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Resumen 

Alrededor del 70 % del agua dulce del planeta se encuentra almacenada en la 
criosfera. Entre sus múltiples componentes, destacan los más de 200 mil glaciares 
distribuidos mundialmente. Su tamaño relativamente reducido (en comparación 
con los mantos de hielo de Groenlandia y Antártida) los hace más reactivos a los 
cambios atmosféricos y oceánicos, mostrando, por tanto, una respuesta más 
rápida al calentamiento climático. La pérdida de masa experimentada por estos 
glaciares contribuye en un 25-30 % a la subida del nivel del mar observada, con 
un 10-30 % de dicha pérdida asociada a la zona frontal en glaciares que acaban en 
el mar, asentados en el lecho rocoso y con frente casi vertical (tidewater glaciers), 
a través del desprendimiento de icebergs (calving)y la fusión submarina. Se ha 
demostrado que el océano puede ser un factor clave en la aceleración, 
adelgazamiento y retroceso de los glaciares de descarga (outlet glaciers) situados 
en la periferia de Goenlandia y la Antártida, promoviendo y acelerando la pérdida 
de masa de estos grandes mantos de hielo. Sin embargo, estos hallazgos son 
relativamente recientes y nuestro conocimiento se encuentra todavía en un estado 
prematuro. El objetivo de esta tesis es aportar conocimiento sobre los procesos 
físicos implicados en la interacción glaciar-océano. Para ello, hemos desarrollado 
un modelo numérico acoplado glaciar-océano, que nos ha permitido estudiar la 
influencia que la fusión frontal submarina ejerce sobre la dinámica glaciar, el 
calving y la evolución en la posición del frente. Asimismo, hemos utilizado un 
modelo sencillo que parametriza la pluma de flotabilidad que se genera en la 
interfase glaciar-fiordo, como consecuencia de las descargas súbitas de agua de 
deshielo a través de canales de descarga subglaciar. Con este modelo, hemos 
analizado cómo la fusión superficial de la propia cuenca glaciar favorece la 
estratificación en las aguas del fiordo asociado y hemos discutido las repercusiones 



 

que esto puede tener a niveles físico, biogeoquímico y ecológico. Por último, hemos 
desarrollado una versión computacionalmente menos costosa del modelo acoplado, 
el modelo glaciar-pluma, que resulta de utilidad para realizar predicciones a 
medio/largo plazo sobre la evolución temporal de un sistema glaciar-fiordo dado. 
Para llevar a cabo nuestras investigaciones, hemos utilizado observaciones de dos 
sistemas glaciar-fiordo, uno en Svalbard  y el otro en Groenlandia. Los resultados 
de nuestros modelos sugieren que tanto la fusión submarina como la 
hidrofracturación de las grietas ejercen un control importante sobre la ablación 
frontal estacional, siendo la fusión submarina por sí sola insuficiente para explicar 
los patrones de retroceso estacional del frente glaciar observados. La magnitud de 
la  fusión submarina y el calving durante la época estival ha resultado ser del 
mismo orden, lo cual pone de manifiesto el estrecho vínculo que existe entre ambos 
mecanismos de ablación. Además, los resultados de nuestros modelos sugieren un 
desfase de 4 a 5 semanas entre los máximos de fusión superficial y fusión 
submarina, lo que indica la complejidad del sistema de drenaje intra y subglaciar. 
Hemos encontrado que la fusión submarina es fuertemente dependiente de la 
evolución intraestacional de la intensidad de descarga subglaciar y la 
temperatura del agua en el fiordo, llegando a variar en tres órdenes de magnitud 
desde principios hasta finales de verano. Debido a esta dependencia, creemos que 
es importante imponer condiciones de contorno y forzamientos apropiados en los 
modelos predictivos, con el fin de obtener resultados más exactos. El modelo 
acoplado glaciar-pluma presentó mayores tasas de fusión submarina (hasta el 30 
%) y produjo un perfil de fusión de tipo cuasilineal, mientras que las menores tasas 
de fusión del modelo glaciar-fiordo presentaron un perfil cuasiparabólico. A pesar 
de estas diferencias, las posiciones del frente predichas con ambos modelos, 
considerando los escenarios más realistas, han conseguido reproducir las 
posiciones del frente observadas. Usando únicamente el modelo de pluma, hemos 
encontrado que el aumento de estratificación en el fiordo, debido al aporte del 
agua dulce de deshielo glaciar, ejerce un control dominante en la extensión 
vertical de las plumas de flotabilidad asociadas al frente glaciar, llegando a inhibir 
su aparición en la superficie del fiordo. Ante un escenario de calentamiento global, 
que provoca un mayor aporte de agua dulce de deshielo a los fiordos circundantes, 
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cabe esperar que la aparición de estas plumas en superficie sea cada vez menor, 
haciéndose más difícil su monitorización y teledetección. 

En general, y dado que el modelo acoplado glaciar-pluma disminuyó el tiempo de 
computación en un factor de más de 50, podemos decir que nuestro modelo glaciar-
pluma es un candidato idóneo para simular la evolución de los sistemas glaciares 
de tipo tidewater, siempre y cuando utilicemos restricciones apropiadas para el 
flujo de descarga subglacial y la temperatura ambiente del fiordo.
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Abstract 

Around 70 % of the total freshwater volume on Earth is stored in the cryosphere. 
Among its components, there are more than 200 thousand glaciers distributed 
worldwide. The smaller size of the glaciers compared to the ice sheets of 
Antarctica and Greenland make them more responsive to atmospheric and/or 
oceanic forcing, in particular to global warming. The loss of mass experienced by 
these glaciers contributes 25-30% to the current observed sea level rise, with 10-
30% of such loss associated with frontal ablation from tidewater glaciers through 
calving and submarine melting. It has been shown that the ocean can be a key 
factor in the acceleration, thinning and retreat of the outlet glaciers around the 
periphery of Greenland and Antarctica, promoting and accelerating the mass loss 
from these large ice sheets. However, these findings are relatively recent and our 
knowledge is still in a premature stage. The objective of this thesis is to gain 
knowledge on the physical processes involved in glacier-ocean interactions and 
their feedback on glacier dynamics. To achieve it, we have developed a numerical 
coupled glacier-ocean model that allows us to study the influence that submarine 
melting exerts on glacier dynamics, calving and front position evolution. Likewise, 
we have built a simple plume model that parameterizes the buoyant plume 
generated at the glacier-fjord interface as a result of discharges of meltwater 
through subglacial channels. Using this plume model, we have studied the effect 
that surface meltwater exerts on fjord stratification, analyzing its impacts from 
physical, biogeochemical and ecological perspectives. Finally, we have built a 
computationally less demanding version of the coupled model, the glacier-plume 
model, aimed to simulate the medium/long-term response of glacier-fjord systems. 

To carry out our investigations, we have used observations of two glacier-fjord 
systems, one in Svalbard and the other in Greenland. The results of our model 



 

simulations suggest that both submarine melting and crevasse hydrofracturing 
exert important controls on seasonal frontal ablation, with submarine melting 
alone not being sufficient for reproducing the observed patterns of seasonal glacier 
front retreat. Both submarine melt and calving rates are of the same order of 
magnitude, suggesting the potential link between both mechanisms. Our model 
results also indicate that changes in submarine melting lag meltwater production 
by 4-5 weeks, indicating the complexity of the intra and subglacial drainage 
network. We have also proved the high sensitivity of submarine melting to the 
intraseasonal evolution of subglacial discharge and fjord temperature, increasing 
by up to three orders of magnitude from the beginning to the end of the melt 
season. Due to this dependency, we believe that it is important to properly 
constrain predictive models, in order to obtain more accurate results. Glacier-
plume and glacier-fjord coupled models differed in submarine melt rates (up to 30 
% higher for the glacier-plume model) and also produced distinct melt-
undercutting front shapes, which had an effect on the net stress fields near the 
glacier front. The quasi-linear front shape of the glacier-plume model promoted 
higher calving rates than the quasi-parabolic front shape of the glacier-fjord 
model, although both models predicted similar front positions. From the plume-
parameterization model alone, we have found that increased fjord stratification 
(from accumulation of surface meltwater inputs) exerts a dominant control on 
plume vertical extent, even preventing the plume from surfacing. Under 
projections of increased surface melting, the appearance of plumes at the fjord 
surface could become less common due to the increased fjord stratification, so 
plume monitoring and remote tracking might become harder to achieve.  

Overall, and given that the glacier-plume model diminished the computational 
time by a factor larger than 50, we think that our glacier-plume coupled model is 
a suitable candidate for future projections of tidewater glacier evolution, as long 
as we use appropriate constraints on subglacial discharge fluxes and ambient 
fjord temperatures. 
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Chapter 1 
Introduction 

Our so-called “blue planet” receives such a name due to the extended sheet of 
ocean water covering its surface. More than 70% of the Earth's surface is covered 
by the oceans (362.5 · 106 km2) and their total volume amounts to ~96.5% of the 
hydrosphere. But water is also present in solid (frozen water) and gaseous (water 
vapor) states, the former being the focus of this thesis. The collective term for the 
Earth system components containing an important fraction of water in frozen 
state is the cryosphere. Snow, permafrost (frozen ground), sea ice, glaciers and ice 
caps (the two latter referred to as glaciers hereafter), ice sheets and ice shelves 
are some of the cryosphere components and account for ~70 % of the total 
freshwater volume on Earth (Shiklomanov and Rodda, 2003). All of the cryosphere 
components together spread out over 21% of the Earth’s surface, of which 0.15% 
corresponds to the area covered by all glaciers (Vaughan et al., 2013). Above 200 
thousand glaciers have been inventoried worldwide (Pfeffer et al., 2014) with a 
total volume 100 times lower than the combined volume of the ice sheets of 
Antarctica (AIS) and Greenland (GrIS) (Gardner et al., 2013). The smaller size of 
the glaciers compared to both ice sheets make them more reactive to atmospheric 
and/or oceanic changes, thus showing a faster response to global warming 
(Luckman et al., 2015; Motyka et al., 2013; Rignot et al., 2010; Straneo and 
Heimbach, 2013). Despite glaciers having a much lower global volume than the 
ice sheets, the present glacier mass loss (over 1993-2014) is equivalent to the sea-
level contribution of the GrIS, exceeds the loss of AIS, and accounts for 25-30 % of 
the total observed sea level rise (Zemp et al., 2019) (Fig. 1.1). Some models showed 
that glacier contribution to sea level rise will keep its importance throughout the 
21st century, with estimatess ranging from 79 to 157 mm at the end of the century, 
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depending on the emission scenario used in the prediction (Huss and Hock, 2015). 
Between 10 and 30 % of the glacier mass losses correspond to frontal ablation, 
dominated by calving and submarine melting, in ice-ocean regions such as 
peripheral Antarctica, Svalbard and the Russian Arctic (Hanna et al., 2020; Huss 
and Hock, 2015). Other studies also suggest that the Arctic glaciers might be the 
largest contributors to projected global volume of ice loss (Bamber et al., 2018; 
Marzeion et al., 2017; Radić et al., 2014). Therefore, a deeper knowledge of glacier 
systems will provide the opportunity to configure more accurate models allowing 
improved predictions in order to make more sensible decisions and establish 
better policies. 

 

Figure 1.1 Predicted contribution of mass losses from a) Greenland and b) Antarctic Ice Sheets 
and c) glaciers to sea level rise, under two projected scenarios: RCP2.6 (blue lines) and RCP8.5 
(red lines). Purple lines represent historical observations (modified from IPCC, 2019). 

The theme of this doctoral thesis falls within the field of computational fluid 
dynamics and its overall objective is to generate a 2D glacier-fjord coupled model. 

(a) 

(b) 

(c) 
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With this aim, we will develop a fjord circulation model with subglacial discharge 
inputs and submarine melt estimates that will be coupled to a glacier dynamics 
model with iceberg calving, which is already available to our research group. The 
free parameters of the model will be tuned to minimize the misfit between model 
predictions and field observations. The aim is to build up a prognostic glacier-fjord 
coupled model, which gives us the opportunity to study some of the relevant ice-
ocean interaction processes and allows us to predict the frontal mass losses of 
marine-terminating glaciers under given environmental conditions, expressed as 
boundary conditions of the mathematical model. 

1.1 Background 

This section describes the current state of knowledge on the subject. With the aim 
of offering a clear and comprehensive perspective, the text begins by presenting a 
general overview of the importance of ice to our planet Earth. The basic aspects 
of the systems where interaction between the ocean and the ice bodies takes place 
will be described, before considering specific phenomena resulting from these 
interactions, such as submarine melting at the glacier front. This is a process 
occurring at the ice-ocean interface that provides the link coupling the circulation 
fjord model with the glacial dynamics model. 

1.1.1 Ice - Ocean System at Global Scale 

The interaction processes that occur in the ice-ocean system make possible the 
formation of large bodies of water that travel throughout the oceans all around 
the world. This phenomenon is called thermohaline circulation or meridional 
overturning circulation. Basically, it consists of a succession of processes that 
change water density, as follows. Warm surface waters from the Gulf of Mexico 
travel northward, influenced by the clockwise North Atlantic Subtropical Gyre. 
Much of this water mass (Atlantic Water, AW) reaches high latitude regions, 
passing through channels that separate Greenland, Iceland and Svalbard. At 
these high latitudes, AW transfer heat to the atmosphere and move describing the 
counter-clockwise Subpolar Gyre, returning through the channels between 
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Canada, Greenland and Iceland, where a portion is mixed with fresh Polar Water 
(PW) and the Labrador Current is formed. The cooling of AW while passing 
through the Polar Regions leads to an increase in its density, which reverses a 
downward vertical movement, forming the North Atlantic Deep Water (NADW). 
Although the equation for calculating the density is complex, it can reasonably be 
approximated by a linear function of salinity and a cubic function of temperature. 
Thus, during the winter time, when sea ice is formed, a large amount of salt is 
concentrated in these waters due to brine rejection, significantly increasing its 
density and enhancing its descent. The NADW runs through the Atlantic from 
north to south, to emerge near the Antarctic continent, due to the topography of 
the seabed. There it meets and feeds the Circumpolar Deep Water (CDW), which 
is the result of an amalgamation of the Atlantic, Indian and Pacific waters 
(Stewart, 2008). 

We note that at local scales similar processes occur, although at a lower order of 
magnitude. Flows are governed by the same equations. However, at small scales 
there are other phenomena, such as turbulent transference, playing important 
roles at the ice-ocean interface that cannot be neglected. Due to its inherent 
complexity, they are usually parameterized in ice-ocean models. 

The largest areas where the ocean and ice meet are the ice shelves, which are 
mostly located in Antarctica. In most cases, they are associated with large ice 
sheets resting on beds below sea level. Ice shelves form when the ice sheet margin 
is thin enough to float. In these systems, water coexists in two states: solid (ice) 
and liquid (water), and moves from one state to the other depending on 
environmental conditions such as temperature, salinity and pressure. Thus, in an 
ice-ocean thermodynamic system, exchanges of heat, mass/salt and momentum 
are continuously occurring. Being in contact with seawater, the basal part of the 
ice shelves can both melt, and refreeze, depending on the mentioned conditions 
(Doake, 1976; Jenkins, 1991). Ocean forcing impacts ice-sheet dynamics via ice 
shelves, floating ice tongues and tidewater glaciers (Holland et al., 2008; Holland 
and Jenkins, 1999; Nick et al., 2013). 
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Some studies suggest that the total melting from ice shelves around Antarctica is 
about 1500-2000 Gt per year, accounting for 50% of the total estimated mass 
losses (Pritchard et al., 2012; Rignot et al., 2013). The remaining 50% is attributed 
to calving, another mass exchange mechanism from the ice shelf to the ocean 
(Depoorter et al., 2013). A recent study of the mass balance of the Antarctic Ice 
Sheet is that of Rignot et al. (2019). However, although it analyses the separate 
contributions of surface mass balance and solid ice discharge through flux gates 
at the grounding line, it does not consider the partitioning of the latter into 
submarine melting and iceberg calving. On the other hand, for the Greenland Ice 
Sheet it is estimated that around 50% of the mass loss is due to surface runoff and 
the rest returns to the ocean via marine-terminating outlet glaciers, termed as 
tidewater glaciers when their terminus does not float, or floating ice tongues 
(Ettema et al., 2009). Also for the Greenland Ice Sheet there are recent studies 
analyzing its total mass budget, in terms of surface mass balance and ice 
discharge fluxes (IMBIE team, 2019; Mouginot et al., 2019). But, as in the case of 
the Antarctic Ice Sheet, these studies do not separate the mass lost through flux 
gates close to the calving fronts into submarine melting and calving. For tidewater 
glaciers globally it has been estimated that 10 to 30% of their mass loss is due to 
frontal ablation, which includes iceberg calving and submarine melting (Huss and 
Hock, 2015; Rignot et al., 2001). More recent global studies of glaciers, such as 
that by Zemp et al. (2019), only consider their total mass balance, without 
partitioning into surface mass balance and frontal ablation. 

Submarine melting of the glacier terminus generates a change in its shape, likely 
contributing to a change in the stress field not only at the glacier front, but in a 
larger area (O’Leary and Christoffersen, 2013). This fact may therefore alter 
calving processes. Some recent works have shown the potential effect that 
idealized submarine melt profiles could have on calving (Ma and Bassis, 2019), 
but there are still many uncertainties of at what extent this submarine melting 
could favor calving. As often stated within the scientific community, incomplete 
knowledge of coupled ice-ocean dynamics inhibits model skills in predicting ice 
sheet evolution, and therefore in estimating fresh water discharges and sea level 
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rise (Sciascia et al., 2013). The ultimate goal of this thesis aims to fill this 
knowledge gap, by coupling the dynamics of the tidewater glacier-fjord system. 

