular, Heller et al.
(2019) showed that a submarine collapse has a peak wave smoother than an ice fall in the
tide gauge record. The presence of ice mélange in the fjord does not help to detect calving
events, as waves can be dampened depending on the energy of a wave produced by a fall
(Amundson et al., 2010; Bartholomaus et al., 2015). In this case, big events are still vis-
ible as they have the power to travel even with a thick ice mélange, and small events are
not visible in the tide gauge record. The fjord depth variations also significantly influence
the shape of the waves in a tide gauge record (Minowa et al., 2018). This is particularly
noticeable when comparing data from different tide gauge locations (tables 2, 3, and 4),
which showed significant differences in their record. Here, the three tide gauges (P1, P2,
and P3) were installed in areas with different bathymetric characteristics. This could
contribute to the variability of the signal. P1 was located further east in the fjord in a
shallow area, while P2 and P3 were installed in a deeper section of the fjord. However,
the differences between P2 and P3, even if installed close to each other, suggest that the
positioning of the sensor or the presence of a large rock next to it influence the records
too.

With all this said, we can now say that tide gauges can efficiently monitor general calv-
ing trends over long timescales, but it is still hard to provide detailed information about
individual events. We certainly do have information on the height of a wave produced
by an ice fall, but it is hard to say exactly how large the volume of the ice that fell.
Kneib-Walter et al. (2021) wrote that it is important to combine multiple observation
techniques to overcome individual limitations and gain a more comprehensive understand-
ing of calving processes. Integrating tide gauge data with time-lapse imagery, terrestrial
radar interferometry (TRI) (Kneib-Walter et al., 2021 and 2023), and seismic records
Walter et al., 2020; Amundson et al., 2010) as it has been done in this thesis provides
useful complementary information to characterise calving styles, sizes and frequency.

To summarise, tide gauges provide a useful tool for monitoring calving activity, particu-
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larly for identifying trends in calving frequency over a long time period and to characterise
large events. A correction of the thickness of the ice mélange could be added to the de-
tection algorithm to improve the precision of the detection method, as a statistical trend
could be identified (see figure 22). However, the use of this method is insufficient for
accurately measuring the loss of ice, mainly due to the sensitivity of the location of the
tide gauge and the thickness of the ice mélange. Tide gauges can serve as a valuable com-
ponent of a general monitoring framework, but if precise information about individual
calving events is needed, integrating them with other observational methods is necessary.

4.2 Strengths and limitations

This thesis presents several strengths that improve the reliability of the analyses. The
high temporal resolution of the wave height measurements provides a precise description
of wave evolution over time, ensuring a detailed record of calving wave signals. In ad-
dition, no measurement issues occurred during the two years of sampling, which proves
that long-term analysis is possible even without the need for constant monitoring. The
methodology employed, an algorithm that extracts calving events created with a Python
code, is also a strength, as it allows for the detection of a large number of events us-
ing a relatively simple approach based on a few variables only. Multiple independent
measurement methods, including terrestrial radar interferometry (TRI), seismic data,
manual observations, and time-lapse cameras, were also integrated into the study. These
multiple sensors provided a cross-validation between different detection techniques that
increased the understanding of the results. Finally, the fact that we assume that the
four categories of ice mélange were present during the seven days used to choose the final
thresholds makes the event detection process even more interesting and computationally
efficient. The event extraction procedure was simplified as it was not necessary to add
a variable or a correction for the ice mélange thickness category, allowing for a rapid
analysis of calving activity over the two years of the dataset.

Despite these strengths, a number of limitations need to be discussed. A first issue con-
cerns sensor placement, particularly for the P1 tide gauge, which had a smoother record
shape. This made it harder for the code to extract the calving events. This is a major
problem because the P1 record is at the heart of this thesis. A satisfactory number of
events were extracted, but an improvement can be made to accurately determine the
number of calving events that occurred over the two years of the dataset. Furthermore,
while the correlation between the tide gauge data and the TRI detections was strong (fig-
ure 28), the presence of outlier events raised uncertainties regarding their interpretation.
Outliers may correspond to specific types of calving events, such as submarine calving
or rotational collapses. Manual observation showed that certain types of ice fall have a
large range of calving volume (from ”very small” to "huge” as a description), and others
are limited to small or large events (figure 29 and 30). This may be one explanation for
the outliers, but it does not explain it completely, as other factors such as the presence
of ice mélange can change the wave height detected by the tide gauge. Another limi-
tation is the long-term reliability of the event detection model. Although the method
effectively captures trends in calving activity (seasonal or monthly evolution), it is not
possible to systematically verify that each detected event corresponds to an actual calving
occurrence. Tables 2, 3, and 4 show how different the response is between the three tide
gauges and that a significant number of events were actually missed or falsely counted on
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the seven days of records in which the three tide gauges were recorded at the same time.
This raises the question whether the number of events detected over two entire years is
really correct or not. This means that the results are more indicative of general trends
rather than precise event-by-event validation.

