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ABSTRACT

The Greenland and Antarctic ice sheets hold enough ice to raise global
mean sea level by 65 m. Over the past decades, the thinning and retreat of
their outlet glaciers has raised sea level by approximately 1.2 mm per year,
a number which is expected to increase in the future. Ice sheets loose mass
by melt runoff and flow acceleration that leads to thinning and the breaking
off of icebergs at ice cliffs (known as calving). The size and frequency of
calving events vary by several orders of magnitude, making numerical
simulations of calving challenging. Because calving processes and glacier
flow are interdependent, the response of ice sheets to climate change is
non-linear and not all involved feedbacks are well understood. This leads to
uncertainties in projections of ice sheet mass loss and, as a consequence, sea
level rise magnitudes. Therefore, it is crucial to improve our understanding
of the physical processes behind calving.
This thesis studies calving events at Bowdoin Glacier, Northwest Greenland. Observations show that most of its yearly mass loss by calving is due
to a few large events. Here, I analyse these calving events by combining
several monitoring and modelling techniques. First, I focus on two events
that occurred during field campaigns in July 2015 and July 2017, resulting
from remarkably similar kilometre-scale fractures. Then, I combine five
years of field and remote sensing data to study the evolution of Bowdoin
Glacier’s calving behaviour under its current thinning regime.
The events in 2015 and 2017 were monitored by interferometric radar
and aerial photogrammetry at high temporal and spatial resolution. The
cracks that lead to calving were likely water-filled and deepened by hydrofracturing. The data also show that tides may have modulated crack propagation. Furthermore, observations of meltwater released subglacially at the
calving location suggest that local melt-undercutting influenced the size of
the major calving events. To test these hypotheses, I use the Helsinki Discrete Element Model (HiDEM) and the continuum ice flow model Elmer/Ice
to simulate the initiation and opening of the crack responsible for the 2017
calving event. HiDEM simulations show that undercutting leads to initiation of wider fractures more than 100 m upstream of the calving front,
well beyond the directly undercut region. Consequently, the simulations
illustrate how undercutting can have potentially large impacts on the size
of resulting icebergs. Elmer/Ice simulations show that the water level in
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the crack acts as a key driver of the crack’s opening rates. When forcing
the model with observed sea water level variations, the observed tidal
modulation of opening rates can be reproduced. These findings highlight
the influence of meltwater and tides on calving events at tidewater glaciers
such as Bowdoin Glacier.
In 2019, I installed a GPS network along the calving front of Bowdoin
Glacier. The GPS data suggest that part of the calving front lost contact
with the bedrock below as a result of its sustained thinning. The observed
deformation also indicates that buoyant forces have induced calving in 2019
through a different mechanism than the two large-scale events observed
in 2015 and 2017. By lifting and upward rotation of the front, these forces
create flexure that induces fracture initiation at the glacier base. In addition,
I compile an inventory of calving events from 2015 to 2019 from satellite
imagery. The satellite observations show an increasing occurrence of calving
events outside of the melt season. This suggests that Bowdoin Glacier’s
calving style is evolving towards buoyancy-driven calving mechanisms.
Bowdoin Glacier has been stable since 2013, but the observed change of
calving style may announce an imminent retreat.
The outcomes of this thesis advance the knowledge of glacier calving
mechanisms and show that numerical models covering the full spectrum of
calving styles are needed to accurately project ice sheet mass loss. Threedimensional calving models that resolve vertical and horizontal stress
gradients are essential. Such models capture the effects of buoyant bending,
laterally varying basal topography, melt-undercutting and force imbalance
at the ice cliff. Therefore, I contribute to improving a three-dimensional
calving model in Elmer/Ice to enable rigorous simulations of glacier retreat
and advance. In future studies, this improved model may be used to assess
calving glaciers’ sensitivity to further ocean and atmospheric warming.
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Z U S A M M E N FA S S U N G

Gegenwärtig befinden sich auf der Erde zwei Eisschilde: auf Grönland und
der Antarktis. Der Masseverlust und Rückgang dieser Eismassen haben in
den letzten Jahrzehnten zu einem Anstieg des mittleren Meeresspiegels von
ca. 1,2 mm pro Jahr beigetragen und dieser Beitrag wird sich voraussichtlich
in Zukunft noch erhöhen. Die Eisschilde verlieren nicht nur Masse durch
Abschmelzen, sondern auch durch ihre verändernde Dynamik; durch Erhöhen der Fliessgeschwindigkeit, die zum Schrumpfen und zum Abbruch
von Eisbergen an Eisklippen führt, was Kalben genannt wird. Ausmass
und Häufigkeit von Kalbungsereignissen können um mehrere Grössenordnungen variieren, was die Entwicklung eines universellen Kalbmodells
schwierig macht. Da Kalbungsprozesse und Gletscherfluss voneinander
abhängig sind, reagieren Eisschilde nicht linear auf den Klimawandel. Dies
führt zu Unsicherheiten der Masseverlustprognose und damit zu schwankenden Vorhersagen des Meeresspiegelanstieges. Daher ist es wichtig, unser
Verständnis der physikalischen Prozesse über das Kalben zu verbessern.
Diese Arbeit untersucht Kalbungsereignisse am Bowdoin Gletscher. Beobachtungen zeigen, dass der grösste Teil seines jährlichen Massenverlustes
durch Kalben auf einige grosse Ereignisse zurückzuführen ist. Hier werden
diese grosse Kalbungsereignisse detailliert analysiert, indem verschiedene
Beobachtungs- und Modellierungstechniken kombiniert werden. Zunächst
konzentriere ich mich auf die beiden Grossereignisse, die während der Feldkampagnen im Juli 2015 und Juli 2017 auftraten und einem überraschend
ähnlichen Bruchmuster folgten. Dann kombiniere ich 5 Jahre Feld- und Fernerkundungsdaten, um die Entwicklung des Kalbverhaltens des Bowdoin
Gletschers unter seinem derzeitigen Eismassenverlust zu untersuchen.
Die Ereignisse in den Jahren 2015 und 2017 wurden durch interferometrisches Radar und Luftbildmessungen in hoher zeitlicher und räumlicher Auflösung untersucht. Dabei ergab sich, dass die Risse, die zum Kalben führten,
wahrscheinlich wassergefüllt waren und durch Hydrofraktur-Zerrbrüche
vertieft wurden. Die Daten zeigen ausserdem, dass auch die Gezeiten die
Spaltenöffnung beschleunigt haben. Darüber hinaus zeigen Beobachtungen, dass Schmelzwasser subglazial am Kalbungsort freigesetzt wird, was
die Eisklippe unterhöhlt und dadurch die Grösse der Kalbungsereignisses
beeinflusst. Um diese Hypothesen zu testen, verwende ich das Helsinki
Discrete Element Model (HiDEM) und das Kontinuum-Eisflussmodell Elvii

mer/Ice, um die Erzeugung und Öffnung der Spalte zu simulieren, der
für das Kalbungsereignis 2017 verantwortlich ist. HiDEM Simulationen
zeigen, dass das Unterhöhlen dazu führt, dass breitere Frakturen mehr
als 100 m stromaufwärts der Kalbungsfront und auch quer zur Front weit
über den direkt unterhöhlten Bereich hinaus ausgelöst werden. Folglich
veranschaulichen die Simulationen den potenziell grossen Einfluss der
durch Unterwasserschmelze verursachten Unterhöhlung auf die Eisberggrösse. Elmer/Ice Simulationen zeigen, dass der Wasserstand im Spalt
ein wesentlicher Auslöser für die Öffnungsraten der Spalte ist. Wenn das
Modell mit beobachteten Meerwasserspiegelschwankungen forciert wird,
werden die beobachteten Spaltenöffnungsraten reproduziert. Diese Ergebnisse unterstreichen den Einfluss von Schmelzwasser und Gezeiten auf
Kalbungsereignisse an Gezeitengletschern wie dem Bowdoin Gletscher.
Im Jahr 2019 installierte ich ein GPS-Netzwerk an der Front des Bowdoin
Gletschers. Die GPS-Daten deuten darauf hin, dass ein Teil der Gletscherfront aufgrund ihres anhaltenden Masseverlustes den Kontakt zum darunter
liegenden Gestein verloren hat and zu schwimmen beginnt. Die beobachtete
Verformung weist auch darauf hin, dass Auftriebskräfte das Kalben durch
einen anderen Mechanismus als in den Jahren 2015 und 2017 induziert
haben. Durch Anheben und Aufwärtsrotation der Front erzeugten diese
Kräfte eine Biegung, die eine Bruchinitiierung an der Gletscherbasis bewirkte. Darüber hinaus extrahierte ich aus Satellitenbildern eine Übersicht der
Kalbereignisse von 2015 bis 2019, das eine Umstellung auf schwimmfähiges
Kalben unterstützt, da ein Anstieg von Kalbungsereignissen ausserhalb der
Schmelzsaison zu beobachten ist. Der Bowdoin Gletscher ist seit 2013 stabil,
aber die beobachtete Änderung des Kalbstils könnte auf einen bevorstehenden Rückgang der Gletscherfront hinweisen.
Die Ergebnisse dieser Arbeit zeigen, dass numerische Modelle erforderlich sind, die das gesamte Spektrum von Kalbmechanismen abdecken,
um die Masseverlustprognosen der Eisdecke durch Kalben zu verbessern.
Dreidimensionale Kalbungsmodelle, die vertikale und horizontale Spannungsgradienten vollständig auflösen, sind unerlässlich, damit sie die Auswirkungen von Auftriebsbiegung, seitlich variierender Basaltopographie,
Schmelzunterschneidung und dem Kraftungleichgewicht an der Eisklippe erfassen. Daher habe ich zur Entwicklung eines dreidimensionalen
Kalbungsmodells beigetragen, das die realistische Simulation des Gletscherrückgangs ermöglicht. In zukünftigen Studien sollte dieses verbesserte
Modell verwendet werden, um die Empfindlichkeit von Gezeitengletschern
gegenüber weiterer Meeres- und Atmosphärenerwärmung zu untersuchen.
viii
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1
INTRODUCTION

1.1

ice sheets and sea level rise

Already in the First Assessment Report of the Intergovernmental Panel on
Climate Change (IPCC, 1990), scientists concluded that global mean surface
air temperature had increased by 0.3-0.6◦ C since 1890. Moreover, the five
warmest years were all in the 1980s, but the observed warming was still
within the range of natural climate variability. Global mean sea level had
increased by 10–20 cm since 1890 (IPCC, 1990). The main causes of sea level
rise were the thermal expansion of the oceans, as well as increased melting
of mountain glaciers and the West Greenland ice margin. By the time the
Fourth Assessment Report was published (IPCC, 2007), human influence on
the climate system through the emission of greenhouse gases had become
clear. Warming of the climate system was concluded to be unequivocal, and
scientists proved that many of the observed changes since the 1950s were
unprecedented over thousands of years.
In their latest Special Report (SROCC, IPCC, 2019), the IPCC concluded
that global mean sea level rise has accelerated in recent decades owing to
increasing rates of ice loss from the Greenland and Antarctic ice sheets.
In addition, temporary local increases of sea level as a result of extreme
meteorological conditions will occur more often. Extreme sea level events
that are currently rare (today’s hundred-year event) are projected to occur
annually at many locations by 2050 for all emission scenarios (IPCC, 2019).
The increasing frequency of extreme sea levels can have severe impacts,
especially in poorer areas which cannot afford coastal protection. Without
adaptation, annual flood damages are expected to increase by 2–3 orders of
magnitude by 2100 (SROCC, Oppenheimer et al., 2020).
The ice sheets contain enough water to raise sea levels by 7 m (Greenland)
and 58 m (Antarctica) if they vanished completely (Oppenheimer et al.,
2020). From 2012–2016, sea level rose 1.2 mm yr−1 by mass loss from the
ice sheets (of which ≈55% originated from Greenland). This is a seven-fold
increase since 1992–2001 (SROCC, Meredith et al., 2020). Glaciers outside
Greenland and Antarctica contributed with 0.6 mm yr−1 from 2006–2015
(Oppenheimer et al., 2020), but the remaining mass of glaciers is comparably
small; equivalent to 0.3 m sea level rise (Farinotti et al., 2019).
1
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1.1.1

Components of ice sheet mass loss

Glacier flow transports ice from high to low elevation where ice is eventually
lost by melt runoff and the breaking off of icebergs for glaciers which end
in an ice cliff (referred to as calving). The sensitivity of glaciers, ice caps
and ice sheets to climate change therefore largely depends on ice flow.
Widespread retreat and flow acceleration of Greenland outlet glaciers
between 2000 and 2005 resulted in a step-increase in ice loss. The ice sheet
switched to a new state with persisting high flow velocities, such that only
an extremely unlikely large increase in snow fall could compensate for the
mass loss (King et al., 2020). Summer melting of the Greenland Ice Sheet
has increased since the 1990s to a level that is unprecedented over at least
the last 350 years (Meredith et al., 2020). Two-thirds of Greenland’s ice mass
losses between 2000–2012 were due to melt runoff, but from 2013 to 2018
the combined effect of calving and submarine melting contributed to more
than half of the mass losses (King et al., 2020).
The Antarctic Ice Sheet is affected differently by global warming. Approximately 10 % of Antarctica’s area consists of ice shelves (the floating
extensions of the grounded ice sheet, Rignot et al., 2013). Antarctica’s
negative mass balance mainly results from acceleration, retreat and rapid
thinning of major outlet glaciers in the west, driven by melting of floating
ice shelves by warm ocean waters (Meredith et al., 2020). Mass gain by
increased snowfall has somewhat offset these losses (Meredith et al., 2020).
The observed ice-sheet loss from 2007 to 2017 is in the upper range of
projections made in IPCC’s Fifth Assessment Report (Slater et al., 2020).
Projections of future ice sheet mass loss and thus sea level rise rely on
parametrizations of iceberg calving in ice sheet models. However, calving
mechanisms are still not entirely understood. Calving is a complex process
because of its interconnection with glacier flow, melt, (sub)glacial hydrology,
and crevassing (fracturing of glacier ice, Benn et al., 2007b). For example,
submarine melting may accelerate calving by undercutting grounded glacier
calving fronts, removing support of the ice cliff (e.g. O’Leary and Christoffersen, 2013). Despite recent major advances in calving models, it remains
challenging to find a calving law that captures the range of observed calving
styles and aforementioned interactions (Benn and Åström, 2018).
A reliable calving law is important, as calving and glacier evolution are
closely linked. For example, glacier models more accurately reproduce
ice velocity and thickness evolution when forcing them with observed
calving front positions (Bondzio et al., 2017; Haubner et al., 2018). Therefore,
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a reliable calving law will automatically improve simulated ice velocity
and thickness evolution. Furthermore, feedback mechanisms exist where
glacier acceleration and calving enhance each other, resulting in dynamical
instabilities which may cause rapid ice loss (Cross-Chapter Box 8, Meredith
et al., 2020). To accurately model such instabilities, ice sheet models need to
capture the full range of calving styles. As the feedbacks and instabilities
are difficult to model, iceberg calving is responsible for a significant part of
the uncertainty of sea level rise projections (Bulthuis et al., 2019).
1.1.2

Thesis outline

In this thesis, I study the calving behaviour of Bowdoin Glacier, a tidewater glacier located in Northwest Greenland. Observations show that
large-scale, occasional calving events may contribute more to ice mass loss
than small frequent events (Walter et al., 2010; James et al., 2014; Åström
et al., 2014; Medrzycka et al., 2016). This calls for research focused on
large-scale events. For Bowdoin Glacier, I regard calving events as largescale when full depth, kilometre-scale icebergs are detached. My research
investigates calving mechanisms through detailed studies of the interaction
between supraglacial meltwater, submarine melt, glacier thinning, and ice
fracturing. Thereby, I combine two state-of-the-art numerical models with
high-resolution monitoring techniques. In the following sections, I review
existing models of ice motion and calving (Sect. 1.2), introduce the calving
behaviour of Bowdoin Glacier (Sect. 1.3), present the research objectives,
and summarize Ch. 2–4 of this thesis (Sect. 1.4). Chapters 2–4 are published
in scientific journals, and are thereby self-contained chapters that may be
read independently. This thesis finishes with conclusions and an outlook,
in which the potential for further research is discussed (Ch. 5). Additional
work on an improved calving model is presented in the Appendix.
1.2
1.2.1

numerical modelling of glacier calving
Ice dynamics: brittle-elastic solid and viscous fluid

The stress field of a material describes how much it is compressed, stretched
or twisted as a result of applied forces. Since calving events are triggered by
high stresses, any physical calving model needs to solve the stress field in
the ice. The stress in a material is governed by Newton’s equation of motion,
which describes the conservation of momentum (Benn et al., 2017a).

3

4

introduction

Figure 1.1: Bowdoin Glacier prior to the major calving event of July 2015, photo by
Julien Seguinot.

The deformation of ice in response to stress, ’strain’, can occur by fracture
or ice flow. In most glacier and ice sheet models, ice is assumed to behave
as a viscous fluid on long timescales and fracturing is neglected. When
Newton’s equation of motion is applied to incompressible viscous fluid
motion, the Navier-Stokes equations are obtained (Greve and Blatter, 2009).
Since flow acceleration of ice can be neglected and ice can be regarded
incompressible, the governing equations simplify to the Stokes equations.
Most ice sheet models adopt Glen’s flow law, which describes ice as
an isotropic viscous fluid (Glen, 1952). This law relates the stress in a
non-linear manner to the strain rate. Thereby, the Stokes equations form
a non-linear system with four coupled unknowns (pressure and three
velocity components), which is time consuming to solve. In order to reduce
computational requirements to model ice dynamics on long timescales,
many approximations to the Stokes equations have been derived, either
by depth-integrating the Stokes equations or by solving the stress on a
two-dimensional flowline (Greve and Blatter, 2009).
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On shorter timescales, ice is known to behave as an elastic material (Schulson and Duval, 2009). For a linear elastic solid, Hooke’s law linearly relates
stress and strain (Greve and Blatter, 2009). Elastic strain is recoverable, and
lasts only as long as stress is applied. Permanent deformation can also
occur on short timescales, when ice breaks along a fracture, called brittle
failure. As crack propagation occurs on a time scale of ∼ 10−2 s, ice can be
treated as brittle-elastic during the fracturing process (Benn et al., 2017a).
1.2.2

Calving models

A detailed review of calving models can be found in (Benn and Åström,
2018). Only the most commonly used models are reviewed here. Models
for calving glaciers either project an averaged calving rate, or individual
calving events.
Models for calving rates
The calving rate is defined as the difference between ice velocity at the
calving front and glacier length change over time (Benn et al., 2007b).
Calving rates at several glaciers have been observed to correlate with water
depth at the glacier front (Brown et al., 1982). The numerical implementation
of a calving law that relates the calving rate to water depth successfully
reproduced the retreat of several tidewater glaciers (Meier and Post, 1987;
Nick et al., 2007; Oerlemans, 2018). Other laws relate the calving rate to
longitudinal strain rates (Alley et al., 2008; Levermann et al., 2012) or the
stress field (Morlighem et al., 2016; Mercenier et al., 2018; Schlemm and
Levermann, 2019).
Models for individual calving events
There are several methods for modelling calving events, based on:
• buoyancy criteria,
• a formula for crevasse penetration,
• Linear Elastic Fracture Mechanics (LEFM),
• Continuum Damage Mechanics (CDM),
• discrete element models,
each of which are discussed here.
Van der Veen (1996) observed that a calving glacier in Alaska remained
at a certain thickness above buoyancy. Such a buoyancy-criterion has been
used to model calving events at several glaciers (Vieli et al., 2001, 2002; Nick
et al., 2007).
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Most commonly, a formula for crevasse penetration depth (Nye, 1957)
is used, which includes the effects of longitudinal stretching (Nick et al.,
2010; Vieli and Nick, 2011; Cook et al., 2013; Todd and Christoffersen, 2014).
The definition of the calving criterion varies slightly amongst these models,
but generally the ice is assumed to calve off when Nye’s formula predicts
crevasses at the ice base and/or surface to penetrate the entire ice thickness.
The aforementioned studies have applied calving models to a twodimensional (2D) central flowline ignoring lateral variations of the glacier
geometry and flow distribution. This limits their capability to reproduce
crucial parts of the calving process. Otero et al. (2010) implemented Nye’s
crevasse depth formula into a diagnostic three-dimensional (3D) model and
a time evolving 3D model has been developed as well (Todd et al., 2018).
The main flaw of the formula given in Nye (1957) is its assumption
that the stress concentration at the tip of cracks can be neglected. This
assumption holds for a field of closely spaced crevasses, since there is no
tensile stress in thin slabs separating neighboring crevasses (Weertman,
1974). However, the assumption is not valid for predicting the depth of
a single crevasse. To overcome this problem, several studies have used
more elaborate LEFM (van der Veen, 1998) that considers single crevasses
and does not neglect stress concentrations. LEFM models are not widely
used because a realistic representation of crevasses requires a high mesh
refinement to handle crack-induced discontinuities that is usually difficult
to achieve. Therefore, most studies remain theoretical (Weertman, 1974;
van der Veen, 1998; Van der Veen, 1996), and few have applied LEFM to
realistic geometries of ice shelves, glaciers in a flowline setting, or idealised
3D geometries (Plate et al., 2012; Krug et al., 2014; Yu et al., 2017; Lipovsky,
2018, 2020). Mottram and Benn (2009) measured crevasse depths, and found
that the LEFM model only performs better than Nye’s model when input
data such as crevasse spacing are available, otherwise the results are similar.
CDM models use a damage variable, which represents the proportion
of cracks within the ice. The damage variable is 0 for intact ice, and approaches 1 where the material becomes completely fractured (no ice is left).
In this way, CDM captures softening induced by ice fracturing. CDM has
been applied to study the appearance of single crevasses or calving events
(Pralong and Funk, 2005; Jouvet et al., 2011; Duddu et al., 2013; Jiménez
et al., 2017; Mercenier et al., 2020). The problem of applying CDM models
to calving is that when the damage variable approaches 1, the incompressibility assumption is violated, and the Stokes equations become ill-posed,
which leads to numerical instabilities (Jouvet et al., 2011).

1.3 bowdoin glacier

To include the interaction between crevasses and the stress field, two
studies combined CDM and LEFM approaches. Krug et al. (2014) let damage
enhance the viscous flow of ice but includes fracture propagation at very
short timescales by LEFM. Sun et al. (2017) applied Nye’s formula as a local
source of damage.
All previously discussed models treat ice as a flowing continuum, governed by the Stokes equations. A different approach to model calving is
the application of discrete element models (Åström et al., 2013; Bassis
and Jacobs, 2013). In such models, ice is represented as stacked particles,
connected by bonds that deform elastically. Discrete models can simulate ice fracturing explicitly by breaking bonds which are subject to high
stresses. However, these models are computationally expensive, such that
their application is limited to short simulations (depending on the number
of particles, up to a few days in duration). Most widely used in glaciology
is the Helsinki Discrete Element Model (HiDEM), which has been applied
to several conceptual and real glacier geometries (Åström et al., 2014; Benn
et al., 2017a; Cook et al., 2018; Vallot et al., 2018). HiDEM models ice as a
brittle-elastic material, and fractures occur if the strain on bonds exceeds a
critical threshold. A viscoelastic version called HiDEM-ve has recently been
implemented as well (Crawford et al., 2020).
1.3

bowdoin glacier

Bowdoin Glacier (Kangerluarsuup Sermia in Greenlandic, Bjørk et al., 2015)
is a 2.8 km wide marine-terminating glacier in Northwest Greenland
(77◦ N, 68◦ W, Fig. 2.1a). In 2013, the glacier was up to 250 m thick at the
calving front, grounded but near-flotation, and its maximal flow speed was
approximately 1.5 m day−1 (Sugiyama et al., 2015).
Satellite imagery shows that, except for a 230 m retreat from 1999 to
2001, the front position was fairly stable from 1987 to 2007. In 2008, ice
flow accelerated and rapid retreat over 1.15 km lasted until 2013 (Fig. 4.1a,
Sugiyama et al., 2015). From 2007–2013, Bowdoin Glacier dynamically
thinned at a rate greater than 5 m yr−1 (Tsutaki et al., 2016; Sakakibara and
Sugiyama, 2018). From 2013, the calving front has stabilised to its current
position, but the glacier is still thinning, locally up to 12 m yr−1 (Fig. 4.4,
Tsutaki et al., 2017).
Bowdoin Glacier has been studied extensively during five summer field
campaigns since 2013 by Hokkaido University and ETH Zürich (since 2014,
findings of all campaigns are summarized in Sugiyama et al., 2020). Field
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activities included borehole drilling, automated cameras installation, in
situ GPS, passive seismic monitoring, and radar measurements for bed
topography and fjord depth. Uncrewed Aerial Vehicle (UAV) flights were
conducted from 2015. In 2016 and 2017 a terrestrial interferometric radar
monitored glacier dynamics.
At Bowdoin Glacier, major calving events where kilometre-scale icebergs
detach dominate the ice mass loss over small, frequent events (Jouvet
et al., 2017; Minowa et al., 2019). Large-scale calving events were observed
(Figs.1.1, 4.3) during three field campaigns (2015, 2017 and 2019). In July
2015 and 2017, large surface crevasses were visible at least a week before two
calving events occurred (Fig. 4.2). These two events were remarkably similar,
in terms of duration, size and location. Surprisingly, surface crevasses were
not observed prior to two large-scale calving events in July 2019; neither in
the field, nor from aerial imagery (Fig. 4.3).
1.4

objectives of this thesis

In this thesis, I study calving mechanisms at Bowdoin Glacier in detail
by combining high-resolution data and numerical simulations, aiming to
gain a better understanding of the drivers of individual, large-scale calving
events. Research questions that I address in Ch. 2–4 are the following:
RQ1. What drives crevasse initiation leading to major calving?
RQ2. Which processes control crevasse opening after initiation?
RQ3. How does the observed thinning affect Bowdoin Glacier’s calving
behaviour?
1.4.1

Crevasse initiation (RQ1)

To study drivers of crevasse initiation, I use HiDEM to simulate fracture
initiation prior to the major calving event in 2017 (Ch. 2). HiDEM is a
suitable model because ice behaves as an elastic-brittle solid during the short
timescale of ice fracturing. Observations of subglacial meltwater released
near the calving location suggest that strong submarine melt occurred prior
to calving (Fig. 2.1). By removing support at the ice cliff, melt-induced
undercutting may cause an increase in calving by altering stresses upglacier, a so-called ’calving amplifier’ effect (O’Leary and Christoffersen,
2013; Cowton et al., 2019). However, the significance of this effect is still
under debate (Benn et al., 2017a). I test whether HiDEM can reproduce
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fracture initiation responsible for the major calving event and to what extent
submarine-melt undercutting is necessary to do so.
1.4.2

Crevasse opening (RQ2)

In Chapter 3, I focus on the period after fracture initiation. I further develop
the work of Jouvet et al. (2017), who studied crevasse opening of the
calving event in 2015, by combining UAV data and simulations of viscous
deformation with Elmer/Ice (Gagliardini et al., 2013). In 2017, a time series
of displacement and crevasse opening rates was obtained from a terrestrial
radar. These observations reveal that the crevasse opened fastest at low
tide. To investigate the crevasse opening, I use a new 3D remeshing routine
in Elmer/Ice that enables to compute the stress field in the crevassed ice.
Since the calving event observed in 2017 lasted for at least five days (from
the first crevasse appearance to the final collapse), the viscous model is
suitable to investigate the relative importance of drivers of crevasse opening.
Unlike the simulations with HiDEM, my Elmer/Ice simulations do not
incorporate crevasse propagation. They only model the crevasse opening
rate in response to certain crevasse geometries and boundary conditions.
The drivers I study are:
• meltwater input into the crevasse,
• enhanced ice cliff undercutting by submarine melt, and
• ice damage increase through tidal fatigue (by increasing ice softness).
1.4.3

Calving behaviour under thinning regime (RQ3)

In Chapter 4, I study calving mechanisms at Bowdoin Glacier under its
thinning regime. The absence of surface crevasses prior the calving events
in July 2019 suggests that a change of calving style may have occurred. To
investigate whether this is indeed the case, I combine five years of field and
remote sensing data. In July 2019, I installed a network of ten GPS stations
at the calving front of Bowdoin Glacier to monitor ice motion during and
prior to the major calving events. Furthermore, I use satellite, timelapse and
UAV imagery to construct an inventory of calving events. The inventory
serves to investigate possible changes in the frequency, size and seasonality
of Bowdoin Glacier’s calving events since 2015.
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1.4.4

Towards a projection of Bowdoin Glacier’s future evolution

In order to simulate calving processes on longer timescales, I contribute
to the development of an improved calving model in Elmer/Ice together
with Dr. Todd at the University of St Andrews. The new model improves
the existing 3D calving model (Todd et al., 2018), which is based on vertical
extrusion of a 2D footprint. The improvement consists of using a fully
3D remeshing approach which relies on the remeshing routine I use for
crevasses in Ch. 2. The new remeshing routine will provide a more robust
technical treatment of calving events. Furthermore, the new routine allows
for migrating margins, whereas the lateral margins of the calving front
were previously fixed. The improved model is described in the Appendix.
The model is suitable for future studies of Bowdoin Glacier’s sensitivity to
further thinning, and could answer whether a second phase of retreat is
underway.