1.1.2 Ice-Ocean at local scales: The Glacier – Fjord System 

Glaciers that end into a sea water body are called tidewater glaciers and are 
usually characterized by having a straight-vertical and grounded terminus, since 
calving dominates mass loss (Rignot et al., 2001). These glaciers are embedded in 
a valley along which they flow towards the ocean. The part of the valley filled by 
sea water is named fjord or proglacial fjord and has some exceptional features 
from the oceanographic perspective: they are usually long, narrow, deep and quite 
isolated from open ocean due to the presence of a sill. Calving is the mass loss at 
the ice front which results in iceberg production (Fig. 1.2). Calving is an important 
process of ice mass loss for tidewater glaciers and ice shelves, since it plays a 
crucial role in their dynamical behavior (Nick et al., 2010; Van der Veen, 1996). 
Many uncertainties remain about the processes that control calving. Benn et al. 
(2007) analyzed the different mechanisms that trigger calving and proposed a 
hierarchy based on its relative importance. A first order mechanism would be the 
propagation of crevasses caused by tensile stresses in the flow direction produced 
by acceleration of the flow near the glacier front. Moreover, water in crevasses 
would lead to deeper crevasses and make the glacier front more susceptible to 
break (Cook et al., 2014; Otero et al., 2010). Although less efficient, the second 
mechanism promoting calving that should be mentioned is the erosion driven by 
waves at the water level, which also weakens the glacier front (Pętlicki et al., 
2015). The third mechanism that should be considered is the submarine melting 
produced by both the interaction with the oceanic salty waters and the buoyant 
plume formed by sudden subglacial discharges of fresh meltwater (Motyka et al., 
2013; Straneo et al., 2013) (see Fig. 1.2). Due to this submarine melting, the 
glacier front shape is expected to change, leaving part of the glacier front 
ungrounded, thus changing the stress fields with the correspondent 
disequilibrium of forces, which might lead to a calving event. It is important to 
notice that in glaciers with low deformation rates, crevasse fracturing loses 
relevance, letting submarine melting to gain importance.  
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Figure 1.2 Schematics of the processes taking place within the glacier-fjord system. 

However, the relative importance among the different mechanisms that trigger 
calving has not yet been well resolved and it is not taken into account in glacier 
flow dynamics models. On the other hand, it has been demonstrated that buoyant 
plumes derived from subglacial discharge (Fig. 1.2) exert a dominant control in 
frontal ablation in many Arctic tidewater glaciers and should not be ignored 
(Motyka et al., 2013; Straneo and Heimbach, 2013). Other studies also agree in 
that estimating submarine melting in the terminus of Greenlandic (Rignot et al., 
2010; Sutherland and Straneo, 2012), Antarctic (Greenbaum et al., 2015), and 
Alaskan tidewater glaciers (Motyka et al., 2013) may play a crucial role in terms 
of mass balance of such glaciers. Submarine melting of tidewater glaciers has 
recently gained the attention of the scientific community, and many studies that 
model the proglacial fjord circulation show some of the relevant features/processes 
regarding buoyant plumes and estimate submarine melt rates in the glacier 
termini (Carroll et al., 2015; Cowton et al., 2015; Sciascia et al., 2013; Slater et 
al., 2015; Xu et al., 2012, 2013). Nevertheless, none of them show how this process 
would contribute to change glacier dynamics in terms of calving, which is the main 
motivation of this thesis. Another important shortcoming of these models is that 
they consider simple idealized geometries of the fjord and assume a simple two-
layer stratification model (Motyka et al., 2011; Straneo et al., 2011). The two-layer 
simplification has recently been questioned by a recent study of water 
composition, based on noble gases analysis, which reveals a more complex 
configuration of the fjord water column (Beaird et al., 2015). Additionally, there 
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are still many free parameters in these models to be adjusted using observations, 
such as diffusive and viscous coefficients (laminar and/or turbulent) or the 
magnitude of the flow involved in subglacial discharge. 

1.1.3 Fjord Circulation Patterns 

A fjord is a valley largely created by glacier erosion in its path to the ocean. A 
glacier that occupied an advanced position in the past and currently has receded, 
allowing ocean waters to fill the valley and form the fjord. The fjord systems are 
mainly characterized by narrow width, long length and relatively great depth, 
depending on the glacier size. A fjord system is composed of various channels 
(which could be called sub-fjords) corresponding to different ancient tributary 
glaciers. The circulation in the fjord is governed by the Navier-Stokes system of 
equations, which will be thoroughly described in the methodology section. Water 
movement in the fjord will mostly depend on vertical density instabilities and 
horizontal pressure gradients. 

The fjord water body is composed of distinct water masses from different sources: 
open ocean waters (AW and PW), submarine melt water (SMW) and surface melt 
runoff (SMR) (Beaird et al., 2015; Holland and Jenkins, 1999; Straneo et al., 
2012). The combination of all of these water masses leads to the glacially modified 
waters (GMW), which are a common characteristic of the fjords. The salinity and 
temperature profiles of numerous oceanographic surveys, carried out mainly in 
Greenland fjords, suggested a two-layer stratification. Therefore, it was common 
practice to consider a two-layer model fjord circulation following Motyka et al. 
(2011) and Straneo et al. (2011), consisting of a cold layer of polar water (PW) on 
top of a relatively warm saline AW layer. Therefore, the movement in the margin 
of the ice, and its melting, would be influenced by the density contrast between 
these two water bodies. At the same time, processes at the ice-ocean boundary 
would also control the vertical distribution of freshwater to the ocean, with 
implications for large-scale ocean circulation (Böning et al., 2016; Saenko et al., 
2017; Straneo et al., 2013; Straneo and Heimbach, 2013). 



9 
 

However, recent studies have shown that water from the glacier (SMR, SMW) is 
exported at both surface and bottom fjord layers, questioning the validity of the 
two-layer model described above (Beaird et al., 2015). According to this study, in 
late summer the main source of heat to the glacier front would not be AW, but 
PW. This hypothesis is confirmed by the presence of a shallow sill near the glacier 
front, which keeps its waters isolated, blocking the passage of AW. Other factors 
that influence the fjord circulation are the wind (speed and direction), the tidal 
currents and the intensity of subglacial discharges (Motyka et al., 2013; Straneo 
et al., 2013). In fact, the research carried out by Beaird et al. (2015) showed that 
fresh water from subglacial discharge could be involved in two distinct 
mechanisms: turbulent ascension reaching the surface (plume) and horizontal 
advection/diffusion at depth. Both processes should therefore be included in fjord 
circulation models. 

1.1.4 Buoyant Plume from Subglacial Discharge 

In late spring, solar radiation and air temperature are high enough to initiate 
melting of ice and snow at the glacier surface. A great part of this melting runs at 
surface towards the glacier front and percolates through fractures and crevasses, 
reaching the underlying bedrock (Schneider, 1999). Down there, it joins the 
system of drainage channels occurring under the glacier body, as a result of basal 
ice melting by geothermal and frictional heating, which mainly develops during 
summer (Chu, 2014). These subglacial waters reach the fjord at depth, from the 
base of the glacier (grounding line) and are called surface runoff waters (SRW). 
SRW are characterized by zero salinity and temperature at the freezing point 
(around 0 °C, slightly variable as a function of salinity, pressure and/or depth). 
These features provide a lower density than that corresponding to the 
environmental waters, resulting in a water flow with upward vertical motion, 
commonly referred to as buoyant plume. This flow will reach the turbulent regime 
when the discharge rate is large enough to generate high local velocities to form 
a system of movement with small random convective cells, which will increase the 
rate of input of environmental properties to the plume. This phenomenon of 
incorporation of ambient waters is called entrainment and is usually 
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parameterized, being assumed to be directly proportional to the modulus of the 
flow velocity. It is common to represent the stationary form of the plume by using 
the four differential equations describing the evolution of its thickness, velocity, 
temperature and salinity (Jenkins, 2011; Morton et al., 1956; Slater et al., 2016). 
The thickness evolves in response to changes in plume velocity and to the addition 
or loss of water, as a result of ice melting and entrainment or refreezing, 
respectively. The plume is accelerated as a result of its buoyancy, while 
decelerates as a result of friction at the ice-ocean interface. The temperature and 
salinity of the plume become altered as it gains or loses water by entrainment or 
ice melting. The difference in density between the plume and the ambient water 
(which determines the buoyancy force) is expressed as a linear function of 
differences in temperature and salinity (Holland and Jenkins, 1999). The rate at 
which ambient water is added to the plume will be considered directly 
proportional to the plume velocity and to the glacier front slope. As tidewater 
glacier frontal slope is considered to be totally vertical (angle of about 90º), the 
frontal slope does not appear explicitly in the equations. 

1.1.5 The Coupling Mechanism: Submarine Melting at the 
Glacier Front 

As seen so far, the glacier-fjord system is quite complex. We have already 
described the two most important processes to be considered in fjord modelling: 
circulation in the fjord, mainly caused by the different intervening water bodies, 
and buoyant plume generated by subglacial freshwater discharge. Both processes 
are key in calculating submarine melt rates at the glacier front. 

The submarine melting model is formulated in terms of the thermodynamic 
equilibrium that occurs at the interface, according to a system of three equations 
proposed by Holland and Jenkins (1999). Equations comprising this system are 
those of the freezing temperature of seawater as a function of salinity and local 
pressure, conservation of heat and conservation of salt. This model involves the 
processes of heat and salt transference through the oceanic boundary developed 
by McPhee et al. (1987), which account for the impact of gravitational stability 
processes. Conservation equations are based on equilibrium thermodynamics, 
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considering that heat flows in direction opposite to the temperature gradient. The 
transfer of salt has a negative sign during ice melting events and positive during 
refreezing, since ice does not include salt while freezing, leading to brine rejection 
and increasing the salinity of the water at the interface. Therefore, positive or 
negative, the flow of salt is always unidirectional: towards the water. Turbulent 
transfer coefficients are considered to have a functional dependence with the 
modulus of water velocity and with the thermal and diffusive Stanton numbers 
(Steele et al., 1989), which are dimensionless numbers stating the ratio of heat 
transferred into a fluid to the thermal capacity of the fluid. As can be inferred 
from the preceding paragraphs, the velocity field is variable, and will depend on 
the magnitude of the buoyant plume as well as on the fjord circulation pattern. 
However, the values of the Stanton numbers are fixed following the work of 
Jenkins (2011). The studies of McPhee (1992) and McPhee et al. (1999) showed 
that the turbulent transfer is apparently independent of the roughness of the 
glacier front wall, which gives us some confidence on the validity of models that 
do not take into consideration such roughness. 

Modelling studies of submarine melting started in the 1990s with the large ice 
shelves around Antarctica (Determan and Gerdes, 1994; Hellmer and Olbers, 
1989; Jenkins, 1991; Scheduikat and Olbers, 1990). More recently, they have been 
widely used to estimate the heat ocean forcing and the submarine melt rates that 
occur in both ice shelves and tidewater glaciers (De Andrés et al., 2018; Carroll et 
al., 2015; Cowton et al., 2015; Jenkins, 2011; Sciascia et al., 2013; Slater et al., 
2015, 2018; Vallot et al., 2018; Xu et al., 2012, 2013). 

Most of the studies that focus on tidewater glaciers have used the Massachusetts 
Institute of Technology general circulation model (MITgcm) created by Marshall 
et al. (1997), with a specific module developed by Xu et al. (2012), which 
incorporates the three-equation thermodynamic-equilibrium model at the ice-
ocean interface (Holland and Jenkins, 1999). Although less used in the scientific 
literature, there are other appropriate models for similar process simulations in 
the fjord, such as Fluidity (e.g. Kimura et al., 2014) or NEMO (e.g. Christoffersen 
et al., 2011). 



12 
 

1.2 Specific aims 

The specific aims of this thesis are listed here. They have served as a guideline 
for our research pathway and help in understanding the structure of the thesis. 

The first goal was to develop a 2D glacier-fjord coupled model to study relevant 
ice-ocean interaction processes. To achieve it, we first built up a 2D fjord 
circulation model capable of estimating submarine melt rates at the glacier 
terminus, considering both glacier-fjord heat exchange and convection-driven 
melting from turbulent buoyant plumes, generated by subglacial discharges of 
meltwater. Secondly, after calibration and validation against observations, the 2D 
fjord circulation model was coupled to the available glacier dynamics and calving 
models. We then used our 2D glacier-fjord coupled model to simulate the real 
system of Hansbreen-Hansbukta (Svalbard), so the influence of submarine 
melting on calving and the partitioning of frontal ablation into submarine melting 
and calving were studied. The work associated with the achievement of this first 
objective can be found in Chapter 3 and corresponds to the first published paper 
of this thesis (De Andrés et al., 2018). 

The second aim was to reduce the computational time of the model runs. With this 
aim, we explored the line plume model as a substitute for the fjord circulation 
model. After the line-plume model was built and validated with observations, we 
used it to simulate the real system of Saqqarliup-Saqqarleq (Greenland) and to 
study the influence that fjord stratification exerts on both plume dynamics and 
submarine front melting (see Chapter 4 and De Andrés et al., 2020, in rev.).  

After proving the suitability of the line plume model, we developed a new 2D 
glacier-plume coupled model, which largely diminished the computational cost of 
the previous 2D glacier-fjord coupled model. The third aim was to examine if the 
new 2D glacier-plume coupled model would be a good candidate for long-term 
projection studies (Chapter 5; De Andrés et al., in prep.).
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Chapter 2 
Methodology 

This chapter describes the methods used to achieve our objectives. It begins by 
drafting the conceptual framework and identifying the different components of 
the system that will be modeled: the glacier, the fjord, the buoyant plume and the 
submarine melting. Then, the physics of each component are mathematically 
described by setting the main equations and parameters governing the evolution 
of the system. Based on their good performance, distinct software packages have 
been used to model each system component. However, this thesis focuses on the 
oceanic components (fjord, plume and submarine melting), since they conform the 
novel part of the investigation by our research group. To make this text easier to 
follow, we have omitted the details of the numerical discretization method used 
to solve the set of equations of the fjord component (finite volume approach), which 
are thoroughly described in Marshall et al. (1997a, 1997b). 

2.1 Conceptual framework 

Keeping in mind the global perspective will prevent us from getting lost into 
details and will help us to achieve, step by step, our final goals. Therefore, a simple 
outline of the problem to be solved is sketched here, aimed to serve as a framework 
and guideline to the thesis. 

The first step is to get a clear view of the system and its components (Fig. 2.1). On 
one side, we have the glacier, which, although made of water in solid state, can be 
physically treated as a super-viscous fluid. On the other side, we have the fjord, 
which is the water component of the system and encompasses a combination of 
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both laminar and turbulent flow dynamics. In our glacier-fjord system, the 
turbulent regime will be mostly due to the high-energy inputs of subglacial 
meltwater discharges, which generate turbulent ascent plumes attached to the 
submerged icefront face. In our initial approach, we model the complete fjord 
circulation, but, afterwards, we parameterize the turbulent plume in order to 
decrease the time of computation. The interface between the glacier and the fjord 
(or plume) components is where submarine melting occurs, depending on and 
affecting both glacier and fjord (plume) dynamics. Therefore, we consider four 
different sets of equations, one for each component: the glacier, the fjord, the 
buoyant plume and the submarine melting.  

 

Figure 2.1 Schematics of the different components of the system. 

To solve the equations governing the system dynamics, the solutions of each 
component of the system are approximated by different numerical discretizations. 
Three approaches, finite elements, volumes and differences, are used to solve the 
glacier, fjord and plume components, respectively. These are implemented using 
ELMER/Ice, MITgcm and Matlab software packages. ELMER/Ice and MITgcm 
will be configured to suit our physical problem, domain geometry and boundary 
conditions, while a Matlab routine will be developed to solve the plume model 
parameterization. 

The submarine melt model (interface in Fig. 2.1) will be used in both the fjord and 
the plume model as boundary conditions to close the set of equations. Computed 
melt rates of the glacier front will be incorporated into the glacier dynamics model 
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by reshaping its domain through a modified glacier geometry. As subsequent 
changes in the stress and velocity fields are expected, oceanic forcing will be 
evaluated as a potential mechanism involved in calving rate estimations and front 
position changes. 

2.2 The glacier model 

After having presented a methodological overview, we describe here the glacier 
model. Note that this model was already developed in Otero et al. (2017). 
Therefore, only the essentials required to follow this thesis are described below. 

2.2.1 Dynamical model equations and flow law 

Ice is treated as an incompressible, continuous and highly viscous fluid. The 
dynamical model is described by the Stokes system of equations, describing the 
conservation of linear momentum and mass: ∇ · 𝛔 + 𝜌 𝒈 + 𝑭 = 𝟎, ∇ · 𝒖 = 0, (2. 1) 

where 𝛔 is the Cauchy stress tensor, 𝒖 is the velocity vector, 𝒈 is the gravity 
acceleration vector and 𝜌  is the ice density. A body force 𝑭 is added to account for 
the lateral friction in our 2D model. The shape factor (Nye, 1965) is here extended 
to the full-Stokes formulation by defining the body force 𝑭 as (Jay-Allemand et al., 
2011): 

𝑭 = −𝜌 𝒈 · 𝒕 1 − 𝑓 𝒕 (2. 2) 

where 𝒕 is the unit vector tangent to the top surface and the shape factor 𝑓  can be 
estimated from a scalar function of the glacier’s transversal shape (Jay-Allemand 
et al., 2011), such that: 

𝑓 = 2𝜋 tan 0.186𝑤ℎ , (2. 3) 
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where the ice thickness is given by the difference between the surface and bed 
elevations, ℎ 𝑥 = 𝑧 𝑥 − 𝑧 (𝑥), and 𝑤 (𝑥) is the half-width at the glacier surface. 

We adopt Nye’s generalization of Glen’s flow law (Glen, 1955; Nye, 1957) as the 
constitutive relation, which links the deviatoric stress 𝛕 to the strain rate 𝜺: 

𝛕 = 2𝜂𝛆 (2. 4) 

The effective viscosity 𝜂 is written as 

𝜂 = 12 (𝐸𝐴 ) ⁄ 𝐼( )⁄  (2. 5) 

where 𝐼  represents the second invariant of the strain rate tensor, 𝐴  is the 

softness parameter in Glen’s flow law and 𝐸 is an enhancement factor. We use 
typical values of 𝑛 = 3 and  𝐴 = 0.1 bar a  (Cuffey and Paterson, 2010; Vieli et 
al., 2002). 

Cauchy and deviatoric stresses are linked through the equation 

𝛔 = 𝛕 − 𝑝𝐈 , 𝑝 = −tr(𝛔)/3, (2. 6) 

where 𝑝 is the local pressure (i.e. compressive mean stress) and 𝐈 is the identity 
matrix.  

2.2.2 Continuum damage mechanics model 

The fracture-induced softening accounts for the loss of load-bearing surface area 
due to fractures under a scalar damage variable D. The enhancement factor 𝐸 can 
be linked to the damage 𝐷 (Borstad et al., 2012; Krug et al., 2014) as 

𝐸 = 1(1 − 𝐷)  (2. 7) 

For undamaged ice (𝐷 = 0), 𝐸 = 1 and the flow regime is unchanged. As damage 
increases (𝐷 > 0), 𝐸 > 1, ice viscosity decreases, and flow velocity increases. 
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In this thesis, we assume that 𝐷 is nonzero within the 2 km closest to the glacier 
front, linearly increasing towards the terminus, where it reaches a maximum 
value of 0.4 (Krug et al., 2015). 