The assumptions made regarding the thickness categories of the ice mélange also intro-
duce potential sources of error. While this database is a very efficient way to categorise
the two years, it may on the other side make miss long-term trends, particularly in peri-
ods with persistent thick ice mélange or complete absence of mélange. This problematic
could be improved by creating a new part in the code that could correct the thickness
of the ice mélange to reduce detection errors by artificially increasing the intensity of
the signal. This could then remove the problem of a dampening effect and show more
realistically the number of calving events occurring during winter and spring. Finally,
even if a sensitivity analysis was performed to identify an optimal range of thresholds
to balance false detections and missed events, the thresholds chosen can be questioned.
If the thresholds are set too low, the model may detect some false events, but if the
threshold is set to high, it may lead to missed detections of smaller events (see figure
12). Other studies found on other glaciers significantly higher number of calving events,
which may question whether the thresholds should have been set lower to detect more
smaller events (Kneib-Walter et al., 2021; Minowa et al., 2018).

4.3 Future researches and recommendations

Several methodological improvements could provide better detection and characterisation
of calving events. Applying Fourier transform analysis (Ryo et al., 2016) could reveal how
calving signals are distributed across different frequencies, with the potential to find in-
fluences that were not initially detected. Although tidal frequencies were removed from
the tide gauge record (Kneib-Walter et al., 2021), other periodic signals may still be
present and could be identified through this approach. Furthermore, a more precise lo-
calisation of calving events could be achieved by using the three tide gauges placed at
different locations. With these tide gauges, it provides an opportunity for triangulation.
This would be helpful to know how far a certain event is from the tide gauge location,
to further improve the knowledge about the size of an event. A large event occurring
further away from the sensor will have a smaller wave height recorded (Minowa et al.,
2019), which can lead to errors when analysing the wave height distribution over several
days. One can then create a correction of the wave height depending on the distance
between an event and the sensor to have a more precise analysis. By comparing these
observations with seismic data, the spatial accuracy could be further improved. Lastly,
the use of ultrasound as a complementary indicator of calving activity is another method
that could be further tested, given that calving generates both airborne and underwater
acoustic signals (Marchetti et al., 2021).

Extending the observation period over additional years would provide a better under-
standing of long-term trends, particularly in relation to climate change. Some interesting
questions are whether calving activity during summer months increases each year and if
periods of high ice mélange coverage shorten due to warming changes in fjord and glacier
conditions. Investigating these trends at seasonal and interannual scales could improve
our understanding of how glacier-ocean interactions will evolve under changing climate
conditions.
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The integration of additional parameters, such as the role of seiches in modulating calving
activity can help improving the code to better extract the number of calving using a tide
gauge record (MacAyeal et al., 2012).

Calving plays a significant role in the ice loss of the Greenland Ice Sheet (GrlS), with
approximately half of its mass loss attributed to the discharge of icebergs (Enderlin et
al., 2014). As highlighted by Catania et al. (2020), more research is needed to improve
long-term observations at the ice-ocean and ice-bed boundaries, develop better numerical
models constrained by observational data, and encourage interdisciplinary collaboration.
Beyond its implications for sea level rise, glacier ice loss also affects oceanic processes.
The input of freshwater from calving events reduces the salinity of the fjords, estimates
suggesting that 1 to 2 % of the water mass in these regions originates from glacial melt-
water (Mortensen et al., 2013). This dilution effect can disrupt local ocean circulation
and, on a larger scale, contribute to the weakening of thermohaline circulation (Grosfeld
et al., 2001), an important driver of global climate regulation.
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5 Conclusion

This study focused on the calving activity in Eqalorutsit Kangilliit Sermiat (EKaS) for
a two-year period from July 2022 to July 2024 using tide gauge data as the primary
detection method. In addition, multiple environmental variables were used, such as at-
mospheric conditions, tidal variations, glacier flow velocity, and ice mélange conditions.
Terrestrial radar interferometry (TRI), satellite imagery, seismic signals, and manual ob-
servations were combined to cross-validate tide gauge records. The resulting calving event
database was based primarily on wave height detection through a Python code. All of
this was analysed to answer four main research questions concerning the frequency and
wave height of calving events, the spatial variability in wave responses depending on the
location of the tide gauge, external forcing influences, and the methodological reliability
of the tide gauge to monitor calving activity.