2
M E LT - U N D E R C U T T I N G I N C R E A S E S F R A C T U R E
I N I T I AT I O N

A copy-edited version of this chapter is published by Frontiers as:
Van Dongen, E., Åström, J., Jouvet, G., Todd, J., Benn, D., Funk, M. (2020).
Numerical Modeling Shows Increased Fracturing Due to Melt-Undercutting
Prior to Major Calving at Bowdoin Glacier. Frontiers in Earth Science, 8,
253, https://doi.org/10.3389/feart.2020.00253.
abstract
Projections of future ice sheet mass loss and thus sea level rise rely on the
parametrization of iceberg calving in ice sheet models. The interconnection
between submarine melt-induced undercutting and calving is still poorly
understood, which makes predicted contributions of tidewater glaciers
to sea level rise uncertain. Here, we compare detailed 3D simulations of
fracture initiation obtained with the Helsinki Discrete Element Model (HiDEM) to observations, prior to a major calving event at Bowdoin Glacier,
Northwest Greenland. Observations of a plume surfacing at the calving
location suggest that local melt-undercutting influenced the size of the
major calving event. Therefore, several experiments are conducted with
various local and distributed (front-wide) undercut geometries. Although
the number of undercut experiments is limited by computational requirements, one of the conjectured undercut geometries reproduces the crevasse
leading to the observed major calving event in great detail. Our simulations
show that undercutting leads to initiation of wider fractures more than
100 m upstream of the terminus, well beyond the directly undercut region.
When combining a moderate distributed undercut with local amplified
undercuts at the two observed plumes, fracture initiation also increases in
between the local undercuts. Thus, our results agree with previous studies
suggesting the existence of a ’calving amplifier’ effect by submarine melt,
both upglacier and across-glacier. Consequently, the simulations show the
potentially large impact of submarine melt-induced undercutting on iceberg
size.
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2.1

introduction

Marine-terminating outlet glaciers of the Greenland Ice Sheet thin, accelerate and retreat faster than any other part of the ice sheet (e.g., Pritchard
et al., 2009; Hill et al., 2017)). The Greenland Ice Sheet lost 1827 ± 538 Gt
of ice due to glacier discharge from 1992 to 2018, accounting for 48% of
the total mass loss (IMBIE Team, 2020). Future mass loss predictions, and
thereby sea level rise predictions, are strongly affected by the representation
of marine-terminating outlet glaciers in numerical ice sheet models (Catania
et al., 2020; Goelzer et al., 2020). Up to 40% of the uncertainty of sea level
rise projections is caused by the uncertainty in calving parametrizations
(Bulthuis et al., 2019). Despite recent major advances in modelling calving, it remains challenging to formulate a robust calving law for ice sheet
models that calculates mass loss induced by the range of observed calving
styles (Benn and Åström, 2018). Since calving is the mechanical detachment
of icebergs from the glacier terminus, the location and timing of calving
events are determined by fracture initiation and propagation (Benn et al.,
2007b). Fractures in the ice are both influenced by and affect the stress
state of glaciers (Colgan et al., 2016). This interconnection contributes to the
complexity of parametrizing calving in large-scale ice sheet models.
Additionally, several physical processes that are known to affect iceberg
calving are poorly constrained by observations (Benn et al., 2007b). This
is particularly the case for calving associated with submarine melting of
the ice front, because melting and calving processes are not independent.
Melt-induced undercutting of termini may cause an increase in calving by
altering stresses up- or across-glacier, a so-called ’calving amplifier’ effect
(O’Leary and Christoffersen, 2013; Benn et al., 2017a; Cowton et al., 2019).
However, confirming such an effect is difficult since directly observing both
submarine calving and melt rates is challenging. Estimated melt rates rely
on modelling or hydrographic data taken at a distance from the glacier
terminus (Slater et al., 2016). Using these methods, submarine melt rate
estimates range from 0.7 to 10 m d−1 for Greenland (Rignot et al., 2010;
Sutherland and Straneo, 2012; Xu et al., 2013; Inall et al., 2014). Where
glacier runoff reaches the calving front through channels below sea level,
buoyant plumes appear that entrain relatively warm seawater and thereby
increase submarine melt locally (Jenkins, 2011). Ambient melt, outside
of such plumes, was previously thought to be insignificant compared to
plume-driven melt (Cowton et al., 2015; Carroll et al., 2016). However, repeat
multibeam surveying-derived ambient melt rates are as high as ∼5 m d−1
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at LeConte Glacier, Alaska (Jackson et al., 2020), two orders of magnitude
higher than predicted by existing plume-melt parameterizations (Jenkins,
2011; Cowton et al., 2015). Therefore, the relative importance of distributed
and localised melt and their effect on calving is still unclear.
Besides measuring melt rates, observing submarine glacier front geometries is also challenging. Rare geometry observations have shown that a
plume can cause a locally undercut glacier front, with undercut lengths into
the glacier that can be as large as the water depth (Fried et al., 2015; Rignot
et al., 2015; How et al., 2019). Fried et al. (2015) found that 80 % of the
terminus of a West Greenland glacier is undercut and they observed many
deeply-undercut outlets even for subsurface plumes with small discharge
fluxes. Cowton et al. (2019) showed that the location of such local undercuts
determines whether submarine melt can act as a calving amplifier. Their
model study shows that localised melting near the lateral margins might
trigger increased calving of the entire glacier terminus.
At Bowdoin Glacier, Northwest Greenland, a few kilometre-scale calving
events form a large part of the annual mass loss by calving (Fig. 2.1, Jouvet
et al., 2017; Minowa et al., 2019). Therefore, understanding the mechanisms
of such individual major calving events contributes to understanding of
Bowdoin Glacier’s calving behavior. Unmanned aerial vehicle (UAV) surveys revealed the opening of a crevasse prior to a major calving event in
2015 and Jouvet et al. (2017) found that a crevasse penetrating half the
glacier thickness was required to cause the observed opening rates. A terrestrial radar interferometer (TRI) installed on a hill opposite the calving
front revealed that crevasse opening prior to a major calving event in 2017
was fastest at low tide (Van Dongen et al., 2020a). Using the ice flow model
Elmer/Ice (Gagliardini et al., 2013), we modelled crevasse opening rates by
prescribing the observed crevasse location (Van Dongen et al., 2020a). We
identified the water level inside the crevasse as a key driver of modelled
crevasse opening rates and found that undercutting may have contributed
to destabilising the calving front. While the mechanisms leading to crevasse
opening have been investigated for Bowdoin Glacier in the aforementioned
studies, the crack initiation that preconditions calving remains an open
question. In this paper, we use the elastic-brittle Helsinki Discrete Element
Model (HiDEM, Åström et al., 2014) to study crevasse initiation prior to the
major calving event observed in 2017. In contrast to continuum flow models
such as Elmer/Ice, discrete element models are capable of modelling ice
fracturing processes explicitly (Faillettaz et al., 2011; Åström et al., 2013;
Bassis and Jacobs, 2013; Riikilä et al., 2015). We test whether HiDEM is
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capable of reproducing the initiation of the crevasse responsible for the
major calving event and to what extent submarine undercutting is necessary
to explain the observed event. HiDEM has been used previously to study
the influence of undercutting using both conceptual (Benn et al., 2017a) and
real-world glacier simulations (Vallot et al., 2018). However, whereas Vallot
et al. (2018) compared modelled calving rates to satellite-derived calving
rates, we here use high resolution field observations which give us a unique
opportunity to validate the model results and to improve our understanding
of calving mechanisms.
2.2

study site

Bowdoin Glacier is a marine-terminating glacier located in Northwest
Greenland (77◦ N, 68◦ W, Figure 2.1A). The approximately 3 km wide glacier
was up to 250 m thick at the calving front in 2013 (Sugiyama et al., 2015).
The terminus position was fairly stable from 1987 to 2008, when the glacier
started retreating at an average rate of 0.22 km yr−1 (Sugiyama et al., 2015).
Since 2013, the calving front has stabilised, but the glacier has been thinning
at a rate of 4 m yr−1 (Tsutaki et al., 2016). Bowdoin Glacier’s ice flow is
characterised by a stagnant region in the southeast and fast flow in the
central region, causing a shear zone at the terminus (outlined in Fig. 2.1B).
An almost crevasse-free medial moraine is present ∼1 km away from the
southeastern glacier margin, close to the zone of highest shear (Fig. 2.1B
and C).
In July 2017, the break off of a 650 m wide, 80 m long iceberg was observed
in detail during a field campaign, at least 5 days after the formation of
a large surface crevasse (Van Dongen et al., 2020a). The fracture leading
to the major calving event was the only crevasse that crossed both the
shear zone and moraine (Fig. 2.1D). A very similar scale event, at the
same location across the shear zone, took place in July 2015, 15 days after
fracture initiation (Jouvet et al., 2017). For both observed events, a plume
was visible on the sea surface at the calving location (Fig. 2.1C, Jouvet
et al., 2017). Therefore, submarine melt-induced, local undercutting may
have influenced the stress-state and thereby the observed calving events. In
2017, a second plume surfaced through the ice mélange in the northwest
(Fig. 2.1C). Jouvet et al. (2018) found that in 2016, the northwestern plume
originated from Bowdoin Glacier itself, whereas the southeastern plume
was fed by discharge from the nearby land-terminating Mirror Glacier.
The plume’s origin was recognised since it appeared approximately 24
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hours after the outburst of an ice-dammed, marginal lake fed by a river
transporting meltwater from Mirror Glacier (Fig. 2.1A).
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Figure 2.1: Satellite image, ice surface velocity fields and ortho-images of Bowdoin
Glacier. (A) Sentinel-2A image of Bowdoin Glacier on 25 July 2017, with an inset
indicating the position of Bowdoin Glacier in Greenland by a star (Source: MODIS).
One arrow points at the model domain, of which the upstream boundary is outlined
by the black line. The other arrow points at the river that transports discharge
from the nearby Mirror Glacier. (B) Satellite-derived velocity for the period 4–24
July 2017, including the shearline in white that outlines highest velocity gradients
(Van Dongen et al., 2020a). (C–E) UAV-derived orthoimages before (C and D, July 5)
and after the July 8 major calving event (E, July 14) with an outline of the calved area
in black. (C) Northwest and southeast are labelled with NW and SE respectively.
(D) Several arrows point at the crevasse that lead to calving. (E) The July 8 calving
event is outlined in black.
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2.3
2.3.1

methods
Crevasse detection

To facilitate the comparison of model results and observations, fractures
are extracted from a 0.5 m resolution UAV-derived ortho-image of 5 July
2017 (Fig. 2.1C). Various edge detection algorithms have been tested, but a
simple threshold on intensity of the grey-scale ortho-image was the most
successful in producing a crevasse map while limiting extraction of false
positives (shadows, debris on the glacier etc.). Fractures are extracted by
selecting the pixels with intensity below 30 % from the ortho-image.
2.3.2

Model

We use the Helsinki Discrete Element Model (HiDEM, Åström et al., 2013,
2014) to study crevasse initiation prior to the observed large calving in 2017.
HiDEM models ice as a brittle-elastic solid. Dynamics is induced by elasticity, fracture and sliding. The model neglects viscous deformation, which
can be ignored during fracture initiation and calving due to the distinct
deformation timescales involved (∼ 102 − 106 s for viscous deformation
compared to ∼ 10−2 s for crack propagation, Benn et al., 2017a).
HiDEM represents ice as an assemblage of particles, arranged to form
glacier geometries. Neighbouring particles are connected by massless breakable beams, that act as rigid joints keeping particles together. Regardless
of whether two particles are connected by a beam, they interact via inelastic contacts that dissipate energy through a damping force. The version
of HiDEM used in this study (doi:10.5281/zenodo.1402603) most closely
resembles the one described in Åström et al. (2014). A detailed model description is given in the Supplementary Material. Extensive benchmarking
and validation of the model are reported in Riikilä et al. (2015) and Åström
et al. (2013).
HiDEM computes the displacement of each particle using a discrete
version of Newton’s equation of motion with dissipation terms (Eq. S2.1).
Calculating the trajectory of each particle is computationally expensive,
which restricts the duration of HiDEM simulations. During initial simulations, it became clear that the short timescale of our HiDEM runs (5 s) are
sufficient for fractures to occur, but insufficient for sliding. Without glacier
dynamics by sliding, only very limited fracture initiation occurs. To be able
to simulate at least moderate sliding, the friction parameter (C in Eq. S2.1)
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was rescaled by a factor of 10−5 . With this rescaled friction coefficient, a few
seconds of HiDEM simulation reproduces an amount of glacier sliding and
fracturing that would normally require tens of hours. Only basal friction
is scaled; all other forces such as gravity and particle interactions remain
unscaled.
To start a simulation, the glacier is divided into a hexagonal close packed
lattice of spheres of equal size. Initially, 10% of the beams are randomly
selected and broken, representing small pre-existing cracks in the ice. Because the initial arrangement of particles is an undeformed lattice, there
is no load on the beams to counter the forces induced by gravity and
buoyancy. Therefore, the initially imposed lattice must deform slightly to
reach a force-equilibrium before fracture initiation can be modelled. We
first switch on the dynamics, including sliding but without fracture, and let
the glacier deform under its own weight. The settling of particles towards
force-equilibrium initially causes some internal oscillations that must be
damped out before the model ice can be allowed to break. After 10 s of simulation, the kinetic energy of the glacier (Eq. S2.3), mainly induced by these
oscillations, is reduced by more than an order of magnitude (Fig. S2.1). The
mean particle displacement in this phase is less than 10cm in the horizontal
direction and less than the particle size in the vertical direction (<2 m).
Once the system has reached force-equilibrium, the load on beams can be
expected to model forces within the glacier in a realistic manner. This is a
suitable initial state for fracture computations and fracturing is allowed to
occur in the second phase. Beams can break if the strain on a beam exceeds
a fracture threshold, either by tension or bending (Eq. S2.2). Fractures are
irreversible, there is no reconnecting of beams. If all beams would break,
the particle motion represents granular flow.
It should be noted that not all observed crevasses are formed instantaneously, many crevasses formed earlier and were advected to the terminus. Mottram and Benn (2009) measured strain rates across crevasses on
a glacier in Iceland and found that almost half of the tested crevasses (19
out of 44) were closing due to compressive stress. Since relict crevasses
may no longer be in equilibrium with prevailing stresses, it is expected that
HiDEM does not reproduce such fractures. However, the one crevasse that
was observed to lead to calving was located in the shear zone, which is
normally crevasse free (Fig. 2.1C–E). This crevasse was therefore very likely
formed in place, similar to observations in 2015 (Jouvet et al., 2017), and is
thus suitable to study by HiDEM simulations.
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2.3.3

Model domain

The computational domain extends to 500 m upstream of the calving front
(Fig. 2.1A). We use a highly detailed, 1 m resolution, Digital Surface Model
(DSM) of 5 July 2017 obtained by UAV photogrammetry and bed elevation
is derived from radar and sonar measurements (Van Dongen et al., 2020a).
Glacier thickness in the model domain is shown in Fig. 2.2B. The glacier
front is grounded but close to flotation (Van Dongen et al., 2020a). Since
we use a high resolution DSM, topographic depressions are present in
the initial geometry. Fig. 2.2C shows these depressions, calculated as the
difference of the DSM and a smoothed surface obtained from the DSM
by a 2D median filter with a 51 × 51 kernel. We find that the topographic
depressions do not affect the location and orientation of modelled fractures
significantly, compared with a simulation imposing the smoothed surface
(Sect. S2.2.2).
Fig. 2.3 shows the HiDEM domain after the relaxation phase, for a
particle size of 1.75 m using ∼50 million particles. A sensitivity analysis
was done to find the optimal particle size, defined as particle diameter,
that is computationally feasible and realistically reproduces fracturing
on Bowdoin Glacier (Sect. S2.2.1). For large particles (≥4 m), hardly any
fractures initiate. For small particles (≤2 m), the glacier becomes fragile
and fracture initiation dominates the modelled velocity. Therefore, we use
2.5 m particles such that the model reproduces both fracture initiation and
observed velocities.
2.3.4

Boundary conditions

Particles at the upstream and lateral boundaries are fixed in the horizontal
plane. Unless specified otherwise, the glacier front is assumed to be vertical.
A buoyancy force is applied to all ice particles below sea level, not only
the particles at the calving front. This is equivalent to applying a water
pressure at the calving front, the floating ice base and inside crevasses (as
explained in the Supplementary Material).
Basal friction is applied as damping force, which is linearly related to
particle velocity (Eq. S2.1). We apply a simple friction distribution, based
on satellite-derived velocity. A shear line is identified where the highest
velocity gradients are observed (Fig. 2.1B). Two different friction values are
applied on either side of the shear line: a low friction of 3 × 109 kg s−1 and
high friction of 1 × 1011 kg s−1 (Fig 2.2A). The values are averaged friction
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values found by inverting for basal friction based on the satellite-derived
velocity using the ice flow model Elmer/Ice (Van Dongen et al., 2020a). The
values of all model parameters are listed in Table S2.1.

Figure 2.2: HiDEM input data on a rotated coordinate system, equal to the coordinate system of the HiDEM simulations. (A) Friction distribution overlayed on
July 5 ortho-image, showing low friction (blue, 3 × 109 kg s−1 ) and high friction
(red, 1 × 1011 kg s−1 ). (B) Glacier thickness and (C) topographic depressions (C),
calculated as the difference of the DSM and a smoothed surface obtained from the
DSM by a 2D median filter with a 51×51 kernel.

Figure 2.3: Particle arrangement describing the geometry of Bowdoin Glacier after
10 s of simulated glacier dynamics for a particle size of 1.75 m.
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2.3.5

Experiment design

We define a control simulation, which has the dual basal friction distribution
shown in Fig. 2.2A and a vertical ice cliff. Besides the control simulation,
we test the influence of the basal conditions and undercutting.
Usually, no fractures are present in the shear zone (Fig. 2.1B and C),
similar to observed at Antarctic suture zones (e.g., Hulbe et al., 2010)).
However, the fractures leading to the major calving events in 2015 and 2017
did cross the shear zone. Therefore, it has been argued that influence of
the shear zone on fracture formation is important to understanding the
observed calving event (Jouvet et al., 2017; Van Dongen et al., 2020a). To
assess the influence of the observed high shear, we compare our control
simulation to a set-up with the low friction value everywhere.
Since a plume surfaced at the calving location, we expect that local undercutting influenced the major calving event. Therefore, several experiments
are conducted with a submarine melt-induced undercut. As there has not
been in situ measurement of the shape of the submarine ice-cliff at Bowdoin
Glacier, we have to assume ice front geometries based on observations at
other glaciers (Fried et al., 2015; Rignot et al., 2015; How et al., 2019). We
assume linear undercuts reaching up to sea level, similar to those used
by Benn et al. (2017a). We vary the undercut length (UC), which is defined
as the distance upstream the undercut reaches. We let the undercut length
depend on the local water depth (Dw , Fig. 2.4). Three different types of
undercuts are introduced: a distributed undercut along the entire calving
front, local undercuts where plumes are observed through the ice mélange
(Fig. 2.1C) or a combination of a smaller distributed and larger local undercut. An overview of the simulations is given in Table 2.1 and the undercut
geometries are outlined in red on Figs. 2.6B–E.
The maximum applied distributed undercut in our simulations is Dw /4.
Observed undercut lengths averaged across a terminus, hence similar to our
distributed undercut, vary from Dw /10 − Dw /3 for Greenlandic glaciers
(Fried et al., 2015; Rignot et al., 2015). The reported largest local undercut lengths vary widely per glacier as well: from Dw /12 for Tunabreen
(Svalbard), Dw /2 for Kangilernata Sermia to Dw for Kangerlussuup Sermia, Store Gletscher and Rink Isbrae (Fried et al., 2015; Rignot et al., 2015;
How et al., 2019). Because of high computational demands, the number of
experiments is severely limited and not the entire range of observed local
undercuts has been simulated.

2.4 results

Ice flow

Dw
UC

Figure 2.4: Conceptual visualisation of the undercut geometry, showing definition
of undercut length UC, and water depth Dw . Here UC = Dw /2.

2.4
2.4.1

results
Observed crevasse distribution

Detected crevasses are shown in Fig. 2.5A. Besides crevasses, a few dark
features are also extracted, such as the medial moraine and some patches
with debris close to the moraine, but the criterion is chosen such that shadows are not extracted. Fig. 2.5A shows four regions of different fracturing
patterns. Long, transverse crevasses are observed in the fast flowing area
(1250 ≤ x ≤ 2500 m). Close to the western glacier margin (x > 2500 m),
narrow along-flow crevasses are visible besides wider across-flow crevasses.
Except for the crevasse leading to calving (Fig. 2.1C–E), very few crevasses
are observed in the shear zone close to the moraine (850 ≤ x ≤ 1250 m).
Close to the eastern margin (x ≤ 850 m), crevasse density increases again
but the fracturing pattern is more chaotic than in other regions of the glacier
terminus. Since only minor sliding is expected in this area (Fig. 2.1B, Jouvet
et al., 2017), these crevasses are presumably produced under a dynamical
regime of slow stretching mostly due to viscous deformation.
The same four regions (western marginal, central, shear zone and eastern
marginal) will also be referred to in comparisons of model results versus
observed fracturing pattern. We have computed the density of black pixels
in Fig. 2.5A per region, as a measure of observed crevasse density (both
abundance and width), as shown in Table 2.2. For the calculation of crevasse
density in the shear zone, the moraine-covered area (1050 ≤ x ≤ 1100 m)
is excluded since the grey-scale threshold falsely detects it as a crevasse.
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Simulation

Basal friction

Distributed

Local

Control

heterogeneous

-

-

Low friction

homogeneous

-

-

Distributed I

heterogeneous

UC = Dw /4

-

Distributed II

heterogeneous

UC = Dw /8

-

Local

heterogeneous

-

UC = Dw /4

Combined

heterogeneous

UC = Dw /8

UC = Dw /4

Table 2.1: Summary of numerical experiments. Heterogeneous basal friction means
that friction is as shown in Fig. 2.2A, whereas homogeneous means that low friction
(3 × 109 kg s−1 ) is applied over the entire domain. The distributed undercuts are
applied along the entire calving front, whereas local undercuts are applied where
plumes are observed through the ice mélange (Fig. 2.1C).

The crevasse densities in Table 2.2 for each region are given relative to the
density in the entire domain. Table 2.2 shows that the observed crevasse
density is highest in the western marginal area, closely followed by the
central area. The observed crevasse density is lowest in the shear zone.
In Sections 2.4.2 and 2.4.3 we assess whether HiDEM reproduces the observed crevasse pattern. Subsequently, Section 2.4.4 addresses the influence
of undercut geometries on the initiation of the crevasse that was observed
to lead to major calving (Fig. 2.1C–E), and other crevasses close to the front
that could induce calving.
2.4.2

Control simulation

All simulations are run for 5 s in the second simulation phase when fracturing is allowed. The 5 s of modelled glacier dynamics resemble the amount
of sliding that is observed in approximately one day (Fig. 2.5D). This is
as expected, since the basal friction coefficient is scaled by a factor 10−5 ,
and the sliding velocity is approximately proportional to friction coefficient
(Eq. S2.1). As such, we can interpret the modelled fractures to represent
the amount of fractures that initiate during approximately one day. HiDEM
reproduces the observed high shear close to the moraine (Fig. 2.5D). The
velocity distribution is partly characterised by fracture initiation, visible as
discontinuities in the modelled velocity field (Fig. 2.5D).