2.2.3 Free surface evolution and Boundary conditions 

The time evolution of the glacier free-surface is governed by 

𝜕𝑧𝜕𝑡 = 𝑏 − 𝑢 𝜕𝑧𝜕𝑥 + 𝑤 , (2. 8) 

where 𝑧  is the surface elevation, 𝑡 is time, 𝑢  and 𝑤  are the horizontal and 
vertical components of the flow velocity at the surface, respectively, and 𝑏  is the 
surface mass balance. 

The upper surface of the glacier is a traction-free zone with unconstrained 
velocities. At the ice divide at the head of the glacier, horizontal velocity and shear 
stresses are set to zero (Fig. 2.2).  

For boundary conditions at the bed, we use a friction law that proportionally 
relates the sliding velocity (𝑢 ) to the basal shear stress (𝜎 ): 𝐶𝑢 = 𝜎 , (2. 9) 

where the friction coefficient 𝐶 is determined using the inverse Robin method 
described in Arthern and Gudmundsson (2010) and Jay-Allemand et al. (2011), 
which evaluates the mismatch between observed and modelled surface velocities 
by using a cost function. Every four-week period we calculate a continuous 
function for the surface velocity using a sixth-degree polynomial regression to be 
used in the inversion procedure.  

At the glacier terminus, we set backstress (normal stress) to zero above sea level 
and equal to the water-depth-dependent hydrostatic pressure below sea level (see 
Otero et al., 2017). 

 



18 
 

2.2.4 Calving model 

Calving is assumed to be triggered by the downward propagation of transverse 
surface crevasses near the calving front as a result of the extensional stress 
regime (Benn et al., 2007). The depth reached by a crevasse is that where the 
longitudinal tensile strain rate tending to open the crevasse equals the creep 
closure resulting from the ice overburden pressure (Nye, 1957; Todd and 
Christoffersen, 2014). The “net stress” 𝜎  can then be calculated as 𝜎 = 2𝜏 sign(𝜏 ) − 𝜌 𝑔𝑑 + 𝑃 , (2. 10) 

which is considered positive for extension and negative for compression. The first 
term on the right-hand side of Eq. (2.10) represents the opening force of 
longitudinal stretching (Otero et al., 2010); 𝜏  represents the effective stress (𝜏 =𝜏 + 𝜏 ) and is multiplied by the sign function of the longitudinal deviatoric 
stress, 𝜏 , to ensure that crevasse opening is only produced under longitudinal 
extension (𝜏 > 0). The second term on the right-hand side is the ice overburden 
pressure, which leads to creep closure, where 𝑑 is the crevasse depth. The last 
term represents the pressure exerted by the water filling the crevasse, which 
contributes to open the crevasse. Calving takes place when surface crevasses 
reach the sea level. 

2.2.5 Numerical solution 

The glacier is divided each time step into a quadrilateral mesh with 10 vertical 
layers and a horizontal grid size of ~50 m in the upper glacier and ~25 m near the 
terminus. The Stokes system of Eqns. (2.1) is solved by a finite element method 
using Elmer/Ice (Gagliardini et al., 2013) and the 2D stress and velocity fields are 
computed along the central flowline (Fig. 2.2). The new surface elevations are 
computed, using the free-surface evolution equation, from the surface mass-
balance input and the surface velocities produced by the flow model and the grid 
nodes are shifted vertically to fit the new glacier geometry (for further details see 
Otero et al. (2017). 
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Figure 2.2 Schematics of the glacier-calving model (from Otero et al. (2017).  

At the terminus, the grid nodes are shifted down-glacier according to the velocity 
vector and the length of the time step, and the terminus position is then updated 
according to the calving criterion used. 

Every four weeks (four time steps), we estimate the best-fit friction coefficient (Eq. 
2.9) to be used for these four model runs. The choice of the initialization time step 
was made as a compromise between the time resolution needed for capturing the 
sudden changes in velocity and an acceptable computational cost. 

2.3 The fjord circulation model 

The water movement inside a given fjord is the result of different processes, such 
as thermohaline instabilities, convection-driven circulation due to meltwater 
discharges, pressure gradients, wind advection or tidal currents (Fig. 2.3). The 
equations governing the fjord water circulation and the numerical methods used 
to solve them are detailed below.  
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Figure 2.3 Schematics of fjord circulation processes (from Schild et al. (2018). 

2.3.1 Mathematical formulation of fjord circulation 

In this section the equations that govern the 2D motion of an incompressible 
stratified fluid in a rotating system are presented. Given that the dimension of 
our considered fjord domain will be much smaller than the Earth’s radius, the 
subsequent equations assume a Cartesian system of 𝑥 − 𝑧 coordinates.  

Water density in the ocean is a complex function of temperature, salinity and 
pressure, 𝜌(𝑇, 𝑆,𝑝), which can be found in Jackett and Mcdougall (1995). However, 
for most applications water density can be assumed as linearly dependent upon 
both temperature and salinity, such that 𝜌 = 𝜌 1 − 𝛼 (𝑇 − 𝑇 ) + 𝛽 (𝑆 − 𝑆 ) ,   (2. 11) 

where 𝜌 = 1028 kg m-3 is the reference density for 𝑇 = 10 ºC and 𝑆 = 35 psu. 𝛼  
and 𝛽  are the coefficients of thermal expansion and saline contraction of water, 
taking the values of 1.7 × 10-4 K-1 and 7.6 × 10-4, respectively. Although in our 
fjord model we use the comprehensive density equation described in Jackett and 
Mcdougall (1995), it is reasonable to leave Eq. (2.11) within the text of this thesis 
to understand the effect that both 𝑇 and 𝑆 exert on water density. 

One of the first statements in fluid mechanics is that mass must be conserved. 
Thus, any imbalance between convergence and divergence must create a local 
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compression or expansion of the fluid. The material derivative of mass per unit 
volume (i.e. density, 𝜌) must therefore equal zero to ensure conservation of mass: 𝑑𝜌𝑑𝑡 = 𝜕𝜌𝜕𝑡 + 𝜕𝜕𝑥 (𝜌𝑢) + 𝜕𝜕𝑧 (𝜌𝑤) = 0, (2. 12) 

where 𝑡 is time and 𝑢 and 𝑤 are the horizontal and vertical components of the 
velocity vector, respectively. Armed with the Boussinesq Approximation, by which 
ocean density variations, 𝜌′, (caused by the existing stratification and/or fluid 
motion) are small (< 3%) compared with the reference value 𝜌  𝜌 = 𝜌 +  𝜌 (𝑥, 𝑧, 𝑡)   with    |𝜌′| ≪ 𝜌 ,  (2. 13) 

we can simplify (2.12) to obtain 𝜕𝑢𝜕𝑥 + 𝜕𝑤𝜕𝑧 = 0. (2. 14) 

This is the so-called continuity equation for incompressible fluids, which 
physically means that conservation of mass has become conservation of volume.  

The conservation of linear momentum is expressed here in terms of the two 
components (horizontal and vertical) of the velocity vector: 

𝑑𝑢𝑑𝑡 − 𝑓∗𝑤 = − 1𝜌 𝜕𝑝𝜕𝑥 + 𝐴 , ∇ 𝑢, (2. 15) 

𝑑𝑤𝑑𝑡 − 𝑓∗𝑢 = − 1𝜌 𝜕𝑝𝜕𝑧 − 1𝜌 𝜌𝑔 + 𝐴 , ∇ 𝑤.  (2. 16) 

In (2.15) and (2.16), all forces are expressed per unit volume. The terms on the 
left-hand side show the acceleration of a fluid particle as it moves along with the 

flow, which can be partitioned into the local time rate of change ( ) and the 

advective terms (𝑢 + 𝑤 ) for both velocity components 𝑢 and 𝑤. 𝑓∗ is the 

reciprocal Coriolis parameter for inertial reference systems (𝑓∗ = 2Ω cos𝜑), 
dependent on the angular frequency of Earth's rotation (Ω) and on the latitude 
(𝜑). Note that we do not include here the Coriolis 𝑓-parameter, since the velocity 
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along the 𝑦-dimension is not considered in our 2D model. The right-hand side 
terms represent the effects of pressure, gravity (second term in Eq. 2.16) and 
viscous stress, where 𝐴 ,  accounts for the horizontal and vertical kinematic-

viscosity coefficient (quotient of dynamic viscous coefficient over density). These 
viscous coefficients might vary depending on the processes to be studied, so they 
will be properly adjusted in our model (see section 2.3.3). 

We consider the elevation of the sea surface (ℎ) as a free boundary that evolves in 
time and space according to 𝜕ℎ𝜕𝑡 + 𝐻 𝜕𝑢𝜕𝑥 = 0, (2. 17) 

where 𝐻 is the initial and local water depth. 𝑢  accounts for the vertically-

averaged horizontal velocity (𝑢 = 𝑢(𝑧)𝑑𝑧), and evolves according to the 

momentum equations (2.15 and 2.16).  

The heat and salt budgets are calculated by virtue of equations (2.18) and (2.19), 
respectively, which express the time evolution of 𝑇 and 𝑆, accounting for advective 
(part of the material derivative in the left-hand side) and diffusive (right-hand 
side) processes: 𝑑𝑇𝑑𝑡 = 𝐾  ∇ 𝑇, (2. 18) 𝑑𝑆𝑑𝑡 = 𝐾  ∇ 𝑆, (2. 19) 

where 𝐾   is the thermal diffusivity (conductivity divided by the product of density 
and heat capacity, all for seawater) and 𝐾   is the salt diffusion coefficient. The 
values of these two coefficients are variable depending on the phenomena under 
study and play a key role at small-scale processes. Therefore, 𝐾  and 𝐾   will be 
tuned for our model to fit our purposes (see section 2.3.3).  

Solving this set of equations any relevant process in the ocean could be 
represented. Its complexity is obvious, so we rely on numerical methods to solve 
it. For further details see Cushman-Roisin and Beckers (2011). 
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2.3.2 Numerical modeling: MITgcm 

The Massachusetts Institute of Technology general circulation model (MITgcm, 
http://mitgcm.org) is a very versatile tool for modelling fluid dynamics problems, 
since it has been developed to resolve a wide-scale range of processes (Marshall et 
al., 1997a, 1997b). In the ocean, it permits simulate from local turbulent fluxes to 
global ocean circulation, under both realistic and idealized set-ups. As mentioned 
in Chapter 1, it has been used in a multitude of researches focused on submarine 
melting and fjord circulation modeling (Carroll et al., 2015; Cowton et al., 2015; 
Sciascia et al., 2013; Slater et al., 2015; Xu et al., 2012, 2013). 

The MITgcm is a substantially evolved version of the finite-volume software 
initially developed by Marshall et al. (1997a, 1997b). It solves the Boussinesq form 
of the Navier–Stokes equation set on a generalized curvilinear grid. The finite-
volume discretization is rendered horizontally variable on either a regular cell 
grid (Arakawa and Lamb, 1977) or on an irregular shaved-cell grid (Adcroft et al., 
1997), and vertically fixed on z-levels, which makes the model very suitable for 
representation of complex geometries, typical of ocean basins. The most 
computational demanding part of the algorithm is that of the pressure correction 
to the velocity field, which ensures that the evolving velocity field remains non-
divergent, while it is efficiently implemented in the algorithm. The kernel 
algorithm is firmly rooted in the incompressible Navier-Stokes equations, but can 
be used under hydrostatic, quasi-hydrostatic and non-hydrostatic assumptions, 
which leads into the chance to use the model for high-resolution phenomena 
simulations, which is the case for sudden subglacial discharges. Moreover, the 
finite volume approach, in which property fluxes are defined normal to the faces 
that define the volume elements, leads to a very natural and robust discrete 
analogue of divergence. For further details on its numerical implementation see 
Marshall et al. (1997). 

The MITgcm also includes a routine, developed by Xu et al. (2012), where the 
thermodynamic equilibrium at the ice-ocean interface (Fig. 2.1) is implemented 
as boundary conditions, and icefront melt rates can be estimated (see the 
thermodynamic equations in section 2.4). 
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How to run the fjord model 

There are several steps to properly run MITgcm simulations (see Fig. 2.4). In 
order to facilitate future work, we briefly list these steps below, but specific 
detailed information can be found in MITgcm documentation (http://mitgcm.org). 

1. Configuration of the code. 

a) Packages to be used, in our case: Geophysical fluid dynamics, Open 
Boundaries, External forcing, Icefront thermodynamics and Diagnostics; 

 
Figure 2.4 Schematics to run MITgcm simulations 

b) Assumptions implied: Non-hydrostatic, free sea surface; 

c) Grid domain size (nX, nY, nZ); time of simulation (runTime); 

d) Number of CPUs to run in parallel (N tiles);  
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e) Files to be read: grid cell size (dx, dy, dz), time resolution (dt), bathymetry 
(bathy), initial conditions (IC), boundary conditions (BC), glacier front and 
subglacial discharge (𝑄 ). 

2. Compilation of the code and executable file generation: mitgcmuv.exe. 

3. Routine to create readable files for the executable-file compiled. 

4. Running the model. 

5. Routine to extract data results and visualize the simulations. 

2.3.3 Model set up and calibration 

In order to adjust the model to our purposes, we first need to evaluate the 
sensitivity of the fjord model to free parameters and grid resolution. We simulated 
a real fjord (Hansbukta, SW Svalbard; see Chapter 3, Section 3.3, for more 
details), where observations of fjord temperature and salinity were used as initial 
and boundary conditions. We tested the sensitivity of the modelled fjord 
temperature and salinity to viscous and diffusive coefficients and calibrated them 
to match the available observations of temperature and salinity. Then, subglacial 
discharge fluxes (𝑄 ) were also tested and adjusted every two weeks from April 

to August of 2010. The sensitivity of submarine icefront melting and near-front 
temperature and vertical velocity to horizontal grid resolution were also 
evaluated. We sketch here the model set up and detail the simulations performed 
to calibrate our fjord model. 

 

 

 

 

 

 

 

Domain 
 

nX = 200 cells 
LongX ≈ 2 km  
nY = 1 cell 
nZ = 90 cells 
bathy = 20-80 m 
runTime = 1 week 

Resolution 
 

dx = 1 m (first 100 m 
near the glacier front), 
linearly increasing (Fig. 
2.5) 
dy = 1 m 
dz = 1 m 
dt = 0.5 s 

 

IC 
 

T, S profiles from CTD data, 
horizontally constant 
 
Rate of freshwater (mass) 
addition (∝ 𝑄 ) at the 
grounding point (discharging 
channel) 
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Figure 2.5 Fjord domain grid. The glacier front is located to the left and the fjord mouth to the 
right. Mean sea level is at z = 0 m and the fjord bottom (bathymetry) is represented by the interface 
between the darker and lighter parts (white part representing bedrock). Vertical grid resolution 
is constant (1 m) over the entire domain, while horizontal grid resolution is higher near the glacier 
front (1 m), with grid size linearly increasing to the fjord mouth (~40 m). 

Sensitivity of fjord properties to viscous (𝑨𝒉,𝒗) and diffusive (𝑲𝒉,𝒗) 
coefficients. 

Since turbulent entrainment processes are parameterized by constant eddy 
diffusivity and viscosity (Eqns. 2.15 to 2.19), the correct orders of magnitude for 
these parameters are crucial to properly characterize the fjord model behavior 
(Fig. 2.6). We run the fjord model during the first week of August 2010, varying 
both horizontal and vertical 𝐴 ,  from 0.014 to 0.14 m2 s-1, and 𝐾 ,  from 1.4 · 10-3 
to 0.14 m2 s-1. The experiments showed that the horizontal and vertical salinity 
distribution in the fjord is strongly sensitive to both coefficients, 𝐴 ,  and 𝐾 , ,  
while this did not happen for temperature (Fig. 2.6). Combining our experiments 
with previous studies (Slater et al., 2015; Xu et al., 2013) we concluded that 𝐴 , = 

BC 
 

Fjord mouth: Open boundary. Dirichlet T, S 
profiles from CTD data and velocities 
ensuring mass conservation 
 
Fjord bottom (and ice front): Closed 
boundary. Neumann, null normal velocities 
and fluxes. Non-slip tangential velocity. 
(𝑇  = -0.02 ºC) 
 

Sensitivity tests 
 
Viscous coefficients 𝐴 ,  = 0.014 to 0.14 m2s-1 
 
Diffusive coefficients 𝐾 ,  = 0.0014 to 0.14 m2s-1 
 
Subglacial discharge fluxes 𝑄  = 0.0 to 1.5 m3s-1 
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0.014 m2 s-1 and 𝐾 , = 0.0014 m2 s-1 are the best-fit values, so they will be fixed for 
our purposes. 

 

Figure 2.6 Modeled salinity profiles of Hansbukta fjord for different values of viscous (Ah,v) and 
diffusive (Kh,v) coefficients. Observed profiles are represented by red crosses.   

Sensitivity of fjord properties to subglacial discharge. 

During the melting season, fjord surveys in the vicinity of the glacier front are 
difficult and risky due to the occurrence of iceberg calving. Thus, values of 𝑄  are 

difficult to quantify due to the lack of observations near the front. For this reason, 
glacier mass balance models are commonly used to estimate surface melting (in 
response to atmospheric forcing), which are usually considered in the literature 
as immediate subglacial discharges. However, there is much uncertainty about 
the number and extent of the different catchments that collect this surface 
melting, the time that it takes the meltwater to reach the waters of the fjord, how 
much of the meltwater flows on the surface or subglacially, how is the network of 
discharge channels developed under the glacier body, or how many subglacial 
discharge channels, and of what size, inject the meltwater into the fjord. Due to 
all the above uncertainties, and given that we are using a 2D model (with 
spreading and diffusive limitations due to the lack of the third dimension), we 
decided to test the sensitivity of the vertical average of the modeled fjord 
temperature and salinity (excluding the first 5 m of the top layer, since we do not 
consider atmospheric forcing or melting of floating ice) to 𝑄 . According to 

freshwater runoff estimates from Hansbreen in summer of 2010, and given that 
we have no data about size or number of discharging channels, we tested 
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discharge velocities ranging from 0 to 0.2 m s -1 to assess a wide range of 
possibilities (Fig. 2.7). We then adjusted 𝑄  values so they produced modeled 

temperature and salinity that best matched observations every two weeks, 
ensuring better submarine melt rates estimates. The resulting best-fit 𝑄  fluxes 

(velocities implemented through a 1 m2-grid cell) ranged from 10-3 in early April 
to 5·10-2 m3 s-1 in August, and they were used in our coupled-model studies 
(Chapters 3 and 5; De Andrés et al., 2018 and De Andrés et al, in prep., 
respectively). 

 
Figure 2.7 Sensitivity of the model to subglacial discharge fluxes in terms of a) temperature and 
b) salinity. Different colors are used for representing each simulated time period (weeks 1-17), see 
the legend. 

