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Resumen
La criosfera comprende la parte de agua congelada en la Tierra e incluye elementos como

nieve, glaciares, casquetes polares, mantos de hielo, hielo marino o permafrost. En conjunto,
todos ellos constituyen aproximadamente el 70 % del agua dulce de todo el planeta. La extensión
de todos estos elementos congelados cubre en torno al 21 % de la superficie terrestre, y los
glaciares representan aproximadamente un 15 % del total del hielo. El actual contexto de cambio
climático representa una amenaza contra el equilibrio de la criosfera ya que puede influir tanto
en la dinámica y el balance de masas de los glaciares, como en los procesos térmicos y dinámicos
de los océanos. Todo esto podría tener efectos sobre la hidrología y la ecología a nivel local y
global. Uno de estos efectos es la subida del nivel del mar.

Aunque constituyen solamente una pequeña fracción del volumen total de hielo de los dos
grandes mantos de hielo (Groenlandia y la Antártida), actualmente los glaciares están perdiendo
más masa, y a una tasa similar o incluso superior, que cada uno de los mantos de hielo por
separado. Es necesario, por tanto, entender que los glaciares, a pesar de su pequeño tamaño,
son una parte importante de un sistema complejo en el que los efectos oceánicos y atmosféricos
también juegan un papel esencial. Los tidewater glaciers (glaciares con terminación en el mar)
son glaciares que terminan en el mar, ya sea a través de una lengua flotante o de un frente vertical
anclado a tierra bajo el nivel del mar. En estos glaciares, una parte importante de la pérdida de
masa es debida a la ablación frontal, y los principales contribuyentes a la ablación frontal son
el calving o desprendimiento de icebergs y la fusión submarina. El calving es generalmente el
principal contribuyente, sin embargo, la fusión submarina no solo ejerce un efecto directo sobre
el frente glaciar, también puede promover más eventos de calving al inducir cambios en el campo
de tensiones del frente. Por tanto, ambos procesos deben ser analizados conjuntamente. Entre
los factores que afectan a los procesos de fusión submarina, uno de los procesos más importantes
es la formación de plumas de flotabilidad debido a la descarga subglacial de agua dulce.

En este estudio se ha usado el programa Elmer/Ice para desarrollar un modelo 3D de
dinámica glaciar. El modelo, que incluye calving e hidrología subglacial, y está acoplado con un
modelo de pluma lineal, calcula la posición del frente glaciar para cada paso temporal. Este
modelo se ha aplicado al sistema glaciar–fjordo Hansbreen–Hansbukta situado en el suroeste
de la isla de Spitsbergen, Svalbard, debido a la disponibilidad de grandes series de datos en
esa zona. El estudio se ha realizado para el período comprendido entre septiembre de 2008
y marzo de 2011 y los resultados indican que el modelo 3D es capaz de reproducir el ciclo
estacional de avance y retroceso. Además, al comparar las posiciones del frente del modelo con
las observadas se encuentra que tienen un buen grado de acuerdo si se tienen en cuenta solamente
los 350 m centrales del frente, con diferencias longitudinales, de media, por debajo de los 15
metros entre diciembre de 2009 y marzo de 2011. Sin embargo, hay regiones en las que el frente
modelado presenta mayores divergencias respecto al observado, especialmente en el margen este.
Al mejorar el modelo refinando las velocidades de superficie e introduciendo las tres zonas de
condiciones ambientales para el modelo de pluma, el nuevo frente modelado reproduce mejor
la fase de retroceso del glaciar en comparación con el modelo anterior. Además, la diferencias
entre las posiciones modeladas y observadas se han reducido ya que se han obtenido diferencias
longitudinales más pequeñas (por debajo de 10 metros), y al mismo tiempo se han extendido los
anteriores 350 metros centrales, en los que se consigue que el modelo reproduzca con bastante
exactitud las posiciones del frente observadas, hasta los 700 metros centrales, que es la mitad
del frente del glaciar. Pese a todo, el problema en el margen este persiste.

Finalmente, se ha llevado a cabo un análisis de sensibilidad que prueba que el modelo es
estable a variaciones de las condiciones iniciales. El análisis también indica que el calving es más
sensible a cambios en las velocidades iniciales, seguido de cambios en las condiciones ambientales
del fiordo y, finalmente, a cambios en la fusión en superficie.



Abstract
Cryosphere refers to the parts of the Earth where water is frozen, and includes snow, glaciers

and ice caps, ice sheets, lake and river ice, sea ice, permafrost and seasonally frozen ground.
Combined, all these elements constitute ∼70 % of the planet’s total freshwater. The extension
of the frozen components covers around 21 % of the Earth’s surface, with glaciers representing
around 0.15 % of the total of the ice. The ongoing climate change context represents a threat
to the cryosphere’s equilibrium, influencing the dynamics and mass balance of glaciers, as well
as the ocean’s thermal and dynamical processes. All of this could result in hydrological and
ecological effects at regional and global scales, including sea level rise.

Glaciers, even if they constitute only a small fraction of the total volume of two main
ice sheets – Greenland and Antarctica – are currently losing more mass, and at similar or
greater acceleration rates, than either of the ice sheet individually. Therefore, it is necessary to
understand glaciers as a part of a complex system in which oceanic and atmospheric effects also
play an important role. Tidewater glaciers are glaciers that terminate in the sea, with terminus
either floating or grounded below the sea level. In these glaciers, frontal ablation is responsible
for a large fraction of the mass loss. The main contributors to frontal ablation are iceberg
calving and submarine melting. Calving is usually the largest contributor, however, submarine
melting not only has a direct effect on the glacier front, but also can promote calving events
through the changes induced in the stress field at the glacier terminus. Therefore, both calving
and submarine melting processes should be jointly analysed. Among the factors influencing
submarine melting, one of the most important processes is the formation of a buoyant plume
due to the emergence of fresh subglacial water at the glacier grounding line.

In this study Elmer/Ice software is used to develop a 3D glacier dynamics model including
calving and subglacial hydrology, coupled with a line plume model to calculate the calving front
position at every time step. This model was applied to the Hansbreen–Hansbukta glacier–fjord
system in southern Spitsbergen, Svalbard, where a large set of data are available for both the
glacier and the fjord, from September 2008 to March 2011. It is found that the 3D model
reproduced the expected seasonal cycle of advance–retreat. Besides, the modelled front positions
were in good agreement with the observed front positions at the central 350 m of the calving
front, with longitudinal differences, on average, below 15 metres for the period from December
2009 to March 2011. But there were regions of the front, especially the eastern margin, that
presented major differences. Improving the model by refining the input surface velocities and
introducing a three–zone plume, the new modelled positions reproduced better the retreat season
in comparison to the previous model. Furthermore, the level of agreement between modelled
and observed front positions improved, resulting not only in lower longitudinal differences –
below 10 metres –, but also extending the central part of the front from 350 m to 700 m, half
the total its extension. But the problem in the eastern margin persists.

Finally, a sensitivity analysis was carried out proving that the model is stable at variations
in the input parameter, but also that calving is more sensitive to velocity changes, followed by
to changes in the fjord ambient conditions and changes in the surface melt water.
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Chapter 1

Introduction

The ocean plays a pivotal role in regulating climate. Around 71 % Earth’s surface is covered by
the global ocean. This saline water mass extends from polar to equatorial regions, contains ∼97
% of the Earth’s water and supplies ∼99 % of the Earth’s biologically habitable space (Pörtner
et al., 2019). The average depth of the ocean is around 3700 m, and is vertically stratified in
density layers from more dense water (bottom of the ocean) to less dense water (surface). The
density is determined by water temperature, salinity and pressure. But water in Earth is not
only present in a liquid state. Cryosphere refers to the parts of the Earth where water is frozen,
and includes snow, glaciers and ice caps, ice sheets, lake and river ice, sea ice, permafrost and
seasonally frozen ground. Combined, all these elements comprise ∼70 % of the total freshwater
volume on Earth. Besides, their extension covers around 21 % of the Earth’s surface, of which
0.15 % corresponds to glaciers (Vaughan et al., 2013).

At the ocean surface, temperature has, on average, increased by 0.88 °C between 1850–1900
and 2011–2020, and it is projected to increase between 1995 to 2014 and 2081 to 2100 on average,
depending of the scenario, between 0.86 °C and 2.89°C (Masson-Delmotte et al., 2021). The
ongoing climate change context exerts an impact on the dynamics and mass balance of glaciers,
as well as the ocean’s thermal and dynamical processes, resulting in hydrological and ecological
effects at regional and global scales, including sea level rise. Despite constituting only a small
fraction of the total volume of the Antarctic and Greenland ice sheets, glaciers are currently
losing more mass than both sheets taken separately and are doing so at similar or greater
acceleration rates (Hugonnet et al., 2021). In fact, according to the Sixth Assessment Report of
the IPCC of 2021 (Masson-Delmotte et al., 2021), glaciers have contributed substantially to sea
level rise from 1971 to 2018, accounting for 22 % of the total estimated contribution. The main
reason for this is the high susceptibility of glaciers to atmospheric and oceanic forcing (Rignot
et al., 2010; Motyka et al., 2013; Straneo and Cenedese, 2015; Luckman et al., 2015; Holmes
et al., 2019). Therefore, it is necessary to understand glaciers as a part of a complex system in
which oceanic and atmospheric effects also play an important role. And the development of
models including all these processes will contribute to make better predictions for the future.

In this work we aim to fill some of the above gaps by presenting a 3D full–Stokes ice flow
model focused on the front evolution of Hansbreen, a tidewater glacier located in the Svalbard
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archipelago. To do so, we include atmospheric (through surface mass balance and surface
meltwater), hydrological and oceanic processes (line plume model), and a 3D calving law. We
run the model for a total of 30 months, from September 2008 to March 2011, and analyse the
model performance by comparing the monthly front positions obtained with observational data.
By including all elements involved in frontal ablation, this model is expected to be a valuable
instrument to study the terminus evolution.

1.1 Background

This section presents the state of the art of the subject. To establish some context, it starts
by giving a general view about the ice distribution, the mass change rate and contribution to
sea level change for the main ice–covered regions, and some future predictions under different
scenarios. After that, tidewater glaciers and some factors involved in the study of this type of
glaciers such as atmospheric and oceanic processes, are presented as a complex system which
still requires a deeper understanding.

1.1.1 Ice masses in a global context

The Greenland Ice Sheet (GrIS) encompasses an approximate area of 1.7× 106 km2 and contains
a volume of around 3× 106 km3 of ice (Morlighem et al., 2017), while the Antarctic Ice
Sheet (AIS), excluding ice shelves, covers a larger area, around 12.3× 106 km2, and holds an
approximate volume of 26.5× 106 km3 of ice (Fretwell et al., 2013). On the other hand, about
215000 glaciers distinct from the Greenland and Antarctic ice sheets included in the Randolph
Glacier Inventory version 6.0 (RGI Consortium, 2017) cover an approximate area of 7× 105

km2 globally, comprising an ice volume of about 1.58× 105 km3 (Farinotti et al., 2019).
The GrIS experienced a mass loss of 4890 [4140–5640] Gt between 1992 and 2020, resulting

in a sea level rise of 13.5 [11.4 to 15.6] mm. Projections indicate that the GrIS is likely to
contribute an additional 0.06 (0.01 to 0.10) m to 0.13 (0.09 to 0.18) m of sea level rise by 2100
relative to the 1995–2014 baseline. Similarly, the AIS underwent a mass loss of 2670 [1800 to
3540] Gt over the same period, translating to a global mean sea level rise of 7.4 (5.0 to 9.8) mm.
Projections suggest that the AIS is likely to contribute an additional 0.11 (0.03 to 0.27) m to 0.12
(0.03 to 0.34) m of sea level rise by 2100 relative to the 1995–2014 baseline (Masson-Delmotte
et al., 2021). Between 1993 and 2019, the global glacier mass loss rate, excluding peripheral
glaciers of the Greenland and Antarctic Ice Sheets, was very likely 210 ± 50 Gt yr−1, accounting
for 6 [4 to 8] % of the total glacier mass in 1993 (Masson-Delmotte et al., 2021). The estimated
global glacier mass loss rate in the period 2000–2019 is ascended to 266 ± 16 Gt yr−1 when
the peripheral glaciers are included, representing 4 [3 to 6] % of the total glacier mass in 2000.
This rate has increased from 240 ± 9 Gt yr−1 in 2000–2009 to 290 ± 10 Gt yr−1 in 2010–2019
(Hugonnet et al., 2021). Glaciers estimated contribution to global mean sea level rise for the
period 1993-2019 was 17.1 [12.7 to 21.5] mm, and the projection for 2100 is an increase between
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18 [5 to 31] % and 36 [16 to 56] % (Masson-Delmotte et al., 2021).
Svalbard, in particular, is an Arctic region with a very high climatic sensitivity (Isaksen

et al., 2016; Nordli et al., 2020). The entire volume of water stored in Arctic glaciers, if melted
completely, could rise sea level around 0.3 m (AMAP, 2017). The mass change rate of Arctic
glaciers, including Greenland’s periphery, during the period from 2000 to 2018 reached -124.6
Gt a−1, and represents 46.7 % of the total rate for all the glaciers around the world (Hugonnet
et al., 2021). The projections for this region through the 21st century show that its contribution
will be significant (Meier et al., 2007; Church et al., 2013; Hock et al., 2019) so, by the end of
this period the estimated ice loss from glaciers would contribute between 3.9 and 9.2 cm to the
sea level rise, around 56 % of the total glacier estimation (Edwards et al., 2021). In the case of
Svalbard, the contribution to sea level rise is estimated at between 0.75 and 1.25 cm (Edwards
et al., 2021).

1.1.2 Tidewater glaciers

Tidewater glaciers (Figure 1.1) are glaciers that terminate in the sea, with terminus either
floating or grounded below the sea level (Cogley et al., 2011). The terminus position of these
glaciers is an essential climate variable that provides insights into significant processes such as
glacier mass balance and ice–ocean interactions (Bojinski et al., 2014), and frontal ablation plays
a primary role in controlling the terminus position. In regions like Svalbard and the Russian
Arctic, frontal ablation of tidewater glaciers accounts for between 10 and 30 % of total glacier
mass loss (Huss and Hock, 2015; Hanna et al., 2020). In fact, a recent study analysing the
different northern ice–covered regions Kochtitzky et al. (2022) revealed that the Russian Arctic
experienced the largest frontal ablation rate between 2000 and 2020, followed by Svalbard. The
principal mechanism involved in frontal ablation are, on the one hand, calving, and, on the
other hand, submarine melting.