2.4 results

Modelled fracture strain on the surface is shown in Fig. 2.5B. The strain
is only shown for broken bonds where the strain is at least ten times the
fracture strain. Strain magnitude reflects fracture width: if the strain is 1,
this corresponds to a fracture width equal the original bond length which
is slightly larger than the particle size (2.8 m). Generally, modelled fracture
orientation agrees with observations, but the modelled fracture density is
much lower than observed. Fractures are mainly initiated in the central area
(Table 2.2), which matches the area where the long, transverse fractures
are observed (Fig. 2.5A). However, the fractures do not extend as far to
the west as observed. This results in a low modelled fracture density in
the western marginal area, which contradicts observations (Table 2.2). Very
few crevasses are modelled in the shear zone, which is consistent with
observations, and the few crevasses modelled there are narrow (low strain
in Fig. 2.5B). One of the modelled fractures is similar to the crevasse that
lead to the observed calving event, only along half of its extent. In the almost
stagnant eastern marginal area, a very low fracture density is modelled,
contrary to observations, but this should be expected because our model
set-up ignores viscous deformation (see Section 2.4.1 and Discussion).
2.4.3

Basal conditions

The low friction set-up causes significantly more fractures (Fig. 2.5C): the
proportion of broken bonds is almost twice as high as in the control set-up
(Table 2.2). By lowering the friction in the eastern marginal area, the ice
velocity is generally higher than in the control simulation (cf Fig. 2.5D and
E). Hence, the increased glacier sliding causes increased fracture initiation.
At first sight, the low friction set-up therefore does a better job in reproducing the observed fractures than the control simulation, which showed
a lower fracture density. Especially in both marginal areas, more fractures
are modelled in comparison to the control simulation (Table 2.2). However,
we do not expect our model set-up to reproduce crevasses in the eastern
marginal area. Therefore, we do not interpret the higher modelled fracture
density in the east as an improvement compared with the control simulation. Furthermore, the low friction set-up no longer reproduces the almost
stagnant area in the east. Almost four times as many fractures initiate in the
low friction set-up in the shear zone (Table 2.2), where very few fractures
are observed. The shear zone is of main interest in this study, since calving
was observed there. Because the control simulation better reproduces the
shear zone, all subsequent simulations assume the friction distribution as
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in the control simulation (Fig. 2.2A), despite the better reproduction of the
western marginal area in the low friction set-up.
2.4.4

Melt-induced undercutting

Four different undercut geometries are applied (see Table 2.1). Moderate
(UC = Dw /8) or larger (UC = Dw /4) distributed undercuts are applied
along the entire calving front, as well as a local undercut (UC = Dw /4,
Fig. 2.4). Finally, a local undercut (Dw /4) at the plumes which gradually
decreases to a moderate distributed undercut (Dw /8) everywhere else is
applied. For all simulations, the surface strain is shown in Figs. 2.6B–E and
modelled velocity averaged from 14–15 s in Figs. 2.6G–J. For comparison,
strain and velocity of the control simulation are shown in Figs. 2.6A and
F. As can be seen from comparing Fig. 2.5D (10–15 s velocity average for
the control simulation) and Fig. 2.6F (14–15 s velocity average for the same
simulation), the 10–15 s averaged velocity is dominated by smooth sliding,
whereas the velocity from 14–15 s is dominated by discrete fracturing. Since
we are mainly interested in the fracturing for these undercut simulations,
the velocity during the final second of simulation is shown, such that the
fractures that are actively opening are visualised. The quantity of modelled
broken bonds, wide crevasses and crevasses in the shear zone, relative to
the control simulation, are given in Table 2.2.
The model results suggest that the larger distributed undercut (UC =
Dw /4) destabilises the entire glacier terminus. Fig. 2.6B not only shows
more surface fractures but also higher strain, hence wider fractures (more
than forty times as many wide fractures, Table 2.2). The velocity crosssections furthermore show that fractures extend to the ice base and ice
chunks are in the process of rapidly detaching up to 200 m upstream, across
the whole terminus (Fig. 2.6G). As such, the modelled fractures can be
interpreted as a precursor to a very large calving event which spans almost
the whole glacier width. On the other hand, the moderate distributed
undercut has a very limited effect on fracture initiation (Fig. 2.6C, four
times as many wide fractures, Table 2.2) and velocity (Fig. 2.6H). Only in
the western marginal area, a few fractures are initiated where no fractures
were modelled in the control simulation (Fig. 2.6A), but the fracture density
in the west is still lower than observed.
The modelled surface strain shows that a local undercut (Fig. 2.6D) does
not affect fracture initiation much. Fracturing is still limited in the west
and the quantity of modelled fractures is very similar to the control set-
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Figure 2.5: Comparison of observed and modelled fractures for the control and low
friction set-up. (A) Observed fractures extracted by selecting the pixels with intensity
below 30% of the maximum intensity, from the 0.5 m resolution ortho-image of July
5 (Fig. 2.1C). (B) Modelled fractures above sea level with strain larger than 0.003
(ten times the fracture strain) for the control simulation, after 15 s simulation. (C)
Modelled fractures when applying low friction everywhere. (A–C) The red area
highlights the shear zone (850 ≤ x ≤ 1250). (B–C) The red line indicates the extent
of the observed calving event. Modelled velocity from 10–15 s simulation time for
(D) the control simulation and (E) low friction everywhere. (D–E) Left panels show
a cross-section through the northwestern plume, middle panels surface velocity and
right panels a cross-section through the southeastern plume. The white lines in the
middle panels indicate the location of the cross-sections.
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up (Table 2.2). However, the combined effect of a local larger undercut,
gradually decreasing to a distributed moderate undercut, produces wider
fractures than either the local or distributed moderate undercut (Fig. 2.6E).
The total increase of fractures is slightly larger than for the distributed
Dw /4 undercut, but fewer wide crevasses are modelled (less than half the
increase, Table 2.2). The wider fractures do not extend as far upstream the
calving front as for the larger distributed undercut (cf. extent of yellow
in Fig. 2.6B and E) and fractures are opening less rapidly (cf. Fig. 2.6G
and J). For the combined local and distributed undercut, one wide fracture
outlines the observed fracture that lead to calving (Fig. 2.6E). The velocity
cross-sections show that a fracture extends to the glacier base near the
northwestern plume and the ice chunk near the southeastern plume that
was observed to calve off is detaching (Fig. 2.6J).
The model results of the combined local and moderate distributed undercut are compared with observations in Fig. 2.7. The observed and modelled
velocity show a similar discontinuity where calving is observed (Figs. 2.7A
and B), although the velocity distributions do not agree. Whereas the iceberg is observed to have the highest detachment velocity on the southeast,
the modelled velocity is lower there. Fig. 2.7C shows that the modelled
fracture does not exactly follow the applied undercut length, but is initiated
further upstream, close to where calving is observed (Fig. 2.7D). Both the
distributed Dw /4 undercut and combined local and distributed undercuts
results show a major crevasse in close alignment with the crevasse that
was observed to lead to major calving. In order to quantify the difference
between the modelled and observed crevasse for both simulations, we calculated the area between the closest modelled crevasse and the observed
crevasse. We divided this area by the observed crevasse length to get the
average distance between the modelled and observed crevasse. For the
distributed UC = Dw /4, the closest crevasse is on average 15.3 m away
from observations, whereas the combined local and distributed undercuts
give a crevasse on average 6.5 m close to observed, less than three times the
particle size.
2.5

discussion

In an earlier study (Van Dongen et al., 2020a), the relative importance of
several physical processes that could affect crevasse opening was investigated by comparing ice flow model results to observations. Crevasse water
level and thus hydrofracturing was found to be a first-order control on
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Table 2.2: Fracture densities as observed (first row) and modelled (all other rows). In
the first two rows, densities are given relative to the density in the total domain. For
all other rows, densities in each column are given relative to the density in the same
column for the control simulation. The observed fracture density is derived from
the number of black pixels per m2 in Fig. 2.5A, excluding the area of the moraine
(1050 ≤ x ≤ 1100 m). The modelled fracture densities of each simulation are derived
from the number of broken bonds per m2 . Labels of the simulations are explained in
Table 2.1. The first column shows the fracture density in the total domain, followed
by the density of modelled wide fractures (broken bonds with strain > 0.2) in
the second column. The final four columns give the fracture densities for the four
regions identified in Section 2.4.1: west (x > 2500 m), central (1250 ≤ x ≤ 2500 m),
shear zone (850 ≤ x ≤ 1250 m) and east (x ≤ 850 m).

opening rates. Submarine melt-undercutting was identified as a secondorder process, possibly accelerating opening rates. However, the previous
study only addressed opening of the crevasse leading to calving, after it had
initiated. Here, we investigate fracture initiation, using the elastic-brittle
model HiDEM. The simulations serve to increase our understanding of
the calving pattern observed at Bowdoin Glacier and to assess the effect of
melt-undercutting.
The high-shear zone in the southeast, close to the medial moraine
(Fig. 2.1B), has been suggested to influence the calving pattern of Bowdoin Glacier (Jouvet et al., 2017). HiDEM produces high shear when using
a dual basal friction distribution with higher friction in the slow-flowing
area (Fig. 2.5D). The almost crevasse-free area in the shear zone is in this
case well reproduced (Fig. 2.5B). On the other hand, if applying low friction
everywhere, the fracture density increases by a factor of almost four in the
shear zone (Table 2.2). These results support the suggested importance of
basal conditions to explain the observed fracturing pattern in the shear
zone.
Besides geometry and basal friction, the only model input consisted
of conceptual ice-cliff profiles, based on locations of plumes at Bowdoin
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Glacier and measured ice-cliff profiles at other glaciers (Fried et al., 2015;
Rignot et al., 2015; How et al., 2019). Due to high computational demands,
only a small set of geometries could be tested. We demonstrate that HiDEM
nevertheless manages to closely reproduce the fracture initiation prior to
the observed large calving of 8 July 2017, on average 6.5 m close to observed,
as shown in Figure 2.7.
The HiDEM results suggest that the modelled fracture initiation and
thus the calving behaviour are strongly controlled by submarine meltinduced undercuts (Fig. 2.6). When applying a large distributed undercut
(UC = Dw /4 along the entire calving front), HiDEM predicts collapse
of almost the entire width of the ice cliff (Fig. 2.6G). As such collapse
is not observed, we interpret the applied undercut to be unrealistically
large, since the simulation suggests that calving would have occurred
before the undercut could grow this large. The impact on fracturing is
limited when applying a moderate distributed undercut (UC = Dw /8) or
local undercuts restricted to plumes (UC = Dw /4, Figs. 2.6C, D, H and I).
However, HiDEM reproduces the observed fracture that lead to calving
very closely when the moderate distributed undercut is combined with
larger local undercuts (Figs. 2.6E, 2.6J and 2.7), although we cannot exclude
that other combinations of local and distributed undercuts not tested here
could have produced a similar result. The simulation combining a moderate
distributed and larger local undercuts also shows fractures near the western
plume that could lead to calving (Fig. 2.6E). However, these fractures are
narrower and do not extend all the way to the front, which suggests that
they would not lead to detachment of an iceberg yet (Fig. 2.6E). Sentinel-2
imagery confirms that calving occurred in this region between July 30 and
August 19.
The assumed undercut lengths are in the range of observed undercuts
for West Greenlandic glaciers, where the majority of the calving front is
undercut (range of distributed UC from Dw /10 to Dw /3) and plumes cause
local deeper undercuts (up to Dw , Fried et al., 2015; Rignot et al., 2015). The
occurrence of a calving amplifier (O’Leary and Christoffersen, 2013) can be
examined by comparing the upstream extent of the applied undercuts to
the modelled initiation of wider fractures (strain>0.2, yellow in Fig. 2.6B–E).
In our simulations, increased fracturing is limited in case of a moderate
distributed undercut (Dw /8) or larger local undercuts (Dw /4, Figs. 2.6C
and D). With a larger distributed undercut, wider fractures are initiated
over 200 m upstream in the central part of the terminus, more than four
times further than the undercut itself (Dw /4, Fig. 2.6B). Besides that, the

2.5 discussion

combination of a larger local and a moderate distributed undercut increases
fracture initiation over 100 m upstream, both at and in between the local
undercuts (Fig. 2.6E). Hence, our results exhibit the calving amplifier effect
both upglacier (as in O’Leary and Christoffersen, 2013) and across-glacier
(as in Cowton et al., 2019). However, the calving amplifier does not appear in
our simulations for local undercuts alone (cf. Fig. 2.6A and D). This is in line
with Todd et al. (2018), who used a crevasse-depth calving model to show
that distributed undercutting most strongly affects retreat (cf. Fig. 2.6A and
B), whereas concentrated melting generally has little influence on fracturing
(cf. Fig. 2.6A and D), unless a plume is situated at a "key stone", where
stress bridges provide lateral support to the ice front.
The findings of our highly detailed simulations agree with previous
HiDEM studies, which showed that undercutting is necessary to explain
satellite-derived mean volumetric calving rates for Kronebreen (Svalbard,
Vallot et al., 2018) and that sufficiently large undercuts may induce calving
lengths of several times the undercut length for conceptual glacier geometries (Benn et al., 2017a). Whether an undercut can grow large enough to
act as an amplifier may depend on the frequency of low-magnitude calving
events (Benn et al., 2017a). If small calving events are rare and an undercut
is able to grow, instability builds up and the terminus may approach a
critical state which increases the probability of large calving events. This
process can also be described by self-organised criticality (SOC, Åström
et al., 2014). SOC systems have a sub-critical regime – in this case distinguished by infrequent and small calving events, allowing an instability to
build up with time – and a super-critical regime – distinguished by large
calvings and widespread relaxation of the instability. Our simulations with
small or no undercut show typical sub-critical behavior, characteristic of
quiescent periods of calving. In contrast, the larger distributed undercut
shows super-critical collapse of the entire calving front, which is unlikely
to happen in nature. This explains the behavior of Bowdoin Glacier which
shows infrequent large calving events – such as observed in recent years
(Jouvet et al., 2017; Minowa et al., 2019) – that relax its terminus back to subcriticality and let undercuts grow again by submarine melting, destabilising
the front, yielding a cyclic calving pattern.
Our results thus confirm a complex interaction of a distributed meltundercut along the entire ice cliff, and enhanced melt-undercutting at
the locations of plumes. Similar detailed observational and modelling
studies are required on more glaciers to quantify the links between meltundercutting and calving at tidewater glaciers such as Bowdoin.

29

30

melt-undercutting increases fracture initiation

A major limitation of our modelling approach is the short simulation
duration (a few seconds, corresponding to approximately one day of sliding), which does not permit modelling of the entire calving event from
fracture initiation to detachment of the iceberg (at least five days according
to observations).
A shortcoming of our control simulation is the relatively low modelled
fracture density in the western marginal area, both compared with the low
friction set-up and with observations. Most likely, the higher modelled
fracture density can be explained by the modelled ice velocity, which is
not only lower in the eastern marginal area compared with the low friction
simulation, but across the terminus (Fig. 2.5E). Comparison of modelled
and observed velocity shows that the velocity is underestimated in the
western marginal area for both the control and low friction set-up. Whereas
the area of high velocity is observed to extend to the western margin, modelled velocities in the west are lower than in the central area, which can
presumably explain the low modelled fracture density in the west (compare
Figs. 2.5D–E and 2.1B).
Furthermore, the modelled density of surface fractures is generally lower
than observed (Fig. 2.5A), which can have two causes. First, fracture simulations lack history, whereas part of the observed crevasses are formed
upstream and advected to the terminus. Future work could employ more
detailed observations to distinguish actively opening crevasses from relict
crevasses which are not in equilibrium with prevailing stresses. This would
allow a more quantitative comparison of observations of active crevasses
and modelled fracture initiation, whereas our comparisons remain rather
qualitative.
Second, viscous deformation is not included in the simulations. The force
imbalance at the ice-cliff is key to understanding the emergence of surface
crevasses at a glacier terminus. Because the outward-directed cryostatic
pressure is greater than the inward-directed hydrostatic pressure, viscous
stretching is required to balance the gradient in longitudinal stress (Benn
et al., 2007b). Consequently, viscous stretching will increase tensile fracture
at the glacier surface. This is especially the case in the almost stagnant eastern marginal area, where only minor sliding is expected, and fractures are
presumably mainly induced by viscous stretching. Employing a viscoelastic
rheology for ice would therefore improve modelling work of this kind.
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2.6

conclusions

This study investigated the calving mechanisms of Bowdoin Glacier, Northwest Greenland. A major calving event from summer 2017 was studied, by
comparing numerical calving model simulations with observations. Using
the Helsinki Discrete Element Model (HiDEM), we modelled fracture initiation prior to the calving event. The HiDEM results show that the fracturing
pattern is strongly controlled by basal conditions and undercuts induced
by submarine melt. The almost stagnant area on the eastern glacier margin
creates a shear zone in which very few fractures initiate. On the other hand,
we find that submarine melt-induced undercutting may amplify calving.
Experiments with various undercut geometries show that the modelled
increase in fracture initiation generally reaches further upstream than the
applied undercut. However, the interaction between the undercut geometries and fracture initiation is complex. Local undercuts at the plumes alone
do not increase fracturing, whereas combination with a smaller distributed,
front-wide undercut leads to wider fractures across the terminus, both at
and in between the plumes. Therefore, it is complicated, if not impossible,
to quantify the modelled interaction between undercutting and fracturing
towards a parametrized calving law. Nonetheless, our results show the importance of submarine melt-induced undercutting for calving behaviour at
grounded tidewater glaciers such as Bowdoin Glacier and motivate further
detailed studies on this topic.
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Figure 2.6: Comparison of modelled fractures for the undercut experiments. (A–E)
All bonds above sea level with fracture strain over 0.01 after 15 s are shown for
several undercut geometries (B–E), compared with the control set-up (A), overlayed
on the ortho-image of July 5. (A–E) White lines indicate the extent of the observed
calving event and red lines the applied undercut length for each simulation. (F–J)
Modelled velocity from 14–15 s simulation time for the same geometries, where left
panels show a cross-section through the northwestern plume, middle figures surface
velocity and right figures a cross-section through the southeastern plume. The white
lines through the middle panels indicate the location of the cross-sections.
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Figure 2.7: Comparison of model results and observations for UC = Dw /4 locally,
decreasing to Dw /8 distributed. (A) TRI-derived velocity averaged from 5 July until
the calving event on 8 July (Van Dongen et al., 2020a), (B) modelled velocity, (C)
modelled strain, with a red line showing the extent of the applied undercut, and
(D) an ortho-image after calving, with a white line showing the previous calving
front position.
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supplementary material
This supplement includes additional information regarding the Helsinki
Discrete Element Model (HiDEM) and sensitivity experiments.
s2.1
s2.1.1

hidem
Overview

The HiDEM version we use here, models ice as a brittle-elastic material.
That is, irreversible material strain like creep, plasticity and viscosity are not
included in the model. Apart from elastic deformation and instantaneous
fracture, the model also includes basal friction. Additional external forces
that act on DEM-particles are: gravity, buoyancy, and drag. When particles
collide and beams oscillate there is dissipation of kinetic energy through a
force proportional to relative velocity of DEM-particles or beam end-points.
The hexagonal close packed (hcp) lattice in which particles are initially
arranged is a close-packing configuration for equal-sized spheres with
solid-volume fraction of 0.74. Every sphere in the bulk of the material
has 12 neighbours. Since the beams have a stiffness of the same order of
magnitude for all deformation modes, the particles closely approximate a
homogeneous medium. The mass of the DEM-particles is set such that the
density of the material-model is ρ= 930 kg m−3 . The stiffness of the beams
connecting neighbours, can be related to Young’s modulus E of the material
(Åström et al., 2013) and are set such that E = 1 GPa (a common value for
polycrystalline glacier ice, Vaughan, 1995). Poisson’s ratio in HiDEM has a
complex dependence on model parameters and implementation but is ∼0.2
(Riikilä et al., 2015).
s2.1.2

Equation of motion

The ice dynamics are computed using a discrete version of Newton’s
equation of motion and inelastic potentials for the interactions of individual
particles and beams:
M r̈i + C ṙi + ∑ C 0 (ṙi − ṙ j ) + ∑ K p (ri − r j ) + ∑ Kb (ri − r j ) = Fi , (S2.1)
j

j

j
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where M contains the masses and moments of inertia of the particles,
r̈i , ṙi are the acceleration and velocity of particle i, including rotations. The
indices for all particles that are connected to particle i are denoted with j.
Particles are damped by a viscous drag, denoted by the damping matrix
C. The damping coefficients depend on the particles position, since particles
are either in contact with the bedrock, water or air. The damping coefficients
do not change in a discrete manner but linearly over a zone of 1 particle size
at the water line and 1.5 particle size at the bedrock for stability reasons.
The bedrock damping coefficient may vary in space, to model the variation
in slipperiness of the bed. The water drag force is estimated by the drag
force of a square-metre objects in water (103 kg s−1 , Åström et al., 2013).
Collisions between particles are inelastic. The damping force for collisions, C 0 (ṙi − ṙ j ), is velocity-dependent and allows dissipation of energy.
Dissipation C 0 can be estimated via an analog to a harmonic oscillator. On a
microsopic level, DEM-particles and beams form a set of coupled harmonic
oscillators. If the oscillators are overdamped, sound waves cannot propagate
properly in the material, which would not be a good model for ice. If the
oscillators are very much underdamped, the particles would bounce around
during calving, which is clearly not realistic for ice. Therefore we use values
for C 0 that correspond to slightly underdamped values (Åström et al., 2013).
The interactions between particles that are in contact, regardless of having a beam connecting them or not, are modelled as a Hertz contact problem (Hertz, 1882). The elastic, radial repulsive interaction is denoted by
K p (ri − r j ). Interactions between particles that are connected by a beam,
are contained in the stiffness matrix Kb (ri − r j ). Their interaction is modelled as a Euler-Bernoulli beam (Åström et al., 2013), which describes the
deflection of a beam under an applied load in a linear elastic manner and
holds for small strains. Without the Euler-Bernoulli beams, the particles
would move as granular flow.
Finally, the sum of other forces working on particle i is denoted by
Fi . For particles above sea level this includes gravity Fg = ρi gV and for
particles below sea level a buoyancy force Fb = (ρi − ρw ) gV where ρi , ρw
are the ice and water density, g the gravitational acceleration and V the
volume of the particle. The buoyancy force is applied for all submerged
ice particles, because it is not trivial to define a surface (for example the
calving front) in a Discrete Element Model. However, a buoyancy force for
all submerged particles is equivalent to application of the water pressure at
the calving front and floating ice base, as usually done in glacier models
(e.g., Todd et al., 2018). The equivalence can be explained by a consideration
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of the involved pressures. The pressure within the ice increases with ice
depth, d, as ρi gd. The pressure of the water increases with water depth, h,
ρw gh. The pressure within the ice below sea surface can then be written
as: ρi gl + ρi g(d − l ), where, l is the ice-cliff height above sea surface, which
means h = d − l. We then get for the pressure ρi gl + ρi gh − ρw gh + ρw gh,
which can be written as ρi gl + (ρi − ρw ) gh + ρw gh. The first term is the
overburden pressure for the ice above sea level, the second term is the
deviatoric term from the difference between ice and water pressure, and
the last term is the pure hydrostatic pressure. Since we can assume that
both water and ice are incompressible, and if we further assume that water
penetrates all cracks below sea level, we can neglect the last hydrostatic
term in the computations since it does not induce any dynamics. Therefore,
the dynamics induced by buoyancy can be modelled by the previously
introduced forces Fg and Fb .

s2.1.3

Time integration

The differential equation for motion (Eq. S2.1) is rewritten as a difference
equation and integrated forward in time using explicit time integration.
A crude estimate of the desired time step for this type of calculations
can be derived
from an analog to the resonance frequency of a harmonic
√
oscillator Ed/m, where E is the stiffness of the beams, d is diameter of
the particles and m the particle mass. Hence for spheres with a radius of
1 m and E ≈ 109 N m−2 , the resonance frequency is on the order of 103 s−1 .
Multiplied by the particle size this gives rise to velocities on the order of
103 m s−1 , which should be resolved in at least 10 time steps. Therefore, for
particles of 1 m radius, a minimum time step of 10−4 s is required.

s2.1.4

Fracture criterion

Beams break if the strain on the beam exceeds a user-defined threshold ε c ,
either by tension or bending:
ε ` + 0.05|θi − θ j | ≥ ε c

(S2.2)

where ε ` denotes axial strain and θi − θ j rotations at the ends of the beam.
We set ε c = 0.0003. Since the model is brittle-elastic and tensile fracturing
dominates, fracture-strain is easily translated into to the more commonly
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used fracture-stress by multiplying with Young’s modulus. We then have
a fracture stress of 0.3 MPa, which is within the range of observed critical
stress (Schulson, 1999).
s2.2
s2.2.1

sensitivity experiments
Particle size

Unlike mesh size for continuum models, the particle size for DEM has
a direct physical meaning: it matters whether the glacier is built up of
particles of similar size as sand grains or bricks. In an idealized world with
extremely fast computers, one could model a glacier by representing each
ice crystal as a particle. Even when running HiDEM on a supercomputer
for a small part of a glacier, the particle size needs to compromise accuracy
and efficiency. We test which particle size, defined as particle diameter, best
reproduces fracturing on Bowdoin Glacier. The largest applied particle size
is 10 m, as chosen in Vallot et al. (2018) for Kronebreen. However, although
terminus thickness of Bowdoin Glacier and Kronebreen are similar, this
particle size does not yield large enough strain to cause fracturing on
Bowdoin Glacier (results not shown). Therefore, particle size was reduced
in several steps from 4 to 1.75 m.
The simulation consist of two phases. First initial glacier dynamics are
simulated without fracturing, such that the glacier reaches a state which is
reasonably close to a stress equilibrium. Kinetic energy is defined as
1
Σi mi v2i
2

(S2.3)

where mi is particle mass and vi velocity, summed over all particles i. Figure
S2.1 shows for all tested particle sizes how the kinetic energy of the glacier
reduces during 15 s of simulation.
After 10 s, the kinetic energy is reduced by more than an order of
magnitude and fracturing is allowed. The resulting surface crevasse pattern
after 15 s of simulation time is shown in Figure S2.2. The HiDEM results
are sensitive to DEM-particle size. In particular, the glacier becomes more
fragile, and a larger portion of bonds break when particle size decreases and
particle number grows. The density of broken bonds in the model domain,
which reflects the abundance of fractures, increases with decreasing particle
size from 0.7% for 4 m particles to 2.3% for 1.75 m particles (Fig. S2.2). A
rather unexpected effect of this is that larger particle size reproduces the
velocity field better than smaller ones, as the velocity field gets increasingly

S2.2 sensitivity experiments
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Figure S2.1: Time evolution of kinetic energy for various particle sizes.

scrambled by fracturing. For 4-2.5 m particles, the surface velocity in the
final second of the simulation reproduces the observed velocity gradient
well (Fig. S2.3a-c). The velocity gradient is less clearly for smaller particles
because fracturing dominates the modelled velocity (Fig. S2.3d and e).
s2.2.2

Smoothed surface

The observed glacier geometry is very detailed with surface topographic
depressions included. In the UAV-derived surface elevation, these depressions extend down to about 5m, which is small compared to the thickness
of the glacier (more than 250 m, Fig. 2.2b). These features are nevertheless
sufficient for fractures formed in the simulations to often appear exactly
along these grooves, especially for small particles (Fig. S2.2e).
The 1 m resolution DSM was filtered by a two dimensional median filter
with a 51 × 51 kernel to study the impact of the detailed initial geometry.
To limit the required computational resources, this was done for particles
of 2.5 m only. The modelled surface fractures are very similar (Fig. S2.4),
although the smooth surface simulation shows more fractures aligned with
the direction of flow.
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(a) Particle size 4 m, 0.7 % broken

(b) Particle size 3 m, 1.3 % broken

Strain

40

(c) Particle size 2.5 m, 1.6 % broken

(d) Particle size 2 m, 2.0 % broken

(e) Particle size 1.75 m, 2.3 % broken

Figure S2.2: All bonds above sea level with fracture strain over 0.01 for several
particle sizes after 15 s. Colors show the strain for each bond, which is a measure
of crevasse width and subplot labels give the percentage of broken bonds for the
entire model domain.

Parameter

Symbol

Value

Unit

Ice density

ρ

930

kg m−3

Water density

ρw

1030

kg m−3

Gravitational acceleration

g

9.81

m s−2

Strain threshold

εc

0.0003

Timestep

10−4

s

Fracture after time

10

s

Friction scale

10−5

Table S2.1: Numerical values of the constants used in the numerical experiments.

S2.2 sensitivity experiments

(a) Particle size 4 m

(b) Particle size 3 m

(c) Particle size 2.5 m

(d) Particle size 2 m

(e) Particle size 1.75 m

Velocity (m s-1)
Figure S2.3: Modelled velocity from 14 to 15 s for varying particle size.
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Figure S2.4: All bonds above sea level with fracture strain over 0.01 are shown for
2.5 m particles after 15 s for the control set-up (a) and a smoothed surface (b).