Sensitivity of the fjord model to grid resolution.  

Sensitivity of submarine melt rates to spatial grid resolution was tested within a 
period of maximum melting, using 𝑄  of 0.1 m³ s⁻¹ and August-2010 fjord 

properties. Horizontal size of the grid cells embedded into the high resolution zone 
of the domain were varied (while maintaining the same order of magnitude) from 
0.9 to 4 m, so no variations in viscous or diffusive coefficients were needed. 
Submarine melt rates were calculated and compared, and the results are shown 
in Fig. 2.8. The analysis of sensitivity to horizontal resolution was made in terms 
of vertical velocity (tangential to the front face) and temperature, which are the 
dominant controls on determining submarine melt rates. The temporal averages 
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of both variables were calculated over the simulation period, and the maximum 
values of both variables were identified along the water column, in the cells 
immediately adjacent to the glacier front. The same calculations were made for 
the submarine melt rates estimated by the model.  

 

Figure 2.8 Sensitivity of the modeled variables to spatial resolution. Temperature (𝑇) in blue, 
vertical velocity (𝑤) in green and submarine melt rates (𝑆𝑀𝑅) in red. Kinematic viscosity and 
diffusive coefficients set to 0.014 and 0.0014 m2 s-1, respectively, and time step fixed to 0.5 s. 

The minimum cell size that allowed the stability of the model without changing 
the size of the time step was 0.9 m. The maximum cell size that allows us to use 
the same coefficients (viscosity and diffusion) without involving a change of their 
order of magnitude, is 4 m. From Fig. 2.8, it is inferred that the temperature in 
the cells contiguous to the front varies slightly (<9% across the range of cell sizes), 
which indicates that the plume-environment mixing processes are well resolved. 
However, the maximum speeds reached in these cells vary enormously (~ 50%) 
with decreasing grid-cell resolution. This suggests that the kinematic viscosity 
coefficients used in our model are valid only for cell sizes of 1 m or less, taking 
into account that the time step should be adjusted for cell sizes smaller than 0.9 
m. For cell sizes greater than 1 m, the value of the viscous coefficients should be 
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adjusted, in order to account for the (probably turbulent) unresolved processes 
and to reach the expected speeds. This sensitivity of velocity to spatial resolution 
also translates into sensitivity in terms of submarine melting estimates. Thus, 
the maximum melt rates take place for cell sizes of 0.9 and 1 m, with almost zero 
variation between both (~ 0.1%). Therefore, we can state that our model is 
adequately resolving the velocity and temperature fields in the vicinity of the front 
for 1-m cell resolution, assuring the optimum values of submarine melt rates. 

2.4 The submarine melt model 

The thermodynamic melt rate (ṁ) parameterization of the ice-ocean boundary is 
based on the set of three equations developed by Holland and Jenkins (1999), 
where subscripts b, and i indicate boundary and ice, respectively: 𝑇 = 𝜆 𝑆 + 𝜆 + 𝜆 𝑝 , (2. 20) 𝐶 𝜌𝛾 (𝑇 − 𝑇 ) = −ṁ 𝐿 + 𝐶 (𝑇 − 𝑇 ) , (2. 21) 𝜌𝛾 (𝑆 − 𝑆 ) = −ṁ(𝑆 − 𝑆 ). (2. 22) 

The first equation (2.20) represents a linearization of the liquidus relationship 
(i.e. the freezing temperature of seawater at a given depth), where 𝑇  , 𝑝  , and 𝑆  
are the temperature, hydrostatic pressure, and salinity at the ice-ocean boundary, 
respectively. For seawater, 𝜆 = −5.73 · 10  ºC is the freezing point slope; 𝜆 =8.32 · 10  ºC is the freezing point offset; and 𝜆 = 7.61 · 10  ºC m-1 is the depth-
dependent freezing point slope. Conservation of heat and salt in the ice-ocean 
thermodynamic equilibrium are represented by equations (2.21) and (2.22), where 
the specific heat capacity for seawater (𝐶 ) and ice (𝐶 ) take the values of 3974 

and 2009 J kg-1K-1, respectively. The velocity-dependent turbulent transfer 
coefficients of heat and salt, 𝛾 , , are also considered proportional to the plume 
vertical velocity: 

𝛾 , = 𝐶 / Γ , 𝑈, (2. 23) 



31 
 

where 𝐶 /  and Γ ,  are the drag and turbulent-transfer coefficients, respectively. 

The thermal and haline Stanton numbers are defined by 𝐶 /
Γ , , for which we 

take the values proposed by Jenkins et al. (2010) (see Table 2.1 at the end of this 
chapter). 

2.5 The line plume model 

In this section, the parameterization of the buoyant plume formed by discharges 
of subglacial meltwater is described. The buoyant plume theory is a common tool 
for gaining insight into plume dynamics and the dominant controls on their 
variability (Carroll et al., 2015, 2016; Cowton et al., 2016; Jenkins, 2011). The 
limited information we have on plume geometry suggests that the truncated line 
plume model (Jenkins, 2011) (Fig. 2.9) is the most appropriate one for plumes 
driven by subglacial discharge at tidewater glaciers (Fried et al., 2015; Jackson et 
al., 2017).  

 

 

Figure 2.9 Schematics of a) the buoyant plume formed from freshwater subglacial discharges in 
tidewater glaciers, and b) the 1D-line plume model representing the buoyant plume phenomenon 
(from Jenkins, 2011). 
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2.5.1 Mathematical formulation of buoyant line-plumes 

The model is steady in time and homogeneous over the plume cross-section (“top 
hat”), leaving the along-flow direction (z in our case, assuming vertical ice face) as 
the only independent variable. The evolution of the plume properties, thickness 
(𝐷), vertical velocity (𝑈) and density (𝜌) along the vertical tidewater face, is 
described by three ordinary differential equations that express the conservation 
of fluxes of mass, momentum and buoyancy: 

𝑑𝑑𝑧 (𝐷𝑈) = ė + ṁ , (2. 24) 

𝑑𝑑𝑧 (𝐷𝑈 ) = 𝐷𝑔 − 𝐶 𝑢  ,  (2. 25) 

𝑑𝑑𝑧 (𝐷𝑈𝜌) = ė𝜌 + ṁ𝜌 − 𝛾(𝜌 − 𝜌 ) , (2. 26) 

where subscripts 𝑎 and 𝑏 indicates ambient and boundary (at the ice-ocean), 
respectively. 

The reduced gravity is defined as 

𝑔 = 𝑔 (𝜌 − 𝜌)𝜌  ,  (2. 27) 

and the entrainment rate is considered as a linear function of the plume velocity, 
i.e. ė = 𝛼 𝑈 , (2. 28) 

where 𝛼 is the entrainment coefficient.  

Since 𝜌 is calculated from observations of temperature and salinity, Eq. (2.26) is 
split in two equations which conserve the fluxes of heat and salt in the plume, 
such that: 𝑑𝑑𝑧 (𝐷𝑈𝑇) = ė𝑇 + ṁ𝑇 − 𝛾 (𝑇 − 𝑇 ) ,  (2. 29) 
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𝑑𝑑𝑧 (𝐷𝑈𝑆) = ė𝑆 + ṁ𝑆 − 𝛾 (𝑆 − 𝑆 ) .  (2. 30) 

Turbulent transfer coefficients of heat and salt, 𝛾 , , where previously defined in 
(2.23) and are both dependent on the plume velocity. 

The plume model is closed using the thermodynamic equation of state (TEOS-10, 
McDougall and Barker, 2011) to calculate the plume and ambient densities (𝜌 and 𝜌 , respectively) and the melt rate, ṁ (also denoted 𝑅 ), calculated by virtue of 
Eqns.(2.20-2.23), which state the heat and salt balance at the ice-ocean interface 
as well as the requirement that the interface temperature is at the local freezing 
point (previously described in Section 2.4). 

2.5.2 Numerical modeling and calibration 

The Matlab software was selected to build up our routine to solve the above-
described line-plume model equations. The model is initialized by prescribing the 
ambient conditions, 𝑇 (𝑧) and 𝑆 (𝑧), a given width of the subglacial channel (𝑊) 
and the velocity at which the freshwater is discharged through the subglacial 
channel (𝑈 = 𝑄 /𝐴 ). Sensitivity analysis of plume properties to 𝑆 (𝑧) and  𝑄  were performed to evaluate the plume model behavior and to calibrate 𝛼.  

Model sensitivity to the entrainment coefficient (𝜶): 

We run our plume model considering a 150-m deep fjord, a fixed 𝑊 of 100 m and 
a constant 𝑄  of 120 m3 s-1. To simulate the ambient fjord waters, we assumed a 

linearly stratified water column due to salinity gradient, such that 𝑆 (𝑧 = 0) = 26 
g kg-1 and 𝑆 (𝑧 = −150) = 34 g kg-1, while maintaining constant temperature, 𝑇 (𝑧) = 1 ºC. Based on specialized plume-model literature (Carazzo et al., 2006; 
Kaminski et al., 2005) and fjord-applied studies (Mankoff et al., 2016; Slater et 
al., 2016; Stevens et al., 2016) we run our model for values of 𝛼 ranging from 0.08 
to 0.12. According to (2.28), higher values of 𝛼 lead into larger entrainment rates 
of ambient waters into the plume, causing heavier, wider and slower plumes, 
which also translate into smaller melt rates (𝑅 ) (Fig. 2.10). For our coupled 
model, we will use 𝛼 = 0.1, since it is an intermediate value and has been 
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successfully used in multiple line plume model studies (Jackson et al., 2017; 
Slater et al., 2016). 

   

Figure 2.10 Modeled plume-vertical profiles of a) thickness, b) velocity, c) melt rate, d) 
temperature, e) salinity, f) T-S diagram and g) density, resulting from different values of 𝛼 (0.12 
in blue, 0.10 in black and 0.08 in red). Ambient profiles are shown in grey lines. 

Model sensitivity to ambient salinity (𝑺𝒂(𝒛)) and subglacial discharge 
(𝑸𝒔𝒈): 

In this test, we run our plume model considering also a 150-m deep fjord and a 
fixed 𝑊 of 100 m. Using constant 𝛼 = 0.1, 𝑄  was varied here from 60 to 180 m3 

s-1. We tested the model performance under two configurations for the ambient 
fjord waters. The first one equals those of the previous experiment: we assumed a 
linearly stratified water column due to salinity gradient, such that 𝑆 (𝑧 = 0) = 26 
g kg-1 and 𝑆 (𝑧 = −150) = 34 g kg-1. The second configuration becomes simpler by 
assuming a constant salinity profile, 𝑆 (𝑧) = 34 g kg-1. Both configurations keep a 
constant temperature profile, 𝑇 (𝑧) = 1 ºC. Regarding the impact of 𝑄 , we 

observe that, for both ambient configurations, higher fluxes produce higher plume 
velocities (Fig. 2.11b), which translates into higher melt rates (Fig. 2.11c) than 
those obtained from lower 𝑄  fluxes. Moreover, the higher the 𝑄 , the lighter the 

plume, which reaches its neutral buoyancy (plume density equals ambient 
density, just for the stratified configuration) at a depth higher up than those 
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heavier plumes resulting from lower discharge fluxes (see dashed horizontal lines 
in Fig. 2.11g). The effects of ambient salinity on modeled plume properties are 
shown in Fig. 2.11 (red lines are for the linearly stratified ambient waters and 
blue lines for uniform ambient profiles). We see how stratification exerts a 
dampening effect on plume velocity, resulting on slower, thicker and lighter 
plumes. Stratification also reduces the submarine melt rates along the glacier 
front (Fig. 2.11c) and promotes plume suppression of the neutral buoyancy depth 
(Fig. 2.11g). To diminish the errors caused by these two variables in our coupled 
model, 𝑄  and 𝑆 (𝑧) will be inferred and constrained, respectively, from 

observations. 

 

Figure 2.11 Plume model results from considering 𝑄  from 60 to 180 m3 s-1 under two different 
ambient profiles. Red lines are results from linearly stratified fjord waters and blue lines from 
vertically-homogeneous fjord properties. The modeled plume properties are a) thickness, b) 
velocity, c) melt rate, d) temperature, e) salinity, f) T-S diagram and g) density. Black lines 
correspond to the ambient profiles. 

2.6 Coupling the ice-ocean components 

We begin by describing the glacier-fjord coupled model. Both models are 
asynchronously called by an offline master script, whose code we wrote in GNU 
bash (Unix shell). The latest version developed and run in this thesis was the 
“script_for_coupling_model_v6.sh “. As sketched at the beginning of this chapter 
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(Section 2.1), the coupling between our glacier and fjord models is accomplished 
through two main mechanisms (see schematics of Fig. 2.12): 1) Depth-dependent 
submarine melt rates, ṁ(𝑧), are daily estimated and weekly integrated, 𝑆𝑀𝑅(𝑧), 
by the fjord model. These 𝑆𝑀𝑅(𝑧) are used to modify the shape of the submerged 
part of the glacier front (Fig. 2.12). The resulting changes in the front shape define 
a new glacier model domain, which is remeshed by the glacier model and might 
imply changes in the glacier stress regime near the front (Todd and 
Christoffersen, 2014). 2) Front position changes resulting from the glacier 
dynamics model modify the fjord domain length and the submerged part of the 
front. The submerged ice front (left fjord boundary) is assumed to remain vertical 
at any time (even in the absence of iceberg calving), since changes in ice-front 
shape does not have a significant effect on submarine melt rates (Slater et al., 
2017). Velocity fields in the fjord are linked to grid cell position rather than actual 
locations. Although this implies a potential shift of the fjord velocity field, we 
ensure coherent motion near the glacier front at each simulated week. Following 
similar studies (Seroussi et al., 2017), glacier and fjord models are run with 
different spatial and time resolutions to ensure appropriate simulation of the 
relevant processes involved in each model. They run asynchronously and 
automatically, exchanging information every modeled week. The choice of this 
frequency of intercommunication between both models is supported by two main 
arguments: 1) there is no significant variation in submarine melting within a 
single week of simulation, and 2) the glacier-model time-step is one week. 

Note that our fjord model is unable to reproduce any variation of potential forcing 
with a time scale shorter than a week, such as short-term variations in subglacial 
discharge intensities (peaks in surface melting due e.g. to strong rain events or 
surface temperature peaks) or sudden intrusions of Atlantic-water masses 
through the fjord mouth. Although the submarine melt rates might vary 
significantly as a result of these processes, the available observations are too 
sparse to account for them. 

After proving the suitability of the simplified line plume model (Chapter 4; De 
Andrés et al., 2020, in rev), we built up the glacier-plume coupled model, whose 
results will be compared with the glacier-fjord coupled model in Chapter 5. 
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Figure 2.12 Flow diagram of modelling and coupling among the different system components. 

The latest version of the glacier-plume coupled model developed and run in this 
thesis was the “script_for_coupling_plume_model_v6.sh “. As described for the 
glacier-fjord model, the coupling between our glacier and plume models is also 
accomplished through the same two main mechanisms (see schematics of Fig. 
2.12): 1) Depth-dependent submarine melt rates are estimated weekly by the 
plume model and used to modify the morphology of the submarine glacier front. 
The glacier model is run with a new domain, which is accordingly remeshed to fit 
the new front geometry. 2) Front position changes resulting from the glacier 
dynamics model modify vertical plume domain (the submerged part of the front), 
which is assumed to be vertical at any time (Slater et al., 2017). 

In order to facilitate the information for the reader, all parameters and some 
model variables used in our coupled model have been summarized in Table 2.1. 
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Table 2.1 Model variables and parameters used within Chapter 2, grouped in terms of the 
different components of the coupled model. 

Parameter/variable Description Value and units/  
Equation/s (units) 𝑔 Gravity acceleration 9.8 m s-2 Glacier component   𝜌  Ice density 917 kg m-3  𝑓  Shape factor Eq. (2.3) 𝑤  Half width at the glacier surface From observations (m) 𝜂 Effective viscosity Eq. (2.5) 𝑛 Power for polythermal glaciers 3 𝐴  Glen’s softness parameter  0.1 bar-3 a-1 𝐸 Enhancement factor 1 to 4.6 𝐷 Scalar local damage 0 to 0.4 𝑏  Surface mass balance From observations (m week-1) 𝐶 Bottom-friction coefficient From inversion, Eq. (2.9) 𝑑 Crevasse depth From tuning (m) Fjord component   𝜌 Seawater density Eq. (2.11) 𝜌  Seawater reference density 1028 kg m-3 𝑇  Reference ocean temperature 10 ºC 𝑆  Reference ocean salinity 35 psu or g kg-1 𝛼  Thermal expansion coefficient 1.7 ·  10 K-1 𝛽  Saline contraction coefficient 7.6 · 10  𝑓∗ Reciprocal Coriolis parameter ~10  s-1 𝐴 ,  Viscous kinematic coefficient 0.014 to 0.14 m2s-1 𝐻 Water depth From bathymetry obs. (m) 𝐾   Thermal-conductivity coefficient 0.0014 to 0.14 m2s-1 𝐾   Salt diffusive coefficient 0.0014 to 0.14 m2s-1 𝑄  Subglacial discharge flux From observations (m3 s-1) 𝑆𝑀𝑅 Weekly submarine melt rates From ṁ, Eqns. (2.20-2.22) (m week-1) 

Interface component   𝜆  Freezing point slope for seawater −5.73 · 10  ºC 𝜆  Freezing point offset 8.32 · 10  ºC 𝜆  Depth-dependent freezing point 7.61 · 10  ºC m-1 𝐶  Specific heat capacity for seawater 3974 J kg-1K-1 𝐶  Specific heat capacity for ice 2009 J kg-1K-1 𝐶 / Γ  Thermal Stanton number 1.1 · 10-3  𝐶 / Γ  Haline Stanton number 3.1 ·  10  ṁ Melt rates From Eqns. (2.20-2.22) (m s-1) Plume component   𝐶  Drag coefficient 2.5 ·  10   ė Entrainment rate From Eq. (2.28) 𝛼 Entrainment coefficient 0.08 to 0.12 
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Chapter 3 
A two-dimensional glacier-fjord coupled 
model applied to estimate submarine melt 
rates and front position changes of 
Hansbreen, Svalbard 

3.1 Abstract 

We have developed a 2D coupled glacier-fjord model, which runs automatically 
using Elmer/Ice and MITgcm software packages, to investigate the magnitude of 
submarine melting along a vertical glacier front and its potential influence on 
glacier calving and front position changes. We apply this model to simulate the 
Hansbreen glacier-Hansbukta proglacial-fjord system, Southwestern Svalbard, 
during the summer of 2010. The limited size of this system allows us to resolve 
some of the small-scale processes occurring at the ice-ocean interface in the fjord 
model, using a 0.5 s time step and a 1 m grid resolution near the glacier front. We 
use a rich set of field data spanning the period April-August 2010 to constrain, 
calibrate and validate the model. We adjust circulation patterns in the fjord by 
tuning subglacial discharge inputs that best match observed temperature whilst 
maintaining a compromise with observed salinity, suggesting a convectively 
driven circulation in Hansbukta. The results of our model simulations suggest 
that both submarine melting and crevasse hydrofracturing exert important 
controls on seasonal frontal ablation, with submarine melting alone not being 
sufficient for reproducing the observed patterns of seasonal retreat. Both 
submarine melt and calving rates accumulated along the entire simulation period 
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are of the same order of magnitude, ∼100 m. The model results also indicate that 
changes in submarine melting lag meltwater production by 4-5 weeks, which 
suggests that it may take up to a month for meltwater to traverse the englacial 
and subglacial drainage network. 