Numerous studies have focused into the evolution of tidewater glacier front positions using
remote sensing data, such as e.g. Błaszczyk et al. (2021) at a local level, or e.g. Kochtitzky
et al. (2022) on a more global scale. However, the relative importance of the different processes
influencing front position changes remains poorly understood due to the scarcity of in situ
measurements. This scarcity is particularly acute in the case of basal conditions and subglacial
hydrology as a consequence of the inaccessibility. Furthermore, the heavily crevassed zone near
the calving front is often an obstacle in the acquisition of measurements that could be useful in
constraining processes like calving and submarine melting. Some recent works have begun to
address this scarcity of direct measurements by incorporating observations and models focused in
fjord water properties (Jackson et al., 2017, 2019), glacier front alterations (Vallot et al., 2019),
and the entire glacier–fjord system (Cassotto et al., 2018; Jouvet et al., 2018; Sutherland et al.,
2019; Xie et al., 2019). However, current understanding still relies heavily on parameterizations
of melting and entrainment, for which there is limited validation available (Hewitt, 2020). In
summary, many aspects of tidewater glaciers remain under–observed and poorly characterised.
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Figure 1.1: Schematic of a tidewater glacier and the main processes involved in frontal ablation (De Andrés,
2020)

1.1.3 Computational models in the context of a tidewater glacier

Computational models can help in understanding processes and predicting the future evolution
of glaciers, yet they require at least a minimum of observational input data. Moreover, the
more realistic and complex models require a larger variety and number of input data. In terms
of calving, for example, the development of a simple calving law is still an unsolved problem
(Benn et al., 2017; Benn and Åström, 2018). Therefore, the use of computationally expensive
3D calving models to reproduce the process with a fair degree of agreement with reality becomes
necessary (Todd et al., 2018, 2019). In terms of submarine melting at tidewater glaciers, Jenkins
(2011) implemented a one–dimensional plume model by adapting his previous work (Jenkins,
1991) based on the theory of Morton et al. (1956), finding a relation between the subglacial
runoff and the submarine melt rate. This model has been used to compute submarine melting in
tidewater glaciers (Cownton et al., 2015, 2019; Slater et al., 2015, 2018). Cook et al. (2020, 2022)
studied both calving and subglacial melting by coupling subglacial hydrology and meltwater
plumes to a 3D glacier dynamics model. These authors found significant results concerning
the subglacial hydrology and its relationship with calving and plume processes, but they did
not focus their work on the glacier terminus evolution. The front evolution, though, has been
studied by some authors (Otero et al., 2017; De Andrés et al., 2018) using 2D models, evidencing
the role of the back pressure and the importance of oceanic and atmospheric processes. Even
so, the lack of the third dimension in the latter models has prevented incorporating important
dynamical 3D effects, such as lateral front melting.
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1.1.4 The Hansbreen–Hansbukta system

The two last–mentioned models were applied to the Hansbreen–Hansbutka glacier–fjord system,
in Svalbard, which is our focus of interest, but there are not the only modelling works that
refer to this system. Oerlemans et al. (2011) proposed a minimal glacier model, in which the
ice mechanics was strongly parameterized. The simple law for iceberg calving used in their
model was able to match observed and simulated glacier length since 1900. Vieli et al. (2000,
2002) found that basal–sliding processes strongly depend on the effective pressure and control
the flow and the retreat of Hansbreen. Pętlicki et al. (2015), on the other hand, concluded
that calving on Hansbreen is mainly triggered by the local imbalance of forces at the front,
due to undercutting at the sea waterline and development of a thermo–erosional notch. More
recently, De Andrés et al. (2021) made a comparison between a 2D glacier–fjord model and a 2D
glacier–plume model regarding the calving front evolution. They determine that both models
showed similar results for simulated glacier front positions under appropriate constraints of
subglacial discharge, fjord temperature and crevasse water depth, but the glacier–plume model
computational cost was significantly lower. Möller et al. (2023) presented a sensitivity study
analysing the impact of five different bedrock datasets on projected mass losses from Hansbreen
and suggested that under the influences of warmer climates accurate bedrock/ice thickness data
are especially important for future glacier evolution modelling on decadal timescales. Finally,
another recent study of Holmes et al. (2023) used a 3D model to study Kronebreen, a tidewater
glacier in the same region – Hornsund fjord – and found that submarine melt is an important
driver of seasonal variation in modelled glacier dynamics and calving activity.

1.2 Main objectives

Overall, the principal aim of this thesis is the study of the front position of a tidewater glacier
by implementing a 3D model. To do so, the tasks carried out to fulfil the objectives of this work
are the following:

• Building of a 3D glacier model. This dynamic model includes a series of input data such
as the observed surface velocities, the geometry or the surface mass balance to simulate
the ice dynamics of a real glacier during a time span.

• Solving the subglacial hydrology. Input data like surface meltwater has been included as a
source term to the hydrology system. The solution of the hydrology provides a subglacial
discharge, an essential variable in the study of a tidewater glacier.

• Including the front evolution into the 3D glacier dynamics model by incorporating modules
to solve the two main frontal ablation processes: calving and submarine melting. To solve
submarine melting a line plume model is used that receives the subglacial discharge –
provided by the hydrology – and the fjord ambient conditions as inputs.
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• Applying the model to a real and largely observed glacier, Hansbreen, to determine its
level of performance, i.e., how good – or bad – behaves the model when contrasting with a
real case. This is done by comparing the front positions of both, model and observations.

Additionally, there are some other secondary questions that this work pretend to address:

• Which, calving or submarine melting, is the primary contributor to frontal ablation?

• Which, surface meltwater of fjord ambient conditions, is the most important factor for
submarine melting?

• What is the relation between submarine melting and calving activity?

• Does the inclusion of a 3D model improve the results obtained by previous 2D models?

On the whole, since atmospheric, hydrological and oceanic processes are included, as well as
the main elements involved in frontal ablation – calving and submarine melting – this model is
expected to be a valuable instrument to study the terminus evolution of tidewater glaciers.
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Chapter 2

Methodology

This chapter addresses the methodology used for this study. It begins with a general overview
of the model, which covers the following components: glacier dynamics, calving, subglacial
hydrology, ice–ocean thermodynamics, submarine melting (plume model), boundary conditions,
meshing, and the numerical model employed. Finally, the design of the model that was generated
taking into account all of the mentioned components is explained.

2.1 Model overview

The core of this work is the development of a 3D model of a tidewater glacier to estimate frontal
ablation. Since the front is in contact with a mass of water, ice–ocean interaction processes
are essential in the behaviour of these glaciers. Therefore, the 3D model is composed of a
central module that solves glacier dynamics, incorporating additional functionalities to address
calving, subglacial hydrology, and submarine melting. To do so, the open–source, full–Stokes,
finite–element, ice flow model Elmer/Ice (Gagliardini et al., 2013) is used, including the GlaDS
(Glacier Drainage System) hydrological model (Werder et al., 2013) for the subglacial hydrology,
a 3D calving module (Todd et al., 2018) and a continuous sheet–style line plume across the
width of the calving front (Cook et al., 2020) to account for the submarine melting.

2.1.1 Ice flow model

On a long enough time scale, ice can be treated as an incompressible and extremely high–viscous
fluid. This model, thus, solves the full–Stokes equations for ice flow, which consists of series of
equations describing the steady conservation of linear momentum and mass conservation of an
incompressible continuous medium:

div(σ) + ρg = div(τ )− grad(p) + ρg = 0 (2.1)
div(u) = tr(ε̇) = 0 (2.2)
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where σ is the Cauchy stress tensor, τ the deviatoric stress tensor, ε̇ the strain rate, u=(u,v,w)
the fluid velocity, g=(0,0,-g) the gravity and ρ the ice density. The Cauchy stress and the
deviatoric stress tensors are related following:

σ = τ − pI , p = −tr(σ)/3 (2.3)

where I is the identity matrix. As the constitutive relation, Nye’s generalisation of Glen’s flow
law is adopted (e.g., Cuffey and Paterson, 2010), which links the deviatoric stress and the strain
rate:

τ = 2ηε̇ (2.4)

where the effective viscosity, η, is given by:

η = 1
2(EA)−1/nε̇(1−n)/n

e (2.5)

where ε̇2
e = tr(ε̇2)/2 is the square of the second invariant of the strain rate, E is the enhancement

factor and A is a rheological parameter which follows:

A = A(T ′) = A0e
−Q/RT ′ (2.6)

where T ′ denotes the ice temperature relative to the melting point and R the gas constant. A
and Q are set following Cuffey and Paterson (2010), which establish:

A =

A1 = 2.89 × 10−13s−1Pa−3, if T ≤ 10ºC
A2 = 2.89 × 10−13s−1Pa−3, if T ≥ -10ºC

Q =

Q1 = 60 kJ mol−1, if T ≤ 10ºC
Q2 = 115 kJmol−1, if T ≥ -10ºC

assuming in this case a constant temperature of -1ºC.

2.1.2 Calving

Benn et al. (2007b) postulated that, from the different calving mechanisms contemplated in their
study, longitudinal stretching in the large–scale velocity field of the glacier near the terminus
would be the primary driver of calving. Therefore, the downward propagation of transverse
surface crevasses near the calving front, induced by the extensional stress regime, is presumably
what triggers calving (Benn et al., 2007a). The depth reached by a crevasse is determined
by the balance between the longitudinal tensile strain rate tending to open the crevasse and
the creep closure resulting from the ice overburden pressure (Nye and Perutz, 1957; Todd and
Christoffersen, 2014). This model uses the calving implementation described by Todd et al. (2018,
2019) and Cook et al. (2020, 2022), following Otero et al. (2010) and Todd and Christoffersen
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(2014). This implementation is an improved formulation of the crevasse depth (CD) calving
criterion postulated by Benn et al. (2007a) and Nick et al. (2010) for use in a 3D framework.
This calving criterion has been chosen because it is the one implemented in Elmer/Ice, but,
when compared with other calving models such as the height–above–flotation model (HAF; Van
der Veen, 1996), the fraction–above–flotation model (FAF; Vieli et al., 2001), the eigencalving
model (EC; Levermann et al., 2012), the von Mises criterion (VM; Morlighem et al., 2016), and
a calving relation based upon the surface stress maximum (SM; Mercenier et al., 2018), the
results indicate that the crevasse depth calving model provides the best balance of high accuracy
and low sensitivity to imperfect parameter calibration (Amaral et al., 2020). Moreover, a recent
study of Benn et al. (2023) shows that the CD calving law reflects the glaciological controls on
calving at a tidewater glacier (Sermeq Kujalleq) and exhibits considerable skill in simulating its
mean position and seasonal fluctuations. Crevasse depths are, therefore, calculated following:

σn = 2τesgn(τxx)− ρigd+ Pw (2.7)

where σn is the net stress (positive for extension and negative for compression). The terms
on the right–hand side represent the balance of forces: the first corresponds to the opening
force of longitudinal stretching, where τe represents the effective stress, τ 2

e = τ 2
xx + τ 2

zx and the
sign function ensures that crevasses opening is only produced under longitudinal extension; the
second term corresponds to the ice overburden pressure, which leads to creep closure, where
ρi is the ice density, g is the acceleration of gravity and d stands for the crevasses depth. Pw

stands for the water pressure which contributes to opening the crevasses. This term is here
considered to be zero for surface crevasses because they are capable of opening without water
pressure. For basal crevasses, on the other hand, water pressure is controlled by the subglacial
hydrological system and at the calving front can be expressed as:

Pw = (Zsl − Z) · ρwg (2.8)

with ρw being the density of water at the calving front and Z the elevation with respect to sea
level. Zsl denotes the sea level and is set to 0 m. This improved criterion specifies calving to
occur either when surface crevasses reach the waterline or when surface and basal crevasses meet,
and its formulation disregards the formation of new fractures. Such a simplification is justifiable
given the extensively fractured nature of ice near the calving front, leading extensional stresses
primarily serve to propagate existing fractures. To determine crevasse propagation, the calving
model uses a separated 2D mesh representing the frontal area of the glacier. This mesh extends
1850 m up the glacier and has a resolution of 30 m. When calving occurs, the model calculates
a calving vector which is normal to the calving front and maps pre–calving to post–calving node
positions. In order to maintain the mesh quality, calving events require subsequent remeshing
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of the main mesh.

2.1.3 Subglacial hydrology (GlaDS)

Subglacial hydrology is modelled using the GlaDS model (Werder et al., 2013). This model
incorporates both inefficient distributed drainage, represented by a water sheet covering the
entire glacier bed, and efficient channelized drainage, represented by a network of channels
generated along the mesh element edges of the computational domain. There are three variables
which describe the drainage system: the sheet thickness, h, the channel cross–section area, S,
and the hydraulic potential, φ. The last term is defined as:

φ = ρwgZ + Pw (2.9)

and the set of equation describing the system is:

ev

ρwg

∂φ

∂t
−∇ · q + ws − vs −mb = 0 (2.10)

∂Q

∂s
+ Ξ− Π

L
( 1
ρi

− 1
ρw

)− vc −mc = 0 (2.11)

∂h

∂t
= ws − vs (2.12)

∂S

∂t
= Ξ− Π

L
− vc (2.13)

where ev is the englacial void ratio which allows water storage in the sheet layer, mb the source
term, q the water discharge in the sheet, vs the cavity closing rate due to creep of ice, ws the
cavity opening rate due to sliding over bumps, mc the channel source term, Q the discharge in
a channel, Ξ the potential energy dissipated per unit length of channel, Π the rate of change of
sensible heat per unit length of channel due to changes in the pressure melting point, and L is
the latent heat of fusion.