3
T I D E S M O D U L AT E C R E VA S S E O P E N I N G

A copy-edited version of this chapter is published by Cambridge University Press as: Van Dongen, E., Jouvet, G., Walter, A., Todd, J., Zwinger, T.,
Asaji, I. Sugiyama, S., Walter, F., Funk, M. (2020). Tides modulate crevasse
opening prior to a major calving event at Bowdoin Glacier, Northwest
Greenland. Journal of Glaciology, 66(125) 113-123, https://doi.org/10.
1017/jog.2019.89.
abstract
Retreat of calving glaciers worldwide has contributed substantially to sealevel rise in recent decades. Mass loss by calving contributes significantly
to the uncertainty of sea level rise projections. At Bowdoin Glacier, Northwest Greenland, most calving occurs by a few large events resulting from
kilometre-scale fractures forming parallel to the calving front. High resolution terrestrial radar interferometry data of such an event reveal that
crevasse opening is fastest at low tide and accelerates during the final 36
hours before calving. Using the ice flow model Elmer/Ice, we identify the
crevasse water level as a key driver of modelled opening rates. Sea water
level variations in the range of local tidal amplitude (1 m) can reproduce
observed opening rate fluctuations, provided crevasse water level is at least
4 meters above the low-tide sea level. The accelerated opening rates within
the final 36 hours before calving can be modelled by additional meltwater input into the crevasse, enhanced ice cliff undercutting by submarine
melt, ice damage increase due to tidal cyclic fatigue, crevasse deepening,
or a combination of these processes. Our results highlight the influence of
surface meltwater and tides on crevasse opening leading to major calving
events at grounded tidewater glaciers such as Bowdoin.

43

44

tides modulate crevasse opening

3.1

introduction

Iceberg calving, i.e. the release of icebergs at the edge of marine-terminating
glaciers, contributes significantly to ice sheet mass loss. Almost half of
Antarctica’s mass loss occurs through calving, while the other half is dominated by submarine melting of ice shelves (Depoorter et al., 2013). In
contrast, about 60% of Greenland’s 1991–2015 mass loss was caused by surface melt and the remaining 40% by calving and submarine melt (Van den
Broeke et al., 2016). Currently, mass loss from the Greenland Ice Sheet
induces a global mean sea level rise of 0.77±0.07 mm a−1 , which is twice as
much as the contribution from the Antarctic Ice Sheet (Bamber et al., 2018;
IMBIE Team, 2018). A significant part of the uncertainty of future sea level
rise projections is caused by the uncertainty in calving parametrizations
(Bulthuis et al., 2019).
Observations in Greenland show that for some glaciers, large-scale infrequent calving events dominate the ice mass loss over small frequent events
(Walter et al., 2010; James et al., 2014; Åström et al., 2014; Medrzycka et al.,
2016; Jouvet et al., 2017; Minowa et al., 2019). Since the physical mechanisms
triggering small- and large-scale events differ (Medrzycka et al., 2016), there
is a need for research focused on each characteristic calving size, and in
particular on large-scale events. In this context, we mean ’large-scale’ in
relation to a glacier’s mass loss through calving, even if the iceberg size may
be small in comparison to calving events on larger glaciers or ice shelves.
Calving mechanisms are still not entirely understood. There is a lack of
data to constrain mechanical properties related to ice fracturing (Pralong
and Funk, 2005), for instance observed critical strain rates for crevasse initiation span over two orders of magnitude (Colgan et al., 2016). Although there
have been major advances in modelling calving in recent years (Benn and
Åström, 2018), defining a universal calving law remains a topic of research.
Besides that, the complexity of calving is also due to its interconnection
with other physical processes such as supra- and subglacial hydrology, or
submarine melt (Benn et al., 2007b). Melt- or seawater entering crevasses
can promote crevasse growth through hydrofracturing (Van der Veen, 2007).
The water exerts a force on the side walls of the crevasse, which opposes the
creep closure force of the ice and thus facilitates crevasse opening. However,
our understanding of calving induced by hydrofracturing is limited by difficulties of measuring the water level inside crevasses, especially near calving
fronts for accessibility reasons. Therefore little is known from observations
about the influence of water-filling of crevasses on calving.

3.1 introduction

The importance of water filling of crevasses has been addressed by
numerical modelling. For a two-dimensional flowline model of Columbia
Glacier, it was shown that the calving rate modelled by a crevasse-depth
calving criterion highly depends on water depth in surface crevasses, a
change of just a few meters in water depth changed the glacier from
advancing to retreating (Cook et al., 2012). A two-dimensional plan-view
ice sheet model showed a similarly strong dependence of the crevasse-depth
calving criterion to water depth for several Greenlandic glaciers (Choi et al.,
2018). Over the recent years, modelling individual calving events in three
dimensions has become computationally affordable. A three-dimensional
crevasse-depth calving model was able to reproduce observed calving
behaviour without including water filling of crevasses above sea level (Todd
et al., 2018). However, such models need to be validated against high spatial
and temporal resolution observations of calving events, which remain rare
(Benn et al., 2017b).
Submarine melt may also induce calving by undercutting grounded
glacier termini (Truffer and Motyka, 2016; Luckman et al., 2015; O’Leary
and Christoffersen, 2013; Münchow et al., 2014). Recently, a strong spatial
variability in submarine melting has been observed by sonar imaging of
calving fronts in West Greenland (Fried et al., 2015; Rignot et al., 2015)
and Svalbard (How et al., 2019). Zones with largest undercuts are usually
located in front of a plume, where meltwater is released subglacially and
rises rapidly through the denser seawater. By turbulent mixing, the plume
entrains relatively warm seawater such that it melts or mechanically erodes
the glacier front under the waterline (Jenkins, 2011; Benn et al., 2017b).
Modelling suggests that a so-called ‘calving multiplier effect’ exists, where
long-term calving rates may be several times greater than submarine melt
rates (O’Leary and Christoffersen, 2013; Benn et al., 2017a; Vallot et al.,
2018). Unfortunately, observations of undercut sizes also remain too limited
to confirm a possible multiplier effect.
Here, we investigate two major and very similar calving events observed
in-situ at Bowdoin Glacier, Northwest Greenland, using GPS, a terrestrial
radar interferometer (TRI) and Unmanned Aerial Vehicle (UAV) flights.
The two calving events were observed during two field campaigns, one in
July 2015 (previously reported in Jouvet et al., 2017) and one in July 2017.
Satellite imagery furthermore showed similar major events since the glacier
stabilised to its current calving front position in 2013 (Jouvet et al., 2017;
Minowa et al., 2019), indicating a typical calving pattern at Bowdoin Glacier.
For the July 2015 event, just one record of crevasse opening is available
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(Jouvet et al., 2017). For July 2017, TRI-derived crevasse opening rates are
available every two hours in the last three days prior to calving. The level
of detail in the available data combined with numerical modelling provides
an unique opportunity for an in-depth analysis that may reveal the physical
mechanisms triggering such recurrent large-scale events. For that purpose,
we use the ice flow model Elmer/Ice (Gagliardini et al., 2013) to investigate
the crevasse opening leading to the 2017 calving event. Seddik et al. (2019)
used the same model to test the sensitivity of Bowdoin Glacier’s ice flow to
tidal forcing, but here we focus on the opening of the single large crevasse
prior to calving. Our modelling investigates the influence of several relevant
processes on the crevasse opening such as tides, the presence of an undercut,
and surface meltwater input into the crevasse.
3.2

study site

Bowdoin Glacier is an approximately 3 km wide marine-terminating glacier
located in Northwest Greenland (77◦ N, 68◦ W, Fig. 3.1). In 2013, the glacier
was up to 250 m thick at the grounded calving front. The flow velocity of ice
reached a maximum of 440 m a−1 in 2013 (Sugiyama et al., 2015). Satellite
imagery has shown that, except for a 230 m retreat from 1999 to 2001, the
terminus position was fairly stable from 1987 to 2008, when rapid retreat
began (Sugiyama et al., 2015). Since 2013, the calving front has stabilised to
its current position, but the glacier has been thinning at a rate of 4 m a−1
(Tsutaki et al., 2016).
Bowdoin Glacier has been extensively studied during five summer field
campaigns from 2013 to 2017. Field activities included in situ GPS, radar
measurements for bed topography and sonar for fjord bathymetry (Sugiyama
et al., 2015; Tsutaki et al., 2017), seismic monitoring (Podolskiy et al., 2016),
borehole drilling and the installation of automated cameras. From 2015,
unmanned aerial vehicle (UAV) flights have been operated to monitor the
dynamics of ice and plumes surfacing next to the glacier front (Jouvet et al.,
2018). In 2016 and 2017, a terrestrial radar interferometer (TRI) was also
installed on a hill opposite the calving front (Fig. 3.1).
Bowdoin Glacier is particularly suitable for in situ measurements near
the calving front, due to the presence of an almost crevasse-free walkable
medial moraine ∼ 1 km away from the eastern glacier margin (Fig. 3.1). The
25-m-wide moraine was formed by the surface transport of rocks from a
confluence located ∼ 15 km upstream the glacier front. The moraine forms

3.2 study site

Figure 3.1: Map of Bowdoin Glacier. The star in the upper left inset indicates the
position of Bowdoin Glacier in Greenland (Source: MODIS). The Sentinel-2A satellite
image shows Bowdoin Glacier on 25 July 2017, and is annotated with the location
of the terrestrial radar interferometer (TRI) and the GPS stations (A-D). The thick
black lines show the inflow boundaries of the two numerical modelling domains
used in this study.
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a depression of the glacier surface. A stream covers part of the moraine,
transporting meltwater to the glacier front.
3.2.1

Observations of two similar major calving events

In 2017, a crevasse across the medial moraine was already present when
team members of the field campaign observed the calving front for the first
time on July 3. On July 8 around 02.00 AM UTC, a 650-m-wide, 80-m-long
slice calved off (Fig. 3.2). UAV imagery shows that the crevasse tip did not
propagate horizontally until the last survey on July 7, 12 hours prior to
calving (Fig. S3.2). The height of the ice cliff above the sea level was about
30 m where the calving event took place. Time-lapse images show that
the iceberg rotated backwards during the calving event (Supplementary
Material). Sentinel-2A imagery shows that the July 8 event is the first
major calving event of 2017, coinciding with break-up of ice mélange. The
meltwater plume was first visible through the ice mélange (Fig. 3.2) on the
Sentinel-2A image of July 4, but not yet on the preceding image taken June
30.
The crevasse leading to calving in July 2017 is strikingly similar to the one
that appeared across the medial moraine during the summer field campaign
in July 2015. Two weeks after the crevasse initiation, an ∼1-km-wide and
100-m-long slice of the front collapsed (Jouvet et al., 2017). Both crevasses
leading to the events initiated in an area of high horizontal shear (Fig. 3.4),
possibly caused by shallow or frozen bedrock immediately behind the front
(Jouvet et al., 2017). In 2015 and 2017, the crevasses responsible for major
calving events were presumably filled with fresh water by a stream present
on the moraine, and also possibly by seawater through a connection to the
ocean. In this paper, we focus exclusively on observations and modelling of
the calving event in 2017.
3.3

observational methods

This section describes each observational method to monitor ice dynamics
at the calving front used in this study, namely: UAV photogrammetrical surveys, GPS measurements, terrestrial radar interferometry, feature-tracking
of satellite imagery, and time-lapse imagery.
The light, fixed-wing UAV "SenseFly eBee" (www.sensefly.com) was used
here to conduct photogrammetrical surveys on July 5, 6, 7 and 12. Each
mission consisted of two flights, covering the terminus of Bowdoin Glacier

3.3 observational methods
crevasse

a

plume
crevasse

crevasse

b 2015 before

c 2017 before

d 2015 after

e 2017 after

plume

100m

Figure 3.2: UAV-derived ortho-images (a-c and e) and a Landsat 8 Operational Land
Imager panchromatic image (d). Figure a shows Bowdoin Glacier’s terminus on 5
July 2017 prior to the calving events, followed by zooms of the calved area before
the calving events (b, 16 July 2015 and c, 5 July 2017) and after the events (d, 30 July
2015 and e, 14 July 2017). Figures b-e have the same scale (scalebar in e). Figures a
and c also show a plume surfacing close to the moraine. The white lines (d-e) show
the calving front position prior to the calving events, not corrected for glacier flow.

by four lines parallel to the calving front. The UAV was programmed to
take aerial photographs with an overlap of 90 % in flight direction and 75
% in cross-flight direction. Ortho-images and digital terrain models of the
calving front were processed from UAV aerial images by Structure-fromMotion photogrammetry using Agisoft PhotoScan software (www.agisoft.
com, Figs. 3.2 and S2).
Four GPS stations were installed from July 7 to 16, including one located close to the calving front (Fig. 3.1). These stations consisted of dualfrequency GPS receivers, which provide three-dimensional coordinates
by processing the continuously recorded GPS data with a static positioning technique. Typical positioning errors were several millimeters in the
horizontal direction (Sugiyama et al. (2015) for details).
Velocity data were also obtained from a TRI, in this case a Gamma
Portable Radar Interferometer, developed by GAMMA Remote Sensing
and Consulting AG, Switzerland. The TRI was installed on a hill facing
the calving front at an elevation of 496 m about 3 km away from the
front (Fig.3.1). Measurements were acquired in a one-minute interval from
July 4 19:36 to July 12 23:06 UTC with a final resolution at the glacier
front of 3.75 m in range and 5 m in azimuth. The interferograms were
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produced following the workflow described by Caduff et al. (2015) and
were stacked over 4 hours to reduce noise before phase unwrapping using
features on stable terrain. The unwrapped phases were then converted to
line-of-sight displacement (Werner et al., 2008). The resulting velocity fields
were resampled to the Cartesian UTM19N grid using nearest neighbour
interpolation.
Third, a velocity field with a resolution of 20 m was derived from
Sentinel-2A images from July 4 and 24 using IDMatch, a software package for Image and DSM Matching to derive glacier surface velocities
(www.github.com/sgindraux/IDMatch). Input parameters for IDMatch are
given in Supplementary Table S1. Additionally, the velocity field was filtered by a two dimensional median filter with a 7 × 7 kernel to remove
noise due to matching failure.
Finally, an automatic camera produced time-lapse imagery of the calving
front (Supplementary Movie). Pictures were taken every minute from a
distance of 3 km of the calving front, at the same location as the TRI
(Fig. 3.1).
3.4

numerical model

To analyse the drivers of crevasse opening, the terminus of Bowdoin Glacier
was modelled using the finite element code Elmer/Ice (Gagliardini et al.,
2013), which solves the Stokes equations in three-dimensions, using Glen’s
law to describe the viscous behaviour of ice (Glen, 1955). The temperaturedependent rate factor in Glen’s flow law is computed using the Arrhenius
relation (Paterson, 1994). The englacial temperature is applied according to
a temperature profile measured in a borehole in 2015, and generalised as
a function of depth below the ice surface over the whole domain (Jouvet
et al., 2017). The recorded temperature has a minimum of −10◦ C near the
surface and is at the pressure melting point near the bed (260 m deep). The
rate factor is multiplied with an enhancement factor E that can account for
ice softening due to damage and ice impurities. Here we use two different
set-ups, E = 1 and E = 4, with the latter value taken from Jouvet et al.
(2017). The enhancement factor E can be seen as a function of a damage
variable d that parametrizes the density of microcracks, which affect the
mechanical behaviour of ice (Pralong and Funk, 2005). In this formulation,
the ice is considered undamaged for d = 0 (or E = 1). The enhancement
factor E = 4 corresponds to a damage level of d = 0.37, i.e., 37%, according
to the relation E = 1/(1 − d)n as derived in Krug et al. (2014). Hence

3.4 numerical model

d =0.37 and thus E = 4 already approaches the critical damage value
d = 0.56 determined by laboratory tension tests (Mahrenholtz et al., 1992).
3.4.1

Model domains

Two domains were modelled: a large domain covering the lowest 7 km
of the glacier terminus and a small domain restricted to the lowest 1 km
(Fig. 3.1). The large domain serves to tune our flow parameters to match
observed and modelled velocities, with limited influence of the inflow
boundary condition. The small domain – coinciding with the area covered
by the UAV – includes the observed crevasse and is used to explicitly model
its opening rates in advance to calving.
For the large domain, surface and bedrock elevation are similar to the
ones derived by Seddik et al. (2019) except within the last 1 km, where the
bedrock DEM was updated using new sonar and ice radar data (Fig. S3.1)
obtained during the 2016 and 2017 field campaigns. For the small domain,
the updated bedrock DEM and the high resolution surface DEM derived
from the 5 July 2017 UAV flight are used. The calving front geometry is
taken from the observed position on 5 July 2017. As there are no observations of the shape of the submerged part of the calving front available, the
front is assumed to be a vertical cliff in most numerical experiments. For
some sensitivity experiments, a submarine undercut is introduced.
3.4.2

Boundary conditions

The ice surface is assumed to be stress-free. At the calving front, where ice
and seawater are in contact, we apply a hydrostatic pressure:
σ · n = − pw n,

(3.1)

where
pw (z) = max (−ρsw g(z − zsl ), 0) .
Here, ρsw is the seawater density, g the gravitational constant and the sea
level is denoted as zsl . The coordinate system is such that the average sea
level is at z = 0 and negative z is below sea level.
We consider the effect of water pressure on the crevasse. From Fig. 3.2,
it is unclear whether the crevasse has a hydraulic connection with the sea.
Other sources of water are the meltwater stream running on the moraine
and possibly a connection to the meltwater that is transported to the calving
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front along the glacier bed, feeding the plume. Therefore, we consider two
cases for the crevasse: i) it is filled with seawater and ii) it is filled with
fresh meltwater. The boundary condition in the crevasse is equal to Eq. 3.1
but the water pressure
pw (z) = max (−ρg(z − zwl ), 0) ,
where ρ is either the density of fresh water or seawater and zwl is the water
level inside the crevasse. The values of the constants used in modelling
experiments are given in Table 3.1. As the water within the crevasse may
have been a mixture of fresh and seawater, these two cases should be
understood as upper and lower bounds of possible water densities.
The bedrock is regarded as rigid and the normal basal velocity is set to
zero at the ice-bed interface. At the glacier bed, we apply a linear friction
law as in Gillet-Chaulet et al. (2012):
τb = Cub ,

(3.2)

where τb is the basal shear stress, ub the sliding velocity and C > 0
a spatially varying sliding coefficient. The satellite-derived velocity is
used to inversely determine the sliding coefficient C in the large domain
(Gillet-Chaulet et al., 2012). The entire glacier is assumed to be grounded
(Sugiyama et al., 2015). The bedrock elevation and UAV-derived surface
DEM give that the height above flotation close to the front was about 10 m.
For the large domain, the observed surface velocity is applied as a Dirichlet condition on the upstream and the lateral boundaries throughout the
entire depth. Because the lateral margins are thin and ice flow is little there,
the application of a Dirichlet condition does not have a strong influence
on our basal inversion. For the small domain, the depth-varying velocity
modelled for the large domain is applied as boundary condition on the
upstream and lateral boundaries.
3.4.3

Remeshing

For both modelled domains, the Gmsh mesher (Geuzaine and Remacle,
2009) was used to build an unstructured three-dimensional mesh, with a
characteristic horizontal edge length of 50 m and vertical mesh length of
10 m for the large domain and both horizontal and vertical edge length
of 10 m for the small domain. To investigate the crevasse opening, a new
three-dimensional remeshing routine was employed in Elmer/Ice that uses

3.4 numerical model

Parameter

Symbol

Value

Unit

Ice density

ρ

910

kg m−3

Seawater density

ρsw

1028

kg m−3

Fresh water density

ρfw

1000

kg m−3

g

9.81

m s−2

Gravitational acceleration

Table 3.1: Physical model constants used in the numerical experiments.

Mmg (Dapogny et al., 2014). The remeshing routine takes the crevassefree mesh and introduces a crevasse, which horizontal location and depth
are user-specified. Here, the crevasse location is visually inferred from
the UAV ortho-image of July 5 (Fig. 3.2). On the southeastern edge, the
crevasse is open to the ocean (Fig. 3.7). The horizontal crevasse extent
is the same for all simulations while different crevasse depths are tested
(Fig. 3.3). Meshes are built with crevasses extending from the surface to
z = 10, 0, −10, . . . , −200 m.
The remeshing routine also allows us to introduce a spherical undercut
at a user-specified location and radius (Fig. 3.3). We prescribe the undercut
at the base, below the surface position of the plume observed by the UAV
on July 5 (Fig. 3.2, z=-200 m) with various radii of 20,40,. . . ,120 m, which is
within the range of observed undercuts (Rignot et al., 2015).
The remeshing to account for both crevasse and undercut is done in two
steps. First, the library MMG3D_mmg3dlib is called to refine the mesh where
the crevasse and undercut are introduced. Second, the shortest distance
to the crevasse or undercut surface is computed for each node on the
refined mesh. Then, the library MMG3D_mmg3dls is used to remove the part
of the mesh that is within the crevasse or within the radius of the undercut,
creating a new smooth boundary surface.

3.4.4

Experiment design

To analyse the key drivers of crevasse opening, a series of diagnostic sensitivity experiments is conducted with varying enhancement factor E, crevasse
depth D, undercut size UC and difference between sea level and water level
inside the crevasse ∆WL (Fig. 3.3). For each set-up, Elmer/Ice was used to
calculate the ice velocity, from which the crevasse opening rates are derived.
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Meltwater stream
zwl

Water level difference
ΔWL = zwl-zsl
zsl

Crevasse depth below zsl
D
Enhancement factor
E

Undercut radius
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Figure 3.3: Schematic overview of the physical parameters involved in the numerical
experiments: the crevasse depth D below z = 0, the difference between sea level
and water level in the crevasse ∆WL=zwl − zsl , the radius of the spherical undercut
UC and the enhancement factor E that affects ice deformation. The supraglacial
meltwater stream is also indicated.

3.5 results

These rates are compared to the TRI observations in order to find out which
parameter set fits the observations best.
3.5
3.5.1

results
Observed velocities

To assess measurement uncertainty, both satellite and TRI velocities are
compared to in situ GPS measurements. The differences are below 14% for
satellite-derived and 12% TRI-derived velocities, as described in more detail
in the supplementary material (Fig. S3.3). Vertical displacement derived
from GPS measurements does not show a clear tidal signal (not shown),
which also indicates the glacier is grounded.
Figure 3.4a shows the mean velocity field obtained for the 4-24 July
period inferred from the satellite images. The velocity field shows a strong
gradient, with lower velocities in the east where the glacier has a shallow
bed (Sugiyama et al., 2015; Jouvet et al., 2017). The highest gradients indicate
a shear-zone, which starts close to the location where the moraine reaches
the glacier front (Fig. 3.4a) and a shallow bedrock underlies the slow
flowing region (Fig. S3.1).The shear-zone deviates from the moraine further
upstream, turning towards the eastern glacier margin around 8625 km
Northing (Fig. S3.1).
The spatial distribution of the velocity measured by the TRI averaged
over the entire measurement period is given in Fig. 3.4b. The whole front
of Bowdoin Glacier is captured, but a hill on the western glacier margin
masks part of the glacier further upstream. Figure 3.5 shows two-hour
average velocity distributions near the crevasse, shortly after the TRI started
operating (July 5, 00:36-02:36 UTC) and shortly before the calving event
(July 7, 20:36-22:36 UTC). The opening of the crevasse is clearly visible by
a discontinuity in the observed velocity field. Three points on each side
of the crevasse were chosen, for which the velocity time series inferred by
TRI was extracted. These points were selected immediately upstream and
downstream of the crevasse in line of sight of the TRI to determine the
crevasse opening rates. As the crevasse is not exactly perpendicular to the
line of sight of the TRI, the latter does not capture the entire motion and
underestimates the opening rates. The temporal evolution of the velocity at
the points on each side of the crevasse are shown in Fig. 3.6, together with
the velocity difference (i.e. opening rates) and the tide. Velocity is highest at,
or slightly before, low tide. Opening rates vary along the crevasse and with
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a

b

Figure 3.4: Satellite-derived velocity field during 4-24 July period (a) and TRIderived velocity field in line of sight of the TRI averaged between July 4 19:51
and July 12 22:51 UTC (b). The background of both panels consists of the July
4 Sentinel-2A image and the white line indicates the zone of highest shear. The
coordinate projection is a Cartesian UTM19N grid.

3.5 results
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Figure 3.5: TRI-derived two-hour average velocity field in line of sight of the TRI
on (a) July 5 00:36-02:36 and (b) July 7 20:36-22:36 UTC, overlayed on the UAV
ortho-image taken on July 5. Three points on each side of the crevasse are chosen,
for which the velocity time series are extracted in Fig. 3.6.

time from 0.03 to 0.79 m d−1 . Also the opening rate is highest at, or slightly
before, low tide. Hence, the tidal influence on the ice flow is two-fold:
besides the velocity also the longitudinal stretching of the glacial surface
increases at low tide, which was also noted by Podolskiy et al. (2016). While
the tidal variations of the opening rates are of similar amplitude during the
first 36 recorded hours, the opening rates increase irreversibly within the
next 36 hours preceding the calving event (Fig. 3.6).

3.5.2

Sensitivity experiments

Inversions for basal drag coefficient are carried out on the large domain (Fig.
3.1), to reproduce the averaged velocity inferred from satellite images (Fig.
3.4). The inversion is done for both E = 1 and E = 4. The resulting velocity,
sliding coefficient and misfits are given in the supplementary material
(Figs. S3.5 and S3.6).The two basal sliding inversions are used as a starting
point to investigate the opening of the crevasse in the small model domain.
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Figure 3.6: Tidal height (a) as measured at Thule Air Base, 125 km south of Bowdoin
Glacier, provided as a part of the Global Sea Level Observing System network
(www.gloss-sealevel.org). Velocity time series in line of sight of the TRI (b) for
each chosen point upstream (continuous line) and downstream (dashed line) the
crevasse. Each point is colour coded consistently with Fig. 3.5. Velocity difference of
the points across the crevasse is shown in (c). The vertical blue lines show when
low tide occurred.