3.2 Introduction 

At the time of the last IPCC report, the projected contributions to global mean 
sea-level rise (SLR) to the end of the 21st century by mass losses from glaciers 
and ice caps (henceforth, glaciers) were between 40 and 230 mm, depending on 
emission pathway. This was similar to the projected contribution from the 
Greenland Ice Sheet (40 to 210 mm) and larger than that of the Antarctic Ice 
Sheet (−40 to 140 mm) (Church et al., 2013). More recent model projections of 
glacier contribution to SLR to the end of the 21st century range between 79 and 
157 mm and suggest that losses by frontal ablation of tidewater glaciers (iceberg 
calving plus subaerial and submarine melting at the near-vertical calving front) 
may be important contributors for regions such as peripheral Antarctica, 
Svalbard and the Russian Arctic (Huss and Hock, 2015). The significance of this 
contribution is supported by the high sensitivity of tidewater glaciers to ocean 
forcing (Luckman et al., 2015; Motyka et al., 2013; Rignot et al., 2013; Straneo et 
al., 2013). The ocean directly influences glacier dynamics through heat exchange, 
leading to melting of the submerged ice front (Jenkins, 2011). The two main 
processes favoring submarine melting are the water circulation in the proglacial 
fjord or bay (Motyka et al., 2013; Sciascia et al., 2013) and the buoyant plume 
formed by subglacial freshwater inputs at the grounding line. Subglacial 
freshwater inputs mainly come from surface meltwater (SMW) runoff (Cowton et 
al., 2015; Slater et al., 2015; Xu et al., 2013), and enhance convective fjord 
circulation. Submarine melting influence ice dynamics, since it causes loss of mass 
at the glacier terminus, changing the geometry of the glacier front and, 
consequently, producing stress field deviations (e.g. loss of buttressing and/or 
increase of buoyancy) that might favor calving (O’Leary and Christoffersen, 2013). 
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Parameterizations of submarine melting have been developed (Holland and 
Jenkins, 1999; Jenkins, 2011) and implemented as boundary conditions in 
numerical models (Cowton et al., 2015; Xu et al., 2012), which has allowed the 
community to gain knowledge on the key processes controlling the behavior of the 
glacier-fjord systems. Seasonality, temperature and salinity of seawater and fjord 
circulation patterns have been shown to be crucial in submarine melting (Motyka 
et al., 2013; Sciascia et al., 2013). Fjord geometry may also affect submarine 
melting in different ways. For example, the bathymetry influences flow patterns, 
the presence of a sill can block warmer, deeper water from entering the fjord, or 
grounding line depth controls the freezing point temperature (Carroll et al., 2016; 
Seroussi et al., 2017). Features related to freshwater subglacial discharge and 
buoyant plume evolution, such as number and shape of discharge channels, flow 
intensity, and entrainment rates also play a key role (Carroll et al., 2015; Cowton 
et al., 2015, 2016, Slater et al., 2017, 2015, 2016; Xu et al., 2013). Yet, many 
aspects of submarine melt in fjord models remain to be understood. Previous 
modelling studies have all relied on idealized geometries and use steady 
temperature and salinity boundary conditions, so that the circulation in the fjord 
is not transient. Therefore, the temporal evolution of water properties is not 
considered in spite of its direct impact on submarine melt rates (Sciascia et al., 
2013). 

Calving, together with submarine melting, accounts for up to 46% of the net mass 
loss from Svalbard glaciers (Aas et al., 2016; Blaszczyk et al., 2009; Østby et al., 
2017), and influences the glacier’s dynamic behavior (Nick et al., 2010; Van der 
Veen, 1996). Seasonal variability observed in calving has been related to the 
backstress exerted by the ice-mélange that is present during the colder seasons 
(Otero et al., 2017; Todd and Christoffersen, 2014). The mechanisms suggested to 
control calving (during the period when ice mélange is absent) include: crevasse 
propagation near the glacier front (Benn et al., 2007), surface meltwater filling 
crevasses  (or leaking through them, thus weakening the ice matrix) (Cook et al., 
2012; Otero et al., 2010), erosion driven by waves at the sea waterline (Pętlicki et 
al., 2015) and melting of the submerged ice front wall (O’Leary and Christoffersen, 
2013; Todd and Christoffersen, 2014; Vallot et al., 2018). Todd and Christoffersen 
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(2014) suggested that submarine melting could be a second-order mechanism in 
triggering calving for tidewater glaciers. However, submarine melting has 
recently demonstrated to exert a primary control on calving at the Kronebreen 
glacier (in Svalbard) at the seasonal scale. Studies carried out for different 
systems (Thwaites Glacier in Antarctica, whose ice shelf has a buttressed portion 
grounded on an ice rise) have also shown that submarine melting has significant 
effects on the rate of grounding line retreat (Seroussi et al., 2017). Submarine 
melting may thus have a first-order effect in some marine-terminating glaciers 
but not in others. Fully-coupled glacier-ocean numerical models are expected to 
reproduce observations more accurately and can thus be of help in clarifying the 
effects of submarine melting under different glacier-ocean settings.  

In this study, we use a 2D (x-z plane) high-resolution glacier-fjord coupled model 
to investigate whether submarine melting exerts an important control on calving 
rates and glacier front position changes in a glacier-fjord system with observed 
bathymetry in the Svalbard archipelago: Hansbreen-Hansbukta. The choice of a 
small glacier-fjord system, with a rich set of available data, allows us to 
implement a high-resolution fjord circulation model able to capture some of the 
small-scale processes taking place at the ice-ocean interface, resulting in more 
accurate estimates of submarine melting of the submerged glacier face. 
Importantly, our coupled model is applied to a tidewater glacier with vertical and 
evolving calving front, and includes freshwater inputs from subglacial discharge. 

3.3 Study area and data 

3.3.1 Glacier-fjord system 

We focus our study on the Hansbreen Glacier-Hansbukta Fjord system, which is 
a branch of the Hornsund fjord, located in Southern Spitsbergen, Svalbard, at 
~77ºN (Fig. 3.1). 

The Svalbard archipelago is of a particular interest because marine-terminating 
glaciers constitute 44% of its glaciered area  (Pfeffer et al., 2014). Although in 
recent years its mass losses from glacier wastage have been the lowest of all Arctic 
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regions (Gardner et al., 2013), these losses have been predicted to increase 
substantially to the end of the 21st century (Huss and Hock, 2015; Lang et al., 
2015; Möller et al., 2016). 

 

Figure 3.1 Location of Hansbreen-Hansbukta, Svalbard (inset). ASTER image of Hansbreen-
Hansbukta showing the location of the modeled flowline (red line) and the locations of the stakes 
for velocity measurements (colored circles. Only the velocity stakes marked with blue dots were 
used in our analysis. The white triangle indicates the position of the time-lapse camera. The axes 
include the UTM coordinates (m) for zone 33X. 

Hansbreen is a tidewater glacier about 16 km long and 2.5 km wide. It has a 1.5 
km-wide calving front, with a vertical face that is ~100 m-thick at the central 
flowline, of which 50-60 m are submerged. The bed of the central flowline lies 
below sea level as far as 10 km up-glacier from the terminus, with the 4 km closest 
to the terminus overlying a reverse-slope bed (Fig. 2). Surface velocity increases 
towards the terminus, reaching values up to ~7 m week-1. Velocities vary 
seasonally, reaching maxima during late spring-early summer. Iceberg calving 
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usually starts in May and ends in October, and the mean annual calving rate is 
250 m a-1  (Blaszczyk et al., 2009). 

 

Figure 3.2 Hansbreen-Hansbukta system model domain (left), and a detail of Hansbukta (right). 

Hansbukta is Hansbreen’s ~2 km-long proglacial fjord. It is a shallow fjord (< 80 
m depth), with a prominent and long sill of ~25 m-depth that extends towards the 
fjord mouth (Fig. 3.2). Hornsund region is characterized by a relatively warm and 
humid climate due to the influence of the West Spitsbergen Current, which carries 
warm and salty Atlantic waters that mix with the fresher and cooler fjord waters 
during the summer season (Cottier et al., 2010; Walczowski and Piechura, 2011). 
The heat exchange taking place between water masses strongly influences 
submerged-ice melting. 

3.3.2 Data 

Observational constrains on the glacier model include: surface velocities, front 
positions, ice-melánge coverage, surface elevation, bedrock topography and 
surface mass balance estimates. Ice surface velocities (Fig. 3.3a) were measured 
daily, from May 2005 to April 2011, at stakes located close to the flowline (Puczko, 
2012) and from terrestrial laser scanner for the velocities at the glacier terminus 
(Otero et al., 2017). Front position data and ice-mélange coverage from time-lapse 
camera images taken every three hours (Fig. 3.3a) were processed and averaged 
over weekly intervals between December 2009 and September 2011 (Otero et al., 
2017). Surface mass balance (SMB) was obtained from European Arctic 
Reanalysis (EAR) data, with 2 km horizontal resolution and hourly temporal 
resolution, constrained by automatic weather stations and stake observations 
(Finkelnburg, 2013). First, ablation was calculated from the surface energy 
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balance (SEB), which is resolved in the EAR by an optimized version of the unified 
NOAA Land Surface Model (Chen and Dudhia, 2001) of the Polar WRF 3.4.1 
model. The algorithm solving for the SEB takes into account net radiation, 
sensible heat flux, latent heat flux, and heat flux across the glacier surface for 
glaciered areas and across the ground for non-glaciered areas, and encompasses 
all heat fluxes involved in melt and refreezing processes within the snowpack. 
Second, accumulation was obtained as the solid (frozen) precipitation of the 
Morrison bulk microphysics scheme for cloud physics used by the EAR. Finally, 
monthly mean SMB and surface meltwater (SMW) at each flowline point was 
calculated by applying bilinear interpolation to the available 2-km resolution 
hourly accumulation and ablation data (Fig. 3.3a). The surface elevation came 
from the SPIRIT Digital Elevation Model (DEM) for gentle slopes, with a 30 m 
root-mean-square (RMS) absolute horizontal precision and 40 m resolution. 
Bedrock topography was inferred from ground-penetrating radar (GPR) data 
(Grabiec et al., 2012; Navarro et al., 2014). 

Available oceanographic data overlap glaciological data only for 5 months, 
limiting our coupled modeling from April to August of 2010 (~ 20 weeks). During 
this period, several water temperature and salinity data sets were collected in 
Hansbukta (Fig. 3.4) using a SBE 19plus CTD probe, profiling with frequency of 
4 Hz with initial accuracy of 0.0005 S/m for conductivity, 0.005°C for temperature 
and 0.1% of full scale range for pressure. All the data were vertically averaged 
every 1 dbar (1 kPa). From April to August, data gaps in temperature and salinity 
were linearly interpolated, maintaining the vertical structure of the water column 
(i.e. the interpolation was applied to each vertical level). The 2D model domain of 
Hansbreen was extended into Hansbukta, using bathymetry linearly interpolated 
from depth soundings measured at irregular intervals of ~100 m (Vieli and others, 
2002). Bathymetry varies from ~55 to 25 m depth (glacier front and sill, 
respectively), reaching the maximum depth of  79 m at ~200 to 400 m down-fjord 
from the glacier front (depending on glacier front position). 
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Figure 3.3 Time evolution of: a) sea-ice coverage (red) and surface melt water estimations (blue); 
b) surface velocities in Hansbreen. Velocities increase near the glacier front. The yellow region 
indicates the overlapping period when both glacier and fjord data are available (April to August 
of 2010). 

 

Figure 3.4 Map of CTD stations in Hansbukta, during the oceanographic surveys in spring-
summer of 2010. The data of the stations with maximum depth, contained in the white ellipse 
close to the glacier front, were used to set the initial conditions. The stations inside the white circle 
farther away from the front were located on the sill, and their data were used to prescribe the 
boundary conditions. Data from all non-yellow CTD stations were used for comparison with model 
results. The panel to the right shows the time evolution of the observed temperature (T, upper 
panel) and salinity (S, lower panel) profiles set as initial (solid lines) and boundary (dotted lines) 
conditions. The temporal evolution is represented by colors as indicated by the legend for the CTD 
stations, and black lines represent profiles linearly interpolated in time. 
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3.4 The coupled model 

3.4.1 Fjord circulation and submarine melt models 

We use a simplified 2D (x-z coordinates) model of water circulation inside the 
fjord, which includes a source of mass at the grounding point and oceanic forcing 
at the fjord mouth. Atmospheric forcing, waves, tides or ice mélange melting are 
not considered in our present study. We use the Navier-Stokes set of equations for 
incompressible and stratified fluid (Chapter 2, Eqns. 2.11-2.19) in a non-rotating 
system (Coriolis effects can be neglected, since the Rossby number for the modeled 
system is ~10). The equations driving the fluid dynamics are conservation of mass 
(3.1), budget of momentum (3.2), heat (3.3) and salt (3.4). The model variables are: 
velocity vector (𝐮), temperature (𝑇), salinity (𝑆) and pressure (𝑝). To estimate the 
density of sea water (𝜌) as a function of temperature and salinity, we use the non-
linear equation of state of Jackett and Mcdougall (1995), setting the reference 
density as 𝜌 = 1027kg m-3. Assuming the Boussinesq approximation, where 𝜌 =𝜌 + 𝜌 (𝑥, 𝑧, 𝑡), with |𝜌′| ≪  𝜌 , the governing equations take the form: 

 ∇ · 𝐮 = 0,                                  (3.1) 𝑑𝐮𝑑𝑡 = 𝒈 − 1𝜌 ∇𝑝 + 𝐴 ∇ 𝐮,     (3.2) 

𝑑𝑇𝑑𝑡 = 𝐾  ∇ 𝑇,                          (3.3) 

𝑑𝑆𝑑𝑡 = 𝐾  ∇ 𝑆,                           (3.4) 

where 𝒈 is the gravity acceleration vector, 𝐴 is the kinematic viscous coefficient 
(Laplacian Eddy Viscosity, assumed to be horizontally and vertically invariant), 
and 𝐾 ,  are the thermal and haline diffusive coefficients. The 2D configuration is 

a major simplification that does not allow the model to reproduce dynamical 
processes in the y direction, which can be partially compensated by a proper choice 
of the viscous and diffusive coefficient values. Considering our aims of simulating 
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both fjord circulation (with likely laminar flow regime) and buoyant plume at the 
glacier face (with potentially turbulent flow regime), the assumption that the 
viscous and diffusive coefficients are independent of position and velocity (both 
horizontally and vertically) is also a major simplification that might limit the 
capability to simulate turbulent flows embedded in stratified environments. The 
advantage of using a 2D model is the capability of performing a large number of 
high-resolution simulations with reduced computational cost as compared to a 3D 
model. By contrast, the 2D fjord model represents a fjord where processes are 
assumed to be invariant in the y-direction, which is unlikely to happen in the real 
system. Key points of the real system not captured by the 2D model are that 
discharge channels are not evenly distributed along the entire fjord width and 
that advective fluxes in the y-direction change the velocity fields and redistribute 
fjord water properties in a more complex way. 

We use the Massachusetts Institute of Technology general circulation model, 
MITgcm (Marshall et al., 1997a, 1997b), to solve the non-hydrostatic form of the 
above equations  on a generalized curvilinear grid, vertically fixed on z-levels. The 
finite-volume discretization follows the Arakawa C-grid (Arakawa and Lamb, 
1977) and we rendered it horizontally variable in the x-direction on a structured 
cell grid. 

We set a 2D fjord domain of ∼2 km in length along the x-coordinate (extension of 
the glacier central flowline), varying according to changes in glacier-front position 
(Fig. 3.2). The mesh consisted of 200 × 90 cells (horizontal-vertical). To capture 
small-scale processes, we set a high-resolution x-zone of 1 m grid-cell length for 
the 100 m closest to the glacier front, and then linearly increasing to the end of 
the domain. The grid-cell height along the z-coordinate was fixed to 1 m (see 
Chapter 2, Fig. 2.5). The model width in the y-direction is one grid cell of 1 m. 
Sensitivity analyses were performed to constrain the optimal values of the 
diffusion coefficients, based on best-fit salinity profiles inside the fjord 
(temperature was less sensitive). We used the run-time week 17 due to the warm 
temperatures of the fjord waters and to the salinity stratification at the top layer, 
which allowed us to compare the different patterns of modelled profiles resulting 
from different values of the diffusive coefficients. We tested values of 𝐾 ,  in the 



49 
 

range from 10-3 to 10-1 m2 s-1 with constant subglacial discharge velocities of 0.1 
m s-1, obtaining the best fit for values of  𝐾 , =  1.4 × 10  m2 s-1. We could assume 

that the flow is fully turbulent inside the buoyant plume and set heat and salt 
diffusivities equal to the kinematic eddy viscosity (McPhee et al., 1987). However, 
this cannot be assumed for the circulation in the rest of the fjord, where one must 
distinguish between viscous and diffusive processes. Therefore, Laplacian 
viscosity (𝐴 , ) was set to 1.4 × 10-2 m2 s-1to match the expected order of magnitude 

of the Prandtl number for sea water (101). We found the value of 𝐴 to be consistent 
with previous studies for the same spatial resolution (Xu et al., 2013). The top 
boundary of the domain (sea level) was considered as a free surface, while the 
bottom (seabed) was set as a closed boundary (no normal flux, no tracer gradients) 
following the observed bathymetry with no-slip conditions (no tangential 
movement). The left side of the domain (glacier front) was also considered as a 
permanently vertical closed boundary with no-slip conditions in the fjord model. 
The right side (the fjord mouth) was set as an open boundary with transient 
temperature and salinity profiles according to observed oceanic forcing. A more 
detailed explanation on transient forcing at the open boundary is as follows: the 
temperature and salinity profiles at the beginning of a given one-week simulation 
are set as those observed at the fjord-mouth-CTD station for the date under 
consideration (or interpolated from data when they were not available, see Fig. 
3.4) and we get the transient boundary conditions by linearly interpolating every 
time step towards next-week observations. A sponge boundary layer of 5 grid cells 
was set next to the right boundary to relax the numerical solution to the 
prescribed boundary values while minimizing unwanted perturbations (Israeli 
and Orszag, 1981). We set a time step of 0.5 s, to ensure that the CFL stability 
criterion is met. A spin-up period of one week is run in a standalone ocean 
configuration to get initial velocity fields for the first fjord circulation period 
(kinetic energy of the system became stationary after less than one day). The 
model is reinitialized every week to get glacier model feedback (updated 
geometry). The velocity fields reached at the end of every one-week period are set 
as initial conditions for the subsequent one in order to maintain the continuity of 
the modeled water circulation patterns. In the case of salinity and temperature, 
for simplicity, we use the observed temperature and salinity profiles, measured 
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at the deepest CTD station, and prescribe them along the entire horizontal grid. 
Thus, initial conditions of temperature and salinity inside the fjord are considered 
horizontally uniform, which did not imply any significant difference in the model 
results when compared to those obtained using observed/interpolated profiles 
from CTDs. The reason is that the model reaches a quasi-steady state in less than 
one day and that first day is not taken into account when calculating weekly-
averaged submarine melt rates or vertically-averaged temperatures and 
salinities.  