The implementation of the hydrological model for this work uses the GlaDS Elmer/Ice
module, which has been adapted, regarding the size of the domain, following Gagliardini and
Werder (2018) and Cook et al. (2020) to model Hansbreen’s subglacial hydrology. The main
parameters of the model are set out in Table 2.1. To avoid unnecessary complexity, GlaDS is
applied at the glacier bed using the same mesh as the ice model to obtain subglacial discharge
estimates at the grounding line. Water is not permitted to flow through the lateral boundaries
and we set the hydraulic potential, φ, to zero at the grounding line. This is obtained from
equation 2.8 and 2.9 combined with the definition of the hydraulic potential. Water input into
the hydrological system is derived from surface and basal meltwater production. Surface melting
is determined by calculating monthly averages for the surface meltwater, assuming it travels
directly to the bed at the same point of production at the surface. As for basal meltwater, we
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Table 2.1: Parameters used for the GlaDS model in this study

Description Name Value Units
Pressure melt coefficient ct 7.5·10−8 KPa−1

Heat capacity of water cw 4220 J kg−1K−1

Sheet flow exponent αs 3
Sheet flow exponent βs 2
Channel flow exponent αc 5/4
Channel flow exponent βc 3/2
Sheet conductivity ks 0.005 m s−1kg−1

Channel conductivity kc 0.1 m3/2kg−1/2

Sheet width below chann lc 0.2 m
Cavity spacing lr 0.5 m
Bedrock bump ratio hr 0.02 m
Englacial void ratio ev 10−4

suppose a distributed melt calculated using a geothermal heat flux of 63 mW m−2 (Gagliardini
and Werder, 2018).

2.1.4 Ice–ocean thermodynamics

At an ice–ocean interface (Fig. 2.1), such as a floating ice shelf or tidewater glacier, the energy
balance can be formulated as:

QT
a = QT

i −QT
lat (2.14)

QS
a = QS

i −QS
brine (2.15)

This means that there has to be a balance between the heat flux supplied to the glacier by
the ambient fjord water, QT

a , and the heat flux into the ice, QT
i , plus the latent heat flux

due to melting or freezing, QT
lat. And similarly for QS

a , QS
i , and QS

brine. This budget can be
expressed in terms of the known ambient and ice properties by a set of equation following the
parameterization developed by Holland and Jenkins (1999):

Tb = λ1Sb + λ2 + λ3pb (2.16)
CpwργT (Ta − Tb) = −q[Lf + Cpik(Ti − Tb)] (2.17)
ργS(Sa − Sb) = −q(Sb − Si) (2.18)

where Tb, pb and Sb are temperature, pressure and salinity at the boundary, the subscript a
refers to ambient properties, and q the melt rate of ice. For seawater, λ1 = -5.73 × 10−2 ºC
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is the freezing point slope; λ2 = 8.32 × 10−2 ºC is the freezing point offset; and λ3 = 7.61 ×
10−4ºC m−1 is the depth–dependent freezing point slope. Lf is the latent heat of fusion, Cpw,i

is the specific heat capacity for seawater and ice respectively (with values 3974 and 2000 J
kg−1K−1), and γT,S is the velocity–dependent turbulent transfer coefficients of heat and salt
respectively.

Figure 2.1: Schematic representation of heat and salt fluxes at the ice–ocean interface. S and T stand for
salinity and temperature respectively, whereas subscripts b, i and a indicate boundary, ice and ambient water,
respectively. Source: (Straneo and Cenedese, 2015).

Turbulent transference of heat and salt are considered proportional to the vertical velocity
(Ua) near the glacier front wall, so:

γT,S = C
1/2
d ΓT,SUa (2.19)

where C1/2
d and ΓT,S are the drag and turbulent–transfer coefficients, respectively.

2.1.5 Plume model

Models of ocean circulation can capture the broad–scale features of the buoyancy–driven
circulation and reproduce the observed distribution of melting and freezing next to the glacier
front. However, resolving all the processes that operate at the grounding line is generally beyond
the capabilities of most ocean circulation models. In regions where fast–flowing tidewater
glaciers terminate in fjords there will be a flow of freshwater draining across the grounding line
from the glacier bed. When this water emerges, it provides buoyancy forcing for the overturning
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circulation in addition to that provided by melting at the ice–ocean interface. Figure 2.2
illustrates a one–dimensional model, based on the theory of buoyant plumes, developed by
Jenkins (2011). The equations describing this model are as follows:

d

dX
(DU) = ė+ ṁ (2.20)

d

dX
(DU2) = D

∆ρ
ρ0
gsinα− CdU

2 (2.21)

d

dX
(DUT ) = ėTa + ṁTb − UC1/2

d ΓT (T − Tb) (2.22)
d

dX
(DUS) = ėSa + ṁSb − UC1/2

d ΓS(S − Sb) (2.23)

where D, U, T and S are the plume thickness, velocity, temperature and salinity respectively, α
is the angle of the ice shelf base from the horizontal (in our case, α = 90º), ṁ and ė (defined as
E0Usinα) are the melt and the entrainment rate respectively, and C1/2

d ΓT and C1/2
d ΓS are the

thermal and haline Stanton numbers.

Figure 2.2: One–dimensional plume model. Source: (Jenkins, 2011).

The implementation of the plume model for this work uses the Plume Elmer/Ice module
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(Cook et al., 2020, 2022) based on buoyant plume theory (Jenkins, 2011; Slater et al., 2015). In
that model, a continuous sheet–style line plume, split into coterminous segments, is simulated
across the calving front. The field studies carried out on tidewater glaciers (Fried et al., 2015;
Jackson et al., 2017) justify the selection of this plume geometry.

The plume model is initialised using the subglacial discharge values at each node of the
grounding line, which are obtained by solving the subglacial hydrology model. The buoyancy
flux generated by the density difference between meltwater and fjord ambient water causes
subglacial discharge water to ascend adjacent to the calving front, while it turbulently mixes
with the surrounding water, inducing melting at the ice–water interface. The calculated melt
rates are subsequently employed to modify the geometry of the submerged part of the calving
front.

2.1.6 Boundary conditions

The calving front is determined by a series of nodes between two fixed points in the lateral
margins of the glacier. Consequently, these nodes will be the ones that are allowed to advance
and retreat. At the head of the glacier, the ice divide, horizontal velocities and shear stresses
are set to zero. No flow is allowed through the lateral margins of the glacier, where no–slip
conditions are additionally imposed. The upper free–surface is constrained to a surface mass
balance accumulation flux boundary condition (positive for accumulation, negative for ablation).
This flux is obtained by calculating monthly means of the SMB data described in Chapter 3:

∂zS

∂t
+ uS

∂zS

∂x
+ vS

∂zS

∂y
− wS = as (2.24)

where uS, vS and wS are the surface velocities obtained from the Stokes solution and as accounts
for the surface mass balance. As for the lower boundary, assuming that ice flows over hard
bedrock at Hansbreen glacier, a simple Weertman–type sliding law is applied at the bed:

τb = βub (2.25)

where τb is the basal stress, ub is the basal velocity and β is the slip coefficient. The Weertman–
type sliding law has been chosen assuming that ice flows over hard bedrock at Hansbreen.
Finally, a seawater hydrostatic pressure condition is imposed at the front of the glacier.

2.1.7 Meshing

The 3D mesh is built by vertically extruding the footprint of the glacier, an horizontal mesh
composed of triangles. The footprint has been designed to have a maximum resolution of 50 m
at the calving front. The resolution decreases progressively up glacier, reaching 200 m at 5 km
from the front and, beyond that, the mesh continues coarsening to get to 500 m at the head of
the glacier (Fig. 2.3). This horizontal mesh is then vertically extruded on 10 levels, resulting in
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a 3D mesh composed of triangular prisms (Fig. 2.4).

Figure 2.3: (a) Two–dimensional mesh representing the footprint of the glacier, and (b) detail of the area next
to the calving front.

2.1.8 Numeric model: Elmer/Ice

Elmer/Ice is an open source finite–element software for ice sheet, glaciers and ice flow modelling.
It has been used on more than 200 scientific publications and applied to a range of different
problems such as full–Stokes equations for different ice rheologies, Shallow Ice Approximation
(SIA) and Shallow Shelf Approximation (SSA), grounding line dynamics, age of ice, various
friction laws, among others. The general functioning of Elmer/Ice can be summarised using
the flowchart presented in Fig. 2.5. The main solver (ElmerSolver) needs a mesh file and
a configuration file. The mesh file is obtained using the tool ElmerGrid, which requires a
preprocessed input file describing the mesh (obtained by using the software Gmsh). The
configuration file specifies a series of properties, the modules (solvers) to be executed, and
the boundary conditions of the problem. Upon completion of the simulation, ElmerSolver
can generate various output files, including an ASCII file containing the values of the selected
variables, a VTU file for visualising the results using an external tool (Paraview), or files for
internal use (.result).
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Figure 2.4: Three–dimensional mesh and detail of the front representing the geometry of the glacier.
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Figure 2.5: Schematics of the general functioning of Elmer/Ice.

2.2 Model Design

The model is implemented in 30–day monthly cycles with a 1–day time step that are run
sequentially to cover the total time, September 2008 to March 2011. The starting date,
September 2008, has been chosen taking into account the availability of an appropriate surface
DEM of Hansbreen and the overlap between the different input data. The first 6 months is
considered to be the initialization of the model. Therefore, the period of study extends from
March 2009 to March 2011. Beyond that, there are no velocity data available. Every cycle is
divided into three different steps (Fig. 2.6), as follows.

1. Inversion for slip coefficient. An inversion using adjoint methods (Gillet-Chaulet et al.,
2012) is performed to adjust the slip coefficient to the changing mean velocities for a given
month. This is done by minimising a cost function for the velocities, running monthly
steady–state simulations. It is performed monthly to account for the changes in the
velocity field while keeping a reasonable computational cost.

2. Dynamical and hydrological models, and free–surface evolution. Using the slip coefficient
from the inversion, and the input surface mass balance and surface meltwater data,
the hydrology is computed in a 30–day transient simulation with a 1–day time step.
Subsequently, the daily subglacial discharge values are averaged over the month. At this
point, the glacier surface is left to evolve freely, whereas the front remains fixed.

3. Calving and plume models’ activation. The monthly–averaged values of subglacial discharge
and the fjord ambient conditions are the required input for the line plume model. The
dynamic model is run again for a month with a 1–day time step, but now with the modules
for calving and plume enabled. In this case, the hydrology is not computed, the glacier
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surface is left to evolve freely and the front is allowed to evolve as a combination of ice
flow, submarine melting and calving. Therefore, each of these time steps results in a new
glacier geometry and a new front position. To avoid mesh degeneration that could cause
critical problems to the model, remeshing is performed either when calving occurs or after
eight consecutive no–calving time steps.

Figure 2.6: Schematics of the three–step model procedure: inversion, dynamic model with hydrology module,
and dynamic model with calving and plume modules. The red arrow indicates that a series of N cycles are run
to cover the total simulation period.

The initial mesh, corresponding to September 2008, is obtained from the geometry data
described in Sect. 3.2.3. After every cycle, the model generates a new geometry that will be
used as the input of the following one. Therefore, the model provides monthly front positions.
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Chapter 3

Data and Study Area

This chapter starts with the description of the area of study, the Hansbreen–Hansbukta glacier–
fjord system located in the Hornsund fjord, Svalbard. Next, the chapter details the data used
as input to the model, such as velocities, mass balance, surface meltwater and fjord ambient
conditions. Finally, the observed front positions used to evaluate the model’s performance are
presented.

3.1 Study area

Figure 3.1: Image of Hansbreen front taken on September 2023.

The glacier–fjord system Hansbreen–Hansbukta is located in one of the branches of the
Hornsund fjord in southwest Spitsbergen, Svalbard, at ∼77ºN, ∼15.5ºE (Fig. 3.4). The entire
drainage basin area of Hornsund amounts to ∼1200 km2, of which ∼67% is covered by glaciers
(Fig. 3.3). And tidewater glaciers constitute 97 % of the glacierized area (Błaszczyk et al., 2013).

Hansbreen is a polythermal tidewater glacier flowing in a southerly direction which covers
an area of 57 km2. It’s about 16 km long with a very low mean surface slope, 1.8° along the
central flow–line (Grabiec et al., 2012), and its calving front is 1.5 km wide with a vertical face
100 m thick approximately at the central flow–line, of which 50 to 60 m is below sea level. The
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Figure 3.2: Satellite image of Svalbard. Retrieved from the Visible Earth (EOS Project Science Office at NASA
Goddard Space Flight Center) website(EROS (USGS), 2013). The red box indicates the position of Hornsund
fjord.

seasonal retreat of Hansbreen usually starts in June/July and lasts until late autumn/early
winter, and the average summer and winter fluctuations amount to -125 and 79 m, respectively
(Błaszczyk et al., 2021). As for Hansbukta, it’s a ∼2 km long fjord, with maximum depth of
∼55–57 m next to the central part of the glacier front. Temperature and salinity in Hansbukta
experience strong seasonal variability, ranging from -1.8 to 3°C and from 34.6 to 31.8 PSU
between April and August, respectively.

3.2 Data

The data used by the model is divided into the input data – surface velocities, mass balance,
surface meltwater, geometry, and oceanographic data – and the data used to validate the model
– observed front positions.

3.2.1 Surface velocities

The model needs monthly surface velocities maps. Taking this into account, ice surface velocities
were obtained by applying Bayesian kriging techniques (Perez-Doña and Otero, 2023) (Fig. 3.5).
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Figure 3.3: Satellite image of Hornsund. Retrieved from the USGS Earth Resources Observation and Science
(EROS) Center website (Jacques Descloitres, MODIS Rapid Response Team, NASA/GSFC, 2003). The red box
indicates the position of Hansbreen.

This involved using daily measurements of horizontal velocities between May 2005 and April
2011 at various locations across the glacier. As a prior, a map of the surface velocity module of
Hansbreen Glacier was calculated as the mean of velocities derived from measurements taken
by TerraSAR-X from January 2013 to August 2014 using feature tracking (Adrian Luckman,
personal communication (September 2014)).

3.2.2 Mass balance and surface meltwater

Surface mass balance (SMB) and surface meltwater (SMW) were obtained from European Arctic
Reanalysis data, with 2 km horizontal resolution and hourly temporal resolution, constrained
by automatic weather stations and stake observations (Finkelnburg, 2013) (Fig. 3.6 and 3.7).

3.2.3 Geometry and topography

The surface elevation came from the SPIRIT digital elevation model for gentle slopes, with a 30
m rms absolute horizontal precision and 40 m resolution and corresponds to September 2008
(Korona et al., 2009). Bedrock topography was inferred from ground–penetrating radar data
(Grabiec et al., 2012; Navarro et al., 2014). Together these data provide the geometry of glacier
(Fig. 3.8).
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Figure 3.4: Location of Hansbreen–Hansbukta, Svalbard (inset). ASTER image of Hansbreen–Hansbukta
showing the location of the stakes for velocity measurements (blue circles for the flow–line and red circles for the
rest of the stakes ) (Otero et al., 2017). The white triangle indicates the position of the time–lapse camera. The
axes include the UTM coordinates (m) for zone 33X.