We ran several numerical experiments changing the water level in the
crevasse from ∆WL=0 to ∆WL=6.5 m, while keeping the sea level at 0 m,
and assuming the crevasse is filled with fresh water. The largest tested
water level difference ∆WL=6.5 m is the one for which the fresh water
pressure and sea water pressure are equal at the deepest point of the bed
underneath the crevasse (z=-240 m), which forms an upper bound for ∆WL
in case a hydraulic connection with the sea imposes the basal pressure. The
modelled velocity for a crevasse reaching to z = −100 m is shown in Fig. 3.7
for the most extreme water levels (∆WL=0 and 6.5 m). The crevasse opens
when ∆WL=6.5 m, but closes when ∆WL=0 m. To quantitatively compare
the model results to observations, the modelled velocity was extracted on

3.5 results

Velocity (m d-1)
a ΔWL=0m

1.0
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1.6

b ΔWL=6.5m

Figure 3.7: Modelled velocity (m d−1 ) using parameters E = 1, D =100 m for
∆WL=0 m (a) and ∆WL=6.5 m (b).

each side of the crevasse at points 1-3 (Fig. 3.5) for various crevasse depth
D, water level difference ∆WL and enhancement factor E. The modelled
opening rate in line of sight of the TRI is shown in Fig. 3.8a-c. Figures 3.8b
and 3.8c show that for all ∆WL <4 m, the modelled opening rate is below
all observations at point 2 and 3 for any crevasse depth. Only the most
extreme water level (∆WL=6.5 m) and a crevasse depth of D = 100 m (for
E = 4) or D = 150 m (for E = 1) is sufficient to obtain an opening rate
similar to the mean observed opening rate with the TRI. When assuming
fresh water in the crevasse, the maximum observed opening rate is only
reached by a deep crevasse (D = 200 m), high water level (∆WL=6.5 m) and
very soft ice (E = 4).
Even if the crevasse was filled with seawater, water level difference of at
least 4 m is necessary to reach the mean observed opening rate (Figs. 3.8d-f)
while all modelled opening rates are below the minimum observed value
for ∆WL ≤2 m. Qualitatively, the opening rates for fresh water (Figs. 3.8a-c)
and seawater (Figs. 3.8d-f) are very similar. The distribution of the modelled
opening rates compared to the observed range are similar for all three
points. Therefore, we only show modelled opening rates for point 3 from
now on.
Additional model results show that opening rates for ∆WL=5 m hardly
vary for varying zsl = −2, 0, 2 m (Supplementary Material, Fig. S3.7). Changing ∆WL has a much larger impact on the opening rate than variations in
sea level (Fig. S3.7). Therefore, we kept the sea level constant (zsl = 0 m) in
all further experiments.
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Figure 3.8: Opening rates over crevasse depth below z = 0 (D) (along the x axis) for
varying water level difference, in line of sight of the TRI at the three chosen points
(Fig. 3.5) assuming fresh water (a-c) and seawater (d-f) in the crevasse. The solid
and dashed lines show the results obtained with E = 4 and E = 1, respectively. The
grey area indicates the observed range of opening rates and the grey dashed line is
the time averaged opening rate. Note that the scale of the y-axis is different in every
panel. All simulations assume zsl = 0 m.

3.5 results

The influence of an undercut on the crevasse opening rate was also tested.
The resulting opening rates at point 3 for D=50, 100, and 150 m and varying
∆WL and undercut radius UC are shown in Fig. 3.9 for a fresh water filled
crevasse. A crevasse deeper than 150 m was not modelled as the undercut
then intersects the crevasse, which contradicts the assumption of a fresh
water filled crevasse. The observed opening rates for all UC and D=50 m
are much smaller than observed ones (Fig. 3.9a). Figures 3.9b and c show
that the opening rate increases with the size of the undercut, but only for
crevasse water levels that are sufficient to oppose viscous creep closure
of the crevasse (∆WL ≥4 m) and when having a large undercut of at least
60 m. If ∆WL=0 m, the crevasse closes without undercut, but the crevasse
closes even faster for a 120 m undercut in case of D = 150 m (Fig. 3.9c). To
obtain the maximum observed opening rates for D=150 m and ∆WL=6.5 m,
a large undercut of 80 m (for E = 4) or 120 m (E = 1) is found necessary.
For D=150 m and ∆WL=5 m, only in the case of an undercut of 120 m and
soft ice (E = 4), the modelled opening rate becomes close to the observed
maximum.
In case the crevasse is filled with seawater, similar opening rates occur for
smaller water level differences (Figs. 3.9d-f). For a deep crevasse, D = 200 m,
either ∆WL=5 m and UC = 100 m are necessary for stiff ice (E=1) or
∆WL=4 m and UC = 80 m for softer ice (E=4), in order to obtain the
maximum observed opening rate (Supplementary Material, Fig. S3.8).
3.5.3

Reconstruction of water level difference

In the final 36 hours before calving, the opening rate was observed to
accelerate from below 1 m d−1 up to 2.1 m d−1 at low tide. Our modelling
results show that the acceleration of the opening rate may have been
caused by increased water input, deepening of the crevasse, softening
of the ice due to tidally induced cyclic fatigue, growth of an undercut,
or a combination of theses processes. Using linear interpolation of the
ensemble of simulations, we can reconstruct water level difference ∆WL
which is necessary to reproduce the observed opening rate time series. In
the reconstructions, all parameters except ∆WL are kept constant in the first
36 hours and E, D or UC increase linearly in the final 36 hours. Sea level is
kept at z = 0 and ∆WL is changed by varying the crevasse water level zwl .
In order to visualise the relative importance of these drivers, we compare
these scenarios to three control cases where all parameters except ∆WL are
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Figure 3.9: Opening rates over undercut size (UC, along the x axis) for varying
water level difference, in line of sight of the TRI at point 3 (Fig. 3.5) assuming fresh
water (a-c) and seawater (d-f) in the crevasse. The solid and dashed lines show the
results obtained with E = 4 and E = 1, respectively. The grey area indicates the
observed range and the grey dashed line is the time averaged opening rate. Note
that the scale of the y-axis is different and the grey area has the same magnitude for
all panels.

3.6 discussion

kept constant during the entire period. Figure 3.10 shows the reconstructed
∆WL time series for a seawater-filled crevasse for three configurations:
1. a crevasse deepening from D = 150 to 200 m, which is all the way to
the bed for most of the crevasse, while keeping E = 4 constant. This
scenario can explain the observed acceleration in crevasse opening,
and the semi-diurnal variation of ∆WL stays on the order of the tidal
amplitude, but a slight increase in ∆WL was needed over the last 36
hours to reproduce observed opening rates. Additional simulations
with a crevasse deepening all the way to the bed (z = −240 m) did
not reduce the required ∆WL significantly.
2. an increase from E=1 to 4, while keeping D = 200 m constant. This
scenario is also capable of explaining the accelerated opening, but
again a slight increase in ∆WL was needed to reproduce the observed
acceleration. The difference with the crevasse deepening scenario is
almost indistinguishable for a seawater-filled crevasse. For a fresh
water-filled crevasse (Supplementary Material, Fig. S3.9), this scenario
differs from the crevasse deepening case and a larger ∆WL is required
in the first 36 hours when E=1 compared to the crevasse deepening
case (which assumes E=4). Further softening beyond E = 4 may
reproduce the acceleration without increased ∆WL but this has not
been tested.
3. an undercut growth from 100 to 110 m, which is most capable to
explain the increased opening rate of all tested scenarios without
requiring a further increase of ∆WL. It is sufficient to have a 1 m
amplitude tidal variation around a mean ∆WL=3 m.
The three control cases where only ∆WL varies show that an increased water
input to raise the water level by 1.5-2 m on top of the tidal variation is
also sufficient to explain the acceleration (depending on the scenario, see
Fig. 3.10).
3.6
3.6.1

discussion
Importance of the water level difference

The discontinuity of the velocity across the crevasse suggests that the
crevasse reached the calving front on the south-eastern side (Fig. 3.5). Therefore, there may have been a hydraulic connection between the crevasse and
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Figure 3.10: Required water level difference ∆WL in order to reproduce observed
opening rates for six scenarios assuming the crevasse to be filled with seawater. The
vertical blue lines show the occurrence of low tide. Dashed lines show configurations
where not only ∆WL changes but also E, D or UC changes after 36 hours. Note that
some configurations require similar ∆WL, hence lines partially overlap (for example
red and blue).

the sea. However, there are no direct observations of the water level inside
the crevasse. Our model results show a strong influence of a water level
difference between the sea and the crevasse on the opening rate (Figs. 3.8
and 3.9). We find that a water level difference of at least 4 m between the
crevasse and the sea is necessary to reproduce the maximum observed
crevasse opening rate at low tide shortly before calving, assuming the
crevasse is filled with seawater. This suggests an inefficient hydraulic connection between the crevasse and the sea inducing a delay in water drainage
from the crevasse to the sea. Presumably, the water level in the crevasse
must have been above sea level at low tide. However, the tidal amplitude
is only 2 m (Fig. 3.6). Therefore, our model results show that such a water
level difference is not sufficient to explain the observed opening rates, even
when all other parameters favour crevasse opening (deep crevasse filled
with seawater, large undercut and soft ice). Based on our model results, we
can only explain the observed opening rates by meltwater supply of the
stream that filled the crevasse exceeding sea level by at least 3 m and an
inefficient hydraulic connection with the sea maintaining this water level
difference in addition to the 1 m amplitude tidal variation.

3.6 discussion

3.6.2

Tidal modulation of the crevasse opening rate

It has previously been shown that ice flow velocity is tide-modulated at
Bowdoin Glacier, the highest speed being reached at low tide (Sugiyama
et al., 2015). This indicates that changes in the back pressure exerted by
water along the glacier front are a first-order control in the tidal modulation
of the ice flow velocity. Furthermore, Podolskiy et al. (2016) showed that
microseismicity increases with low tide, driven by variations in longitudinal
stretching which favors near-surface tensile crevasse openings. Our data
show that the opening rate of a single, deep, crevasse is also modulated by
tide. The opening is up to twice as fast at low tide compared to high tide
during the first 36 hours of observation (Fig. 3.6) and this increases to up to
four times as fast during the final 36 hours before collapse. As we found a
strong influence of the water level difference, the tidal modulation of the
opening rate can directly be explained by the highest water level difference
at low tide (Fig. 3.10).
We also found that with a higher enhancement factor (E = 4), hence
softer, more damaged ice, the modelled opening rate increases considerably.
Therefore, cyclic fatigue of ice caused by the tidal modulation of the opening
rate may explain the increasing opening rates observed in the last 36 hours
before the calving event. Modelling by Hulbe et al. (2016) suggested that
the cyclic fatigue associated with tidal flexure can indeed soften the ice.
However, that study focused on floating ice shelves that accelerate at high
tide and a tide-induced fatigue for a grounded glacier as Bowdoin remains
to be investigated.
3.6.3

Plausible calving mechanisms

The calving events monitored in July 2015 and 2017 occurred at approximately the same location. For both events, the crevasses leading calving
crossed the moraine (Fig. 3.2). This is unusual, since the moraine appears
to act as a suture zone (Hulbe et al., 2010), where most crack-tips arrest
(Fig. 3.2). We found that the calving events were controlled by persistent
characteristics, which are specific to Bowdoin Glacier: i) the asymmetrical
basal topography induces a high shear zone where large crevasses initiate,
ii) a plume undercuts and destabilises the calving front and iii) a stream on
the moraine fills crevasses that cross the moraine with water and deepens
the crevasses by hydrofracturing. As the front of Bowdoin Glacier has been
stable since 2013 and these characteristics have been observed for several
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years (Sugiyama et al., 2015), it is likely that they will persist in the future,
such that similar large-scale calving events may reoccur as long as the
calving front remains at its present position.
We obtained detailed temporal and spatial observations of the crevasse
opening prior to the calving event in July 2017 and found that the crevasse
opening accelerates during the last 36 hours (Fig. 3.6). Figure 3.10 shows
that a 1.5-2 m increase in water level, in addition to the tidal variation
and the ∼4 m crevasse water level above low-tide sea level, may on its
own explain the large acceleration of opening rate observed. An undercut
growth of 10 m is most capable of explaining the accelerated opening
without requiring a further increase of water level. The submarine melting
rates induced by the plume were presumably in the range of previously
estimated melt rates for glaciers in Greenland (e.g., up to 8 m d−1 , Xu et al.
(2013); Rignot et al. (2015)). Therefore, at the high end of these numbers, an
undercut growth of 10 m within 36 hours is plausible. Crevasse deepening
and ice softening can also cause the crevasse opening to accelerate but
still require an increase of water level on the order of 0.5 m to explain
the acceleration. Hence, modelling demonstrates the relative importance
of the drivers, but more in situ measurements are necessary to determine
which condition prevailed. For example, detailed surface melt observations
or projections could be used as input data for a glacier hydrology model
to constrain the water level in the crevasse using a linear reservoir model
(Hock and Jansson, 2006). Alternatively, fjord observations could drive a
plume model to provide submarine undercutting rates. Once time series of
crevasse water input and submarine melting are available, a prognostic ice
dynamics model could resolve which driver dominated crevasse opening.
Moreover, for glacier calving fronts that are as accessible as Bowdoins front,
pressure sensors deployed within a crevasse could monitor the water level
change over time which was found to be a crucial variable in this study.
3.6.4

Model limitations and potential improvements

Using a diagnostic numerical model, we investigated the relative importance
of several physical processes responsible for the crevasse opening. Our
approach has two major limitations: i) it considers ice as a viscous material
and neglects elastic deformation that occurs at short timescales and ii) it
does not account for the change of the crevasse geometry with time, nor
the damage of the ice in response to load cycles.

3.6 discussion

The lower limit of the viscous relaxation timescale (the Maxwell timescale)
is determined by the ratio of Glen’s shear stress dependent viscosity of
ice (η) and Young’s modulus (Y) (Benn et al., 2017a). Typical values of
these variables for ice indicate that η/Y ranges from less than an hour up
to 12 days, which means that ice behaves as a viscoelastic medium over
tidal cycles (Jellinek and Brill, 1956; Reeh et al., 2003). Since the observed
major calving events lasted for at least five days from the first crevasse
appearance to the final collapse, also for crevasse propagation both viscous
and elastic deformation could have played a role. Seddik et al. (2019) also
used Elmer/Ice to model the ice flow of Bowdoin Glacier, and investigated the sensitivity of the glacier flow to tidal forcing at the calving front.
Their model underpredicted the amplitude of the semi-diurnal variability
by approximately a factor three. The authors rule out that (visco)elastic
material behaviour played a significant role in explaining the observed
tidal-modulated flow variability because low tide and highest flow occur
almost synchronously. They argue that a significant elastic response would
have caused a time lag. Instead, they relate the mismatch between observed
and modelled tidally-driven ice flow variability to either inaccuracies in
the surface and bedrock topographies or neglected mechanical weakening
due to crevassing. Although we use updated DEMs for both surface and
bedrock topographies, the tidal modulation of the ice flow is still underpredicted as in Seddik et al. (2019) in our viscous model set-up (results
not shown). However, seawater level variations in the range of local tidal
amplitude (1 m) do reproduce the observed tidal modulation of the opening
rate (Fig. 3.10). Hence, we conclude that our model set-up is suitable to
investigate the relative importance of drivers of crevasse opening, despite
the assumed material property of ice (viscous). Although our set-up reproduces the timing of opening rate variations and tidal phase qualitatively,
the crevasse opening may partly have resulted from elastic deformation
and hence our viscous model may underestimate opening rates and thus
overestimate required water levels to reproduce observations. Therefore,
future modelling work of this kind should employ a viscoelastic rheology
for ice, as done by Christmann et al. (2016).
To account for change of geometry during the crevasse propagation, a
dynamic model is required such as the one implemented by Yu et al. (2017),
which considers viscous deformation of fractures by adapting the mesh
to the fracture depth, while fracture propagation is modelled by Linear
Elastic Fracture Mechanics (LEFM). However, Yu et al. (2017) used a twodimensional flowline model and LEFM crevasse propagation is complex
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to generalise in three dimensions. An elastic discrete element model like
HiDEM (Åström et al., 2014) may be more suitable to model fracture
propagation, coupled with longer term viscous deformation using the
remeshing routine employed here. To model only damage increase but not
fracture propagation, it would be sufficient to use a similar model set-up
as Krug et al. (2014), which implements damage initiation or growth based
on a tensile stress criterion.
3.7

conclusions

This study focused on the calving behaviour of Bowdoin Glacier, Northwest Greenland. Two major calving events from summers 2015 and 2017
were investigated, based on a comprehensive observational data set and
a numerical flow model. The ice mass lost during such events contributes
significantly to the yearly calving mass loss, suggesting that our detailed
observations are key to understanding the general calving behaviour at
Bowdoin Glacier. Our terrestrial radar interferometry data revealed a tidal
modulation of the opening rate of a crevasse which ultimately led to calving.
The opening rate is doubled at low tide and accelerated during the last 36
hours prior to calving at which point there was a factor four difference in
opening rate between high and low tide.
Experiments with the three-dimensional full-Stokes ice flow model
Elmer/Ice showed that the modelled opening rate is highly sensitive to
crevasse water level. In addition, a variation of sea water level in the range
of the tidal amplitude (1 m) explains the observed semi-diurnal variations in
opening rate. Furthermore, modelling results revealed that the accelerated
opening rates prior to calving can be explained by increased meltwater
input, crevasse deepening, damage increase or undercutting of the glacier
front. More observations to drive a dynamic model including submarine
melt rates and meltwater input to the crevasse would help to determine
which of these processes is primarily responsible for crevasse growth and
calving. Our data and modelling results show the importance of tides
and hydrofracturing by surface meltwater input to control the opening of
crevasses prior to major calving events at Bowdoin Glacier. These mechanisms should be included in more general parametrizations of iceberg
calving.

3.7 conclusions

appendix and supplementary material
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supplementary material
s3.1

velocity validation

The difference between GPS and satellite velocities vary from 8 to 14% for
the four stations (Fig. 3.1), averaged over the period that the GPS stations
were operated. For B, C and D, the GPS velocities are higher but for station
A, which is the closest to the front, the satellite-derived velocity is 12%
higher. However, the discrepancy could be attributed to the differences in
measurement periods, 7 to 16 July for the GPS and 4 to 24 July for the
satellite velocity. The four-hour average TRI velocity is extracted at the
location of the four GPS stations and compared to the velocity recorded
with GPS, which is also projected along the line of sight of the TRI (Fig.
S3.3). We find a root mean square error of 8 to 12 %, when both GPS and
TRI velocities are available.
s3.2

basal inversion

The inversion method (Gillet-Chaulet et al., 2012) minimizes a cost function
that consists of two terms, the cost due to misfit between modeled and
observed velocities and a weighted regularization cost that penalizes spatial
derivatives of the inverted sliding coefficient to avoid over-fitting the velocity
observations and to guarantee a smooth sliding coefficient. We follow an Lcurve approach (Hansen, 2001), by plotting the smoothness of the optimized
sliding coefficient as a function of the mismatch between the model and
the observations (Fig. S3.4) for varying regularisation weights. We find
that the regularisation weight 108 compromises between a smooth sliding
coefficient distribution and a small misfit for the two enhancement factors E.
The resulting velocity, sliding coefficient and misfits are shown in Figs. S3.5
and S3.6. The absolute misfit between observed and modelled velocity is
generally below 0.3 m d−1 (see Fig. S3.5c and d).

S3.2 basal inversion
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Figure S3.1: Bedrock digital elevation model (DEM) used in the numerical simulations. The location of the measurements used for the updated bedrock DEM are
shown in red and a line of highest shear is shown in white. The UTM zone 19N
coordinate projection is used.
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Figure S3.2: UAV-derived ortho-images 5, 6 and 7 July 2017 prior to the calving
event. A white arrow shows the position of the crevasse tip in each ortho-image.
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vobs − vmod for both E (c and d).

C (MPa a m-1)

a E=1

b E=4
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E using a logarithmic scale.
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Figure S3.8: Opening rates for varying undercut sizes (UC) and D = 200 m, in
line of sight of the TRI for point 3 (Fig. 3.5), for a seawater-filled crevasse. The
coloured continuous lines are for E = 4 and the coloured dashed lines for E = 1.
The grey area outlines the observed range and the grey dashed line is the mean of
the opening rate over time.

S3.2 basal inversion

D=150 m, E=4
D=150 to 200 m, E=4

E=1, D=200 m
E=1 to 4, D =200 m

UC=100 m, E=4, D=150 m
UC=100 to 110 m, E =4, D=150 m

Required WL (m)

6

5

4
05

06

Day in July 2017

07

08
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water levels were not sufficient to reach observed opening rates. Dashed lines show
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Parameter
Mode

Value
1

Applied filters

F1, F2, F3, F1F2, F1F3

Pixel deviation

4

Step points

2

Number windows

5

Applied Methods

M1, M2

Times step

8

Minimum Window Members

15

Table S3.1: Parameter values for IDMatch (www.github.com/sgindraux/IDMatch).
Here, F1 is a median filter, F2 is a histogram equalization filter and F3 is called
Contrast Limited Adaptive Histogram Equalization (CLAHE) filter. The method M1
is Normalized Cross Correlation and M2 is Orientation Correlation.
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T H I N N I N G L E A D S T O C A LV I N G C H A N G E

A copy-edited version of this chapter is published by Copernicus Publications
as: Van Dongen, E. C. H., Jouvet, G., Sugiyama, S., Podolskiy, E. A., Funk,
M., Benn, D. I., Lindner, F., Bauder, A., Seguinot, J., Leinss, S., and Walter,
F.: Thinning leads to calving-style changes at Bowdoin Glacier, Greenland,
The Cryosphere, https://doi.org/10.5194/tc-2020-252, 2021.
abstract
Ice mass loss from the Greenland Ice Sheet is the largest single contributor to
sea-level rise in the 21st century. The mass loss rate has accelerated in recent
decades mainly due to thinning and retreat of its outlet glaciers. The diverse
calving mechanisms responsible for tidewater glacier retreat are not fully
understood yet. Since a tidewater glacier’s sensitivity to external forcings
depends on its calving style, a detailed insight into calving processes is
necessary to improve projections of ice sheet mass loss by calving. As
tidewater glaciers are mostly thinning, their calving styles are expected
to change. Here, we study calving behaviour changes under a thinning
regime at Bowdoin Glacier, Northwest Greenland, by combining field and
remote sensing data from 2015 to 2019. Previous studies showed that
major calving events in 2015 and 2017 were driven by hydro-fracturing
and melt-undercutting. New observations from UAV imagery and a GPS
network installed at the calving front in 2019 suggest ungrounding and
buoyant calving have recently occurred, as they show (1) increasing tidal
modulation of vertical motion compared to previous years, (2) absence of
a surface crevasse prior to calving, and (3) uplift and horizontal surface
compression prior to calving. Furthermore, an inventory of calving events
from 2015 to 2019 based on satellite imagery provides additional support for
a change towards buoyant calving since it shows an increasing occurrence
of calving events outside of the melt season. The observed change of calving
style could lead to a possible retreat of the terminus, which has been stable
since 2013. We therefore highlight the need for high-resolution monitoring
to detect changing calving styles and numerical models that cover the full
spectrum of calving mechanisms to improve projections of ice sheet mass
loss by calving.
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4.1

introduction

Greenland’s tidewater glaciers have been observed to accelerate, thin and
retreat faster than any other part of the ice sheet (e.g. Pritchard et al.,
2009; Hill et al., 2017; IMBIE Team, 2020). There is a large potential for
rapid retreat in the northwest, where retreat and discharge have continued
to accelerate within the past three years (King et al., 2020). Projections of
future ice sheet mass loss, and thereby of sea level rise, depend on the
capability to predict tidewater glacier behaviour. Despite recent advances
in observing and modelling calving mechanisms, fundamental gaps in
our understanding of outlet glacier sensitivity to climate change remain,
such as quantification of ice–ocean interaction and understanding of glacier
behaviour under near-buoyant and super-buoyant conditions (Benn and
Åström, 2018; Catania et al., 2020).
Observations show that for some tidewater glaciers, large-scale infrequent
calving events dominate the ice mass loss over small frequent events (Walter
et al., 2010; James et al., 2014; Åström et al., 2014; Medrzycka et al., 2016).
We use the term ’large-scale’ relative to each individual glacier’s annual
mass loss through calving. As the physical processes triggering small- and
large-scale events differ (Medrzycka et al., 2016), it is particularly important
to understand the mechanisms behind large-scale events. Benn and Åström
(2018) describe four main calving mechanisms:
1. Rifting due to extensional stress: stretching in response to velocity
gradients initiates crevasses which penetrate to full depth (rifts). The
rifts can propagate over days to weeks and eventually release large
icebergs. On tidewater glaciers, fracture-inducing velocity gradients
exist towards the terminus due to increasing basal motion (because
effective pressure, and thus drag, is reduced at the bed as the glacier
approaches flotation towards the terminus), and reduced lateral drag
if ice flows into a wider part of a fjord. Propagation of crevasses to
rifts requires the presence of water to oppose the stabilizing effect
of ice overburden pressure (hydro-fracturing). If sufficient meltwater
is available, a surface crevasse may penetrate through the glacier
thickness (Benn et al., 2007b). Basal water pressure can promote basal
crevasse propagation if ice is at or close to flotation (Benn and Åström,
2018).
2. Stresses associated with the force imbalance at ice fronts: the outwarddirected cryostatic pressure is greater than the backward-directed
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hydrostatic pressure. This imbalance induces a deviatoric stress which
increases with ice cliff height (Hanson and Hooke, 2000). This stress
leads to crevasse formation and may exceed the strength of ice if cliffs
are tall enough (freeboard between 100 and 285 m, Parizek et al.,
2019), a mechanism called the marine ice cliff instability (Pollard et al.,
2015).
3. Undercutting by subaqueous melting: removal of support from the
calving front. Undercut calving fronts have been observed on Greenlandic tidewater glaciers and near plumes, which release buoyant
meltwater subglacially (Fried et al., 2015; Rignot et al., 2015). Depending on the ice-front geometry, iceberg sizes may exceed the extent of
melt-induced undercuts, a so-called ’calving amplifier effect’ (O’Leary
and Christoffersen, 2013). Analysis of stresses suggests that calving
rates may be up to four times the subaqueous melt rate if undercuts
are sufficiently large (Benn et al., 2017a). However, if frequent small
calving events repeatedly remove the destabilized ice, such as observed on Tunabreen (Svalbard, How et al., 2019), the undercut may
never become large enough to induce a calving amplifier effect.
4. Buoyant calving: uplift of a super-buoyant glacier tongue. Ice flow
into deep water can result in a terminus below buoyant equilibrium
(‘super-buoyancy’) and thus subjected to upward-directed buoyant
forces. These forces may lead to upward rotation of the terminus,
which can create flexure that induces basal crevasse formation and
detachment of full thickness icebergs of hundreds of metres lateral
extent (Murray et al., 2015). Numerical simulations by Benn et al.
(2017a) indicate that super-buoyant conditions can also develop by
thinning due to accelerated longitudinal stretching, known as dynamic
thinning.
Which calving mechanisms dominate depends on the glacier geometry
and environmental forcings (Benn and Åström, 2018). Observations show
that calving events can involve several processes both in time and space
for a single glacier. At Eqip Sermia (Greenland), inhomogeneous geometry
causes different calving processes to occur; calving events are more frequent
and larger where the fjord is shallow than for the deep part which has
a smaller ice cliff above sea level (Walter et al., 2020). When Columbia
Glacier (Alaska) became ungrounded in 2007, a calving-style transition
occurred from a steady release of low-volume icebergs, to episodic flowperpendicular rifting, and release of very large icebergs (Walter et al., 2010).
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Calving styles also vary seasonally, as most tidewater glacier termini
on Greenland advance in winter and retreat in summer (e.g. Moon and
Joughin, 2008). Potential drivers of seasonal behaviour include ice mélange
buttressing, increased surface melt leading to hydro-fracturing and acceleration of ice flow, and increased undercutting. Fried et al. (2018) studied the
drivers of seasonal terminus change at 13 central west Greenland tidewater
glaciers. They found that seasonal cycles are mainly governed by variations
in glacial runoff, rather than ice mélange or ocean thermal forcing, but the
sensitivity to forcings depends on the dominant calving style. Sakakibara
and Sugiyama (2020) studied seasonal cycles of ten tidewater glaciers in
Northwest Greenland. Three large, fast-flowing glaciers had a nearly constant frontal ablation rate, except for several large calving events which
occurred irrespective of ice-mélange conditions. On the contrary, around
50% of the annual frontal ablation occurred during summer at four slower
flowing glaciers (including Bowdoin Glacier, the focus of this study). Sakakibara and Sugiyama (2020) relate these differences to the fjord depth which
is larger at the fast-flowing glaciers. Warm Atlantic water intrudes into
deep fjords and induces submarine melt throughout the year (Porter et al.,
2014). In the shallower fjords, submarine melt rate increases in summer
because of fjord circulation driven by subglacial discharge (Sciascia et al.,
2013). Thereby, increased submarine melt leads to larger frontal ablation in
summer for the glaciers which terminate in shallower fjords.
With the sustained thinning as observed at the margins of the Greenland
Ice Sheet (IMBIE Team, 2020; King et al., 2020), ungrounding of termini is
expected to affect calving processes. In order to improve projections of mass
loss by calving, a better understanding of changing calving mechanisms is
needed. To study the short-term variations in flow and flotation conditions
which are essential to analyse calving mechanisms in detail, high temporal
and spatial resolution ice motion data is required which cannot be provided
by remote sensing (Podrasky et al., 2014). However, field observations near
the calving fronts of tidewater glaciers are logistically challenging and
therefore limited. An exception is the study by Murray et al. (2015), who
captured glacier dynamics at high temporal resolution, by deploying a
GPS network at the calving front of Helheim Glacier. They recorded glacier
motion during a number of major buoyant calving events.
Here, we study calving mechanisms under a thinning regime at Bowdoin
Glacier, a 2.8 km wide tidewater glacier in Northwest Greenland (Fig. 4.1a).
Its terminus was grounded but near flotation in 2013 (Sugiyama et al.,
2015). We combine five years of field and remote sensing data to investigate
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whether a change of calving mechanisms may have occurred at Bowdoin
Glacier. We present measurements from a network of 10 GPS stations
installed along the front in July 2019. The GPS network monitored glacier
motion during a calving event on 20 July and prior to a second calving event
on 29 July. First, we analyse the GPS data and show that these two calving
events were likely triggered by buoyancy-driven basal crevassing. Then, we
compose an inventory of large-scale calving events from satellite imagery
which shows that calving events seem to have become more frequent outside
the melting season.
4.2