We introduced subglacial discharge fluxes by constantly adding freshwater at the 
local freezing-point temperature (pressure dependent, Eq. (3.5)), through one cell 
(1 m2) located at the glacier front grounding point. The added freshwater mass 
was balanced by prescribed barotropic velocities across the open boundary 
(Cowton et al., 2016).  

Table 3.1 Physical parameters used in the fjord model.   
Symbol Description Value Units 

Fjord circulation 𝑨𝑯,𝑽 Horizontal and  vertical diffusion of momentum 1.4 · 10-2 m2 s-1 𝑲𝑯,𝑽𝑻  Horizontal and  vertical diffusion of temperature 1.4 · 10-3 m2 s-1 𝑲𝑯,𝑽𝑺  Horizontal and  vertical diffusion of salt 1.4 · 10-3 m2 s-1 𝝆𝟎 Density reference of seawater 1027 kg m-3 

Submarine melting 𝑪𝒑𝒘 Specific heat capacity for seawater 3974 J kg-1K-1 𝑪𝒑𝒊 Specific heat capacity for ice 2009 J kg-1K-1 𝑪𝒅𝟏/𝟐𝜞𝑻 Thermal Stanton number 1.1 · 10-3  𝑪𝒅𝟏/𝟐𝜞𝑺 Haline Stanton number 3.1 · 10-5  𝑳𝒇 Latent heat of fusion for ice 334000 J kg-1 𝒂 Seawater freezing point slope -5.73 · 10-2 °C 𝒃 Seawater freezing point offset 8.32 · 10-2 °C 𝒄 Depth dependence of seawater freezing point 7.61 · 10-4 °C m-1 
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MITgcm allows us to calculate submarine melt rates (SMR) using the ‘icefront’ 
package (Losch, 2008; Slater et al., 2015; Xu et al., 2012), which solves the three-
equation parameterization of the thermodynamic equilibrium at the ice-ocean 
interface (Holland and Jenkins, 1999; Jenkins, 2011): 𝑇 = 𝑎𝑆 + 𝑏 + 𝑐𝑝 ,                                              (3.5) 𝐶 𝜌𝛾 (𝑇 − 𝑇 ) = −𝑞 𝐿 + 𝐶 (𝑇 − 𝑇 ) ,     (3.6) 𝜌𝛾 (𝑆 − 𝑆 ) = −𝑞(𝑆 − 𝑆 ).                                (3.7) 

Equation (3.5) states how the freezing-point temperature at the boundary (𝑇 ) 
depends on local pressure (𝑝 ) and salinity (𝑆 ). Equations (3.6) and (3.7), where 
T and S are the temperature and salinity inside the plume, express the heat and 
salt budgets at the ice-ocean interface for a given melt rate of ice, 𝑞. Subscripts b, 
i, and w indicate boundary, ice and water, respectively. Turbulent transference of 
heat and salt (𝛾 , ) are considered proportional to the vertical velocity (𝑤) right 
next to the glacier front wall: 

𝛾 , = 𝐶 / Γ , |𝑤|,        (3.8) 

where 𝐶 /  and Γ ,  are the drag and turbulent-transfer coefficients, respectively. 

Despite the lack of universality and assuming the potential errors that can be 
introduced when estimating submarine melt rates, we take the values proposed 

by Jenkins et al. (2010) for the thermal and haline Stanton numbers (𝐶 / Γ , ). 

Definitions and values of all parameters used in this study can be found in Table 
3.1.  

3.4.2 Glacier model 

3.4.2.1 Dynamical model equations and flow law 

The ice flow model has been described in Chapter 2 (Section 2.2) and detailed in 
previous work (Otero et al., 2017), so we only include the  essential details below. 

Ice is treated as an incompressible viscous fluid. The Stokes system of equations 
is used to model the dynamics of glacier ice. Since a 2D flowline glacier model is 
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implemented, important 3D processes such as the confluence of tributaries, the 
effect on volume conservation of changes in channel width, and lateral drag from 
the glacier margins are neglected. Little can be done to address the effect of 
tributaries without switching to a 3D geometry, but by measuring the channel 
width at the surface and making assumptions about the channel geometry we are 
able to estimate the lateral drag and its contribution to the flowline force balance. 
A parabolic shape is assumed and a body force term is added to the conservation 
of linear momentum equation to account, in a 2D model, for friction from the shear 
margins (Jay-Allemand et al., 2011). As constitutive relation, we adopt Nye’s 
generalization of Glen’s flow law. We introduce a scalar damage variable that 
quantifies the loss of load-bearing surface area due to fractures, known as 
fracture-induced softening. 

The time evolution of the glacier surface is calculated by solving the free-surface 
evolution equation that takes into account the flow of ice and the surface mass 
balance. 

As boundary conditions, we consider the upper surface of the glacier to be a 
traction-free boundary with no explicit boundary conditions on velocities. At the 
ice divide, horizontal velocity and shear stresses are set to zero. At the bed, we 
use a friction law that relates the sliding velocity to the basal shear stress in such 
a way that the latter is not set as an external boundary condition but becomes 
part of the solution. The space-dependent friction coefficient is determined using 
an inverse Robin method (Arthern and Gudmundsson, 2010; Jay-Allemand et al., 
2011). 

At the glacier terminus, we set backstress to zero above sea level and equal to the 
water-depth-dependent hydrostatic pressure below sea level. An additional 
backstress of 50 kPa, modeling the ice mélange pressure, is applied to a fraction 
of the calving face, with a freeboard height of 0.5 m and a mean thickness of 4.5 
m, in the direction opposite to ice flow. 

3.4.2.2 Calving model 

We use a crevasse-depth calving criterion that assumes that calving is triggered 
by the downward propagation of transverse surface crevasses occurring near the 
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calving front as a result of the extensional stress regime. Following Nye (1957), 
crevasse depth is calculated as the depth where the longitudinal tensile strain 
rate tending to open the crevasse equals the creep closure resulting from the ice 
overburden pressure. Calving is assumed to occur when surface crevasses reach 
the waterline. 

Crevasse depths are calculated from the balance of forces: 𝜎 = 2𝜏 𝑠𝑔𝑛(𝜏 ) − 𝜌 𝑔𝑑 + 𝑃 ,        (3.9) 

where 𝜎 , the “net stress”, is positive for extension and negative for compression. 
The first term on the right-hand side of Eq. (3.9) represents the opening force of 
longitudinal stretching (Otero et al., 2010; Todd and Christoffersen, 2014); 𝜏  
represents the effective stress, 𝜏 = 𝜏 + 𝜏 . 𝜏  is multiplied by the sign function 
of the longitudinal deviatoric stress, 𝜏 , to ensure that crevasse opening is only 
produced under longitudinal extension (𝜏 > 0). The second term on the right-
hand side is the ice overburden pressure, which leads to creep closure, where ρi is 
the density of glacier ice, g is the acceleration of gravity and d is the crevasse 
depth. The last term represents the water pressure that contributes to crevasse-
opening, which is a function of the depth of water filling the crevasse. 

Given the difficulties of measuring the depth of water in crevasses, we ran the 
model for a range of constant crevasse water depths (CWD, in m), and for a 
parameterized time-varying CWD expressed as a linear function of the surface 
meltwater (SMW, in m week -1). Denoting with ∆𝑡  the glacier model time-step 

(one week), we set a direct relationship between both variables, as follows: 

𝑓 = 𝐶𝑊𝐷𝑆𝑀𝑊 1∆𝑡  ,                       (3.10)        
where  𝑓 is just a nondimensional adjustable parameter used to parameterize the 
unknown CWD in terms of the SMW.  

3.4.2.3 Numerical solution 

At each time step, the glacier is divided into a rectangular mesh with 10 vertical 
layers and a horizontal grid size of ∼50 m in the upper glacier and ∼25 m near the 
terminus. The Stokes system of equations is solved by a finite element method 
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using Elmer/Ice and the 2D stress and velocity fields are computed along the 
glacier central flowline (Fig. 3.1). The new surface elevations are computed from 
the surface mass-balance input and the surface velocities obtained by solving the 
free-surface evolution equation, and the grid nodes are shifted vertically to fit the 
new geometry. At the terminus, the grid nodes are shifted down-glacier according 
to the velocity vector and the length of the time step, and the terminus position is 
updated according to the calving criterion. If for a given time step calving is 
produced, the model domain is remeshed assuming a vertical ice cliff. Otherwise, 
we preserve the shape of the front resulting from submarine melt undercutting 
(see next section). 

Prognostic model runs were carried out with a ∼1-week (1/48 of a year) time step. 
Every 4 weeks (four time steps), we ran an initialization process for the glacier 
model, which consisted of solving the Robin problem to force a best-fit basal 
friction coefficient to be used for the subsequent four model time steps. This 
initialization was done to minimize the misfit between the observed and modeled 
velocities. 

3.4.3 Coupling mechanisms 

As detailed in Chapter 2 (Section 2.6), the coupling between our glacier and fjord 
models is accomplished through two main mechanisms (see Fig. 2.12). Firstly, 
depth-dependent SMR calculated by the fjord model is averaged weekly (excluding 
the first day of simulation) and is used to modify the shape of the submerged part 
of the glacier front. The resulting changes in the front shape define a new glacier 
model domain, which implies changes in the stress regime calculated by the 
model. Secondly, the front position changes derived from the glacier dynamics 
model modify the fjord domain length. The submerged ice front (left fjord 
boundary) is assumed to remain vertical at any time (even in the absence of 
iceberg calving), since changes in ice-front shape does not have a significant effect 
on plume dynamics or submarine melt rates (Slater et al., 2017). Velocity fields in 
the fjord are linked to grid cell position rather than actual locations. Although this 
implies a potential shift of the fjord velocity field, we ensure coherent motion near 
the glacier front at each simulated period.  Glacier and fjord models are run with 
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different spatial and time resolutions to ensure appropriate simulation of the 
relevant processes involved in each model (Seroussi et al., 2017). They run 
asynchronously and automatically, exchanging information every modeled week. 
The choice of this frequency of intercommunication between both models is 
supported by two main arguments: 1) there is no significant variation in 
submarine melting within a single week of simulation, and 2) the glacier-model 
time-step is one week. The total modeled time was 20 weeks: 17 weeks initialized 
and constrained by CTD observations (from April 1st to August 9th of 2010, 
interpolated when no data availability) plus 3 extended weeks based on mooring 
data (see supplementary information in Section 3.8, Fig. S3.1). Note that our fjord 
model is unable to reproduce any variation of potential forcing with a time scale 
shorter than a week, such as short-term variations in subglacial discharge 
intensities (peaks in surface melting due e.g. to strong rain events or surface 
temperature peaks) or sudden intrusions of Atlantic-water masses through the 
fjord mouth. Although the submarine melt rates might vary significantly as a 
result of these processes, the available observations are too sparse to account for 
them. 

3.5 Experiments 

3.5.1 Subglacial discharge tuning 

The aim of this experiment was to determine the subglacial discharge velocity 
(usg, m s-1) that produces the best fit between modeled and observed vertically-
averaged temperature and salinity profiles in the fjord, evaluated every two weeks 
of simulation. In the absence of usg data, we previously constrained its range using 
runoff estimations (SMW) from dynamical downscaling of regional climate 
modeling (Finkelnburg, 2013). Between April and August of 2010, the range of 
modeled total freshwater runoff was between 3 and 9 m3 s-1. Considering a 
continuous and uniformly distributed subglacial discharge along the 1.5 km active 
front of Hansbreen (which is not realistic), the discharge velocity through the 
grounding-point cell would range from 2 × 10-3 to 6 × 10-3 m s -1. With this velocity 
range the model is unable to reproduce the expected turbulent flow of the buoyant 
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plume, thus underestimating submarine melt rates. As we searched for a 
compromise in representing both circulation in the fjord and submerged ice-front 
melting, we analyzed the impact of various usg values up to 0.2 m s-1 (Sciascia et 
al., 2013; Slater et al., 2015). Taking into account that the maximum estimation 
of SMW is of 9 m3 s -1, the latter usg value would correspond to a channel width of 
45 m. The associated freshwater input would have a strong impact on fjord-water 
properties, by confining the plume to a 45-m width along the fjord. A proper 
treatment of different channel and fjord widths would require either a 3D 
modeling or a more complex treatment in the y -direction. 

Table 3.2 Time series of subglacial discharge velocities (usg) used under different models of 
subglacial discharge and scenarios of submarine melting, which are described in the text and 
shown in Fig. 5 and Fig. 6, respectively.  

 usg (m s-1)  

Simulation week 
Model 0 

(Scenario 0) 
Model 1 Model 2 

(Scenario 1) 
Model 3 

(Scenario 2) 
Model 4  

1 

0 

10-3 
 

3  
5 

2 · 10-3 
 

7  
9 5 · 10-3 10-2  
11 

5 · 10-3 10-2 2 · 10-2 
3 · 10-2  

13 4 · 10-2  
15 

2 · 10-2 5 · 10-2 10-1 2 · 10-1 
 

17  
20  

 

We first performed a sensitivity analysis of modeled fjord properties to subglacial 
discharge intensities varying every two weeks. We did this by running the fjord 
model alone applying discharge velocities (usg) in the range from 0 to 0.2 m s -1 to 
assess the various possibilities derived from the mentioned limitations (Chapter 
2, Fig. 2.7).  We also ran different model configurations of usg along the entire 
simulation period (see values in Table 3.2) to evaluate the evolution of fjord 
properties using the coupled model, and to analyze the open-boundary 
contribution in the absence of freshwater inputs. 
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3.5.2 Submarine melting under three different scenarios of 
subglacial discharge 

After calibrating the best-fit input of freshwater, varying every two weeks in our 
simulations, we also tested how the modeled submarine melt rates at the glacier 
front would change under different configurations of usg. For these simulations, 
we run the coupled model using a SMW-dependent crevasse water depth relation, 
with f-ratio = 75. Despite having already estimated the usg velocities which best 
matched the observations, we were concerned about the 2D limitations inherent 
to our model. Some usg values could do a better job at capturing the more localized 
plume dynamics at the expense of unrealistic freshening of the fjord waters while 
other values reduce this over-freshening but at the expense of weaker overturning 
that does not draw in sufficient ocean water at the fjord mouth. Consequently, we 
performed additional simulations with usg values lower (zero) and higher (double) 
than those resulting from the best fit, in order to obtain potential information 
about our 2D model behavior, and to evaluate the sensitivity of submarine melting 
to subglacial discharge intensity.  

Scenario 0: usg is assumed to be zero during the entire simulation (Table3. 2). 
This allows us to analyze how submarine melting evolves throughout the summer 
in the absence of turbulent buoyant plumes (though weak laminar plumes are 
potentially formed as submerged ice melts), thus showing the effect of ocean 
thermal forcing alone. It also provides information about the contribution of the 
boundary conditions to the change of water fjord properties in the absence of 
freshwater inputs. 

Scenario 1: It represents the best-fit usg obtained in the subglacial-discharge-
tuning experiment, so it can be considered as the most realistic scenario for our 
2D coupled model (see values in Table 3.2). Scenario1 is also used to test the 
influence that submarine melting exerts on glacier front dynamics (see next 
experiment), as well as how sensitive submarine melt rates are to spatial grid 
resolution (see Chapter 2, Fig. 2.8). 

Scenario 2: In this scenario, usg values are the same as in Scenario 1 for weeks 
1-12, and then are doubled to the end of the modeling period (Table 3.2). This shift 
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in usg represents possible sudden discharge events associated with more intense 
surface melting episodes not registered by our observations, and allows us to 
analyze the impact of the subsequent submarine ice melting on calving.  

3.5.3 The effects of submarine melting and crevasse water 
depth on glacier front dynamics 

In this experiment, we focus on two mechanisms controlling calving rates and 
front position changes during the summer: submarine melting (SMR) (Morlighem 
et al., 2016; Seroussi et al., 2017) and crevasse water depth (CWD) (Cook et al., 
2014; Otero et al., 2017). First, we analyze the contribution of submarine melting 
alone to calving and front position changes. We used the three different scenarios 
of subglacial discharge described above, while maintaining CWD equal to zero. 
Second, to evaluate the contribution of CWD to calving and front position we ran 
the coupled model maintaining fixed the submarine melt contribution by using 
the best-fit subglacial discharge (i.e. Scenario 1). With this configuration, we 
performed several runs varying CWD in two ways: (i) applying constant values of 
CWD = 0, 2 and 3 m; and (ii) considering surface-meltwater-dependent CWD (Eq. 
3.10), with f-ratios = 75, 100 and 130. This experiment will allow us to determine 
which configuration produces the best fit between modeled and observed front 
position changes, and the relative importance of each mechanism in controlling 
calving and/or front position. 