3.2.4 Oceanographic data

Oceanographic data consist on a set of CTD casts (i.e., conductivity, temperature and depth
profiles) in Hansbukta (yellow points in Fig. 3.9). All the data were vertically averaged every
1 dbar (1 kPa). Available CTD oceanographic data only cover the period from April 2010 to
August 2010, with a long gap between April and July. Therefore, to extend this data throughout
the entire year, a combination of linear interpolation and linear extrapolation techniques was
employed. Linear interpolation was used to fill in the period from April 2010 to July 2010, while
a linear extrapolation was applied for the remaining months, supported by a set of mooring
measurements (De Andrés et al., 2018, their ’Supplementary material’).
The mooring data indicated that the temperature and salinity records remained relatively stable
between November and April. Consequently, a linear extrapolation was used to calculate the
values from August to November. Finally, and assuming that no changes in ambient conditions
occurred between November and April, the values for November were used for the following
months until March (Fig 3.10).
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Figure 3.5: (a) Hansbreen surface velocity distribution obtained from the BK algorithm corresponding to
September 2008, and (b) time evolution of the velocity at the stake located closer to the calving front (the
southernmost blue point in Fig. 3.4). The shaded area corresponds to the initialization period. The yellow areas
indicate the summer periods and the vertical black lines separate the different years. The satellite image used as
background in (a) was available from ASTER © METI and NASA, all rights reserved, courtesy of the University
of Silesia, Poland, within the frame of cooperation of the SvalGlac project.
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Figure 3.6: (a) Average surface meltwater (SMW) distribution corresponding to September 2008, and (b)
evolution of the average surface meltwater for every month. The shaded area corresponds to the initialization
period. The yellow areas indicate the summer periods and the vertical black lines separate the different years.
The satellite image used as background in (a) was available from ASTER © METI and NASA, all rights reserved,
courtesy of the University of Silesia, Poland, within the frame of cooperation of the SvalGlac project.
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Figure 3.7: (a) Average surface mass balance (SMB) distribution corresponding to September 2008, and (b)
evolution of the average surface mass balance for every month. The shaded area corresponds to the initialization
period. The yellow areas indicate the summer periods and the vertical black lines separate the different years.
The satellite image used as background in (a) was available from ASTER © METI and NASA, all rights reserved,
courtesy of the University of Silesia, Poland, within the frame of cooperation of the SvalGlac project.
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Figure 3.8: 3D representation of Hansbreen topography

Figure 3.9: Bathymetry of Hansbukta. The symbols indicate the CTD casts distribution measured in different
dates during the period April to August 2010.
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Figure 3.10: Temperature and salinity profiles in the central part of Hansbukta closest to Hansbreen calving
front. Winter values cover from November to March.

3.2.5 Front positions

Front position data from time–lapse camera images taken every 3 hours were processed and
averaged over weekly intervals between December 2009 and September 2011 (Otero et al., 2017).
There is a lack of data in the western part of the glacier (Fig. 3.11), but the extension of the
observed front is long enough to make a good comparison.

Figure 3.11: An example of some observed front positions. The grey solid line corresponds to the initial geometry,
September 2008. The dashed lines correspond to July, September and November 2010.
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Chapter 4

Application of the 3D Glacier
Dynamics–line Plume Model to
Hansbreen, Svalbard

In this work we aim to fill some of the gaps in the current state of the art mentioned in
Chapter 1 by presenting a 3D full–Stokes Elmer/Ice–based ice flow model focused on Hansbreen
front evolution. To do so, we include atmospheric (through surface mass balance and surface
meltwater), hydrological and oceanic processes (line plume model), and a 3D calving law. We
run the model for a total of 30 months, from September 2008 to March 2011, and analyse the
model performance by comparing the monthly front positions obtained with observational data.
By including all elements involved in frontal ablation, this model is expected to be a valuable
instrument to study the terminus evolution.

This chapter includes, therefore, the results of the 3D glacier dynamics–line plume model
described in Chapter 2 applied to the Hansbreen–Hansbukta system described in Chapter 3.
The results are followed by a discussion of the main outputs of the model, and, finally, some
conclusions of the application of the model are commented.

4.1 Results

Starting in March 2009, after an initialization period of four months, the modelled monthly
values of surface meltwater, subglacial discharge, the plume melt rate, and calving volume
exhibit a strong seasonality (Fig. 4.1). The largest SMW values are reached in July (8.9 × 105

m3 a−1 and 8.3 × 105 m3 a−1 for 2009 and 2010 respectively), and the cumulative SMW for
both summer seasons is of the same order of magnitude, with the value for 2010 being ∼6 %
lower than the one for 2009 (Fig. 4.1(a)). Subglacial discharge follows a similar seasonal pattern,
with the largest values occurring in July (9.1 × 105 m3 a−1 and 5.7 × 105 m3 a−1 for 2009 and
2010 respectively). However, the total amount for both summer seasons presents substantial
variations, by ∼25 % (Fig. 4.1(c)). Beyond the summer months, both SMW and subglacial
discharge maintain a baseline value around 1 × 105 m3 a−1.
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Figure 4.1: Temporal evolution of the (a) surface meltwater (SMW), (b) average temperature and salinity of the
fjord water near the calving front, (c) subglacial discharge produced by surface and basal melt, (d) total melt
rate produced by plume activity computed on the first day of every month and (e) calving volume produced
by the model for every month of the simulation (log scale). The shaded areas correspond to the initialization
period. The yellow areas indicate the summer periods and the vertical black lines separate the different years.

The total melt rate due to plume activity exhibits a difference of ∼6 % between the two
summer seasons (1.7 × 105 m3 a−1 and 1.6 × 105 m3 a−1 for 2009 and 2010 respectively). The
peak plume melt rates for each summer period occur in different months, August for 2009 (7.1
× 104 m3 a−1) and July for 2010 (5.9 × 104 m3 a−1) (Fig. 4.1(d)). Beyond these peak months,
June exhibits values of around 2.6 × 104 m3 a−1 and September exhibits values of around 1.3
× 104 m3 a−1. It is noteworthy that no plume melt rate is produced from November to April,
since no plumes are formed during these months.

Calving volume also presents a pronounced seasonal pattern, with the highest values concen-
trated in the summer months(Fig. 4.1(e)). The total calving volume during the first summer is
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Figure 4.2: Calving front evolution. (a) The different positions represent the interannual evolution and the
summer evolution of the calving front: the solid lines correspond to September 2008 (black), September 2009
(blue) and September 2010 (red), whereas the dashed lines correspond to June 2009 (blue) and June 2010 (red).
(b) The graph represents the longitudinal difference along the whole simulation, calculated as the difference in
area between subsequent months divided by the glacier width. The shaded area corresponds to the initialization
period. The yellow areas indicate the summer periods, and the vertical black lines separate the different years.

considerably larger than during the second one, 8.89 × 106 m3 per month versus 5.41 × 106 m3

per month. The monthly distribution of calving volume within each summer season displays
some similarities: August is the month with the largest calving volume, 5.47 × 106 m3 per
month for 2009 and 2.97 × 106 m3 per month for 2010; July comes in second with 2.28 × 106

m3 per month for 2009 and 1.12 × 106 m3 per month for 2010, representing nearly half the
volume of August in both cases; September exhibits values of around 1 × 106 m3 per month
in 2009 and 2010, while June presents the lowest values. The summer periods concentrate a
significant portion, around 94 %, of the calving volume ( 1.43 × 107 m3 per month out of 1.52
× 107 m3 per month). However, calving occurs throughout the entire simulation period except
for in 4 months. Outside of the summer period, autumn months like October and November
exhibit moderate calving activity.

The calving front follows a seasonal pattern in terms of advance and retreat throughout
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the whole simulation period, generally retreating in summer and advancing during the rest of
the year (Fig. 4.2 (b)). The periods of advance are longer and the advancing rate ranges from
10 m per month to 20 m per month of longitudinal difference, calculated as the difference in
area between subsequent months divided by the glacier width. On the other hand, the periods
of retreat are shorter and the retreating rate can reach up to -30 m per month. The most
significant negative values, indicating retreat, occur in August of both 2009 and 2010. The total
advance is larger during the first year (March 2009-2010), 129.35 m per month, than in the
second one (March 2010-2011), 89.98 m per month. As for cumulative retreat, in the first year
amounts to -33.94 m per month, whereas in the second one it is -38.23 m per month (Fig. 4.2
(a)). By the end of the first year of simulation, March 2010, the front position has advanced
95.42 m per month with respect to the position in March 2009, while by the end of the second
year of simulation, March 2011, the front position has advanced 51.74 m per month with respect
to March 2010, resulting in a total advance of 147.16 m per month with respect to March 2009.

4.2 Discussion

The results of the model indicate that the glacier presents a strong seasonal behaviour. This
characteristic exemplifies not only in the model outputs, but also within the input data
(Figures 4.3, 4.1(a) and (b)). Subglacial discharge values correlate with surface meltwater values
(Fig. 4.1(a), (c)). A constant value of basal and internal melting (∼ 2.6 × 104 m3 a−1) has been
applied using the geothermal heat flux defined in Sect. 2.1.3, which, along with some other
processes like internal refreezing, explains why in some months the subglacial discharge is larger
than the SMW. A 6 % decrease in SMW in summer 2010 was responsible for the 25 % decrease
in subglacial discharge for the same period. However, this reduction in subglacial discharge
cannot be solely attributed to the decrease in SMW. A potential explanation for this discrepancy
would be a change in the efficiency of the drainage system that is not being captured by the
model. This change would be consistent with the pronounced decrease in the velocity values at
the beginning of summer 2010 (Fig. 4.3(b)).

The plume melt rate is influenced by both fjord ambient conditions within the fjord and
subglacial discharge. While the model calculates non–zero freshwater flux into the fjord in winter
months (Fig. 4.1(c)), in agreement with Cook et al. (2020), in the present study, however, either
the subglacial discharge values are not high enough or the winter ambient conditions are not
suitable for the occurrence of plumes, unlike in the work of Cook et al. (2020) (Fig. 4.1(d)). This
is a limitation of the model seeing as plumes have been observed at Hansbukta in winter. On
the other hand, between April and October, both ambient conditions and subglacial discharge
values are suitable for the occurrence of plumes. The ambient conditions in the fjord were kept
the same for both summer periods. Hence, the differences in plume melt rate between the
summers can be explained by the differences in the subglacial discharge that feeds the plumes.
As an exemplification, Fig. 4.4 shows two different distributions of the plume melt rate at the
calving front: a high–melting month, August 2009 (panel a) and a low–melting month, October

46



Application of the 3D Glacier Dynamics–line Plume Model José M. Muñoz Hermosilla

Figure 4.3: (a) Hansbreen surface velocity distribution obtained from the BK algorithm corresponding to
September 2008, and (b) time evolution of the velocity at the stake located closer to the calving front (the
southernmost blue point in Fig. 3.4 The shaded area corresponds to the initialization period. The yellow areas
indicate the summer periods and the vertical black lines separate the different years. The satellite image used as
background in (a) was available from ASTER © METI and NASA, all rights reserved, courtesy of the University
of Silesia, Poland, within the frame of cooperation of the SvalGlac project.

2009 (panel b). Not only is the plume melt rate in August 2009 higher than the plume melt
rate in October 2009, but also the melt extends to a larger area of the calving front. Comparing
with other authors working on the same glacier–fjord system, the maximum melt rate values
obtained for August 2010 are consistent with the ones obtained by De Andrés et al. (2018) (58
m3 per month versus 64.28 m3 per month (15 m3 per week)).

The total amount of calving volume during the first year of simulation is significantly larger
than during the second one, 9.24 × 106 m3 per month versus 5.98 × 106 m3 per month. This
result aligns with the higher values of the plume melt rate during the first year, especially
in August. However, the model results are not conclusive enough to establish a definitive
quantitative relationship between plume melt rate and calving volume. For example, the plume
melt rate in June 2010 is only slightly higher than that of June 2009, while the calving volume
in June 2010 is more than twice that of June 2009. In September, however, a similar difference
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Figure 4.4: A 3D aerial view of the glacier calving front for (a) August 2009 and (b) October 2009. The red
zones represent high values of the melt rate due to plume activity, although the scales used are not the same.
Different scales have been chosen to account for the significant differences between the values.

in plume melt rate (i.e., the melt rate in September 2010 is only slightly higher than that of
September 2009) results in calving volumes of the same order of magnitude for both months (∼
1 × 106 m3 per month). Even so, in general, there is a clear correspondence between plume
activity and calving, with the most intense plume activity consistently associated with the
highest calving rates.

Figure 4.2 provides valuable insights into the calving front evolution and its resemblance to
the expected behavior of a tidewater glacier. In general, the model provides a pattern consistent
with observations: the glacier advances steadily during winter months with minimal calving
activity, followed by retreat during summer months, reaching the largest retreat values in
August (Fig. 4.2(b)). However, both the advance and the retreat of the calving front are being
underestimated. A possible explanation for the advance underestimation would be the fact that
the modelled velocities are generally lower than the observed ones (Fig. 4.3(b)). Conversely,
calving underestimation is very likely to be the most important factor contributing to the retreat
dissimilarities. Calving is the main contributor to frontal ablation, but plume–induced melting
can lead to a larger number of calving events, so both factors are important in the control
of the front position. Finally, the glacier front remains quite stable during the study period
(Fig. 4.2(a)). In fact, it shows a small advance between September 2008 and 2010, in agreement
with Błaszczyk et al. (2021).