characteristics of bowdoin glacier

Bowdoin Glacier (77◦ N, 68◦ W, Kangerluarsuup Sermia in Greenlandic,
Bjørk et al., 2015) provides a unique opportunity to study calving through
in situ measurements at the calving front, due to its accessibility via a
crevasse-free walkable medial moraine (Fig. 4.1a). Field campaigns on
Bowdoin Glacier were repeated in the summers of 2013–2017 and 2019 in a
collaboration between Hokkaido University, ETH Zurich and University of
Florence (Sugiyama et al., 2020).
Bowdoin Glacier dynamically thinned at a rate greater than 5 m yr−1 in
2007–2013 (Tsutaki et al., 2016; Sakakibara and Sugiyama, 2018). From 2008,
Bowdoin Glacier retreated rapidly after more than 20 years of a fairly stable
terminus position on a bump on the ocean floor (Sugiyama et al., 2015). It
stabilized to its current position in 2013, with a near-buoyant terminus, on
inland-sloping bedrock upstream the bump (Fig. 4.1). The glacier was up to
250 m thick at the calving front in 2013 (Sugiyama et al., 2015). Since 2013,
the ice flow velocity did not decrease (Sakakibara and Sugiyama, 2020),
therefore further thinning and ungrounding of the terminus are expected.
Flow velocities vary seasonally. In 2015 they ranged from 0.8 to 1.1 m d−1
from March to May, increasing to 1.6 m d−1 in early July and decreasing
again to 1 m d−1 in September (Sakakibara and Sugiyama, 2020). The
marginal area southeast of the medial moraine is almost stagnant, creating
a zone of high shear in the vicinity of the moraine. The slow moving area
is characterized by shallow bedrock (Jouvet et al., 2017; Van Dongen et al.,
2020a). The high-shear zone acts as a ’suture zone’, where crevasse tips
arrest (Hulbe et al., 2010), such that the area in close vicinity to the medial
moraine is usually crevasse-free.
Kilometre-scale calving events form a major part of Bowdoin Glacier’s
mass loss by calving (Jouvet et al., 2017; Minowa et al., 2019). During field
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(a)
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Figure 4.1: (a) Map of Bowdoin Glacier, the star in the upper left inset indicates
the position of Bowdoin Glacier in Greenland (MODIS, ORNL DAAC, 2018) and
the Copernicus Sentinel-2 satellite image shows Bowdoin Glacier on 1 July 2019.
White dots show the positions of the timelapse camera and GPS base station. Front
positions from 1973 to 2020 in varying colour (see legend), derived from satellite
imagery (from 2015 derived from Sentinel-1, see Sect. 4.3.4, earlier positions from
Sugiyama et al., 2015; Sakakibara and Sugiyama, 2018). (b) Center-line cross section
of ocean bed, glacier bed and glacier surface elevations as in summer 2013, including
the front position in 2008 (Sugiyama et al., 2015).

campaigns in 2015 and 2017, deep surface crevasses were observed which
lead to major calving events at similar locations near the moraine, where
a plume was visible (Fig. , 4.2, 4.3a,b). A supraglacial meltwater stream
has been present along the moraine during the field campaigns. In 2015
and 2017, the stream discharged into the surface crevasses as soon as they
formed, deepening them by hydro-fracturing, leading to calving 5–15 days
later. Numerical modelling showed that the crevasses were at least halfthickness deep, and that melt-undercutting in vicinity of the plume likely
facilitated the 2017 calving (Jouvet et al., 2017; Van Dongen et al., 2020a,b).
4.3

data and methods

We study effects of glacier thinning on Bowdoin Glacier’s calving behaviour.
To analyse drivers of fracture initiation in detail, we installed a GPS network
at the calving front in July 2019, which provides short-term variations in
vertical motion and strain. A summary of events during the field campaign is provided in Table 4.1. Satellite and timelapse imagery are used
to construct a calving event inventory to investigate possible changes in
Bowdoin’s calving mechanisms since 2015. Table 4.2 provides an overview
of the periods for which each data set is available.

4.3 data and methods

(a) 2015

(b) 2017

Figure 4.2: Pictures of the deep crevasses at the calving front in July 2015 (a, date
unknown) and 6 July 2017 (b) that both led to large-scale calving events, both with
a person for scale (a, credit: E. Podolskiy and b, credit: L. Preiswerk).

4.3.1

Elevation change

To study ungrounding, glacier thinning was derived from ArticDEM strips
of 2013–2017 (Porter et al., 2018). The digital elevation models (DEMs)
were coregistered using the method outlined in Nuth and Kääb (2011)
and implemented in the GeoUtils library (http://github.com/GeoUtils).
Additionally, a 2D linear function is estimated from the elevation difference
over stable areas and removed from the map of elevation change.
4.3.2

GPS measurements

In 2019, two rows of five Emlid Reach M+ single-frequency, low cost (about
USD 300), differential GPS receivers were installed on stakes drilled into
the ice, in close vicinity to the calving front (Fig. 4.3c), and powered by
solar panels. Most of the stations were running from 8 to 25 July 2019, and
data were downloaded on a regular basis using Wi-Fi, without touching
the devices. Pairs of stations were numbered 1–5, starting from the center
towards the southeastern margin, with ’f’ (forward) for the station closest
to the front and ’b’ (backward) further back (Fig. 4.3c). The spacing between
receivers was ≈215 m in across-flow direction and ≈115 m in along-flow
direction. A base station was installed on the bedrock next to the glacier to
provide a stationary reference point (Fig. 4.1a). GPS data were processed
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Date

Event

1 July

start of field campaign, timelapse camera installed

8 July

all GPS stations running

14 July

speed-up event

15 July

last time data downloaded from station 3f

20 July

first large calving event (Figs. 4.3c, S4.3a-b), during which station 3f was lost

22 July

retrieval of stations 2f and 4f

25 July

retrieval of all remaining stations

29 July

second large calving event (Figs. 4.3d, S4.3c-d) and end of field campaign
timelapse camera retrieved

Table 4.1: Timeline of events during the 2019 field campaign.

with RTKLIB using a kinematic mode to obtain the position every second
(Takasu and Yasuda, 2009). To assess the positioning accuracy, we performed
a static test. In addition to the base station, we left another receiver immobile
on a stable off-glacier area for ≈12 days and monitored the variability of
its position over time. After differential processing, 95% of the recorded
positions were within 10 mm horizontally and 29 mm vertically from the
mean values. When taking the 1 h moving average of the vertical position,
the maximum deviation of 95% of the recorded positions to the mean
position is 6 mm, which we interpret as the vertical positioning accuracy of
our processed GPS data.
One GPS station (3f) calved off during the 20 July event. Data from 3f was
downloaded the last time on 15 July. Two of the remaining stations (2f and
4f) were retrieved on 22 July due to the risk of a subsequent calving event.
All remaining stations were retrieved by the end of the field campaign on
25 July, four days prior to the second observed major calving event.
To monitor the time evolution of flotation conditions, another GPS station was also installed in between 1b and 2b, at approximately the same
coordinate during each field campaign, (positions shown in Fig. 4.3). The
installation positions in 2015, 2016 and 2019 were located within 20 m, but
in 2017 the GPS station was installed approximately 30 m further upstream.
The distance to the front varied from 240 m (2015) to 140 m (2019) due to
variations in the front position. For more information on this different GPS
set-up and processing, we refer to Sugiyama et al. (2015).

4.3 data and methods

4.3.3

UAV photogrammetry

The vertical take-off and landing, fixed-wing uncrewed aerial vehicle (UAV)
"WingtraOne" was used to conduct photogrammetrical surveys on 17, 19, 21
and 28 July 2019. The missions consisted of one to four flights of four lines
each, parallel to the calving front ≈400 m above the glacier surface, covering
800–3000 m of the terminus of Bowdoin Glacier. The UAV was programmed
to take aerial photographs overlapping 90% in flight direction and 75%
in across-flight direction, with a ground sampling distance of ≈0.12 m.
Ortho-images with 0.5 m resolution were derived by Structure-from-Motion
photogrammetry using Agisoft PhotoScan software. All 10 GPS stations
were marked with tarps and served as ground control points (GCPs) for
georeferencing. UAV surveys in 2015 and 2017 are described in Jouvet et al.
(2017) and Van Dongen et al. (2020a).
4.3.4

Satellite images

We constructed an inventory of calving events from 2015–2019, containing
all calving events which were large enough to be detected on satellite
images. A combination of Landsat 8 Operational Land Imager panchromatic
imagery, Sentinel-2 imagery and Sentinel-1 synthetic aperture radar (SAR)
imagery is used (Table 4.2). The visual satellite imagery (Landsat 8 and
Sentinel-2) is complemented by Sentinel-1 SAR imagery in case of clouds,
such that the image pairs used to outline calving events are maximum six
days apart. Spatial resolution of the images varies from 30 m (Landsat 8) to
10 m (Sentinel). Sentinel-1 data were downloaded using the Google Earth
Engine (?) which provides backscatter coefficients orthorectified using the
ASTER DEM to the same coordinate system as Sentinel-2 imagery (UTM
19N). To minimize incidence-angle dependent effects and also artefacts
due to inaccuracies in the DEM, we processed data from a single orbit
(026, descending). To correct for sub-pixel shifts between the orthorectified
images, we coregistered them to a common reference (intensity average of
all scenes) using intensity cross correlation (?).
In order to put the scale of detected events into perspective, their area
is expressed relatively to the annual areal ice discharge. To allow direct
comparison of calving event sizes between years, we used the annual
discharge averaged for 2015–2019 estimated from Sentinel-2 imagery (in
combination with the estimate for 2015 derived in Jouvet et al., 2017). From
these images, we derive 50 m resolution monthly velocity fields from 2016–
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2019 by the orientation correlation method with a window size of 40 × 40
pixels using the software package ImGRAFT (Messerli and Grinsted, 2015).
We estimated an annual ice discharge of approximately 0.9 ± 0.2 km2 yr−1 ,
by integrating monthly velocities from 2015–2019 over the flux gate shown
in Fig. 4.7c. The velocities are not integrated over the ice thickness.
4.3.5

Timelapse images

An automated camera was installed next to the calving front (Fig. 4.1a),
taking daily pictures from July 2014 to July 2017 and hourly pictures during
field campaigns in July 2015, 2016, 2017, and 2019. The images were used
to further constrain the timing of calving events in the inventory.
4.3.6

Meteorological and ocean data

To investigate tidal forcings, observations of tidal height at Thule Air Base
were used, 125 km south of Bowdoin Glacier, provided as a part of the
Global Sea Level Observing System network (www.gloss-sealevel.org).
These records show the same phase and amplitude as in Bowdoin Fjord
(Podolskiy et al., 2016). We obtained hourly air temperatures at Qaanaaq
Airport (16 m a.s.l.) located 30 km southwest of Bowdoin Glacier, from
the National Oceanic and Atmospheric Administration (http://www.ncdc.
noaa.gov/cdo-web/datasets). The temperature dataset was used to constrain the melt season duration, as an indicator for the possibility of hydrofracturing as a potential driver of calving. The first and last occurrence of
at least two consecutive days with positive hourly air temperature are used
as proxy for surface melt.
4.4
4.4.1

results
Elevation change 2013–2017

ArcticDEMs show that most of the glacier front lowered from 2013–2017
(Fig. 4.4). A particularly strong local lowering is observed after 2015, in the
area close to the medial moraine where GPS stations 4b-f are located. There,
the lowering rate reached up to 12 m yr−1 between 2015 and 2017. On the
bedrock, elevation differences are within ±1 m, which we interpret as the
accuracy of the detected elevation change.

4.4 results

Data
GPS network
Single GPS
UAV surveys
Landsat 8
Sentinel-1
Sentinel-2
Timelapse
ArcticDEM

2015

19-04

2016

24-04

2017

2018

2019

18-03

Table 4.2: Overview of the availability of data sets. Field seasons are outlined
with vertical lines. Positions of the GPS network are shown in Fig. 4.3c and d. The
position of the single GPS in each year is also shown in Fig. 4.3. Note that timings
are sometimes approximated, as the entire July month is marked as field season
each year whereas the campaigns were shorter in 2015–2017.

4.4.2

Vertical tidal modulation 2015–2019

To investigate the influence of thinning on flotation conditions at the calving
front, we analyse the vertical response to semi-diurnal tidal modulation. We
calculate the tidal admittance as the range in vertical surface displacement
relative to the tidal range (de Juan et al., 2010). We define the range of
tidally modulated vertical motion as the elevation difference during low
and subsequent high tide. GPS data show that the vertical tidal modulation increased since 2017 (Fig. 4.5), with a stronger correlation between
detrended elevation and tidal height in 2017 and 2019 (r=0.64) than in 2015
and 2016 (r=0.28). In both 2017 and 2019, the mean tidal admittance was
0.9%. Also the maximum tidal admittance was equal: 2.6%, observed at 10
July 2017 and 15 July 2019.
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(d) 29 July 2019
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Figure 4.3: UAV-derived ortho-images of the calving front of Bowdoin Glacier
showing large calving events that occurred on 27 July 2015 (a), 8 July 2017 (b), 20
July 2019 (c) and 29 July 2019 (d). All panels have the same scale and cover the
same part of the front (outlined in Fig. 4.4a). Pre-calving images are overlayed by
50% transparent post-calving images. Red dots show the GPS stations installed in
2019 (c and d, with an orange dot for station 3f that calved off). Blue dots show
the position of an additional GPS station installed every year (a–d, labelled with
the year of operation). Outlines of the calved parts of the glacier in black. White
rectangles show the locations of the aerial image and ortho-image in Fig. 4.6.
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Figure 4.4: Elevation distribution in April 2013 (a) and elevation change from April
2015 to March 2017 (b–d), using ArcticDEM. Colors in (b–d) show the total elevation
change relative to April 2013 (negative, red, means lowering). The manually traced
location of the moraine (Fig. 4.1a) is indicated by a transparent black line in all
panels, and the location of cropped ortho-images in Fig. 4.3 is shown by a black
rectangle in (a).
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Figure 4.5: Detrended, 1 h moving average vertical position (blue) at the station
installed each field campaign (location shown by blue dot in Fig. 4.3), with the tidal
height in the background (black).
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4.4.3

Two large-scale calving events in July 2019

Two major calving events were detected from UAV and timelapse imagery,
on 20 and 29 July 2019 (Figs. 4.3c,d and S4.3). UAV imagery shows that
the size of the 20 July event was approximately 700 m by 50 m and was
centered close to the moraine (Fig. 4.3c). Because the field campaign ended
on 29 July (Table 4.1), we have no UAV imagery after the calving event on
29 July. However, by combining UAV and satellite imagery, we find that the
29 July calving event was almost three times as large in area as the 20 July
event. It was approximately 1 km by 100 m and widest in the central part
of the glacier (Fig. 4.3d).
In contrast to large-scale calving events observed in July 2015 and 2017,
no major surface crevasses were observed prior to calving; neither in the
field, nor from aerial imagery. Figure 4.6a shows an image taken by the
UAV, 17 hours before calving occurred on 20 July, without a crevasse visible
at the calving location. Also during the last UAV survey on 28 July, no
crevasse was seen on the surface where calving occurred 14 hours later
(Fig. 4.6b). The lack of a precursor crevasse was also evident from the
meltwater stream on the moraine, which was at all times observed to
discharge into the sea through a waterfall at the calving front (Fig. 4.6a). A
surface crevasse draining the stream was not observed, contrary to 2015
and 2017 (Jouvet et al., 2017; Van Dongen et al., 2020a).
4.4.4

Horizontal flow velocity in July 2019

Both GPS and satellite-derived horizontal velocity are shown in Fig. 4.7.
The velocity in July 2019 is similar in magnitude and tidal modulation as
observed in previous years (Sugiyama et al., 2015). Stations 1–4 show very
similar velocities in general (Fig. 4.7a). As expected, velocity is much lower
at stations 5b and 5f, which are located in the slow moving area in the south
east (Fig. 4.7c, see Fig. 4.3c for positions). The horizontal velocity at stations
1–4 usually reaches a minimum at high tide. A temporary flow acceleration
occurred on 14 July, which was most likely induced by surface meltwater
input into the subglacial drainage system, resulting in enhanced sliding,
as the accelerated flow coincided with the only two consecutive days of
temperatures above in 15 ◦ C in Qaanaaq in July 2019. Similar speed-up
events were observed after a few days of high air temperatures (Jouvet et al.,
2018) or rainfall (Sugiyama et al., 2015). None of the stations’ horizontal
velocities are visibly affected by the 20 July calving event (red line, Fig. 4.7a),
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(a) Aerial image 19 July 2019

waterfall

(b) Ortho-image 28 July 2019
1f

200 m
Figure 4.6: (a) UAV aerial image, taken on 19 July 2019, 17 hours before GPS station
3f calved off, but 4f did not calve. (b) Ortho-image 28 July 2019, 14 hours prior
to calving. The approximate locations of calving, derived from UAV and satellite
imagery, are drawn as dotted red lines. The area of white ice fragments in (a) is
discussed in Sect. 4.5.2. For reference, the location of station 1f at its retrieval on
July 25 is shown in (b).

neither when velocities are calculated over a shorter time range, or in the
1 s interval positioning data (not shown).
4.4.5

Horizontal strain in July 2019

As a measure of cumulative strain, we calculate the relative distance increase
over time t according to: d(t)/d(t0 ) − 1, where d is the distance between two
stations aligned along flow (Fig. 4.3c) and t0 the initial time. Stations 2b-f
and 4b-f show increased extension after the 20 July calving event (Fig. 4.8b
and d), which is likely due to their position closer to the new calving
front. A similar increase of extension seems present at the other stations

4.4 results

(b)

(c)

Velocity (m d-1)

(a)

Day in July

2.8 km
Day in July

Figure 4.7: (a) GPS-derived horizontal velocity (4 h moving average), (b) tidal height
time series and (c) Sentinel-2-derived horizontal velocity by averaging monthly
velocities from 12 March – 28 September 2019. Positions of the GPS in (a) are shown
in as white dots in (c), for labels see Fig. 4.3c. Blue vertical lines in (a) and (b) show
the timing of high tide, and the red vertical line in (a) the large-scale calving event
on 20 July. The blue bar in (c) shows the flux gate used for ice discharge calculation.

as well, although less clearly. Stations 1b-f show strong horizontal surface
compression after 23 July (Fig. 4.8e), prior to the second major calving event
on 29 July.
4.4.6

Vertical motion in July 2019

Figure 4.9 shows the time series of elevation for the GPS stations. Three
periods of distinct vertical motion are visible (separated by vertical lines in
Fig. 4.9): 1) prior to the speed-up on 14 July, 2) between the speed-up and
calving event on 20 July, and 3) between the calving events on 20 and 29 July.
The spatial distribution of the time-averaged vertical motion is displayed
in Fig. 4.10. Prior to the speed-up, almost all stations west of the moraine
move downward (except 1b which shows limited vertical motion), whereas
the stations east of the moraine move upward (Fig. 4.10a).
After the speed-up, only station 1f still moves downward, stations 4f-b
move upward quickly and the other stations are initially almost stagnant
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(Fig. 4.9b). An abrupt change of vertical motion in response to the speed-up
is observed at stations 5f-b, located in the slow moving area (Fig. 4.9a),
whereas the change is rather smooth at the other stations (Figs. 4.9b-d).
A total upward vertical displacement of ≈0.2 m occurred at stations 4f-b
between the 14 July speed-up and 20 July calving event (Fig. 4.9b).
After calving on 20 July, stations 2f, 3b, 4b and 4f show changes in vertical
motion (Fig. 4.10c). The uplift observed prior to calving stops (station 4b,
Fig. 4.9d in red), turns into downward motion (4f, Fig. 4.9d in blue) or
downward motion increases (3b, Fig. 4.9c red and 2f, Fig. 4.9b blue). The
highest rates of downward displacement are observed at 2f and 4f, which
are situated closest to the calving event (Fig. 4.10c). No changes are observed
at stations 1b-f, 2b and 5b-f.
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Figure 4.8: Cumulative strain time series for each along-flow station pair (a-e,
1 h moving average), timing of high tide (blue vertical lines), speed-up (black
lines) and the 20 July 2019 calving event (red lines, GPS positions in Fig. 4.3c).
Increasing cumulative strain means stretching occurs at the surface, whereas surface
compression gives decreasing cumulative strain.
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Figure 4.9: GPS-derived elevation time series for each station (a-e, applying a 1 h
moving average), timing of high tide (blue vertical lines), the speed-up (black lines)
and the 20 July 2019 calving event (red lines). Stations closest to the calving front
are shown in blue (1f-5f), stations ≈ 120 m further away in red (1b-5b, see Fig. 4.3c
for positions of GPS stations).
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Figure 4.10: GPS-derived elevation change averaged over three time periods indicated above each panel (a)–(c). The observations are interpolated linearly between
the stations to visualise the spatial pattern of elevation change. The ortho-images in
the background are from 15 July (a,b) and 21 July 2019 (c).