3.6 Results and discussion 

3.6.1 Subglacial discharge 

Following previous studies, subglacial discharge flux, Qsg, was initially 
constrained by estimations of SMW (Sciascia et al., 2013; Xu et al., 2012), but the 
velocities associated to subglacial discharge, usg, were finally calibrated to best 
match observed temperature and salinity in the fjord. Due to the nearly-constant 
vertical distribution of modeled and observed temperature and the small 
variations in the salinity profiles (ranging from ~32 to 34.5 psu for the entire 
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period of simulation; Fig. 3.4), the profiles were vertically averaged to allow for 
an easy comparison of the results of our model with the observations (or 
interpolated data when observations were missing) every two weeks. 
Temperature and salinity in the top layer (5 m below sea level) were not 
considered in our calculations, since our model does not include atmospheric 
forcing or ice mélange melting. Both of them could be important mechanisms in 
changing the physical properties of the top layers of the fjord waters, and 
necessary to close the heat and salt budget in our system. The point of maximum 
fjord depth (~200−350 m down fjord from the glacial front) was selected for the 
comparison to collect the maximum information of the water column while 
avoiding the direct influence of the brackish buoyant plume. This decision was 
supported by the small differences observed along the rest of the fjord (see 
supplementary information in Section 3.8, Fig. S3.2). As mentioned earlier, 
estimations of minimum subglacial discharge velocities obtained from SMW were 
of 2·10-3 m s-1. Nevertheless, freshwater discharge velocities in April (weeks 1-4) 
had to be reduced by half the corresponding discharge values for those dates, in 
order to avoid significant departures of the water properties. This could be 
primarily due to the limitations inherent to our 2D model, which does not allow 
lateral (y-direction) mixing or redistribution of fjord and plume waters and make 
our fjord waters highly sensitive to freshwater inputs. Also note that we have used 
SMW estimations calculated for our simulating period, which involve minimum 
runoffs of 3 m3 s-1. If there is a time lag between surface meltwater production 
and subglacial discharge fluxes, we are not accounting for the estimations of SMW 
prior to our simulations. Therefore, the time needed by surface meltwater to reach 
the fjord waters could also be considered as a potential source of uncertainty and 
it is discussed later in the text. Modeled temperature experienced high sensitivity 
to lower values of usg, particularly during the last weeks of the simulations. For 
every evaluated period there is a threshold of usg from which the temperature 
reaches an equilibrium point that precisely matches the observations, and 
thereafter becomes practically insensitive to the usg value assessed in our study. 
However, the opposite pattern is exhibited by the modeled salinity: the higher the 
usg, the worse the agreement between modeled and observed salinity. An 
explanation for such behavior could be that, at low flow rates, the buoyancy of the 
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plume is not strong enough to create the overturning that would draw in warmer 
waters from the fjord mouth, while at higher flow rates the amount of freshwater 
is too large and reduces the salinity in the fjord, likely due to the lack of the 3rd 
dimension in our 2D model. Water temperature and velocities in the vicinity of 
the glacier front are the main variables controlling submarine melting in our 
system, and thus we are interested in representing them as accurately as possible. 
Therefore, we calibrated usg as that producing the best fit to the observed 
temperature that our model is able to reproduce, whilst maintaining a fair 
agreement with the observed salinity (see Chapter 2, Fig. 2.7 and supplementary 
information in Section 3.8, Fig S2.2). The resulting discharge velocities that best 
fitted observations ranged from 10-3 m s-1 in early April to 5·10-2 m s-1 in August 
(Table 3.2). Considering that the results should be evenly distributed over the 
missing y-direction and that the estimations of SMW reached 9 m3 s-1, our 2D best-
fit model would conceptually represent a fjord up to 200 m-wide for weeks with 
maximum freshwater inputs (weeks 15 to 20). This means that we are assuming 
a buoyant plume whose maximum lateral spreading is of 200 m, which is probably 
unrealistic for a 1.5 km-wide fjord. The over freshening resulted from our fjord 
model point to the limitation derived from the lack of the 3rd dimension, which in 
turn allow plume waters to laterally spread and mix over the rest of the fjord, not 
just along the 200 m that our model is able to reproduce. Our usg velocities for a 
2D model were considerably lower than those used by Xu et al. (2012) for Store 
glacier. This could be due to the different size of the modeled systems, since 
surface meltwater fluxes in our system are over ten times lower than that 
estimated for Store glacier (9 vs 100 m3s-1).  

In Fig. 3.5a, b, the time evolution of observed and modeled vertically-averaged 
temperature and salinity in the fjord are shown for different configurations of 
freshwater inputs (Table 3.2) to evaluate the effects of subglacial discharge on 
fjord properties. For models with higher subglacial discharges (Models 2 to 4), 
temperature closely resembles the observations throughout the summer, whereas 
salinity highly differs from observations, especially at the end of the summer (up 
to 2 psu for Model 4). For those cases with usg being zero or lower than best-fit 
values (Models 0 and 1), the temperature inside the fjord remains up to 2ºC colder 
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than the observations during the 15th week. This indicates that boundary forcing 
alone is not strong enough to change the water temperature inside the fjord. Our 
fjord needs a pump to generate circulation within the fjord, which would allow 
ocean properties to get into the system through the fjord mouth towards the 
glacier front, favoring submarine melting. Given the lack of surface forcing, 
subglacial discharge is the only source of momentum in the fjord. Therefore, the 
results of our experiment suggest that circulation in Hansbukta might be 
convectively driven by the buoyant plumes generated from subglacial discharge 
inputs, as has been demonstrated in other studies (Carroll et al., 2016; Cowton et 
al., 2015; Motyka et al., 2003, 2013), and that surface processes are not needed to 
drive the observed fjord circulation. However, for models with low usg (Models 0 
and 1), the salinity matches the observations better than those with higher usg 
(Model 2 to 4), indicating that modeled salinity is highly sensitive to freshwater 
inputs. We attribute the salinity sensitivity to the limitations inherent in our 2D 
model, since lateral mixing is absent. 

 

Figure 3.5 Evolution of vertically-averaged water properties in Hansbukta:  a) temperature (T), 
and b) salinity (S). Each model uses different configurations of subglacial discharge velocity (usg), 
whose values can be found in Table 2. Model 0 represents the evolution of the model when usg is 
zero over the entire simulation (blue line), and Model 4 when usg is maximum (orange line). Black 
dots represent observations; c) and d) vertical distribution of modeled vs. observed T and S, 
respectively, obtained from best-fit usg model (Model 2). The profiles used for comparison are those 
of maximum depth at the end of a simulated week, and only for those weeks with an observation 
profiles available. 

For the best-fit configuration of usg, (Fig. 3.5b, Model 2, and Fig. 3.5c) the 
differences between modeled and observed temperatures were in the order of 



62 
 

tenths of degrees Celsius or less along the entire simulation. However, modeled 
salinity in the fjord was more sensitive to freshwater discharge rates, which in 
vertical average deviated less than 0.3 psu from the salinity observations until 
mid-July, thereafter diverging from the observations by up to 0.6 psu in vertical 
average. Fig. 3.5d shows modeled-observed salinity deviations with depth for the 
best-fit configuration. We see that such deviations become greater (up to 2 psu at 
the end of week 15) in the top layer of the fjord, where the melt plume is confined. 
Once more, we believe that such over freshening confined to the top layer of the 
fjord is mainly due to the lack of the 3rd dimension, which does not allow lateral 
mixing or a more complex water redistribution. Also note that there is an increase 
in observed salinity in that period (Fig. 3.5a), which results in the highest 
difference between modeled and observed salinity (Fig. 3.5d). Physically, the two 
plausible ways to increase salinity in Hansbukta would be either by evaporation 
at the atmosphere-ocean interface, or by intrusion of saltier waters through the 
fjord mouth. We attribute the observed salinity increase to sudden inputs of 
Atlantic water, which have been reported in previous studies (Cottier et al., 2010; 
Walczowski and Piechura, 2011), suggesting the need of stronger ocean forcing at 
the open boundary in terms of velocities. Our model is unable to simulate either 
process, since atmospheric forcing is not solved and incoming velocities at the fjord 
mouth are constant in time. In spite of these differences, real conditions of T and 
S in the fjord and their evolution throughout the summer of 2010 are fairly well 
represented by our model under the best-fit usg scenario. If we compare the time 
evolution of the best-fit usg values with that of the surface runoff estimations 
(SMW), we observe a time lag between the two peaks of about 4-5 weeks (Section 
3.8, Fig. S3.3). Although our model has several simplifications (e.g. 2D geometry, 
Boussinesq approximation, size of the discharge channel) and sources of 
uncertainties (e.g. the values chosen for all coefficients) that might affect the 
results quantitatively, the resultant time lag could give us an indication of the 
transit time of surface meltwater through the complex englacial and subglacial 
hydrological system until it discharges to the fjord at the grounding line. Many 
studies (Mankoff et al., 2016; Sciascia et al., 2013; Stevens et al., 2016; Xu et al., 
2012) used SMW estimations as a proxy of subglacial discharge, assuming that 
all surface meltwater discharges immediately into the fjord. However, much 
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uncertainty remains about the hydrological processes taking place through and 
beneath the glacier body, as well as what proportion of SMW reaches the fjord at 
the grounding line vs. at sea level. This finding on the time lag is neither critical 
to the aims of this study, nor accurately represented, since the hydrological 
processes are not implemented in our model.  Moreover, the time resolution of our 
glacier model is one week, which constrains the precision of the time lag. Even so, 
it is worth mentioning this time lag as a potential basis for further investigation. 

3.6.2 Submarine melting 

Submarine melt rates at the submerged glacier terminus are highly dependent on 
both vertical (tangential to ice front) velocity and plume properties by virtue of 
Eqns. (3.6 – 3.8). Plume properties are considered by the model to be the fjord 
properties in the column of grid cells adjacent to the ice front. Vertical velocities 
along the ice front wall are primarily the result of subglacial discharge fluxes, 
since they are the source of momentum in our model. Scenario 0, which assumes 
zero usg throughout the entire summer (Table 3.2), simulates the submarine 
melting that is produced exclusively by ocean forcing, without being amplified by 
subglacial discharges. Melt rates at the beginning of April were in the order of 
millimeters per week, evolving to 1.25 m week-1 in August, with maximum 
reached at the grounding line (Fig. 3.6). Submarine melting increases up to three 
orders of magnitude as a result of a 5 °C increase in water temperature over the 
summer, which highlights the importance of considering transient fjord 
properties when analyzing the influence of submarine melting on calving. The 
resulting melt rates could at a first glance seem negligible in absolute terms, as 
the total mass loss of the submerged front during the modeled period would be of 
0.66 Mt, i.e. 1% of the total surface melting calculated for the same period (~70 
Mt) according to a previous work (Otero et al., 2017). However, when considered 
the cumulative melt rates per unit area over the entire simulation, oceanic forcing 
is almost 6 times more effective than atmospheric melting (8.6 m vs. 1.5 m, 
respectively). In our system, the submerged ice-front area is small and 
insignificant when compared to the glacier surface (with ratio of 2:103). 
Nevertheless, ocean forcing could be expected to become important for large ice 
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bodies embedded in the ocean, floating ice bodies with a large ocean/atmosphere 
ratio of surface exposure (e.g. ice shelves or icebergs). 

Scenario 1 represents the submarine melting obtained by using the best-fit fluxes 
of usg (see values in Table 3.2). In Fig. 3.6, we observe that, under Scenario 1, 
submarine melt rates also evolve over the summer as was described for Scenario 

0, but amplified by the effect of freshwater inputs, which increase tangential 
velocities. In April, melt rates are in the order of centimeters, and do not exceed 
3 m week-1 until the first week of June, then becoming comparable to observed 
glacier front velocities (~3 m week-1). Thereafter, melt rates increase notably, 
reaching maximum values above 10 m week-1 at 20-30 m depth and over 4 m week-

1 at the base of the glacier, thus starting to cause retreating of the glacier 
grounding point and undercutting of the ice face. Both processes, grounding-point 
retreating and undercutting, are considered to potentially affect iceberg calving 
and glacier front position, and will be discussed later in the text. Maximum melt 
rates are of ~15 m week-1, reached at 20-30 m depth, from the end of July to the 
end of August (weeks 16th to 20th), when water temperatures are higher and 
subglacial discharges are vigorous. Note that, although these values occur at the 
end of our simulation, they are likely to be the maximum over the year, since the 
mooring data in Fig. S1 indicates that the fjord temperature is lower throughout 
the rest of the year. The cumulative melt estimations (at 20-30 m depth) during 
the entire period of simulation account for 108 m of submarine frontal ablation. 

Under Scenario 2, usg is doubled from week 11 (middle of June) onwards (Table 
3.2), aiming to represent potential areas of the glacier front where the subglacial 
discharge could be more vigorous as the summer progresses (usg max = 0.1 m s-1). 
Moreover, taking into account the limitations of our 2D model, we aimed to 
quantify the front evolution under conditions different from those obtained as 
more realistic. Maximum melt rates of 20.5 m week-1 are reached in August and, 
in general, the increase in submarine melting with respect to Scenario 1 is ~25-
30% (Fig. 3.6). 
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Figure 3.6 Time evolution of submarine melt rates throughout the summer of 2010, under three 
different regimes of subglacial discharge velocities, usg. Scenario 0 assumes zero usg; in Scenario 1 
usg varies from 0.001 (April) to 0.05 m3 s-1 (July-August); and usg reaches 0.1 m3 s-1 (July-August) 
under Scenario 2 (exact usg fluxes of each scenario are detailed in Table 2). The glacier front moves 
along the irregular sea bottom, thus changing the depth of submerged ice. This is represented by 
the white parts on the deepest zone, where there is no ice. 

Under the two Scenarios of non-zero usg, maximum melt rates are reached 
between 20 and 30 m depth, coincident with highest temperatures and maximum 
tangential (vertical) water velocities at the ice-ocean boundary. The submarine 
melt rates at these depths are within the range of 1.4 - 20.5 m week-1, which are 
comparable to those obtained by other modeling studies based on larger 
Greenlandic systems with more intense subglacial discharge fluxes (Sciascia et 
al., 2013; Slater et al., 2015). Our small glacier-fjord system reaches rates of 
submarine melting similar to those of much larger Greenlandic systems. The 
reason could be that our fjord temperatures during July-August are higher than 
those used for Greenlandic systems. This produces higher submarine melt rates 
in spite of the lower velocities of our model. Moreover, we have used higher spatial 
and temporal resolution, which allow us to represent smaller scale processes, as 
can be inferred from the sensitivity analysis performed in Chapter 2 (Fig. 2.8). 
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3.6.3 Front position changes and calving rates 

Finally, we test the influence and relative importance of submarine melt rate and 
crevasse water depth on calving rates and front position changes. Seasonality in 
the dynamics of Hansbreen front is mostly influenced by the ice-mélange coverage 
and by basal sliding. From April to October, when ice mélange has disappeared, 
the glacier reaches terminus speeds of up to ∼7 m week⁻¹. Our study period focuses 
on this time window in order to analyze the mechanisms that influence the 
advance and retreat of the glacier front during the period when backpressure from 
sea-ice is absent (Otero et al., 2017). However, in the present study we are not 
able to represent the seasonality of the glacier-fjord system, since we do not have 
sufficient overlapping time series of both oceanographic and glaciological data.  

As a first experiment (Fig. 3.7a), we analyze the effects of submarine melting on 
glacier front position and calving, without the influence of crevasse water 
pressure (CWD = 0). Our results demonstrate that the addition of submarine 
melting amplifies the calving rates. The larger the usg flux, the more intense the 
submarine melting, and the higher the calving rates. During the 5-month modeled 
period, we observe that no calving events took place under Scenario 0 (no 
freshwater inputs). Submarine melting due to ocean forcing, without the 
amplification derived from subglacial freshwater discharges, is insufficient to 
cause instabilities to the glacier front that would result in iceberg calving and 
consequently in front retreat. Therefore, Hansbreen front keeps advancing at 
speeds of 4 to 7 m week-1, deviating from observations. For both Scenarios 1 and 
2, three calving events occurred from week 15 onwards, corresponding in time to 
maximum rates of submarine melting. They account for 17 and 34 m of cumulative 
frontal ablation, respectively, showing that submarine melting affects iceberg 
calving. However, neither Scenario of submarine melting, 1 or 2, are sufficiently 
intense to reproduce the observed front position changes. Therefore, although 
submarine melting seems to be significant for Hansbreen’s dynamics during late 
summer, having an effect on iceberg calving, it is a weak mechanism to explain 
front position changes when considered alone. In our study, the effects of 
submarine melting on calving or front position are not as remarkable as those 
shown in previous work (Krug et al., 2015). Even under Scenario 2, with 
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submarine melting amplified with respect to that believed to be more 
representative of the real conditions (Scenario 1), submarine melting alone is not 
enough to reproduce the front retreats observed at the end of the summer, 
suggesting the need of including other contributing mechanisms, such as water in 
crevasses. 

 

Figure 3.7 Time evolution of Hansbreen front position for different simulations. a) The coupled 
model run without the influence of crevasse water pressure (CWD = 0 m) and assuming three 
different scenarios of submarine melt rate (evolution of subglacial discharge intensities, usg, 
throughout the entire simulation period can be found in Table 2): zero usg (Scenario 0), best-fit usg 
(Scenario 1), and enhanced usg (Scenario 2). b) The coupled model run assuming submarine 
melting of Scenario 1 (best fit) and crevasse water depth with various constant values (CWD = 0 
m, green; CWD = 2 m, blue; CWD = 3 m, orange). c) The model also runs assuming submarine 
melting of Scenario 1, but crevasse water depth is now a function of surface melting (Eq. 3.10), 
with f-ratios of 75 (green line), 100 (blue line), and 130 (orange line). Observations are represented 
as black dots. 

The influence of crevasse water depth on calving and front position changes, 
under a fixed configuration of submarine melting (given by Scenario 1) is 
illustrated in Figures 3.7b and 3.7c. If CWD is considered as constant in time (Fig. 
3.7b), the best-fit occurs when CWD = 3 m, which gives an average difference of 
±12 m between observed and modeled front positions, and a cumulative frontal 
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ablation due to calving of 73 m over the whole modeled period. Here, we note that 
3 m of CWD is a lower value than that of 10 m obtained by the original uncoupled 
glacier model by Otero et al. (2017), which did not consider submarine melting, 
thus suggesting that the inclusion of submarine melting decreases the relative 
importance attributed to crevasse water depth. However, since our modeled 
period is restricted to a single summer (2010), it is not possible to analyze the 
effects of a constant CWD on a multiyear simulation, as done by Otero et al. 
(2017).  