To assess model performance, a comparison of the modelled and observed front positions is
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Figure 4.5: A 2D aerial view of the glacier–fjord system for January 2010, June 2010, November 2010 and March
2011. The solid black lines represent the modelled contour of the glacier, and the red lines represent the observed
front position. Note that the observational data do not cover the westernmost part of the front.

conducted (Fig. 4.5). The modelled front generally exhibits a more advanced position compared
to observations. The difference between modelled and observed positions varies throughout the
simulation. It starts with a decreasing period from December 2009 to July 2010. Afterwards,
there is an increasing period from August 2010 to November 2010, followed by a final decrease
until the end of the simulation in March 2011 (Fig. 4.6). While a potential seasonal pattern
is suggested by these observations, the lack of data beyond March 2011 limits our ability to
definitively establish this. The results present a marked contrast between the central part and
the east lateral margin of the glacier front. The maximum discrepancies in the eastern zone
are approximately ten times larger than those observed in the central region. This is likely due
to the lack of calving events produced by the model in that region of the glacier front that
could be caused by low plume–induced melting in the area. Overall, the performance of the
model is better when looking at only the central 350 m of the calving front. On average, the
modelled positions are 40 % closer to the observed positions when taking just this central part
(13.03 m versus 20.95 m for the total front), with half of the values below 10 m. Even so, in late
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Figure 4.6: Evolution of the longitudinal difference between the modelled and the observed front position
calculated as the difference in area between them divided by the glacier width (blue line), and that same
evolution restricted to the central 350 m of the calving front (red line). Positive values indicate that the modelled
front is more advanced than the observed one, while negative values indicate the opposite. The zero is marked
with a horizontal black line so values closer to that line indicate a better agreement between modelled and
observed positions. The yellow area indicates the summer period (June to September 2010).

spring and early summer, the differences in both cases, taking the whole calving front or just
the central part, are considerably small and of the same order of magnitude.

Although a comparison between a 2D and a 3D model must be handled carefully, our results
show a deviation of ±10 m for the central 350 m of the calving front between April and August
2010, which is consistent with the value obtained by De Andrés et al. (2018) for their 2D
flow line model. To obtain those results, their model required a non–dimensional adjustable
parameter used to parameterize the crevasse water depths (CWDs). In contrast, our model
uses the 3D calving implementation of Todd et al. (2018), which ignores this process, so we do
not need any CWD parameterization. Therefore, the inclusion of an across–glacier dimension
extends the best results of the 2D model to the central 350 m of the calving front, where the 3D
model predicts the observed front position with a good level of agreement. However, there is a
region where the modelled positions are clearly behind the observed ones. The escalation of the
difference coincides with months of higher calving activity at the glacier. A likely explanation,
once again, would be an underestimation of calving events by the model. Potential reasons for
this underestimation include the model’s inability to capture all calving events occurring at
the glacier, and an underestimation of submarine melting, since higher melt rates can enhance
calving. Therefore, these two factors have to be closely examined in order to improve the
performance of the model.

4.3 Conclusions

Calving and frontal ablation are essential processes to take into account in our understanding of
tidewater glacier dynamics. We have developed a 3D glacier dynamics model that, in addition to
solve calving and subglacial hydrology, accounts for oceanic (by a plume model) and atmospheric
(by surface mass balance and surface meltwater) factors too. Subglacial hydrology provides
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discharge values that, in combination with appropriate fjord ambient conditions, are high enough
to generate plumes at the calving front except for during the coldest months, i.e. from November
to April. The results for the hydrology are consistent with other studies using a similar model
(Cook et al., 2020), while the results for the plume melt rate are in agreement with other works
on the Hansbreen–Hansbukta glacier–fjord system (De Andrés et al., 2018).

The model is able to predict the evolution of the front position in terms of advance and
retreat following a seasonal cycle with steep retreats in summer months and steady advances
during the rest of the year. However, there are still differences between observed and modelled
positions, especially in the eastern margin, where the longitudinal difference reaches 150 m
in November 2010. In fact, when taking only the central part of the glacier front, the results
improve significantly and the modelled positions become, on average, 40 % closer to the observed
ones. In general, the difference between the modelled and observed front positions increases
during the calving period, and we assume that the cause is an underestimation of calving by
our model. Even so, the difference between the modelled and observed front positions decreases
in some months, such as May, June, and July. In these months, the model is able to predict
the front position with a very good level of agreement. In the eastern margin, our model does
not produce enough calving events, which causes that large differences. The timescale of this
model is limited by the available data. We cannot say whether a longer simulation will result in
a better agreement with observations, however, it would give us information on some results
of the model that we cannot currently confirm. For example, do the differences in the eastern
margin continue to increase or do they start to compensate at some point? As the results seem
to suggest, is there a seasonality in the differences, such that they grow during the calving
period and then decrease until reaching a minimum at the end of spring?

Changes in SMW alone are not able to explain plume behaviour, turning fjord ambient
conditions into a key factor in this process. Additionally, plume–induced melting has proven to
be an essential factor for calving to occur. Consequently, a logical next step would be to use
a fjord model to obtain better estimates of ambient conditions. Surface velocity calculation
could also be reviewed in order to address the underestimation of the glacier change length rate
during the periods of advance.
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4.4 Supplementary figures

Figure 4.7: 2D aerial view of the glacier-fjord system for the rest of the months not presented in the Chapter.
The solid black lines represent the modelled contour of the glacier and the red lines, the observed front position.
Note that the observational data do not cover the westernmost part of the front.
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Figure 4.8: 2D aerial view of the glacier-fjord system for the rest of the months not presented in the Chapter.
The solid black lines represent the modelled contour of the glacier and the red lines, the observed front position.
Note that the observational data do not cover the westernmost part of the front.
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Chapter 5

Model Refinement

This chapter starts by analysing the main problems of the model presented in the previous
Chapter (Chapter 4, followed by an analysis of the oceanographic data and the input velocities.
Then, two experiments are proposed to improve the model and both simulations are run:
Experiment 1, a three–zone plume implementation, and Experiment 2, in which the front is
extended one node further east. The results of Experiment 1 are discussed and compared with
the results of Model 1. The results of Experiment 2, on the other hand, are not used to compare
its results but to whether the front positions in the eastern margin are improved or not.

5.1 Towards and improved model

Following the results and the limitations of the 3D model presented in the last chapter, there
are some options that have to be explored in order to improve the model performance. On
the one hand, an analysis of the oceanographic data will be done in order to study the lack of
calving during some months, and, therefore, the underestimation of the retreat. On the other
hand, a refinement of the modelled velocities obtained through the inversions will be done in
order to address the underestimation of the front advance.

5.1.1 Analysis of oceanographic data

Developing a 3D model to study in detail the fjord dynamics is beyond the scope of this work.
The oceanic effect on the glacier front, thus, is carried out using the plume model, a simplification
of the oceanic processes occurring next to the glacier front. The plume model requires the
subglacial discharge and the environmental conditions of the fjord as input data to calculate the
submarine melting.

In the model presented in Chapter 4, the values for the central part of the fjord were applied
to the entire across–fjord direction because the model was only able to take a single temperature
and salinity profile. In order to improve that approximation, it is necessary to carry out an
analysis of the fjord ambient conditions – temperature and salinity profiles – in the across fjord
direction, in which only the CTD closer to the calving front are taken into account (Fig. 5.1(a)).

54



Model Refinement José M. Muñoz Hermosilla

Focusing on August 2010, a month where the CTD casts cover the whole front (Fig. 5.1(a)),
the results show that the temperature and salinity profiles present differences across the fjord
(Fig. 5.1(b)). Temperature gradient, for instance, is larger in the lateral zones than in the central
one, where the values are almost stable along the water column. The eastern zone exhibits more
variability, while the largest values are reached in the central zone. Likewise, salinity profiles
show dissimilarities between the central and the lateral zones, and the largest values are also
reached in the central region. In the case of salinity, the gradient in both lateral zones exhibits
similarities. Therefore, as a first approximation, the fjord conditions could be divided into three
different zones:

Figure 5.1: (a) Position of the CTD casts near the calving front for August 2010. The line represents the
ice–ocean boundary and the orange dots the coordinates of the different CTDs. (b) Temperature and Salinity
distribution across the fjord for August 2010. Every column represents a CTD cast.

Fjord zones


West conditions, if XCoor ≤ 515600 m UTM
East conditions, if XCoor ≥ 516000 m UTM
Central conditions, if any other case

The results for April 2010 and July 2010 (Fig. 5.2(a), (b) respectively) support the election
of these zones. Even so, it is interesting to point out that the number of CTD casts and the
extension of the measurements is lower than in August. Besides, in April 2010 the largest values
for the temperature are reached in the eastern zone. And there are still dissimilarities between
the different zones of the front, but in the case of April that happens between the eastern zone
and the other ones.
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Figure 5.2: Temperature and Salinity distribution across the fjord for (a) April 2010 and (b) July 2010. Every
column represents a CTD cast.

5.1.2 Refinement of he modelled velocities

The use of inversions to obtain the slip coefficient and, consequently, appropriate modelled
velocities for the glacier, is a well–established technique employed for many authors working
on glacier dynamics (Otero et al., 2017; Todd et al., 2018; De Andrés et al., 2018; Cook et al.,
2020, 2022; Holmes et al., 2023, among others). One of the problems of this method is the high
computational cost, hence the need for careful consideration of the balance between accuracy and
computational efficiency. The mismatch between observed and modelled velocities is likely the
main cause for the underestimation of the front advance (Fig. 5.3). For this reason, inversions
were run again in order to obtain better estimations of the modelled velocities.
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Figure 5.3: Time evolution of the velocity at the stake located closer to the calving front (the southernmost
blue point in Fig. 3.4).The yellow areas indicate the summer periods and the vertical black lines separate the
different years.

In general, with few exceptions, the new velocities are closer to the observed than the
previous velocities used in the model in Chapter 4 (Fig. 5.3). The improvement in the estimation
is clearly discernible at the end of the simulation. The mismatch between observed and modelled
velocities has been reduced by 2.935 m·s−1, from 10.949 m·s−1 to 8.014 m·s−1, a 26,80 %. Even if
in some months the modelled values are still not close enough to observations, such a significant
refinement is expected to have an impact in the new simulations.

5.2 Experiments

Once the ambient conditions and the modelled velocities have been analysed, the main problems
potentially caused for the input data of the model have been taken into account. But the eastern
margin differences could be also related to the geometry of the problem itself. In the model, only
the nodes of the glacier considered front nodes are permitted to evolve in terms of advance and
retreat. The choice of those front nodes, thus, could be causing the problem in the eastern zone.
Having in mind the described possibilities, two new sets of simulations have been proposed:

• Experiment 1: This set of simulations starts from the model included in Chapter 4
and incorporates the refinement of the modelled velocities and the implementation of the
three–zone plume model. The results will be compared to the ones obtained in Chapter 4
(Model 1).

• Experiment 2: This set of simulations includes the same implementations as Experiment
1, and extends the front one node further east. The results will be used just to compare
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the obtained front positions and verify whether the eastern margin problem persists or
not.

5.3 Results

The main results of Experiment 1 simulations present similarities to the ones obtained in
Chapter 4. Starting in March 2009, the modelled monthly values of surface meltwater, subglacial
discharge, plume melt rate and calving volume present a seasonal pattern (Fig. 5.4). The largest
SMW values are also reached in July (9.3 × 105 m3 a−1 and 8.3 × 105 m3 a−1 for 2009 and
2010 respectively), and the cumulative SMW for both summer seasons is of the same order of
magnitude, being the value for 2009 ∼16 % higher than the one for 2010 (Fig. 5.4(a)). The
largest subglacial discharge values are also reached in July (5.9 × 105 m3 a−1 and 7.7 × 105

m3 a−1 for 2009 and 2010 respectively), but in this case the total amount for summer 2009 is
around 16 % lower than the one for 2010 (Fig. 5.4(b)). Beyond the summer months, the SMW
and subglacial discharge maintain a baseline value around 1 × 105 m3 a−1, except for May,
where the values double those numbers.

Figure 5.4: Temporal evolution of the (a) surface meltwater (SMW), (b) subglacial discharge produced by surface
and basal melt, (c) total melt rate produced by plume activity computed on the first day of every month and (d)
calving volume produced by the model for every month of the simulation (log scale). The yellow areas indicate
the summer periods and the vertical black lines separate the different years.

The total melt rate due to plume activity presents a difference of ∼7 % between the two
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summer periods (4.2 × 105 m3 a−1 and 4.6 × 105 m3 a−1 for 2009 and 2010 respectively).
The largest plume melt rates for each summer period are reached in July in both summer
periods (1.9 × 105 m3 a−1 and 2.1 × 105 m3 a−1 for 2009 and 2010 respectively), with values
for August around 15 % lower than the ones for July (Fig. 5.4(c)). Other than that, June and
September exhibit values of the same order (∼3.3 × 104 m3 a−1 for June and ∼4 × 104 m3

a−1 for September), and October and April present the lowest values, not negligible at all but
definitely small compared to the other mentioned months. Note that no plume melt rate is
produced from November to April, as no plumes are formed during these months.

Calving volume reaches the highest values in summer for both years (Fig. 5.4(d)). The total
calving volume during the first summer (2009) is slightly bigger, ∼9 %, than during the second
one (2010), 1.11 × 107 m3 per month versus 1.01 × 107 m3 per month. In both periods the
distribution presents some similarities: August is the month with the largest calving volume,
6.11 × 106 m3 per month for 2009 and 4.68 × 106 m3 per month for 2010; July comes in second
with 2.94 × 106 m3 per month for 2009 and 2.85 × 106 m3 per month for 2010, more than half
the volume of August in the first summer but less than half in the second summer; September
presents a value more than 20 % lower in 2009 than in 2010 (1.66 × 106 m3 per month versus
2.12 × 106 m3 per month), and June exhibits the lowest values, around 4.5 × 105 m3 per month.
The summer periods concentrate, on average, around 86 % of the calving total volume (2.13
× 107 m3 per month out of 2.45 × 107 m3 per month), but calving occurs during the whole
simulation except for four months. Outside of the summer period, October exhibits values above
the ones for June, almost double in the first year of simulation (7.07 × 105 m3 per month for
October and 4.18 × 105 m3 per month) and significantly higher in the second one (1.53 × 106

m3 per month for October and 4.94 × 105 m3 per month). Finally, even if the calving volume
is larger in the first summer, when taking the whole year, March 2009 to February 2010 and
March 2010 to February 2011 present very similar values (1.226 × 107 m3 per month and 1.228
× 106 m3 per month for 2009 and 2010 respectively).