Figure 4.11: GPS-derived tidal admittance (range in vertical position as percentage
of the tidal range) for two dates. Tidal admittance is interpolated linearly between
the stations for the sake of visualisation. Background ortho-images are from 15 July
2019.
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4.4.7

Vertical tidal modulation in July 2019

Stations 1–4 show tidal modulation of the vertical position (Fig. 4.9),
whereas this modulation is not visible on stations 5f and 5b, located in the
slow moving area. When subtracting a linear trend, the tidal modulation
becomes more clearly visible (Fig. S4.1). Besides the semi-diurnal tidal
modulation, a modulation with a two-week period similar to the springneap tidal cycle also seems present, most clearly for stations 3b and 4f-4b.
However, as the observational period only spans slightly more than one
spring-neap cycle, it is not possible to conclude whether this cycle also
modulates vertical motion.
For most stations, the largest admittance occurred on the evening low
tide of 17 July, which is shown in Fig. 4.11b. The largest range on 17 July is
measured at stations 2f and 4f, which lifted 0.07 m, 3.0% of the tidal range.
The range quickly diminishes upglacier, and is only about half as large at
2b and two thirds at 4b. The range is also smaller towards the glacier center
(left side of Fig. 4.11). At station 1f, only 0.04 m uplift is measured, which is
slightly more than half the uplift measured at station 2f, 180 m closer to the
moraine. These numbers agree well with the additional GPS (Sect. 4.4.2).
On 17 July 2019, a tidal admittance of 1.8% was measured, which is very
close to the admittance linearly interpolated from the four nearest stations
(1f-b and 2f-b, where interpolation by triangulation yields 1.9%). At station
3f, for which we have no data on 17 July, the largest admittance is 3.2%,
which is obtained on 8 July, as shown in Fig. 4.11a.
4.4.8

Calving inventory 2015–2019

We manually outlined large calving events visible from satellite imagery
from 2015–2019, and calculated the area per event relative to the averaged
annual ice discharge. We detected 73 events which form 40–80% of the
annual ice discharge. Detected area loss between an image pair can reach
up to 25% of the annual ice discharge. However, it is impossible to determine
from satellite imagery whether these losses are single calving events, even
for a minimum time span of one day between image acquisitions. Therefore
we have used timelapse imagery (when available) to confirm that these area
losses are due to single calving events (Figs. S4.2, S4.3). Major loss (≥ 15%
of annual ice discharge) in one image pair is detected six times, at least once
every year. Together the six largest events form 22% of the estimated ice
discharge in the entire period. Figure 4.12 shows that large calving events
(≥ 5 % of annual ice discharge) are rare outside of the melt season (orange
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lines), except for four events on 4 May 2015, 1 May 2018, 19 March 2019
and one event between 28 December 2019 and 3 January 2020. The relative
contribution of calving events outside the melt season to the yearly total is
larger in 2018 and 2019 than in the three years before, both in terms of area
and number.
4.5

discussion

When Bowdoin Glacier stabilized to its current position in 2013, its terminus
was grounded but very close to flotation (Sugiyama et al., 2015). Field
evidence and modelling results showed that two major calving events in July
2015 and 2017 resulted from deep surface crevasses which likely propagated
by hydro-fracturing and facilitated by submarine melt-undercutting (Jouvet
et al., 2017; Van Dongen et al., 2020a,b). Because Bowdoin Glacier thinned
since it stabilized (Fig. 4.4), the terminus is now closer to flotation and thus
may have become subject to buoyant calving. We obtained high-resolution
ice motion data from a GPS network in July 2019, which are most suitable
to investigate flotation conditions. Therefore, we first discuss why our
observations indicate that at least part of the terminus was ungrounded
and buoyant calving occurred in July 2019. Then, we combine field and
remote sensing data from previous years, and show that ungrounding was
measurable from 2017, when calving was still observed to occur through
rifting due to extensional stress, and buoyant calving has become more
common since 2018.
4.5.1

Signs of an ungrounded terminus in July 2019

Our GPS measurements indicate in three ways that Bowdoin Glacier’s
terminus was (at least partially) ungrounded in July 2019:
• vertical motion at Bowdoin’s terminus is modulated by tide at stations
1–4, but not at 5f-b (Fig. 4.9). The magnitude of vertical tidal modulation strongly varies spatially (Fig. 4.11), which suggests that flotation
conditions vary across the front. The absence of tidal modulation in
the slow flowing area, where 5f-b are located, indicates that this area
is still grounded. The largest tidal modulation is observed close to
the moraine, thus this area is presumably subject to largest buoyant
forces.
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• there is no short-lived horizontal velocity response to the calving
on 20 July. This suggests that the calved block did not contribute
significantly as a resistive force to the near-terminus force balance.
Basal drag caused by this block was likely small, which could be the
result of the terminus being at flotation there.
• a change in vertical motion after the 14 July speed-up is most abrupt
at 5f and 5b, which show fast upward motion during the speed-up
and reduced upward motion afterwards (Fig. 4.9e). In other years,
GPS measurements on Bowdoin Glacier also showed upward motion
during fast flow (relative to a downward trend), which has been interpreted as basal separation caused by elevated basal water pressure
(Sugiyama et al., 2015). Basal separation is only relevant in areas
where the glacier is grounded, and basal water pressure is governed
by meltwater input to the bed. Therefore, the vertical motion during
the speed-up event supports our assumption that the slow flowing
area where stations 5f-b are located is still grounded. The absence of
change in vertical motion related to the speed-up at stations 1–4 suggests that basal separation did not occur there, as would be expected
if this part of the terminus was already afloat.
Interpretation of the observed tidal modulation of horizontal velocity in
relation to the terminus’ flotation condition is more complex. We observe
lowest horizontal velocities at high tide. This contradicts the expected
behaviour if the basal hydrological system would be well connected to
the ocean. In this case, increased basal water pressure during high tides
would reduce basal drag and enhance ice motion as has been observed
on ice shelves (Brunt, 2008). However, velocity minima at high tide have
also been observed at fast-flowing tidewater glaciers in Alaska (Walters
and Dunlap, 1987; O’Neel et al., 2001) and Greenland (Davis et al., 2007;
de Juan et al., 2010; Podrasky et al., 2014). Slow-down at high tide suggests
that the dominant effect of tides is the back-pressure at the calving front
(Thomas, 2007). Since similar tidal modulation of horizontal velocity has
been observed for a tidewater glacier with regions of floating ice (Podrasky
et al., 2014), the observed slow-down at high tide does not exclude the
possibility of a (partially) ungrounded terminus.
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Figure 4.12: Time series of the area per calving event inferred from satellite image
pairs (red, left y-axis) and the cumulative annual area loss by calving (blue, right
y-axis), both relative to estimated annual discharge of 0.9 km2 . Horizontal red bars
show when the date of calving is unknown. Vertical orange lines show the first and
last two consecutive days with positive hourly temperatures. The dashed orange
line in 2017 indicates a separate 2-day peak with positive temperatures in December.
The source of satellite imagery is indicated in the top of each panel. The average
calved area per event (A av ), number of events (Ntot ) and the relative contribution
of calved area and number of events in winter (Awinter , Nwinter ) are given for each
year.
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4.5.2

Buoyant calving in July 2019

Our GPS observations are consistent with buoyant calving as observed at
Helheim Glacier by Murray et al. (2015). They observed uplift and rotation of
the front, creating basal crevasses, and forming a surface depression above
the basal crevasses, which they call a "flexion zone". The basal crevasses
induced buoyant calving of the entire area downglacier of the flexion zone.
Such behaviour is particularly clearly visible at our stations 1b-f (Fig. 4.9a).
Station 1f lies on the outline of the 29 July calving event and thus in the
flexion zone. Downward motion is observed at 1f in the entire measurement
period, whereas no downward motion is observed at station 1b, which
is located only 115 m upstream (Fig. 4.9a). The horizontal compression
at stations 1b-f could be related to buoyant calving on 29 July as well.
During the afternoon high tide at 24 and 25 July, sudden longitudinal
compression is observed between stations 1b-f (Fig. 4.8a). On such short
timescales, ice is expected to behave as a brittle-elastic material (Benn et al.,
2017a). Therefore, we interpret basal crevasse formation as the most likely
cause of the longitudinal compression at the surface. The highest observed
compression at high tide is also favorable for this interpretation, as buoyant
forces which trigger basal crevasse formation increase at high tide.
On the other hand, the uplift at 4b-f prior to calving on 20 July (Fig. 4.9d)
is not entirely consistent with Murray et al. (2015), since they observed that
the entire zone which lifted up subsequently calved off. However, James
et al. (2014) observed similar behaviour on Helheim Glacier, using daily
DEMs derived from terrestrial photographs, showing that the uplifting
part of the terminus did not calve at once, but broke off in multiple stages.
Stations 2f, 3b and 4b-f, which were all close to the area which calved on
20 July, showed downward motion after calving (Fig. 4.10c). If the part of
the terminus that broke off on 20 July was indeed afloat before calving, the
buoyant forces on the terminus became smaller after calving, which could
explain the downward motion.
Another sign of buoyant calving is visible on Figure 4.2a. The pile of
white, clean ice fragments, located close to the moraine, was already present
when the field campaign started on 1 July 2019. We speculate that this
feature formed during a previous calving event. During detachment of an
iceberg by buoyant calving, buoyant forces can push the iceberg above the
calving front. A portion of the iceberg could then have fragmented and
fallen on the glacier surface immediately behind the calving front. In the
field campaigns prior to 2019, a similar feature was never observed.
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4.5.3

Glacier thinning since 2013 and (partial) flotation

Bowdoin Glacier has experienced further thinning since the front stabilized
to its new position in 2013. The region of strongest thinning (dark red in
Fig. 4.4) coincides with the region of largest observed vertical tidal response
in 2019 (yellow in Fig. 4.11). A surface depression in this region is clearly
visible in the field, with the lowest ice cliff located at the moraine. Because
the strongest thinned area also coincides with the shear zone, the large
velocity gradients likely caused this surface depression by dynamic thinning.
A similar case was reported by Alley et al. (2019), who used satellite data
to show that high shear resulted in surface depressions. Their observations
suggest that the locally thinned ice was subsequently pushed upward by
buoyant forces, and basal troughs formed beneath the depressions. Plumes
were observed to focus into these basal troughs, which amplified melt locally
and thinned these areas further. This proposed shear thinning mechanism
agrees with our observations at Bowdoin Glacier, where a plume has been
clearly visible on the sea surface close to the moraine during field campaigns
in 2015–2017 (Jouvet et al., 2017, 2018; Van Dongen et al., 2020a) and in
early July during the field campaign in 2019 (picture not shown).
Significant vertical tidal modulation was first observed by GPS in July
2017 (Fig. 4.5). The mean and maximum tidal admittance were similar in
July 2017 and 2019, although the GPS was located ≈55 m further away from
the front in 2017 (Sect. 4.4.2). Because there was only one GPS installed close
to front in previous years, outside of the area which showed largest tidal
response in 2019, it is difficult to conclude whether vertical tidal modulation
changed since 2017.
4.5.4

A changing calving mechanism

Numerical modelling showed that an undercut is necessary in order to reproduce the initiation of the crevasse which lead to the major calving event
observed in 2017 (Van Dongen et al., 2020b). Furthermore, high-resolution
terrestrial radar interferometry data revealed that crevasse opening prior to
that calving event was fastest at low tide, which suggests a non buoyant
calving style (Van Dongen et al., 2020a). Additional modelling work identified the crevasse water level, and thus hydro-fracturing, as a key driver of
opening rates (Van Dongen et al., 2020a). Unlike the deep and most likely
water-filled surface crevasses which formed prior to the observed calving
events in 2015 and 2017 (Fig. 4.2), no precursor crevasse was visible in the
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field prior to the calving events in July 2019. This suggests that the events in
July 2019 were not triggered by extensional stress at the glacier surface, but
resulted from basal crevasse propagation due to buoyant flexure instead.
Our large-scale calving event inventory is consistent with a changing calving mechanism from hydro-fracturing and undercutting-induced calving
towards buoyant calving. Since the precursor surface crevasse in 2017 was
not visible on satellite imagery, we cannot use satellite imagery to directly
conclude whether precursor-free calving events happened in previous years
as well. However, the timing of observed large-scale calving events may help
to distinguish plausible calving mechanisms. Initiation and propagation
of surface crevasses are promoted by undercutting and hydro-fracturing,
which depend on external forcings as surface and submarine melt. Therefore, they are expected to follow a seasonal pattern (e.g. Medrzycka et al.,
2016). Contrarily, buoyant calving does not depend as directly on seasonal
variations.
There is a large variation in the cumulative area loss by calving detected
in each year in our satellite-derived calving inventory (Fig. 4.12), which
has two possible explanations. Firstly, the low cumulative percentage of
calved area reported for 2017 (44%) is likely due to the front advance
which occurred in 2017 (Fig. 4.1), which suggests that the calving rate was
smaller in 2017, such that the averaged annual ice discharge for 2015–2019
overestimates the frontal ablation in 2017. Similarly, the front retreat in 2016
and 2019 can explain the high reported cumulative area loss relative to
annual discharge in those years (≈80%). Secondly, our inventory aims to
study large-scale calving events. Small calving events cannot be detected
from low resolution satellite imagery. Minowa et al. (2019) analysed calvinggenerated tsunami waves and detected 11 calving events per day from 11
to 21 July 2015 and 15 per day from 15 to 30 July 2016, whereas we did
not detect any calving events in these periods. As such, variations in area
loss by small-scale calving events could also explain part of the variation of
undetected area loss in each year.
Major calving events (≈25% of the estimated yearly ice discharge) occurred on 1 May 2018 and 19 March 2019 (Fig. 4.12). These calving events
are unlikely induced by hydro-fracturing of surface crevasses as it is improbable that surface melt occurred. Furthermore, warm Atlantic water is
not available in winter since the glacier flows into a fjord shallower than
200 m, which means that substantially large submarine melting capable
of destabilizing the front by undercutting is expected to start once fjord

4.6 conclusion and outlook

circulation is increased by subglacial meltwater discharge (Sakakibara and
Sugiyama, 2020).
A major calving event (≈20%) was also observed on 4 May 2015, prior
to surface melt, without a surface crevasse visible on timelapse imagery
(Fig. S4.2a-b). New sonar data collected close to the front (Van Dongen et al.,
2020a, not included in Fig. 4.1b) shows that the fjord bed topography is seaward sloping at the current front position, before sloping upward towards
the bed bump where the front was located in 2007. The winter advance
therefore relocated the front to a deeper part of the fjord in 2015, which
could have induced temporary flotation of the front and buoyant calving. A
similar mechanism of buoyant calving triggered by winter advance can also
have caused the 12% calving event which occurred around 31 December
2019 (Fig. 4.12).
The relative contribution of calving outside of the melt season has increased since 2018 (Fig. 4.12). These calving events were most likely not
melt-driven but mechanically-driven, in response to buoyant-flexure (James
et al., 2014). Although buoyant calving may have occurred in 2015 already,
a change seems to have occurred towards buoyant calving as the dominant
calving style since 2018. However, a longer time span of high resolution ice
motion data is necessary to confirm a switch towards buoyant calving. On
Columbia Glacier (Alaska), Walter et al. (2010) found that calving behaviour
changed from rather steady discharge of small icebergs to episodic release
of large icebergs when the glacier’s tongue became afloat. We do not see
a similar trend in the calving inventory at Bowdoin Glacier, which could
be due to the different flotation conditions. Whereas the entire last 2 km
of Columbia Glacier became afloat, the eastern marginal area at Bowdoin
Glacier is still grounded.
4.6

conclusion and outlook

This study investigated calving processes at Bowdoin Glacier, Northwest
Greenland, by combining in situ GPS measurements and remote sensing data from 2015–2019. Previous studies showed that in July 2015 and
July 2017, large-scale calving events on Bowdoin Glacier were triggered
by surface crevasses, facilitated by melt-undercutting and propagated by
hydro-fracturing (Jouvet et al., 2017; Van Dongen et al., 2020a,b). Our
new observations suggest that the calving behaviour of Bowdoin Glacier
may have changed since then, towards predominantly buoyant calving
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in response to dynamic thinning. We found several signs that part of the
terminus has ungrounded since 2017:
• semi-diurnal tide-modulated vertical motion is observed since July
2017, after years without significant tidal uplift,
• in July 2019, strongest tidal modulation is observed in the shear zone,
coinciding with the area of strongest thinning,
• whereas GPS measurements suggested basal separation occurred during speed-ups in 2015, signs of basal separation are no longer visible
during a speed-up in 2019 for most GPS stations, which suggests this
area was not grounded.
Furthermore, our data suggests that buoyant calving recently occurred:
• major calving events in July 2015 and 2017 were announced by deep
surface crevasses, whereas no precursor was observed prior to two
large calving events in July 2019,
• GPS measurements during and prior to calving in July 2019 are
consistent with a calving mechanism dominated by buoyant flexure,
resulting in upward rotation of ice that has reached flotation,
• our inventory shows that large-scale calving events became more
frequent outside of the melt season since 2018.
As Bowdoin Glacier’s terminus is located on an overdeepened bedrock,
further thinning may increase the frequency of buoyant calving events and
induce glacier retreat until the terminus reaches the next bedrock bump,
approximately 1.2 km upstream its current position (Fig. 4.1b). To get more
insight on Bowdoin Glacier’s sensitivity to sustained thinning and external
forcings, one would need to perform numerical simulations that resolve
spatial and temporal variations of flotation conditions, similar to Todd
et al. (2019). Dynamic thinning is commonly observed on outlet glaciers
of the Greenland and Antarctic Ice Sheets (Pritchard et al., 2009; IMBIE
Team, 2020) and there is a large potential for future dynamic thinning (Price
et al., 2011; Felikson et al., 2017). A dynamic thinning-induced transition to
buoyant calving may thus be expected for many glaciers worldwide. Our
study highlights the importance of representing the full range of calving
mechanisms observed in nature to yield reliable projections of future ice
sheet mass loss by retreat of outlet glaciers. Although high-resolution
models have recently been developed that are capable of reproducing
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different calving styles (e.g. Benn et al., 2017a), the major challenge will
be to translate these findings into calving laws that improve long-term
projections of ice-sheet mass loss.
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Figure S4.1: Detrended, 1 h moving average vertical position of GPS stations in
2019, with the tidal height in the background. The red vertical line indicates the
timing of the large-scale calving event on 20 July.
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Figure S4.2: Timelapse imagery of major calving events prior to 2019.
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Figure S4.3: Timelapse imagery of major calving events in 2019.
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CONCLUSIONS AND OUTLOOK

5.1

key findings

In this thesis, I studied the calving behaviour of Bowdoin Glacier, aiming
to increase the understanding of calving processes and interactions with
external forcings. By combining several monitoring and modelling techniques, my research highlights the strong interactions between meltwater
and calving in two ways. I find that:
1. Undercutting, induced by subglacial release of meltwater, increases surface fracture initiation both upglacier and across the calving front (Ch. 2).
My simulations confirm that undercutting can act as a ’calving amplifier’, as has been found for simulations of idealised glacier geometries
(Cowton et al., 2019; Mercenier et al., 2020).
2. Crevasse opening rates are strongly controlled by meltwater which enters
surface crevasses (Ch. 3).
Hence, atmospheric warming does not only lead to ice loss through meltwater runoff, but can also indirectly increase ice loss by calving. Finally,
I found that Bowdoin Glacier’s calving behaviour has changed under its
sustained thinning (Ch. 4). The GPS data collected in summer 2019 suggest that part of the calving front lost contact with the bedrock and has
gone afloat. This allowed for a different calving mechanism: buoyant forces
push the ice upward, leading to rotation of a frontal ice section, which
creates flexure that induces basal crevasse formation. The buoyant calving
mechanism does not rely on surface melt to drive undercutting or hydrofracturing of surface crevasses. This explains why large-scale calving events
occurred more frequently outside the melt season since 2018. The observed
calving-style changes may be a precursor of glacier retreat.
5.2

model limitations and possible improvements

To study crevasse initiation and opening, I used two different models: HiDEM and Elmer/Ice. Both model approaches have limitations. Because of
their computational cost, the HiDEM simulations are of short duration (approximately one day of glacier motion), which does not permit modelling of
the entire calving event from fracture initiation to detachment of the iceberg
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(at least five days according to observations). Furthermore, viscous deformation is not included which causes an underestimation of fracture density.
Contrarily, the Elmer/Ice simulations only modelled viscous crevasse opening and did not incorporate elastic motion. Furthermore, only diagnostic
simulations of the instantaneous stress field were done, hence the evolution
of crevasse geometry was not accounted for. Despite these limitations, I was
able to study the relative importance of drivers of crevasse initiation and
opening. However, ideally one would model viscoelastic ice deformation,
especially on the timescales of tidal modulation. Promising steps in this
direction are the development of a viscoelastic version of HiDEM (Crawford
et al., 2020) and a viscoelastic stress solver in Elmer (Zwinger et al., 2020).
To gain more insight on Bowdoin Glacier’s sensitivity to sustained thinning
and external forcings, numerical simulations that resolve spatial and temporal variations of flotation conditions on a longer timescale are necessary,
similar to the study of Todd et al. (2019). Therefore, I contributed to improvement of the existing calving model in Elmer/Ice, which is described
in the Appendix.
5.3

outlook

My findings confirm that the sensitivity of tidewater glaciers to atmospheric
and oceanic forcing depends on their calving style (Fried et al., 2018), which
contributes to the uncertain response of calving glaciers to climate change.
In order to increase the reliability of ice sheet projections, further research
should focus on the interactions with oceanic and atmospheric forcings.
Here, a combination of monitoring and modelling techniques is required.
Monitoring
Submarine melt rates are still poorly constrained. Ambient melt, outside
of plumes, was previously thought to be insignificant compared to plumedriven melt. However, (Jackson et al., 2020) found ambient melt rates are
as high as ∼5 m d−1 at LeConte Glacier, Alaska, two orders of magnitude
higher than projected by existing plume-melt parameterizations (Jenkins,
2011). A promising technique to constrain submarine melt rates are sidelooking, multibeam echo soundings. This allows direct measurements of
ice front geometry and reveals deep undercuts, although observations are
still sparse (Fried et al., 2015; Rignot et al., 2015; How et al., 2019). The
sparsity of high resolution data is largely a result of the inaccessibility
of calving fronts, as their crevassed surfaces and risk of calving events
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form a hazardous environment. Advances in uncrewed aerial vehicle (UAV)
techniques are favorable tools to fill this knowledge gap. New accurate
GPS receivers onboard UAVs allow high quality surveys without installing
ground control points on the glacier surface (Chudley et al., 2019; Jouvet
et al., 2019b), but Ch. 4 demonstrates that an even higher level of detail
may be required to study buoyancy conditions at the calving front. This
can be achieved with the UAV-landing, in situ GPS measurement technique
presented in Jouvet et al. (2020).
Modelling
Recent advances in 3D calving models enabled detailed analysis of calving
processes and interactions with melt-undercutting, hydrofracturing and
buoyancy conditions. The 3D model described in the Appendix will improve
Elmer/Ice’s capability to model calving even further. However, 3D calving
models are computationally too expensive to run for an entire ice sheet
and long time scales. The key challenge is to translate the findings from
detailed studies to ice sheet models, which still employ approximated ice
dynamics and therefore do not capture the full stress field. One possibility
would be to employ the Ice Sheet Coupled Approximation Levels (ISCAL)
method, which couples the full Stokes equations with the shallow ice
approximation (Ahlkrona et al., 2016) and shallow shelf approximation
(Van Dongen et al., 2018). In this way, the computationally expensive full
Stokes model can be applied where necessary (around grounding lines, at
shear margins and calving fronts) and approximated models can be applied
where valid (in the ice sheet interior and on ice shelves). Nevertheless,
such coupled simulations still require considerable computational power,
especially since grounding line dynamics and calving dynamics require
high mesh resolutions. Therefore, quantifications and parametrizations of
the found interactions between melt-undercutting, hydrofracturing and
buoyancy are essential for long term simulations using 2D planview and
flowline models.
5.4

concluding remark

The outcomes of this thesis improve the understanding of glacier calving
mechanisms. In the long run, this contributes to the reduction of uncertainties in projected ice sheet mass loss and associated sea level rise. Reducing
uncertainties is necessary to accurately inform decision makers who are
responsible for developing climate change mitigation and adaptation policy.
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Future mass loss from the Greenland and Antarctic ice sheets will remain
high for thousands of years as a consequence of the long response time of
ice sheets to climate change. The feedbacks between flow acceleration, melt,
calving and retreat give rise to instabilities, which dominate the uncertainty
of ice sheet mass loss projections beyond 2100. The ice flow acceleration
currently observed in Antarctica may be the onset of an irreversible ice
sheet instability (e.g., Favier et al., 2014; Mouginot et al., 2014; Konrad et al.,
2018). It is very challenging to predict ice sheet instabilities because of the
complex interactions between the atmosphere, ocean and the ice sheet. If
emissions continue to rise throughout the 21st century (RCP8.5), the few
available studies estimate a sea level rise of 2.3–5.4 m by 2300. Despite
the uncertainties resulting from instabilities, there is high confidence that
low-emission scenarios lead to limited sea level rise over multi-century time
scales. With strong mitigation efforts (RCP2.6), sea level rise will likely stay
within the range of 0.6–1.1 m until 2300 (IPCC, Oppenheimer et al., 2020).
The onset of an ice sheet instability remains uncertain at present as a result
of limited observations. However, waiting for unambiguous observations is
not an option. Ice sheet instabilities are irreversible on time scales relevant to
human societies (decades to centuries), even if immediate action is taken to
mitigate further global warming once the onset of an instability is confirmed.
In light of these irreversible instabilities, emission reductions are necessary
to minimize the risk of flooding low-lying coastlines and islands.

A
A P P E N D I X : A N I M P R O V E D C A LV I N G M O D E L

a.1

introduction

Chapters 2–4 have shown that resolving lateral and vertical variations in ice
deformation is essential when studying the physical mechanisms behind
calving. Especially on Bowdoin Glacier, where the southeastern part of the
calving front is almost stagnant, lateral variations cannot be ignored. The
vertical dimension is crucial to capture the effects of buoyant bending, meltundercutting and the ice cliff force imbalance. Therefore, three-dimensional
(3D) calving models are needed to increase our understanding of calving
processes both in general and particularly on Bowdoin Glacier. To date, the
only time evolving 3D calving models which have shown to be capable of
simulating realistic glacier geometries are HiDEM (Åström et al., 2014) and
the calving model in Elmer/Ice (Todd et al., 2018).
Despite the recent advances in 3D calving models, challenges remain.
For example, HiDEM is too computationally expensive to run over an
entire melt season. The calving model in Elmer/Ice is also computationally
expensive, but has been used for sensitivity experiments of 5-year tidewater
glacier evolution. However, its remeshing algorithm for calving events is not
robust: when strong submarine melt was applied, the rapid and extensive
retreat caused the calving model to break down irrecoverably (Todd et al.,
2019). This results from the remeshing method that creates a 2D footprint
mesh, which is then extruded vertically. With severe undercutting, such a
vertically extruded mesh may become ’degenerate’: some of the elements
begin to overlap, or become inside out. As the model equations cannot be
solved on a degenerate mesh, the simulation breaks down. Furthermore,
the model can only capture seasonal advance and retreat, but not sustained
retreat as it assumes that the corners of the lateral boundaries and calving
front are fixed (grey circles in Fig. A.1).
To overcome these technical challenges, a new remeshing procedure
was developed in Elmer/Ice using the open-source mesh modification
algorithm Mmg (Dapogny et al., 2014), similar to the crevasse remeshing
routine employed in Van Dongen et al. (2020a). Furthermore, a new solver
that handles glacier advance was implemented which allows migrating of
the entire calving front, also on the intersection with the lateral boundaries.
117

118

appendix: an improved calving model

In this chapter, the new methods are presented and first results are shown
for an idealised tidewater glacier geometry (similar to Cowton et al., 2019).
This work is done in collaboration with Joe Todd (University of Edinburgh) and Iain Wheel (University of St Andrews), with support from
Peter Råback and Thomas Zwinger at the CSC – IT Center for Science. My contribution focused on the translation of the output of the
calving criteria tests, to a level-set variable that serves as input for the
Mmg algorithms. Furthermore, I have adapted the solver for glacier advance. The code and a test-case are available here: https://github.com/
ElmerCSC/elmerfem/tree/elmerice_meshadapt. A list of my contributions
can be viewed here: https://github.com/ElmerCSC/elmerfem/commits/
elmerice_meshadapt?author=eefvandongen.
a.2

methods

The physical model for calving is equivalent to that of Todd et al. (2018), only
the technical implementation of remeshing is improved. First, the physical
model is summarized here, followed by its numerical implementation, with
special attention given to the remeshing routine and a new procedure for
migrating margins.
a.2.1 Physical model
A 3D crevasse depth calving law (Nye, 1957; Benn et al., 2007b; Todd et al.,
2018) is applied, where zones of crevasse formation are modelled based on
the effective principal stress (σp ):
σp,sur f = σ1 ,

(A.1)

σp,base = σ1 + Pw .

(A.2)

Here, σ1 is the largest principle stress, and Pw the water pressure inside
a basal crevasse. This pressure Pw is taken to be equal to the hydrostatic
pressure of the seawater, assuming that the subglacial hydrology is linked
through an efficient drainage system to the fjord. Fields of crevasses are
assumed to form where σp is positive (tensile stress). Calving is assumed
to occur either when (1) surface and basal crevasse fields meet (Nick et al.,
2010), or (2) surface crevasses meet the water line (Benn et al., 2007a), such
that water from the proglacial water body can cause calving by hydrofracturing. Other calving laws could easily be implemented in the model, as
long as they are based on variables calculated in Elmer/Ice. Basal and
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surface crevasse depths are projected on a 2D plane, on which the calving
criteria are tested. This implies that calving events by definition occur along
the vertical axis. Calving is assumed to occur when a ’crevasse path’ (a line
on the 2D plane satisfying the calving criteria) spans between two points at
the front, or lateral boundaries. However, sometimes such a crevasse path
forms constrictions, widening inland, such that calving is not physically
possible. These icebergs are cut to fit through the constriction, such that
unphysical calving is prevented. More details on the validation of crevasse
paths are given in Todd et al. (2018).
a.2.2

Calving remeshing

The mesh modification algorithm in Mmg (Dapogny et al., 2014) relies
on a level-set variable, which gives the distance to the new calving front.
The level set is negative where calving occurs and positive elsewhere. This
required the implementation of a new version of the 3D calving solver
in Elmer/Ice, Calving3D_lset.F90, which calculates the level-set variable
as shown in Fig. A.1. This variable does not advect with the velocity as
in traditional level-set methods. Instead, the distance to the new calving
front is recomputed every timestep. The evaluation of the calving criteria
based on the stress field has not changed, except that projectability of the
new calving front is no longer required (see Sect. 2.2.2 in Todd et al., 2018).
Furthermore, the old code had some dependence on the extruded structure
(assuming that mesh nodes are aligned vertically) which had to be removed.
Mmg does not cut the mesh on nodes, but interpolates nodal values
of the level set to obtain the zero contour. The new calving front will
then be located on the interpolated zero contour. To limit the required
computational resources for remeshing, only part of the glacier geometry
is remeshed, up to a user-defined distance from the newly formed calving
front. The resulting mesh has a refined mesh resolution Hmin at the front,
Hmax upstream, and a gradation value (Hgrad ) which controls the ratio
between two adjacent edges (all user-defined parameters). Furthermore, the
Hausdorff parameter (Hausd) imposes the maximal distance between the
piecewise linear representation of the new boundary and the reconstructed
ideal calving front (Klein et al., 1996).