The frequency and wave height distribution of calving events varied over the two years
of record. The initial hypothesis predicted a strong seasonal signal, with a more frequent
wave height occurring during the warmer months and a higher number of small calv-
ing events throughout the data set. This was confirmed by the data, where a seasonal
and monthly pattern can be identified: a significantly higher number of calving events
were recorded during the summer months (in July and August of both years, and in
September 2023), and less events in winter and spring. However, exceptions were found
in December 2023 and January 2024, where the frequency remained high, due to a lower
ice mélange coverage, and several foehn events. In terms of the wave height distribu-
tion, a higher frequency of small waves was observed. The average wave height remained
constant throughout the study period, although the second year recorded higher values
on average. The overall distribution is in line with expectations, where small events are
more frequent, while large events remain rare.

Then, it was analysed how tide gauge records vary depending on their location. The
hypothesis assumed that the geometry of the fjords, the bathymetry and the boulders
in the immediate surroundings would influence the reception of the signal. The results
confirmed this, with the P1 tide gauge detecting 18 % less events than P2 and P3 on
average. P1 also recorded flatter and lower-amplitude waveforms, which contributed to a
higher rate of missed events and false detections. In contrast, P2 and P3, installed on the
opposite side of the fjord and in close proximity, produced more consistent and compara-
ble records, with P3 detecting 8 % more events than P2. These differences illustrate the
influence of local topography and gauge location on wave propagation and detectability.
Subsequently, the impact of external forcing factors on calving activity, such as the pres-
ence of sea ice, atmospheric conditions, glacier flow, and tides, was assessed. The hypoth-
esis suggested that if air temperature and wind are not likely to have a direct influence,
the presence of ice mélange dampens wave signals and reduces detectability. This hypoth-
esis was strongly supported by the data, as the ice mélange was shown to significantly
dampen the smaller wave signals. With that in mind, we can add that a lower frequency
of events occurs with a thick ice mélange, leading to even fewer recorded events during
winter and spring. Interestingly, atmospheric conditions such as foehn winds indirectly
increased calving detection by breaking up the ice mélange, allowing more waves to prop-
agate through the fjord, for example, in December 2023 and January 2024. Glacier flow
variability, on the contrary, appeared to have no measurable influence on calving fre-
quency or size. With regard to tides, a slight increase in calving events was observed
during low tide. Overall, the ice mélange has the most influence among the external forc-
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ing factors studied, influencing both the frequency and the detection of calving events.
Lastly, the methodological suitability of tide gauges to monitor calving activity was dis-
cussed. The hypothesis suggested that, while a tide gauge could provide valuable long-
term records, it would be insufficient for a detailed analysis of individual events. Tide
gauges were found to be highly effective in recording general trends in calving activity
over time. Their affordability, simplicity, and autonomy make them ideal for multi-year
monitoring. However, limitations include the difficulty of determining the precise volume
of individual ice falls and the difficulty of distinguishing between calving types based only
on wave characteristics, even if some patterns can be seen. The influence of ice mélange
also reduces their accuracy during certain periods, which is why adding a correction for
the thickness of the ice melange when extracting the calving waves could improve their
reliability. Despite these limitations, the method offers a valuable component of a broader
monitoring strategy. Integrating tide gauges with other observation techniques, such as
TRI, seismic monitoring, or time-lapse cameras, can significantly improve the overall re-
liability of calving monitoring.

In summary, this thesis demonstrates the feasibility and value of tide gauges as a sensor to
monitor calving activity over extended periods. The high temporal resolution of the wave
height data, combined with a robust detection algorithm, enabled the construction of a
comprehensive calving event database. The integration of multiple detection methods
further enhanced the reliability of the results and allowed a precise interpretation of the
wave records. However, several limitations remain, particularly concerning sensor place-
ment and the dampening effect of ice mélange, which complicates both event detection
and wave height estimations. The fact that the algorithm is based on fixed thresholds also
introduces uncertainty, particularly when it comes to detecting smaller events. However,
the methodology proved sufficient for identifying broad temporal patterns and calving
dynamics across seasons and years. Future research should aim to improve spatial pre-
cision and detection accuracy through the use of multiple tide gauges for triangulation,
which could help estimate calving locations and correct for distance-based signal attenua-
tion. Incorporating signal processing techniques such as Fourier analysis may also uncover
patterns that are not visible in the time domain alone. An improved correction for the
thickness of the ice mélange within the detection algorithm would enhance event detec-
tion during winter and spring, helping mitigate the dampening effect. Given its global
importance, particularly in terms of sea level rise and fjord circulation, it is essential to
continue the interdisciplinary monitoring of glacier-ocean interactions.
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7 Appendices

Number of Detected Peaks for Various mph and mpd Combinations (p1, p2, p3)

0.0100 67

0.0090 71

0.0080 75

0.0070 77

0.0060 81

0.0050 87

0.0040 93

0.0030 105

0.0020 121

0.0010 142

0.0005 177

0.0001 232

Table 5: Number of calving events detected depending on the thresholds for P1, P2, and
P3. The number of events necessary for each tide gauge after manually counting peaks is
highlighted: red for P1, blue for P2, and green for PS3.
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