The calving front follows a seasonal pattern in terms of advance and retreat during the whole
simulation period, generally retreating between July and October and advancing during the rest
of the year (Fig. 5.5 (b)). The periods of advance are longer and the advancing rate moves from
7 m per month to 15 m per month of longitudinal difference. The periods of retreat, however,
are shorter, concentrating the largest values in July and August. The retreating rate can reach
up to -48.1 m per month. The largest negative values (indicating retreat) occur in August every
year, with the closest values, obtained in July, being only half that amount (-48.1 m per month
vs -20.3 m per month for 2009 and -37.1 m per month vs 18.9 m per month for 2010). Now,
the total advance is practically the same during the first year (March 2009-2010), 100.71 m per
month, as during the second one (March 2010-2011), 101.08 m per month. On the other hand,
cumulative retreat in the first year amounts to -72.62 m per month, whereas in the second one
the value is lower, -64.29 m per month (Fig. 5.5 (a)).
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Figure 5.5: Calving front evolution. (a) The different positions represent the interannual evolution and the
summer evolution of the calving front: the solid lines correspond to September 2008 (black), September 2009
(blue) and September 2010 (red), whereas the dashed lines correspond to June 2009 (blue) and June 2010 (red).
(b) The graph represents the longitudinal difference along the whole simulation, calculated as the difference in
area between subsequent months divided by the glacier width. The yellow areas indicate the summer periods
and the vertical black lines separate the different years.

Summarising, by the end of the first year of simulation, March 2010, the front position has
advanced 28.09 m per month with respect to the position in March 2009, while by the end of
the second year of simulation, March 2011, the front position has advanced 36.78 m per month
with respect to March 2010, resulting in a total advance of 64.87 m per month with respect to
March 2009.
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5.4 Discussion

5.4.1 Experiment 1

The results of the model indicate that the glacier presents a marked seasonal behaviour.
Figures 5.3 and 5.4(a), (b) exemplify this feature in the input data as well. Subglacial discharge
values correlate with surface meltwater values, with the first ones being generally higher than
the second (Fig. 5.4(a), (b)). It has been applied a constant value of basal and internal melting
(∼ 2.6 × 104 m3 a−1) by using the geothermal heat flux defined in Sect. 2.1.3. This explains,
as well as some other processes like internal refreezing, why in some months the subglacial
discharge is larger than the SMW. The correlation presents, however, some anomalies in the
first summer period. Even if the SMW values are larger than in the second summer period, the
subglacial discharge values are lower for the first summer. The anomaly is especially important
in July 2009, when the maximum difference between the SMW and subglacial discharge is
reached. While during the second summer the subglacial discharge values represent around
90 % of the SMW, during the first summer period this percentage decreases to 65-70 %. It is
not clear what could be happening, but one possible explanation for this subglacial discharge
reduction would be a change in the efficiency of the drainage system that is not being captured
by the model. A more thorough study of the subglacial hydrology should be carried out in order
to find out what is going on.

Now, plume melt rate is affected by both fjord ambient conditions and subglacial discharge.
The model calculates non–zero freshwater flux into the fjord in winter months (Fig. 5.4(b)),
in agreement with Cook et al. (2020). However, in the present study, either the subglacial
discharge values are not high enough or the winter ambient conditions are not suitable for the
occurrence of plumes, unlike the work of Cook et al. (2020) (Fig. 5.4(c)) This is a limitation of
the model since plumes have been observed at Hansbukta in winter. On the other hand, between
April and October, both ambient conditions and subglacial discharge values are suitable for the
occurrence of plumes, and, in general, there is a good correlation between the two variables.
The ambient conditions in the fjord were kept the same for both summer periods. Hence, the
differences between them can be explained by the differences in the subglacial discharge that
feeds the plumes. This fact is exemplified during the second summer, where the increase in the
subglacial discharge values with respect to the previous summer period produces higher melt
rate values (Fig. 5.4(b), (c)). As an exemplification, Fig. 5.6 shows different distributions of
the plume melt rate at the calving front: a low–melting month at the beginning of the plume
activity period, April 2010 (a), a high–melting month at the beginning of the summer period,
June 2010 (b), a very high–melting month, August 2010 (c) and a low–melting month at the
end of the plume activity season, October 2010 (c). The plume melt rate in the summer months
is not only higher than the plume melt rate in April and October, but it also extends to a larger
area of the calving front. October, however, still exhibits large values compared to April, and
fair values compared to June, even if the extension of the plume activity does not extend to the
whole front.

61



Model Refinement José M. Muñoz Hermosilla

Figure 5.6: 3D aerial view of the glacier calving front for (a) April 2010, (b) June 2010, (c) August 2010, and (d)
October 2010. The red zones represent high values of melt rate due to plume activity, although the scales used
are not the same. Different scales have been chosen to account for the significant differences between the values.

As for the calving volume, the total amount in the two years of simulation is very similar,
1.226 × 107 m3 per month and 1.228 × 107 m3 per month for 2009 and 2010 respectively. This
is consistent with the slightly difference in the plume melt rate, 4.4 × 105 m3 a−1 for 2009 and
4.8 × 105 m3 a−1 for 2010. From the results of this model it is not possible to establish an
exact relation between plume melt rate and calving. On the one hand, larger calving volumes
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concentrate in the summer season, where plume activity is stronger, but, on the other hand, the
largest values of calving are reached in August, whereas the strongest plume activity occurs in
July. Besides, the values of calving volume are higher during the first summer, while the largest
values for plume activity are reached during the second summer. And some months like May or
October present a substantial difference in terms of calving volume although they have similar
plume melt rate values. Even so, in general, there is a clear correspondence between plume
activity and calving, in agreement with other studies such as Holmes et al. (2023), with the
most intense plume activity consistently associated with the highest calving rates.

Figure 5.7: 2D aerial view of the glacier–fjord system for January 2010, June 2010, November 2010 and March
2011. The solid black lines represent the modelled contour of the glacier and the red lines, the observed front
position. Note that the observational data do not cover the westernmost part of the front.

To study the evolution of the calving front and how it compares to the expected behaviour of
a tidewater glacier, Fig. 5.5 outputs some interesting features. First of all, the glacier advances
steadily during the winter months, when calving is not present in general, and retreats during the
summer months, especially in August, when it reaches the highest absolute values. In general,
the model is able to reproduce the seasonal tidewater glacier behaviour since the modelled
front evolution follows the same pattern as the observed one (Fig. 5.5(b)). However, both
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advance and retreat of the calving front are being underestimated. The first occurs during the
spring and winter, when calving is low or nonexistent. The second occurs in summer and early
autumn, especially in September and October. A more than possible explanation for the advance
underestimation could be attributed to the fact that the modelled velocities are generally lower
than the observed ones (Fig. 5.3(b)), while calving underestimation is very likely to be the most
important factor in the retreat dissimilarities. Secondly, calving is, by approximately two orders
of magnitude (Fig. 5.4(c), (d)), the main contributor to frontal ablation, but plume–induced
melting can lead to a larger number of calving events, so both factors are important in the
control of the front position. Finally, the glacier front remains quite stable during the study
period (Fig. 5.5(a)). In fact, it shows a small advance between September 2008 and 2010, in
agreement with Błaszczyk et al. (2021).

To validate the model performance, we also compare the modelled and observed front
positions (Fig. 5.7). The modelled positions are, on average, more advanced than the observed
ones, but there is a strong variability. For instance, in June 2010 the positions are really closed,
whereas in November the differences are significant. As mentioned, the difference between
modelled and observed positions varies throughout the simulation (Fig. 5.8). It starts by a
decreasing period from December 2009 to May 2010. Afterwards, there is steady period from
June 2010 to September 2010. Then there is an increasing period from October 2010, reaching
the maximum value in December 2010. Finally, there is a new decreasing period until the
end of the simulation in March 2011. There seems to be a seasonal pattern, supported by the
underestimation of both, the retreat and the advance of the modelled front. But the lack of
observational data beyond March 2011 does not allow us to establish such a thing. The results
present a marked contrast between the central part and the east lateral margin of the glacier
front, so that the maximum differences in the eastern zone of the front are approximately 10
times larger than in the central one. This is likely due to the lack of calving events produced by
the model in that region of the glacier front that could be caused by low plume–induced melting
in the area. In general, the performance of the model is better when removing the lateral parts,
especially the eastern area, and looking just at the central 700 m of the calving front. On
average, the modelled positions are ∼43.3 % closer to the observed positions when taking just
the central part (10,59 m versus 18.68 m for the total front), with most of the values, 68.75 %,
below 10 m, and half of the values below 8 m. Even so, in late spring and early summer, the
differences in both cases, taking the whole calving front or just the central part, are considerably
small.
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Figure 5.8: Evolution of the longitudinal difference between the modelled and the observed front position
calculated as the difference in area between them divided by the glacier width (blue line), and that same
evolution restricted to the central 700 m of the calving front (red line). Positive values indicate that the modelled
front is more advanced than the observed, while negative values indicate the opposite. The zero is marked with
a horizontal black line so values closer to that line indicate a better agreement between modelled and observed
positions. The yellow area indicates the summer period (June to September 2010).

Although a comparison between a 2D and a 3D model must be handled carefully, our results
show a deviation with respect to observations of ±10 m for the central 700 m of the calving
front for almost the whole period between December 2010 and March 2011. This is the same
deviation value obtained by De Andrés et al. (2018) for their flow line model. To obtain those
results, they needed to include a non–dimensional adjustable parameter used to parameterize
the crevasse water depths (CWD). In contrast, our model uses the 3D calving implementation
of Todd et al. (2018), which ignores this process, so we do not need any CWD parameterization.
Therefore, the inclusion of an across glacier dimension extends the best results of the 2D model
to the central 700 m of the calving front, where the 3D model predicts the observed front
position with a good level of agreement. However, there is a region where the modelled positions
are clearly behind the observed ones. The escalation of the difference coincides with the months
when calving is larger at the glacier. Consequently, the cause of this increase could be, again,
an underestimation of calving by the model. And the reasons would be that the model is not
able to capture all calving events occurring at the glacier due to the underestimation of the
input velocities or an underestimation of submarine melting, since higher values of submarine
melting can enhance calving. So these factors have to be closely examined in order to improve
the performance of the model.
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5.4.2 Comparison between the models

Results from the model presented in Chapter 4 (Model 1) and from the model including the
refined velocities and the three–zone plume (Experiment 1) exhibit, on the one hand, a similar
seasonal behaviour (Fig. 5.9). In both cases, there are characteristic responses to summer
conditions and the largest values of the SMW, subglacial discharge, plume melt rate and
calving are reached during those months. But, on the other hand, there are some important
dissimilarities.

Figure 5.9: Temporal evolution of the (a) surface meltwater (SMW), (b) subglacial discharge produced by surface
and basal melt, (c) total melt rate produced by plume activity computed on the first day of every month and (d)
calving volume produced by the model for every month of the simulation (log scale). The yellow areas indicate
the summer periods and the vertical black lines separate the different years.

First, the SMW during the first summer period is larger in Experiment 1 than in Model 1
(Fig. 5.9(a)). This increase, however, only occurs in July and August 2009, while in the rest
of the months the values are practically the same. But July and August are the months that
exhibit the largest values for SMW, and the maximum values for the SMW concentrate next to
the calving front. Consequently, the differences could be attributed to variations in the glacier
extension. This is very likely taking into account that, for Model 1, September and October
2008 are months with very large retreat rates in comparison to Experiment 1. Therefore, the
extension of the Model 1 glacier is larger than the extension of the Experiment 1 glacier during
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the first months of simulation. Actually, those differences decrease after July and August 2009
because in those two months the retreat rates are larger for Experiment 1 than for Model 1.

Secondly, subglacial discharge presents differences in the two summer periods, but other
than that, the values are practically the same – with the exceptions of April 2009 and May
2010 (Fig. 5.9(b)). During the first summer, the discrepancy between the values for July is very
pronounced, being the value for Model 1 around 35 % larger than the one for Experiment 1.
August 2009 also presents a larger value for Model 1 than for Experiment 1, with a variation
around 23 %, lower than the one for July, but still very important. It is not evident why the
values of subglacial discharge are swapped with respect to the values of the SMW, as the SMW
is larger for Experiment 1 than for Model 1 for those months. In the previous section, a change
in the efficiency of the drainage system that is not being captured by the model was suggested
as an explanation for the decrease in the subglacial discharge. But it is difficult to establish
such a thing without a more thorough examination of the subglacial hydrology, something out
of the scope of this work. Likewise, during the second summer period there is a discrepancy
between the subglacial discharge values for the two models. Actually, the discrepancy starts
in late spring, May 2020, and extends only until July. In this case, it is Experiment 1 which
presents larger values than Model 1, even if the SMW values are nearly the same for both
models. Again, the decrease in the subglacial discharge for Model 1 was attributed to a change
in the efficiency of the drainage system that is not being captured by the model. But, in the
same way as before, such a thing cannot be established without further examination of the
subglacial hydrology. Overall, the total amount of subglacial discharge for the two periods is
almost the same, 5.13 × 106 m3 a−1 for Model 1 and 5.03 × 106 m3 a−1 for 2010, while the
total amount of SMW is also quite similar, but the value for Model 1 is lower than the one for
Experiment 1, 5.68 × 106 m3 a−1 versus 5.92 × 106 m3 a−1.

Thirdly, melt rate due to plume activity is notably higher for Experiment 1 than for Model
1 (Fig. 5.9(c)). For the first summer period, even if the subglacial discharge values are larger for
Model 1, the plume melt rate values are considerably lower than those of Experiment 1. During
the second summer period, July and August exhibit substantially larger values for Experiment 1
than for Model 1, although the subglacial discharge values for August are similar – the same
thing happens in September and October 2010, where the subglacial discharge is similar for
the two models and still there are noteworthy differences in plume activity. In a month with a
fair activity like September 2010, plumes are present in more zones of the front and with larger
values of melt rate for Experiment 1 than for Model 1 (Fig. 5.10). Particularly Experiment
1, unlike Model 1, shows plume activity in the eastern zone of the glacier front in September
2010. This fact points out the importance of the fjord conditions in the plume formation and in
comparison to the subglacial discharge. Comparing with other authors working on the same
glacier–fjord system, the maximum melt rate values obtained in Model 1 for August 2010 are
consistent with the ones obtained by De Andrés et al. (2018) (58 m3 per month versus 64.28 m3

per month (15 m3 per week)). However, the maximum melt rate values obtained in Experiment
1 for August 2010, around 116 m3 per month, almost double that quantity.
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Figure 5.10: 3D aerial view of the glacier calving front corresponding to September 2010 for (a) Experiment 1,
and (b) Model 1. The red zones represent high values of melt rate due to plume activity.