119

120

appendix: an improved calving model

margin

Latera
l marg
in

l
Latera

Ice flow

Fjord

y
x

-500

0

500

Level-set variable, distance (m)

Figure A.1: Top view of a conceptual glacier geometry, with the level-set variable
computed as the signed distance (blue-red) to the new calving front (white line).
Grey circles mark the intersections of the lateral margin and calving front, which
were assumed fixed in the calving model by Todd et al. (2018).

a.2.3

Migration of entire calving front

In order to simulate glacier advance and retreat, the front advance solver
also needed to be updated to allow migration of the entire calving front,
including the intersection with lateral boundaries. Ideally, the front advance
would be fully Lagrangian, following the velocity solution at the front. This
is possible on almost the entire calving front, but not at the intersections
with the lateral boundaries, because it would not be guaranteed that ice
does not flow through the bedrock at the lateral boundaries. In theory, it
would be possible to solve a contact problem for the lateral boundary in
Elmer/Ice, similar to the grounding line (Durand et al., 2009). However,
this would increase the non-linearity of the problem, and thus computational requirements. Therefore, a different approach is chosen in the new
advance solver CalvingGlacierAdvance3D.F90. The location of lateral ice
and fjord margins are given as model input, such that the velocity at the
lateral boundaries can be projected along the predefined margins. This
projected velocity is used on the entire lateral boundaries to advance the
mesh after each timestep, in combination with the calving front advance.
Using a projected velocity is very efficient in terms of computational resources, but may lead to artificial mass loss or gain, because the projected
velocity on the intersection of the front and lateral boundaries does not
necessarily obey the incompressibility condition. However, the standard lateral boundary condition of zero normal velocity ensures that velocities are
almost everywhere parallel to the lateral margins. The only locations where
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a parallel velocity is not ensured is where the margin changes direction, or
on the intersection between the lateral and front boundary, since a vector
normal to the boundary surface is not well defined there. Furthermore,
using the projected velocity is an improvement compared to the previous
model implementation, where the mesh was completely fixed at this intersection and all ice flow was ignored at the corners. Even fixing the corners
is a reasonable assumption since marginal ice velocities are usually small,
which also implies that the new advance solver is not expected to induce
significant artificial mass gain or loss.
a.2.4

Model experiments

In order to test the new remeshing procedure with migrating margins, I set
up three experiments based on an idealised tidewater glacier, which resembles Bowdoin Glacier size-wise. The goal of these experiments is to test the
capability of the new solvers to correctly model the advance and retreat of
a tidewater glacier with migrating margins. In the first experiment (E1), the
improved model is compared to the test case for the vertically extruded calving model, to verify that the physical calving model was not changed (setup available at https://github.com/ElmerCSC/elmerfem/tree/elmerice/
elmerice/Tests/Calving3D). In the second experiment (E2), the test case
is slightly adapted to force calving at the lateral margins, to demonstrate
margin retreat capability of the new calving remeshing. Finally, in the third
experiment (E3), calving is disabled in order to show the behaviour of
the glacier advance solver and to test whether artificial mass changes are
indeed negligible.
The idealised tidewater glacier is 5 km wide at the inflow boundary, and
converges linearly to a 3 km wide calving front (Fig. A.6a). The glacier is
600 m thick at the inflow boundary, rests on a linearly downsloping bed
(slope 0.025), with a 1 km long, 150 m high bump at the terminus, and even
shallower bedrock towards the lateral edges of the glacier front (Fig. A.2).
Basal drag is modelled by a Weertman-style friction law (Gagliardini et al.,
2013), with a sliding coefficient 10−4 and exponent 1/3. In E1, the velocity
is set to zero at both lateral margins. In E2 and E3, motion is induced
by applying a free-slip boundary condition within 1 km from the glacier
front, and only setting the normal velocity to zero. The surface and basal
boundaries evolve freely, including ungrounding. A hydrostatic external
pressure from the fjord is applied at the submarine part of the calving front
and the base (in case of ungrounding). An inflow of 1000 m yr−1 is applied.
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The mesh resolution is 500 m at the inflow boundary and 100 m at the front,
for both the 2D extruded and fully unstructured 3D mesh.
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Figure A.2: (a) y − z cross-section of idealised tidewater glacier geometry, from
inflow boundary to glacier front, where sealevel (zsl = 0) is indicated with a blue
plane. (b) x − z cross-section of glacier front.

a.3

results

E1) Benchmark: comparison with vertically extruded model
The resulting calving front with the technical improvement of the remeshing
routine is similar to the old model, as shown in Fig. A.3. The modelled
calving fronts have similar shapes, but the new remeshing routine yields a
smoothed calving front. Some differences do not arise from the remeshing
itself, but already from evaluating the calving criteria. Using the stress
fields, isolines are computed where where the crevasse depth criteria dictate
calving. Although the meshes have similar resolutions, they are not identical.
This likely caused the slight differences in computed isolines (Fig. A.3c).
Even though the isolines are crinkled in both models, the resulting calving
front after remeshing using Mmg is smoother than the old model. This
is the case because the isoline is not directly fed into Mmg. Instead, the
signed distance to the isoline is computed for the mesh nodes. When Mmg
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then calculates the zero contour of the signed distance, not all crinkles in
the isoline are recovered because they are not captured by the 3D mesh
resolution. When refining the mesh resolution (from 100 to 50 m), the
remeshed calving front follows the isoline more closely (Fig. A.4).
(a) Vertically extruded model

(b) Fully 3D model

Ice flow

Ice flow

1 km
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(c)
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Vertically extruded model

0

750
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Fully 3D model

Figure A.3: Model experiment E1: Modelled velocity after the first timestep for
the old, vertically extruded (a) and improved, fully 3D model (b). A zoom for
comparison of the isolines that dictate calving (c), overlayed on the grey shape of
the pre-calving geometry.

(a) Original mesh, 100 m resolution

(b) Finer mesh, 50 m resolution

Figure A.4: Model experiment E1: 3D visualisations of the remeshed shape after
calving in grey for the original mesh resolution (a, 100 m) and a finer mesh resolution
(b, 50 m). Red isolines show the calving location derived from evaluating the
crevasse-depth calving criteria and shadows are visualised in dark. Both panels are
for the improved calving model using Mmg.
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E2) Glacier retreat
Because there is no velocity at the margins in E1, there is also no stretching
and thus no calving at the margins. In E2), calving is induced at the margins
by applying a free-slip boundary condition within 1 km from the glacier
front, otherwise the model set-up is equivalent to E1. As shown in Fig. A.5,
the improved model is capable of simulating retreating margins. However,
simulations stop running after 4–11 timesteps of 1 d, depending on the
initial mesh that is used. The simulations either break down when interpolating variables onto the new mesh, or inside the Mmg mesh modification,
but the exact reason for breaking down is not clear yet. This shows that
although important steps have been made in the model development, some
technical challenges remain.
E3) Glacier advance
Calving is disabled to test the advance solver. In the first advance testcase,
the inflow is set to zero, such that any artificial mass change can easily be
detected. An artificial volume gain of 0.05% was found after simulating 2
years of glacier advance (Fig. A.6), when a diverging geometry of lateral
margins is assumed. The resulting advance with the same margin geometry,
but applying the 1000 m yr−1 inflow as in experiments E1 and E2, is
shown in Fig. A.7. The model realistically simulates the advance in a
piedmont glacier-like manner. Since the applied inflow and thickness at
the inflow boundary are constant, the total volume is expected to increase
linearly in absence of any numerical mass loss or gain. The mass gain per
timestep is indeed close to linear, with a relative standard deviation of
0.8%. This simulation was limited to 0.5 yr, because it required a higher
mesh resolution at the calving front. The high mesh resolution is necessary
since the advance solver only restricts the mesh nodes to the lateral margin
geometry, not the elements. In case of a larger advance, the coarser part
of the mesh at larger distance from the calving front would reach the
constriction at the initial calving front position and confinement of the
mesh to the lateral margins would not be guaranteed. In more realistic
simulations this should not cause problems as the advance will likely be
interrupted by calving events, which trigger the remeshing routine. Another
lateral margin geometry which first converges and then diverges is also
tested (Fig. A.8). This case has a relative standard deviation of 0.6% in the
volume increase per timestep.

A.3 results
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(b) t=1 day

Ice flow

Ice flow

1 km

(c) t=2 days

(d) t=3 days

(e) t=4 days

(f) t=4 days, pre-calving mesh

0

Velocity (m yr-1)
900

1800

Figure A.5: Model experiment E2: Velocity and resulting isoline for calving in white,
up to 4 days.
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(a) t = 0

(b) t = 2 yr
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Figure A.6: Model experiment E3: Advance test velocity before (a) and after 2 years
(b), in timesteps of 0.04 year, without inflow. The prescribed diverging lateral fjord
margins are shown with dotted black lines.

(a) t = 0

(b) t = 0.5 yr

Ice flow

Ice flow

1 km

0

Velocity (m yr-1)
750

1500

Figure A.7: Model experiment E3: Advance test velocity before and after half a year,
in timesteps of 0.02 year, with an inflow of 1000 m yr−1 . The prescribed diverging
lateral fjord margins are shown with black lines.

A.3 results

(a) t = 0
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Figure A.8: Model experiment E3: Advance test velocity before and after half a year,
in timesteps of 0.02 year, with an inflow of 1000 m yr−1 . The prescribed converging
and then diverging lateral fjord margins are shown with black lines.
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a.3.1 Summary of results
The three sets of experiments show that:
E1. the new remeshing implementation did not significantly change
modelled calving events compared to the old model (Todd et al.,
2018),
E2. the new remeshing implementation can simulate retreat of the entire
calving front, also at the intersection with the lateral boundaries,
and
E3. the new advance solver realistically simulates glacier advance without significant artificial mass loss or gain.
a.4

outlook

a.4.1 Technical model limitations
The improved model is still in development, and experiment E2 shows
that simulations break down after several timesteps with retreat. It is
likely that new issues arise when testing the model on realistic glacier
geometries and applying melt-undercutting. To improve robustness of the
model, the mesh quality could be checked after each timestep. For example,
elongated elements could be detected, since these are known to give rise
to numerical instabilities for the Stokes equations (Helanow and Ahlkrona,
2018). A threshold on the number of iterations required to solve the full
Stokes equations could also be set, as poor mesh quality will lead to poor
convergence. A mesh improvement without changing the geometry could
then be done using Mmg, in case the quality is too poor.
Furthermore, the mesh adaptation is currently done in serial, which
negatively affects computational efficiency. A parallel version of Mmg
has recently been released and could improve the efficiency of remeshing.
On the other hand, when aiming at simulations of larger regions, several
outlet glaciers could calve simultaneously, and parallelization of the mesh
adaptation could be done glacier-wise. In that case, the remeshing routine
could be run on one processor for each individual glacier.
a.4.2 Physical model limitations
Because the crevasse depth formula (Nye, 1957; Benn et al., 2007b) only
holds for a field of closely spaced crevasses, the calving criterion used here

A.4 outlook

can only reproduce calving patterns, not single calving events. In the current
implementation, the calving criterion is evaluated on the instantaneous
stress field. An interaction between crevasses and the stress field is not
modelled yet, but damage formation could be included where the effective
principle stress is positive, similar to Krug et al. (2014). Furthermore, the
model cannot represent the gradual propagation of rifts across the glacier.
In theory, this could be done by using Linear Elastic Fracture Mechanics
(LEFM) to model the initiation of single crevasses. The mesh could then be
adapted by the crevasse remeshing routine using Mmg (Van Dongen et al.,
2020a), after which viscous crevasse deformation and further propagation
using LEFM could be modelled. However, calculation of the stress intensity
factor (necessary to predict fracture propagation using LEFM) is far from
trivial for realistic 3D geometries. Therefore, it is more suitable to use a
discrete element model like HiDEM (Åström et al., 2014) to model single
calving events in detail and use Elmer/Ice’s calving model to simulate
longer term glacier evolution.
a.4.3

Potential application to Bowdoin Glacier

An interesting test case for the improved model would be to simulate the
retreat observed on Bowdoin Glacier from 2007 to 2013. In the current
implementation of the calving criterion, a water pressure is not applied
in surface crevasses, but calving is assumed to occur as soon as surface
crevasses reach sea level. In many 2D plan view or flowline models, a
surface crevasse water depth is used as a tuning parameter, to parametrize
hydrofracturing (e.g. Pollard et al., 2015; Otero et al., 2017; Choi et al.,
2018). Cook et al. (2012) showed that crevasse-depth calving laws are
very sensitive to the crevasse water level. It has been argued that using
the crevasse water depth as tuning parameter over-emphasises glacier
sensitivity to atmospheric forcing (Benn and Åström, 2018), and that such a
tuning parameter is not needed when modelling the full 3D stress field on
Store Glacier, where dry crevasses are observed (Todd et al., 2018). However,
a surface crevasse water level above sea level was necessary to explain
observed opening rates on Bowdoin Glacier, where a meltwater stream was
observed to enter a crevasse that induced calving (Van Dongen et al., 2020a).
A surface crevasse water pressure can easily be added to effective principle
stress (Eq. A.2). By including water-filled surface crevasses, it could be
tested whether hydrofracturing is necessary to reproduce the observed
retreat. If the retreat can be reproduced, the model could also be applied
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to study the future of Bowdoin Glacier. Chapter 4 shows that Bowdoin
Glacier may be on the verge of another retreat phase, as its calving style has
changed in response to thinning. Therefore, it would be interesting to test
Bowdoin Glacier’s sensitivity to further thinning and to investigate whether
the new, predominantly buoyant calving style could induce increased mass
loss.
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Dixon, T. H., Walker, R. T., and Holland, D. M. (2019). Ice-cliff failure via
retrogressive slumping. Geology, 47(5):449–452.
Paterson, W. S. B. (1994). The Physics of Glaciers. Pergamon, New York, 3rd
edition.
Plate, C., Müller, R., Humbert, A., and Gross, D. (2012). Evaluation of
the criticality of cracks in ice shelves using finite element simulations.
Cryosphere, 6(5):973–984.
Podolskiy, E. A., Sugiyama, S., Funk, M., Walter, F., Genco, R., Tsutaki, S.,
Minowa, M., and Ripepe, M. (2016). Tide-modulated ice flow variations
drive seismicity near the calving front of Bowdoin Glacier, Greenland.
Geophys. Res. Lett., 43(5):2036–2044.
Podrasky, D., Truffer, M., Lüthi, M., and Fahnestock, M. (2014). Quantifying velocity response to ocean tides and calving near the terminus of
Jakobshavn Isbræ, Greenland. Journal of Glaciology, 60(222):609–621.
Pollard, D., DeConto, R. M., and Alley, R. B. (2015). Potential Antarctic ice
sheet retreat driven by hydrofracturing and ice cliff failure. Earth and
Planetary Science Letters, 412:112–121.
Porter, C., Morin, P., Howat, I., Noh, M.-J., Bates, B., Peterman, K., Keesey,
S., Schlenk, M., Gardiner, J., Tomko, K., et al. (2018). ArcticDEM. Harvard
Dataverse, Release 7.
Porter, D. F., Tinto, K. J., Boghosian, A., Cochran, J. R., Bell, R. E., Manizade,
S. S., and Sonntag, J. G. (2014). Bathymetric control of tidewater glacier
mass loss in northwest Greenland. Earth and Planetary Science Letters,
401:40–46.
Pralong, A. and Funk, M. (2005). Dynamic damage model of crevasse
opening and application to glacier calving. J. Geophys. Res., 110(B01309).
Price, S. F., Payne, A. J., Howat, I. M., and Smith, B. E. (2011). Committed
sea-level rise for the next century from Greenland ice sheet dynamics
during the past decade. Proceedings of the National Academy of Sciences,
108(22):8978–8983.
Pritchard, H. D., Arthern, R. J., Vaughan, D. G., and Edwards, L. A. (2009).
Extensive dynamic thinning on the margins of the Greenland and Antarctic ice sheets. Nature, 461(7266):971.
Reeh, N., Christensen, E. L., Mayer, C., and Olesen, O. B. (2003). Tidal
bending of glaciers: a linear viscoelastic approach. Ann. Glaciol., 37:83–89.
Rignot, E., Fenty, I., Xu, Y., Cai, C., and Kemp, C. (2015). Undercutting
of marine-terminating glaciers in West Greenland. Geophys. Res. Lett.,
42(14):5909–5917.

bibliography

Rignot, E., Jacobs, S., Mouginot, J., and Scheuchl, B. (2013). Ice-shelf melting
around Antarctica. Science, 341(6143):266–270.
Rignot, E., Koppes, M., and Velicogna, I. (2010). Rapid submarine melting
of the calving faces of West Greenland glaciers. Nat. Geosci., 3(3):187.
Riikilä, T., Tallinen, T., Åström, J., and Timonen, J. (2015). A discrete-element
model for viscoelastic deformation and fracture of glacial ice. Comput.
Phys. Commun., 195:14 – 22.
Sakakibara, D. and Sugiyama, S. (2018). Ice front and flow speed variations
of marine-terminating outlet glaciers along the coast of Prudhoe Land,
northwestern Greenland. J. Glaciol., pages 1–11.
Sakakibara, D. and Sugiyama, S. (2020). Seasonal ice-speed variations in
10 marine-terminating outlet glaciers along the coast of Prudhoe Land,
northwestern Greenland. J. Glaciol., 66(255):25–34.
Schlemm, T. and Levermann, A. (2019). A simple stress-based cliff-calving
law. The Cryosphere, 13:2475–2488.
Schulson, E. M. (1999). The structure and mechanical behavior of ice. Jom,
51(2):21–27.
Schulson, E. M. and Duval, P. (2009). Creep and Fracture of Ice. Cambridge
University Press, Cambridge.
Sciascia, R., Straneo, F., Cenedese, C., and Heimbach, P. (2013). Seasonal
variability of submarine melt rate and circulation in an east Greenland
fjord. J. Geophys. Res.: Oceans, 118(5):2492–2506.
Seddik, H., Greve, R., Sakakibara, D., Tsutaki, S., Minowa, M., and Sugiyama,
S. (2019). Response of the flow dynamics of Bowdoin Glacier, northwestern Greenland, to basal lubrication and tidal forcing. J. Glaciol., pages
1–14.
Slater, D. A., Goldberg, D. N., Nienow, P. W., and Cowton, T. R. (2016).
Scalings for submarine melting at tidewater glaciers from buoyant plume
theory. Journal of Physical Oceanography, 46(6):1839–1855.
Slater, T., Hogg, A. E., and Mottram, R. (2020). Ice-sheet losses track highend sea-level rise projections. Nature Climate Change, pages 1–3.
Sugiyama, S., Kanna, N., Sakakibara, D., Ando, T., Asaji, I., Kondo, K., Wang,
Y., Fujishi, Y., Fukumoto, S., Podolskiy, E., Fukamachi, Y., Takahashi, M.,
Matoba, S., Iizuka, Y., Greve, R., Furuya, M., Tateyama, K., Watanabe, T.,
Yamasaki, S., Yamaguchi, A., Nishizawa, B., Matsuno, K., Nomura, D.,
Sakuragi, Y., Matsumura, Y., Ohashi, Y., Aoki, T., Niwano, M., Hayashi,
N., Minowa, M., Jouvet, G., van Dongen, E., Bauder, A., Funk, M., Bjørk,
A. A., and Oshima, T. (2020). Rapidly changing glaciers, ocean and coastal

143

144

bibliography

environments, and their impact on human society in the Qaanaaq region,
northwestern Greenland. Polar Science, page 100632.
Sugiyama, S., Sakakibara, D., Tsutaki, S., Maruyama, M., and Sawagaki,
T. (2015). Glacier dynamics near the calving front of Bowdoin Glacier,
northwestern Greenland. J. Glaciol., 61(226):223–232.
Sun, S., Cornford, S. L., Moore, J. C., Gladstone, R., and Zhao, L. (2017).
Ice shelf fracture parameterization in an ice sheet model. Cryosphere,
11(6):2543–2554.
Sutherland, D. A. and Straneo, F. (2012). Estimating ocean heat transports
and submarine melt rates in Sermilik Fjord, Greenland, using lowered
acoustic Doppler current profiler (LADCP) velocity profiles. Ann. Glaciol.,
53(60):50–58.
Takasu, T. and Yasuda, A. (2009). Development of the low-cost RTK-GPS
receiver with an open source program package RTKLIB. In International
symposium on GPS/GNSS, pages 4–6. International Convention Center Jeju
Korea.
Thomas, R. H. (2007). Tide-induced perturbations of glacier velocities.
Global and Planetary Change, 59(1-4):217–224.
Todd, J. and Christoffersen, P. (2014). Are seasonal calving dynamics forced
by buttressing from ice mélange or undercutting by melting? outcomes
from full-Stokes simulations of Store Glacier, West Greenland. Cryosphere,
8:2353–2365.
Todd, J., Christoffersen, P., Zwinger, T., Råback, P., and Benn, D. I. (2019).
Sensitivity of a calving glacier to ice—ocean interactions under climate
change: new insights from a 3-D full-Stokes model. The Cryosphere.
Todd, J., Christoffersen, P., Zwinger, T., Råback, P., Chauché, N., Benn, D.,
Luckman, A., Ryan, J., Toberg, N., Slater, D., et al. (2018). A Full-Stokes
3-d Calving Model Applied to a Large Greenlandic Glacier. J. Geophys.
Res.: Earth, 123(3):410–432.
Truffer, M. and Motyka, R. J. (2016). Where glaciers meet water: Subaqueous
melt and its relevance to glaciers in various settings. Rev. Geophys.,
54(1):220–239.
Tsutaki, S., Sugiyama, S., and Sakakibara, D. (2017). Surface elevations on
Qaanaaq and Bowdoin Glaciers in northwestern Greenland as measured
by a kinematic GPS survey from 2012–2016. Polar Data J., 1:1–16.
Tsutaki, S., Sugiyama, S., Sakakibara, D., and Sawagaki, T. (2016). Surface elevation changes during 2007–13 on Bowdoin and Tugto Glaciers,
northwestern Greenland. J. Glaciol., 62(236):1083–1092.

bibliography

Vallot, D., Åström, J., Zwinger, T., Pettersson, R., Everett, A., Benn, D. I.,
Luckman, A., van Pelt, W. J. J., Nick, F., and Kohler, J. (2018). Effects
of undercutting and sliding on calving: a global approach applied to
Kronebreen, Svalbard. Cryosphere, 12(2):609–625.
Van den Broeke, M. R., Enderlin, E. M., Howat, I. M., Kuipers Munneke,
P., Noël, B. P., Jan Van De Berg, W., Van Meijgaard, E., and Wouters, B.
(2016). On the recent contribution of the Greenland ice sheet to sea level
change. Cryosphere, 10(5):1933–1946.
Van der Veen, C. J. (1996). Tidewater calving. J. Glaciol., 42(141):375–385.
van der Veen, C. J. (1998). Fracture mechanics approach to penetration
of surface crevasses on glaciers. Cold Regions Science and Technology,
27(1):31–47.
Van der Veen, C. J. (2007). Fracture propagation as means of rapidly
transferring surface meltwater to the base of glaciers. J. Geophys. Res.,
34(L01501).
Van Dongen, E., Jouvet, G., Walter, A., Todd, J., Zwinger, T., Asaji, I.,
Sugiyama, S., Walter, F., and Funk, M. (2020a). Tides modulate crevasse
opening prior to a major calving event at Bowdoin Glacier, Northwest
Greenland. J. Glaciol., 66(255):113–123.
Van Dongen, E. C., Åström, J. A., Jouvet, G., Todd, J., Benn, D. I., and
Funk, M. (2020b). Numerical modeling shows increased fracturing due
to melt-undercutting prior to major calving at Bowdoin Glacier. Frontiers
in Earth Science, 8:253.
Van Dongen, E. C. H., Kirchner, N., Van Gijzen, M. B., Van De Wal, R. S.,
Zwinger, T., Cheng, G., Lötstedt, P., and Von Sydow, L. (2018). Dynamically coupling full Stokes and shallow shelf approximation for marine ice
sheet flow using Elmer/Ice (v8.3). Geosci. Model Dev., 11(11):4563–4576.
Vaughan, D. G. (1995). Tidal flexure at ice shelf margins. J. Geophys. Res.:
Solid Earth, 100(B4):6213–6224.
Vieli, A., Funk, M., and Blatter, H. (2001). Flow dynamics of tidewater
glaciers: a numerical modelling approach. J. Glaciol., 47(159):595–606.
Vieli, A., Jania, J., and Kolondra, L. (2002). The retreat of a tidewater
glacier: observations and model calculations on Hansbreen, Spitsbergen.
J. Glaciol., 48(163):592–600.
Vieli, A. and Nick, F. (2011). Understanding and modelling rapid dynamic
changes of tidewater outlet glaciers: issues and implications. Surveys in
Geophysics, doi 10.1007/s10712-011-9132-4.

145

146

bibliography

Walter, A., Lüthi, M. P., and Vieli, A. (2020). Calving event size measurements and statistics of Eqip Sermia, Greenland, from terrestrial radar
interferometry. Cryosphere, 14(3):1051–1066.
Walter, F., O’Neel, S., McNamara, D., Pfeffer, W., Bassis, J. N., and Fricker,
H. A. (2010). Iceberg calving during transition from grounded to floating
ice: Columbia Glacier, Alaska. Geophys. Res. Lett., 37(15).
Walters, R. A. and Dunlap, W. W. (1987). Analysis of time series of glacier
speed: Columbia Glacier, Alaska. Journal of Geophysical Research: Solid
Earth, 92(B9):8969–8975.
Weertman, J. (1974). Depth of water-filled crevasses that are closely spaced.
J. Glaciol., 13(69):544–544.
Werner, C., Strozzi, T., Wiesmann, A., and Wegmüller, U. (2008). GAMMA’s
portable radar interferometer. In Proc. 13th FIG Symp. Deform. Meas. Anal,
pages 1–10.
Xu, Y., Rignot, E., Fenty, I., Menemenlis, D., and Flexas, M. M. (2013). Subaqueous melting of Store Glacier, west Greenland from three-dimensional,
high-resolution numerical modeling and ocean observations. Geophys.
Res. Lett., 40(17):4648–4653.
Yu, H., Rignot, E., Morlighem, M., and Seroussi, H. (2017). Iceberg calving
of Thwaites Glacier, West Antarctica: full-Stokes modeling combined with
linear elastic fracture mechanics. Cryosphere, 11(3):1283–1296.
Zwinger, T., Nield, G. A., Ruokolainen, J., and King, M. A. (2020). A new
open-source viscoelastic solid earth deformation module implemented in
Elmer (v8. 4). Geosci. Model Dev., 13:1155–1164.