Lastly, calving volume shows a similar pattern for both Model 1 and Experiment 1, but
the values present significant differences during the whole simulation, especially in the second
year (Fig. 5.9(d)). The biggest calving volumes are produced during the summer periods,
corresponding to the highest values of the plume melting, but in both models, calving is present
in 20 out of 24 months of the simulation, even if in some cases the values are very low. During
the first summer, calving volume in Experiment 1 is around 20 % bigger than in Model 1. This
percentage increases a bit, around 25 %, when taking the first year of simulation. During the
second year, the difference significantly scales up to ∼46 % when taking just the summer period,
and reaches 51.4 % for the whole year. As for the total period of simulation, the variation is
of ∼ 38 %. Comparing now the differences in plume melt rate between the models during the
whole simulation, the value for Model 1 is around 40 % of that for Experiment 1. The variation,
thus, is larger in melt rate than in calving volume. Furthermore, the largest values of calving
are reached in August and not in July, when the largest values of the plume melting are reached.
Therefore, it cannot be established a direct correlation between plume activity and calving.
Even so, in general, the results show that the larger the former, the larger the latter.

Now, regarding the evolution of the glacier front, Model 1 and Experiment 1 both are
underestimating the front advance (Fig. 5.11). The two models show a similar behaviour during
the advance period. There are some months – concentrated in the first year of simulation
– in which Model 1 exhibits a larger advance compared to Experiment 1, and some others –
concentrated in the second year or simulation – in which Experiment 1 advances at larger rates.
But the differences are not really important and practically compensate when taking the two
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years of simulation. On the contrary, the retreat periods present a marked difference between
Model 1 and Experiment 1, with the latter showing larger retreat values during the two summer
periods. Nothing can be said about the observed front during the first year of simulation, since
no values are provided. But, during the second year of simulation, the increase in the retreat
rates for Experiment 1 brings it closer to the observed front. Still, the value for September 2010
is pretty far from the observed one. Overall, Experiment 1 and Model 1 reproduce the seasonal
advance and retreat cycle of the glacier, but underestimate both the advance and the retreat
rates. But, with the refinement of the velocities and the application of the three–zone plume,
Experiment 1 significantly improves the results in the retreat season. During the first summer,
the retreat values of Experiment 1 are also larger than the ones of Model 1, but the lack of
data prevents the possibility to confirm if this improvement extends to the whole simulation.
Finally, there are some months where the difference in the advance rate has not been addressed
only with the refinement of the velocities. Therefore it is something that should be more closely
examined in the future.

Figure 5.11: Calving front evolution. The graph represents the longitudinal difference along the whole simulation,
calculated as the difference in area between subsequent months divided by the glacier width. The yellow areas
indicate the summer periods and the vertical black lines separate the different years. Observations start in
December 2009.

When comparing the front positions, Experiment 1 shows better results than Model 1 at
first glance, especially during the first months (Fig. 5.12). Experiment 1 positions are closer to
observations than Model 1 positions except in the easternmost part of the front, where both
are significantly far anyway. From November 2010 to the end of the simulation, there are areas
of the front where Model 1 is closer to observations but, on average, still Experiment 1 shows
a better performance (Fig. 5.13). The two models exhibit variability when compared with
observations, with a pattern somehow similar in both cases. At the beginning of the comparison,
December 2009, the positions are relatively far from observations. As the months go by, the

69



Model Refinement José M. Muñoz Hermosilla

differences start to decrease. In late spring and early summer, the results are considerably good
for both models, being Experiment 1 the best of them. Model 1 starts to increase the difference
with respect to observations in August, but Experiment 1 remains really close until October.
Beyond that, both models reach the worst result in December 2010, from when differences go
down again. On average, Model 1 longitudinal difference with respect to observations is 36.65
m, while Experiment 1 reduces that until 18.86 m, practically half the value of Model 1. Even
if the best results for Experiment 1 are reached in July and September, the most remarkable
improvement takes place in the following months, with a reduction of around 52 % during the
period October 2010 to March 2011.

Figure 5.12: 2D aerial view of the glacier–fjord system for January 2010, June 2010, November 2010 and March
2011. The solid black lines represent Model 1 contour of the glacier, the blue dashed line represent the front
estimated by Experiment 1, and the red lines represent the observed front positions. Note that the observational
data do not cover the westernmost part of the front.

But results are even better when taking just the central part of the glacier front. Just looking
at Fig. 5.12, it is easy to see a discrepancy between the central zone of the glacier front and
eastern margin. In both cases, the easternmost 250 to 300 m present a strong disagreement
between any of the models and observations. But the westernmost part of the observed front
also shows large differences when compared to Model 1. Experiment 1, however, improves the
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western differences and problems only persist in the last points, where it can be considered
that the observations could even present some errors. Therefore, it is interesting, on the one
hand, to consider that neither of the models are properly solving the eastern margin. On the
other hand, Model 1 obtains its best results when looking only at the central 350 m, while in
Experiment 1 the best results are obtained taking into account the central 700 m, doubling the
extension considered for Model 1. When comparing both, Model 1 central 350 m and Experiment
1 central 700 m results Fig. 5.14, some interesting insights arise. First, the improvement of
Model 1 when taking just the central part is significant, around 60 %, and greater than the
improvement of Experiment 1, around 43 %. Still, both percentages are notable and manifest
the importance of the eastern margin disagreement into the main results. Second, although
the improvement of Experiment 1 is lower in comparison with that of Model 1, Experiment 1
exhibits a better solution for the total front, and, therefore, the final results are still better and
closer to observations than the ones of Model 1. Besides, this model is doubling the 350 m of
Model 1, extending the good results to a very important length of the calving front. The best
result of both series is that of April 2010 for Model 1, 0.765 m, whereas Experiment 1 does not
reach any value below 1 – 1.567 for March 2010 is the closest one. The worst result, however,
belongs to Model 1, 30.893 for November 2010, while Experiment 1 worst value is slightly lower,
-28.739 for October 2010. There are just 4 months in which the solution for Model 1 is closer to
observations, and, on average, Experiment 1 – even taking a longer part of the front – refine
the solution up to 26 %. Finally, Model 1 central 350 m comparison basically exhibits positive
values – all months except for August – while Experiment 1 central 700 m comparison shows
a majority of negative values. The first corresponds to an underestimation of both, advance
and retreat rates of the calving front, and the second corresponds to a better estimation of the
retreat, while still underestimating the advance (Fig. 5.11). Therefore, the preponderance of
negative values.
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Figure 5.13: Evolution of the longitudinal difference, calculated as the difference in area between model and
observations divided by the glacier width, for Model 1 and Experiment 1. Positive values indicate that the
modelled front is more advanced than the observed, while negative values indicate the opposite. The zero is
marked with a horizontal black line so values closer to that line indicate a better agreement between modelled
and observed positions. The yellow area indicates the summer period (June to September 2010).

Figure 5.14: Evolution of the longitudinal difference reduced to the central 350 m for Model 1 and to the central
700 m for Experiment 1. Positive values indicate that the modelled front is more advanced than the observed,
while negative values indicate the opposite. The zero is marked with a horizontal black line so values closer to
that line indicate a better agreement between modelled and observed positions. The yellow area indicates the
summer period (June to September 2010)..

Nevertheless, the issue in the eastern margin persists. In order to address this problem,
Experiment 2 proposes to extend the front one node further east. This way, there would be
more flexibility in that part of the front – since there is a new node of the front that is able
to move – and the solution may be more close to observations. The results show a moderate
improvement, especially in the zone closer to the central front. But still not good enough to
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Figure 5.15: 2D aerial view of the glacier–fjord system for January 2010, June 2010, November 2010 and March
2011. The solid black lines represent Experiment 2 contour of the glacier, the blue dashed line represent the front
estimated by Experiment 1, and the red lines represent the observed front positions. Note that the observational
data do not cover the westernmost part of the front.

solve the problem. It could be said, therefore, that the selection of the front nodes, i.e, the
nodes that are going to be able to move back and forth, is important and has effects on the
behaviour of the front margins, but there are other factors that have to be taken into account.

To illustrate the eastern margin problem, another approach is an analysis of the observed
front positions (Fig. 5.16). Hence, it can be established if the problem is related to a greater
advance, a lack of retreat of any other characteristic that the model could be not capturing.
Figure 5.16 (a) shows the advance of the front from winter to summer, and it is clear that the
eastern part of the front is moving forward during those months. Similarly, during the retreat
period, the eastern part of the front is moving backwards (Fig. 5.16) (b)). Therefore, it is clear
that the observed front is able to advance and retreat, whereas the modelled front – with any of
the models – is advancing, but not retreating, or just barely retreating. Consequently, the more
important factor affecting that zone would be calving underestimation.
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Figure 5.16: (a) Observed glacier front positions during the advance period. The dashed lines correspond to
January, March, May and July 2010. (b) Observed glacier front positions during the retreat period. The dashed
lines correspond to July, August, September and October 2010. In both cases, the grey solid line corresponds to
the initial geometry, September 2008.

5.5 Conclusions

Taking into account the main problems of Model 1 presented in Chapter 4, a refinement of
the input velocities as well as an analysis of the oceanographic data has been performed. The
analysis resulted in the proposition of Experiment 1, a model which implements a three–zone
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plume and refines the input velocities. The results for Experiment 1 improve the ones for Model
1, especially the retreat rate of the calving front during the summer months, and extend the
best results for Model 1 from 350 m to 700 m. In consequence, the new modelled positions are
a better approximation to reality.

However, there is a zone of the front where both models fail significantly. In the eastern
part of the glacier front the dissimilarities are very important for both models. Consequently, a
problem in the geometry is proposed as the cause for those discrepancies. And to address that
problem, Experiment 2 suggests the extension of the calving front one node further east. Hence,
there is a new node able to move back and forth. But the results of Experiment 2 indicate
that, even if the model reduces the differences in the eastern part of the front, there is still a
noteworthy problem in that area.

When looking more closely at the observed front behaviour, it is clear that the eastern
margin moves forward during the advance season, and moves backward during the retreat season.
Neither of the models, however, is accounting for that retreat in that part of the glacier front.
Therefore, the eastern margin problem could be related to the geometry of the front, but it is
more likely to be affected by the surface velocities in that area or the ambient properties of the
fjord.
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5.6 Supplementary figures

Figure 5.17: 2D aerial view of the glacier-fjord system for the rest of the months not presented in the Chapter.
The solid black lines represent Model 1 contour of the glacier, the blue dashed line represent the front estimated
by Experiment 1, and the red lines represent the observed front positions. Note that the observational data do
not cover the westernmost part of the front.
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Figure 5.18: 2D aerial view of the glacier-fjord system for the rest of the months not presented in the Chapter.
The solid black lines represent Model 1 contour of the glacier, the blue dashed line represent the front estimated
by Experiment 1, and the red lines represent the observed front positions. Note that the observational data do
not cover the westernmost part of the front.
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Figure 5.19: 2D aerial view of the glacier-fjord system for the rest of the months not presented in the Chapter.
The solid black lines represent Experiment 2 contour of the glacier, the blue dashed line represent the front
estimated by Experiment 1, and the red lines represent the observed front positions. Note that the observational
data do not cover the westernmost part of the front.

78



Sensitivity Analysis José M. Muñoz Hermosilla

Figure 5.20: 2D aerial view of the glacier-fjord system for the rest of the months not presented in the Chapter.
The solid black lines represent Experiment 2 contour of the glacier, the blue dashed line represent the front
estimated by Experiment 1, and the red lines represent the observed front positions. Note that the observational
data do not cover the westernmost part of the front.
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Chapter 6

Sensitivity Analysis

This chapter contains a sensitivity analysis performed on some of the input variables of the
system. It starts by analysing how changes in the input velocities, surface meltwater and fjord
ambient conditions can influence the melting rate in a typical winter month like January. Then,
the same analysis is performed for a typical summer month like August. Finally, how the
mentioned changes can affect the glacier front position is represented.

6.1 Motivation

To ensure the stability of such a complex model under varying input conditions, sensitivity
analysis is crucial. Besides, analysing how these variations impact submarine melting, calving,
and consequently, glacier front positions offers valuable insights for studying tidewater glaciers.

6.2 Winter Conditions

January 2010 represents a typical winter month in the behaviour of Hansbreen, i.e, low values
of subglacial discharge, and cold, saline and stable fjord ambient conditions. Since winter
conditions are not suitable to generate plumes, a variation in the surface velocities, which can
affect the SMW but not the fjord conditions, is not going to produce any changes in plume
activity. As for SMW, the increase of up to 100 % of the input values produces larger values
of subglacial discharge, but not enough to generate plumes under the winter fjord conditions.
Therefore, variations in the SWM are not producing changes in plume meltrate as well. But,
when variations are applied to fjord ambient conditions, plumes do occur (Fig. 6.1).

A positive variation of 20 % in Temperature, with the respective reduction in Salinity –
warmer and less saline water – produces a very low, but not null, value of plume meltrate.
Beyond that, plume meltrate increases almost linearly with the percentage variation in T and S.
Since changes of the same order in SMW are not able to generate plumes, for a winter month,
plume meltrate is more sensitive to fjord ambient conditions than SMW. An example of how T
and S variations affect plume meltrate are shown in Fig. 6.3.

Now, calving volume is more sensitive to variations in the input velocity than fjord conditions
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Figure 6.1: Changes in plume meltrate under a variation in the fjord ambient conditions (T, S) for January 2010.

Figure 6.2: Changes in calving volume under a variation in the input velocities and the fjord ambient conditions
(T, S) for January 2010.

(Fig. 6.2). Above an increase of 10 % of the velocities, calving volume becomes significantly
larger when velocities grow. Below 10 %, there is no calving at all. In the same way, even an
increase of 100 % in the input SMW is not enough to produce calving events. Fjord ambient
conditions have an influence on submarine melting and, therefore, on calving as well, but the
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increase is relatively low and stable. Velocity variations, on the contrary, barely have an influence
in the submarine melting but the increase in the calving volume is notable.

Figure 6.3: 3D aerial view of the glacier calving front corresponding to January 2010 for different variations of
the observed fjord ambient conditions (Temperature and Salinity).
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6.3 Summer Conditions

August 2010 represents a typical summer month in the behaviour of Hansbreen, i.e, large values
of subglacial discharge, and warm and less saline fjord ambient conditions. A variation in the
surface velocities within a 20 % barely produces any changes to subglacial discharge, and plume
meltrate values remain constant. On the other hand, the increase of up to 100 % of the SMW
values produces changes in the subglacial discharge and, thus, changes in plume meltrate as
well (Fig. 6.4). Similarly, when variations are applied to fjord ambient conditions, there are
some changes in the plume meltrate values (Fig. 6.4).

Figure 6.4: Changes in plume meltrate under variations in the input surface meltwater (SMW), and the fjord
ambient conditions (T, S) for August 2010.

A negative variation of 10 % in Temperature, with the respective increase in Salinity – colder
and more saline water – produces a decrease in the plume meltrate values. Likewise, a negative
variation of 10 % in the input SMW and, therefore, a reduction of the subglacial discharge,
also produces a decrease in the plume meltrate values. On the contrary, positive variations
of both, Temperature –with the respective decrease of Salinity – and SMW result in largest
values of plume meltrate. As in January, the relation between the variation in fjord ambient
conditions and melting is linear, whereas the relation between the variation in SMW and plume
meltrate is potential 6.4. Comparing both distributions, plume meltrate is also more sensitive
to fjord ambient conditions than SMW in a summer month like August. The temperature and
the salinity of fjord water, hence, is an essential factor not only in the occurrence of plumes, but
also in their capacity to melt the glacier front. An example of how T and S variations affect
plume meltrate are shown in Fig. 6.6. But once the conditions are suitable for the development
of plumes – and this is always going to be the case for summer –, the changes in the SMW
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Figure 6.5: Changes in calving volume under a variation in the input velocities, the input surface meltwater and
the fjord ambient conditions (T, S) for August 2010.

and, therefore, the changes in the subglacial discharge is also a very important factor in melting
processes.

Calving volume is also more sensitive in summer to variations in the input velocity than
fjord conditions and the surface meltwater (Fig. 6.5). Variations in the input SMW affect the
submarine melting, but barely affect calving volume and there is not a clear tendency. Fjord
ambient conditions, on the other side, present a potential relation with respect to calving volume.
When increasing the temperature – with the respective decrease in the salinity – the calving
volume becomes slightly larger. As for variation in the input velocities, between -10 and 20 %
calving volume intensifies markedly, even if there is not a strengthening in the plume meltrate,
but beyond that there is just a little increase. These results are in agreement with Cook et al.
(2022), who found the hydrology–induced changes in terminus velocity to exert a strong control
on calving in tidewater glaciers, and also that plume melt rates in excess of terminus velocity
can exert a major control on terminus position.

6.4 Effect on the front positions

6.4.1 SMW

Since variations in the SMW are not enough to produce plumes, in a winter month there is no
effect of the input SMW on the front positions. However, after running a summer month like
August, the front positions present some changes (Fig. 6.7). A variation of -10 % yields to a
more advanced front position, whereas variations above 10 % present more retreated positions –
larger variations entail more retreated glacier fronts.
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Figure 6.6: 3D aerial view of the glacier calving front corresponding to August 2010 for different variations of
the observed fjord ambient conditions (Temperature and Salinity).

6.4.2 Velocity

Calving volume has proven to be sensitive to changes in the input velocity (Fig. 6.2 and
Fig. 6.5). For a winter month, however, the calving generated, even in the maximum velocity
variation conditions, is relatively low, whereas the front advances faster since velocities are
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Figure 6.7: Modelled glacier front positions for September 2010 for different variations of input surface meltwater
(SMW).

higher. Therefore, there are basically no changes in the front positions under velocity variations
for a winter month (Fig. 6.9). On the contrary, in a summer month there are significant changes.
When decreasing the velocity by 10 %, the resulting front position is more retreated because,
even if calving decreases, the front advances slower. When increasing the velocity by 20 %,
even if calving increases, the resulting front is more advanced than the rest because the glacier
advances faster. However, when increasing the input velocities by just 10 %, the position is more
retreated than when no variations are applied. This is because calving intensifies significantly
and, at the same time, the front advances just slightly faster. Therefore, calving increases at a
rate enough to compensate for the larger velocities. This is a very important finding because
the increase of a 10 % is a very good approximation to solve the problem in the eastern margin
(Fig. 6.8). Consequently, the underestimation in the input velocities in the eastern margin could
be the reason for the large differences in that area produced by the model.

6.4.3 Fjord Ambient Conditions

Variations in the fjord ambient conditions, i.e., temperature and salinity, affect submarine
melting and, therefore, calving and the resulting glacier front position after a simulation. For
instance, for a winter month, changes above 40 % in the fjord conditions produce plume activity.
Consequently, the front positions slightly change(Fig. 6.10). And this is more clear on a summer
month when plume activity is stronger. By decreasing 10 % the ambient conditions – colder
and more saline water – the resulting front position is more advanced. On the other hand, when
increasing the ambient conditions – warmer and less saline water – the positions start to retreat
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Figure 6.8: Modelled glacier front positions for February 2010 and September 2010 for different variations of
input surface velocities.

due to the increase in plume meltrate and calving.
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Figure 6.9: Modelled glacier front positions for February 2010 and September 2010 for different variations of
input surface velocities.
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Figure 6.10: Modelled glacier front positions for February 2010 and September 2010 for different variations of
the observed fjord ambient conditions (Temperature and Salinity).
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Chapter 7

Conclusions and Outlook

The study of marine–terminating glaciers is crucial for understanding their dynamic response
to climate change and their contributions to sea level rise. These glaciers exhibit complex
interactions between ice, ocean, and atmosphere, making their behavior highly sensitive to
both climatic and oceanographic conditions. In this thesis, we have focused on developing
and implementing a three-dimensional glacier flow model to estimate the frontal ablation of
marine-terminating glaciers, a critical component of their mass balance.

This conclusion chapter synthesizes the key findings from our model simulations by addressing
the research objectives outlined in the introduction, discusses the implications of our results
for the system that we are modelling, and suggests directions for future research. Given the
complexity of the developed models, their potential limitations are also discussed. By integrating
detailed physical processes and high-resolution data, our 3D glacier flow model provides novel
insights into the mechanisms driving frontal ablation and enhances our predictive capabilities
for tidewater glacier behavior.

In the following sections, we will summarise the main outcomes of our research, evaluate the
model’s performance, discuss about the limitations, and propose recommendations for further
improvements and applications of our glacier model.

7.1 Conclusions

Calving and frontal ablation are essential processes to understand tidewater glacier dynamics. In
this work, we have developed a 3D glacier dynamics model to estimate frontal ablation. To do so,
the model includes modules to solve the main factors contributing to frontal ablation: submarine
melting – through a plume model – and calving. Additionally, the model also accounts for
atmospheric factors too through surface mass balance and surface meltwater.

The model solves the subglacial hydrology and provides subglacial discharge values that, in
combination with appropriate fjord ambient conditions (temperature and salinity), are large
enough to generate plumes at the calving front during most of the months of the year (except for
the coldest months, i.e. from November to April). The results for the hydrology are consistent
with other studies using a similar model (Cook et al., 2020), while the results for the plume
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melt rate are in agreement with other works on the Hansbreen–Hansbukta glacier–fjord system
(De Andrés et al., 2018).

Larger values of subglacial discharge produce larger values of submarine melting. However,
the results of the model indicate that changes in SMW alone are not able to explain plumes
behaviour, turning fjord ambient conditions into a key factor in this process. Besides, the
sensitivity analysis confirms the importance of fjord water conditions over SMW in terms of
both submarine melting and calving volume. Consequently, the improvement of the first model
through the inclusion of the three–zone plume results in a better performance of Experiment 1
versus Model 1.

Subglacial discharge distributes along the calving front and, in some cases, there seems to
be a correspondence between the higher discharge values and a strong plume activity area.
However, a more detailed study of the glacier hydrology would be necessary to establish such a
relation.

Calving is the primary contributor to frontal ablation, followed by submarine melting. There
is a clear relation between them, since larger values of submarine melting correlate with larger
values of calving, but this work cannot establish the terms of that relation.

Model 1 is able to predict the evolution of the front position in terms of advance and
retreat following a seasonal cycle with steep retreats in summer months and steady advances
during the rest of the year. However, there are still differences between observed and modelled
positions, especially in the eastern margin, where the longitudinal difference reaches 150 m
in November 2010. In fact, when taking only the central part of the glacier front, the results
improve significantly and the modelled positions become, on average, 40 % closer to the observed
ones. In general, the difference between the modelled and observed front positions increases
during the calving period, and we assume that the cause is an underestimation of calving by
our model. Even so, the difference between the modelled and observed front positions decreases
in some months, such as May, June, and July. In these months, the model is able to predict the
front position with a very good level of agreement. In the eastern margin, our model does not
produce enough calving events, which causes that large differences.

Experiment 1, with the implementation of the three–zone plume and the refinement of the
input velocities, is also able to predict the evolution of the front position in terms of advance
and retreat. It also follows a seasonal cycle, with steep retreats in summer months and steadily
advances out of those months. Model 1 presents underestimation problems both in the advance
and the retreat season. But Experiment 1 significantly improves the evolution in the retreat
season. Therefore, Experiment 1 presents better results than Model 1 in terms of front evolution,
and good results when compared to observations. The results for Experiment 1 improve the
ones for Model 1, especially the retreat rate of the calving front during the summer months,
and extend the best results for Model 1 at the central part of the front from 350 m to 700 m.
In consequence, the new modelled positions are a better approximation to reality. Although a
comparison between a 2D and a 3D model must be handled carefully, Experiment 1 results for
the central 700 m of the calving front show a deviation from observation of ±10 m for most of

91



Conclusions and Outlook José M. Muñoz Hermosilla

the months of the simulation (around 70 % of the months for the period December 2009, March
2011). This is the same as the deviation value obtained by De Andrés et al. (2018) for their
flow line model between April and August 2010.

However, there are still differences between observed and modelled positions, especially in
the eastern margin where the longitudinal difference ascends to 150 m in November 2010 for
Model 1 and Experiment 1. Experiment 2, just by extending the calving front one node further
east, slightly improves those lateral differences, pointing out the importance of the geometry of
the glacier front and the selection of the nodes that are allowed to advance and retreat. But
the refinement is not enough and the problem persists. Even so, in some months such as May,
June and July the longitudinal difference decreases, reaching a more than acceptable level of
agreement. We see that the difference grows, especially for the eastern margin, during the
calving period, especially in late summer and early autumn, and we assume that the cause could
be an underestimation of calving by the models. In fact, when taking only the central part of
the glacier front, and for Experiment 1 that part extends to 700 m – half of the total front –
the results improve significantly. So, leaving the eastern margin behind, our model reproduces
quite well the observations.

As for the eastern margin, when looking more closely at the observed front behaviour, it is
clear that the eastern margin moves forward during the advance season, and moves backward
during the retreat season. Neither of the models, however, is accounting for that retreat in
that part of the glacier front. Therefore, the eastern margin problem could be related to the
geometry of the front, but it is more likely to be affected by the surface velocities in that area or
the ambient properties of the fjord. The sensitivity analysis pointed out that an increase of 10
% in the input velocity increases the calving activity as well, leading to a larger retreat in the
eastern margin. Therefore, an underestimation in the input velocities in that area would be the
reason why Model 1, Experiment 1 and Experiment 2 present notable differences in that zone.

Finally, Hansbreen is a largely studied glacier, becoming an essential context to test and
to constrain our model. But, provided that we can count on having the required input data,
this model could be applied to any other tidewater glacier or glacier–fjord system. This fact
would turn the model into a valuable tool for studying other marine–terminating glaciers and,
therefore, opens the possibility of estimating mass loss due to frontal ablation in such systems,
which are crucial for understanding the current changes in the cryosphere

7.2 Models limitations

Even if the performance of the model developed in this work has provided some important
findings, there are still some limitations.

Firstly, modelled velocities could be more refined. The differences between observed and
modelled velocities are still a problem, especially in some specific months. And velocity has
proven to be an essential variable both in the advance and the retreat season.

Secondly, there are aspects like the differences between SMW and subglacial discharge in
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some months that our model is not able to explain. For instance, the proposed change in the
hydrological regime as possible cause for the mentioned differences. In addition, subglacial
hydrology, plume and calving are not fully coupled, and SMW is an important factor in both
submarine melting and calving.

Thirdly, our model is not properly solving the eastern margin of the glacier, even with
Experiment 2. Looking at the evolution of the observed front, it advances and retreats in that
zone in the same way as in the rest of the front. In our model, however, the retreat is minimum,
which is causing those large differences when compared to observations. The sensitivity analysis
has shown that input velocities could have been underestimated in that zone. However, we
cannot establish such a thing because there are no stakes to constrain the velocity values in
that area.

Lastly, the time–scale of this model is limited by the available data. We cannot say whether
a longer simulation will result in a better agreement with observations, however, it would give
us information on some results of the model that we cannot currently confirm. For example, do
the differences in the eastern margin continue to increase or do they start to compensate at
some point?

7.3 Future work

Such a complex model has helped us better understand some of the phenomena that occur in
marine–terminating glaciers. But there are several issues that are still pending or that have not
been explored in sufficient depth. Here we discuss some possible lines of future work to continue
with the study of marine–terminating glaciers and take advantage of a model that, while good,
still has room for improvement.

Firstly, surface velocity has proven to be an important factor not only in the advance season
but also in the retreat, since they can affect calving. Daily velocities would imply daily inversions,
and that is quite a lot in terms of computational cost, but it is known that velocities experiment
important changes within days and maybe a 2–week or weekly inversions would improve the
results of the model. Besides, a different sliding law could be implemented. For instance, a
Coulomb–type sliding law, which has a direct relation with the hydrology through the hydraulic
potential and has been used in some recent related works (Cook et al., 2022; Holmes et al.,
2023), could improve the input modelled velocities. Besides, input velocities in the eastern
margin have to be examined in detail, seeing that increasing the velocities 10 % solves the
problem in that area.

Secondly, a more detailed study of the hydrology would let us better understand some
aspects that this model is not able to explain. Besides, a fully coupling between the hydrology
and the dynamic model with the calving and plume modules would be desirable to perform a
more exhaustive study of the relation between all those processes.

Thirdly, considering that fjord ambient conditions have proven to be an essential factor in
submarine melting due to plume activity and, consequently, for calving as well, a logical next
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step would be to use a fjord model to obtain better estimations of these conditions.
Finally, the study period of this experiment is limited by the available data and running

a longer simulation could help us better understand the seasonal patterns and allow us to
determine whether the lateral differences grow larger or start to decrease at some point.
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