From a physical perspective, it seems more sensible to assume that CWDs vary 
in time according to surface melting runoff (SMW) derived from atmospheric 
forcing. As shown in Figure 3.7c, the model that best adjusts to front position 
observations is that with 𝑓 = 75, which produces an average deviation lower than 
±10 m, and cumulative ablation by calving of 91 m over the entire summer. In the 
model by Otero et al. (2017), the best-fit ratio was 𝑓 = 130. Such a value, applied 
to our model, results in an overestimation of frontal ablation and a retreat of the 
glacier front when compared with observations for the end of the modeled period 
(Fig. 3.7c). This discrepancy arises from the inclusion of the influence of 
submarine melting (in turn influenced by surface melting), leading to a decrease 
of the relative importance of runoff-dependent CWD as compared with the model 
by Otero et al. (2017). The average difference between observed and modeled front 
positions are, in both best-fit models (with and without submarine melting), of 
about ±10 m, showing that the inclusion of submarine melting does not improve 
quantitatively the general model results in a significant way. However, the 
coupled model does reproduce front positions in late summer more accurately 
than the glacier model alone, coinciding with the period of highest submarine 
melting. In agreement with other studies (Morlighem et al., 2016; Seroussi et al., 
2017), our results show that submarine melting is a relevant driver of frontal 
retreat and exerts a key control on calving (Vallot et al., 2018), but the amount of 
water filling the crevasses is also crucial to determine calving rates during the 
summer season (Cook et al., 2014; Otero et al., 2017). Therefore, our modelling 
suggests that submarine melting plays a significant role in the dynamics of the 
glacier terminus. If submarine melting is not considered in the model, larger 
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amounts of water in surface crevasses are required to offset the terminus position 
so that better agreement with observations is achieved. 

3.7 Conclusions 

We have used a 2D high-resolution coupled glacier-fjord model, with observed 
bathymetry, to investigate processes occurring in Hansbreen-Hansbukta system, 
in Svalbard. We focused on the effect of subglacial freshwater discharge on fjord 
properties and submarine melt rates, and the effects of submarine melt rates and 
crevasse water depth on calving and glacier front position changes.  

Our results suggest that water temperature is sensitive to low values of subglacial 
discharge inputs, because the model loses the ability to draw in warmer waters 
through the fjord mouth, i.e. the convection-driven circulation is cancelled. 
Salinity in Hansbukta is highly sensitive to non-zero subglacial discharge inputs, 
likely due to the limitations in lateral dynamics inherent to our 2D model. 
Nevertheless, fjord circulation may be represented by adjusting subglacial 
discharge velocities, since a compromise can be made between accurate 
representation of the bulk fjord properties and those of the plume, which both 
affect submarine ice melting. The subglacial discharge required to fit the observed 
T and S of the fjord waters during April-May appear to be smaller than runoff 
estimations available for that period, which could be due to the time lag of 4 to 5 
weeks found between peaks of surface meltwater runoff and subglacial discharge. 
During latter summer (July-August) we obtained best-fit subglacial discharge 
velocities of 0.05 m s-1. From the results of our simulations, we see that subglacial 
discharge promotes convective circulation within the fjord, which favors the 
intrusion of warm and salty Atlantic waters. This fact results in evolving 
temperature, salinity and velocities of the fjord waters throughout the summer, 
with increasing melt rates in the submerged ice front wall as the summer 
progresses, from centimeters up to 15 m week-1. Therefore, one should be aware 
about the significant effect of the transient fjord properties when estimating 
submarine melting throughout a given time period. 
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Our model results indicate that submarine melting amplifies calving rates. 
However, submarine melting alone (together with its feedback on calving) is 
unable to reproduce the observed front position changes of Hansbreen. Only when 
considering the joint influence of both submarine melting and crevasse water 
depth is our coupled model able to reproduce the temporal evolution of Hansbreen 
front position with a maximum deviation of ±10 m from the observations. Finally, 
linear cumulative mass losses over the modeled period due to submarine melting 
and to calving processes are of the same order of magnitude for Hansbreen (108 
and 91 m, respectively), which raises the interest of further studies to better 
understand the relative contribution to sea-level rise of the two main components 
of frontal ablation for tidewater glaciers. 

3.8 Supplementary information 

3.8.1 Mooring Data 

Temperature and salinity were measured during spring-summer of 2010. The 
observations comprise the period between 2nd of April to 9th of August of 2010. 
From 9th of April to 12th of July there is a long time gap in CTD data that we filled 
by interpolation. In Figure S1 we show the evolution of temperature observations 
inside the fjord, measured with both, CTD and mooring, at 55 to 59 m depth. We 
observe that temperature rapidly increases from ~1.9°C in April up to ~9°C in 
August, and thereafter, starts a decreasing overall trend. The corresponding 
simulation period for August 9th is week 17. We extrapolate temperature and 
salinity profiles up to week 20 (end of August), simply considering the same 
conditions as those observed in week 17.  
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Figure S3.1 Time evolution of temperature at 57 m depth from mooring (line) and the mean of all 
CTD data inside Hansbukta, averaged between 55 to 59 m depth (dots). 

3.8.2 Results of the fjord-circulation model 

Results of temperature and salinity along the fjord domain, obtained from the 
best-fit subglacial discharge model, are shown in Fig. S3.2. Only those modeled 
weeks with corresponding-in-time CTD data are presented for comparison with 
observations, which are: weeks 1, 13, 15 and 17 (April 9, July 12, July 28 and 
August 9, respectively). Temperature ranges from -1.9 to ~3.2 ºC and salinity from 
~31.5 to 34.5 psu over the entire simulated period. 

The results of week 1 (Fig. S3.2a, e) show quite homogeneous distribution in both 
vertical and horizontal directions and for both variables, temperature and 
salinity. The modeled temperature values vary between -1.89 and -1.83 ºC and 
maximum deviation from observations is of ~0.1 ºC at the uppermost 20 m below 
sea level. In the case of modeled salinity at the end of week 1, the ranges of 
variation are from 34.25 psu at the surface to 34.55 psu at the bottom, differing 
up to 0.2 psu from observations mainly at the bottom layer (i.e. 20 m depth to the 
bottom). 

At the end of week 13 (Fig. S3.2b, f), salinity shows a vertical stratification 
pattern, with values of 32 to 32.5 psu at the top layer and 33.15 at the very bottom. 
Observed salinity profiles show a top layer of ~32 psu, but confined to a thinner 
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top layer of 10 m-thick, and constant values of ~33 psu from below to the bottom. 
Vertical distribution of temperature remains practically invariant (0.28 to 0.35 
ºC) along the fjord. However, at the sill region, temperature follows strong 
horizontal stratification from the inner to the outer part (0.4 to 0.8 ºC), probably 
due to the effects of the boundary forcing. Deviations from observed temperature 
profiles are maxima of 0.25 ºC, at ~10 m depth. 

 

Figure S3.2 Results of the best-fit usg-model (Model 2 in the main manuscript) at the end of those 
weeks with available CTD measurements (weeks 1, 13, 15 and 17) and comparison with the 
corresponding observations at different locations. Ice front is located to the left and fjord mouth to 
the right bound. Snapshots of properties distribution along the fjord domain: a)-d) temperature; 
e)-h) salinity. For comparison, the observations are shown as vertical profiles with the same color 
scales as those used for model results. 

Modeled salinity at the end of weeks 15 and 17 follow the same distribution 
pattern. There is a stratified top layer of 20-30 m-thick, with salinity values 
ranging from 30.4 to 32.5 psu. The observations show also a stratified top layer, 
but confined to the uppermost 15 m, and a narrower salinity range of 32 to 32.5 
psu. Therefore, our fjord model at the end of July and beginning of August 
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experiments an over-freshening trend, which we attribute to the lack of the 3rd 
dimension. Our 2D model is unable to reproduce lateral mixing in the y-direction, 
so the buoyant plume formed by subglacial discharge inputs at the grounding 
point results in a vertical over mixing. Since subglacial discharges come from 
meltwater, salinity of the input fluxes is zero, provoking a strong impact of 
freshening on fjord salinity (up to ~2 psu of departure from observations).  
Modeled temperature at the end of week 15 (2 to 2.5 ºC) is lower than that of week 
17 (2.6 to 3.1 ºC), both showing stratification and agreeing with observations. 
However, modeled temperature of week 17 better match observations (deviations 
< 0.2 ºC) than that of week 15 (see Fig. 3.5c in Section 3.6.1). 

The influence of the buoyant plume is evident from week 13 onwards and can be 
inferred from the shape of the isohaline and isothermal curves.  

As described above, the distribution patter of the fjord properties is fairly well 
represented by our 2D model. Despite that salinity departure from observations 
during latest weeks, temperature closely resembles observations under the best-
fit usg model. The main variables controlling submarine melting are temperature 
and vertical velocities next to the glacier front. Therefore, if our modeled 
temperature results are in agreement with observations for a given subglacial 
discharge velocity, our estimations of submarine melt rates could be feasible, 
which is one of the key points to study the effect that submarine melting might 
exert on calving rates and front position changes. 

Taking into account all the information given in this section, we think that a 
vertical average of the properties at the deepest point of the fjord can be 
considered as a good and simple strategy to compare the results obtained with 
different usg models. 

3.8.3 Subglacial discharge and surface meltwater production 

Subglacial discharge velocities, usg, were calibrating by searching for the best-fit 
temperature distribution in the fjord while maintaining a fair agreement with the 
salinity. In this way, we ensure a compromise by which both processes fjord 
circulation and buoyant plume are represented by our 2D model. Therefore, 
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estimations of submarine melt rates under the best-fit scenario might be feasible. 
After calibration, we observe that subglacial discharge velocities lag 4 to 5 weeks 
surface meltwater production (Fig. S3.3). Although it is a collateral finding with 
potential sources of errors and it is not considered in our main aims, we think it 
deserves to be mentioned as a basis for further studies in the subglacial hydrology 
field. 

 

 

Figure S3.3 Time evolution of surface melt water production (purple) and subglacial discharge 
velocities (green) used in the best-fit usg-model. 
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Chapter 4 
Surface emergence of glacial plumes 
determined by fjord stratification 

4.1 Abstract 

Meltwater and sediment-laden plumes at tidewater glaciers, resulting from the 
localized subglacial discharge of surface melt, influence submarine melting of the 
glacier and the delivery of nutrients to the fjord's surface waters. It is usually 
assumed that increased subglacial discharge will promote the surfacing of these 
plumes. Here, at a west Greenland tidewater glacier, we investigate the 
counterintuitive observation of a non-surfacing plume in July 2012 (a year of 
record surface melting) compared to the surfacing of the plume in July 2013 (an 
average melt year). We combine oceanographic observations, subglacial discharge 
estimates and an idealized plume model to explain the observed plumes’ behavior 
and evaluate the relative impact of fjord stratification and subglacial discharge 
on plume dynamics. We find that increased fjord stratification prevented the 
plume from surfacing in 2012, show that the fjord was more stratified in 2012 due 
to increased freshwater content, and speculate that this arose from an 
accumulation of ice sheet surface meltwater in the fjord in this record melt year. 
By developing theoretical scalings, we show in general that fjord stratification 
exerts a dominant control on plume vertical extent (and thus surface expression), 
so that studies using plume surface expression as a means of diagnosing 
variability in glacial processes should account for possible changes in 
stratification.  We introduce the idea that despite projections of increased surface 
melting over Greenland, the appearance of plumes at the fjord surface could in 
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the future become less common if the increased freshwater acts to stratify fjords 
around the Ice Sheet. We discuss the implications of our findings for nutrient 
fluxes, trapping of atmospheric CO2 and the properties of water exported from 
Greenland’s fjords. 

4.2 Introduction 

Over the last two decades, the rate of mass loss from the Greenland Ice Sheet 
(GrIS) has quadrupled (Rignot et al., 2011; Shepherd et al., 2012). Approximately 
60% of this ice loss is attributed to increased ice sheet surface melting, while the 
remaining 40% is due to marine-terminating glacier acceleration and retreat 
(Jiskoot et al., 2012; Moon et al., 2012) that is thought to result from increased 
iceberg calving and submarine melting at the glacial fronts (Bamber et al., 2012; 
van den Broeke et al., 2009; Enderlin et al., 2014). Thus, understanding processes 
at the glaciers’ fronts is key if we are to understand ongoing changes and to 
generate future projections.  

Among the important processes occurring at the tidewater glacier-ocean 
boundary, we focus here on buoyant plumes. Buoyant plumes typically occur in 
localized areas along the glacier front, at times visible on the fjord surface as 
patches of turbid water (e.g. How et al., 2019; Mankoff et al., 2016). Since they are 
driven primarily by subglacial discharge deriving from ice sheet surface melting, 
their appearance is limited mainly to summer (e.g. Motyka et al., 2013; Schild et 
al., 2016), and, due to the sediments they carry, they control sedimentation rates 
and distribution in the vicinity of the glacier front (Mugford and Dowdeswell, 
2011). As they rise up the calving front, plumes entrain large volumes of ambient 
fjord waters, increasing their initial volume by more than an order of magnitude 
(Mankoff et al., 2016; Mortensen et al., 2013) and acting as the engine of 
convective-driven circulation in the fjords. Through their vigorous turbulent 
nature, they enable the transfer of ocean heat to the ice, enhancing submarine 
melting of the glacial front (Kimura et al., 2014; Sciascia et al., 2013; Slater et al., 
2015, 2018; Xu et al., 2013). In addition, they likely affect calving rates by incising 
undercut notches into the terminus, altering the stress distribution of ice near the 
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terminus (De Andrés et al., 2018; How et al., 2019; Luckman et al., 2015; O’Leary 
and Christoffersen, 2013; Schild et al., 2018; Vallot et al., 2018). 

Besides the cited physical implications, buoyant plumes also play a key role in 
important fjord biogeochemical processes. They enrich the uppermost layers of the 
fjord by upwelling nutrients (e.g. Fe, NO3, PO4, Si) that come primarily from the 
nutrient rich deep ocean waters, but also from the subglacial bedrock weathering 
and the ice meltwater (Bhatia et al., 2013; Cape et al., 2019; Hopwood et al., 2018; 
Meire et al., 2017). If the nutrient-laden plume reaches the photic zone, the 
increase in nutrient availability can enhance phytoplankton productivity during 
the summer season (Hopwood et al., 2018), favoring CO2 trapping in fjord waters 
(Meire et al., 2015), sustaining important fisheries in Greenland (Meire et al., 
2017), and supporting arctic seabird populations (Arimitsu et al., 2012). 
Alternatively, the turbidity associated with the sediment-laden plumes can also 
stress benthic ecosystems (Korsun and Hald, 2000) and inhibit light penetration, 
limiting photosynthesis and, therefore, phytoplankton productivity (Arimitsu et 
al., 2012; Meire et al., 2017). 

The effect that a buoyant plume will have on the physics and biogeochemistry of 
the fjord and glacier is sensitive to the vertical extent of the plume in the water 
column. The vertical extent can influence the distribution of melting along the 
glacier and therefore the glacier shape (Slater et al., 2017), and the layers that 
are nutrient enriched (Hopwood et al., 2018). Theoretical considerations suggest 
that in stratified environments such as glacial fjords, buoyant plumes have two 
characteristic heights (List, 1982; Morton et al., 1956). The first is the neutral 
buoyancy depth (NBD), reached at the depth where the plume density equals the 
ambient density. The second is the maximum height depth (MHD), situated above 
NBD, and reached at the depth where the plume vertical velocity decreases to 
zero (Baines, 2002; Morton et al., 1956). The relationship between these two 
characteristic heights and the fjord surface determines whether the plume is not 
visible at the surface, is visible only adjacent to the glacier, or is visible throughout 
the fjord (Slater et al., 2016). Theory furthermore suggests that these two 
characteristic heights (and thus the vertical extent of the plume) are primarily 
determined by two factors: the intensity of the subglacial discharge, acting to 
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increase the vertical extent, and the strength of the fjord stratification, acting to 
decrease the vertical extent (Morton et al., 1956). 

Despite the long history of theoretical and modeling work on subglacial discharge 
plumes, field observations with which to test our understanding remain limited 
due to the extreme difficulty of obtaining measurements adjacent to tidewater 
glaciers. To address this gap, we here present repeat surveys from 2012 and 2013 
of a major plume and associated jet at the edge of a mid-sized glacier in central-
west Greenland. We find that the plume did not reach the fjord surface in summer 
2012, despite this being a year of record surface melting (Tedesco et al., 2013), 
while the plume did reach the fjord surface in 2013, a year of average melt 
(Mankoff et al., 2016). We combine our field observations with a plume model to 
explain these counterintuitive observations, and, more generally, to investigate 
how plume vertical extent is controlled by subglacial discharge and fjord 
stratification. We finally discuss how the vertical extent of plumes may evolve in 
the future under climate warming. 

4.3 Methods 

Saqqarleq Fjord (SF) is the southernmost branch of the intricate system of fjords 
connected to Jakobshavn Isfjord (JI) over a 125 m-depth sill, in central-west 
Greenland (Fig. 4.1). It is a mid-sized fjord and is approximately 35 km long and 
6 km wide in the vicinity of the glacial front (Saqqarliup Sermia, SS), where the 
depth reaches 150 m (Stevens et al., 2016; Wagner et al., 2019).SF meets 
Tasiussaq Fjord (TF) over a sill of 70 m depth, located 15 km from SS terminus 
(Stevens et al., 2016). SS is a mid-sized marine-terminating glacier with 
maximum velocities in summer of 2 m d-1 near the calving front (Wagner et al., 
2019), and with an upstream subglacial catchment of 400 ± 50 km2 (Stevens et al., 
2016). 
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Figure 4.1 Location map of Saqqarleq Fjord-Saqqarliup Sermia system (composite image from 
the U.S. Geological Survey and Google Earth, 2019). The inset shows the location in central-west 
Greenland. 

4.3.1 Field data 

Two field surveys were carried out in consecutive summers from 17 to 27 July 
2012 and from 24 to 31 July 2013 (Mankoff et al., 2016; Slater et al., 2018; Stevens 
et al., 2016; Wagner et al., 2019). In 2012 (2013), a total of 90 (96) CTD 
(conductivity, temperature, and depth) profiles were collected using an RBR XR 
620 sensor that was calibrated pre- and post-deployment. CTD stations were 
distributed along several across-fjord (terminus-parallel) and along-fjord 
transects (Fig. 4.2). The CTD profiles were collected from a small boat and extend 
from 150 m to 5 km from the glacier terminus. Temperature and salinity profiles 
even closer to the glacier front were collected by deploying Sippican xCTDs 
(expendable CTDs) from a helicopter; 2 such profiles were obtained in 2012 and 
12 in 2013. All CTD/xCTD data were pressure-averaged to a resolution of 1 dbar. 
No statistical differences were found between CTD/xCTD casts taken on different 
days (Mankoff et al., 2016) and thus we assume that properties did not change 
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considerably within either field campaign. Temperature and conductivity values 
are converted to conservative temperature (Θ) and absolute salinity (SA) 
respectively (IOC, SCOR, and IAPSO 2010) using the thermodynamic equation of 
state, TEOS-10 (McDougall and Barker, 2011). 

 

Figure 4.2 Bathymetric map of Saqqarleq Fjord area (red rectangle on Fig. 4.1). CTD cast 
locations (dots) and ADCP transects (lines) in 2012 (left) and 2013 (right). The location of the main 
plume is indicated by the blue arrow. 

Parallel to, and at a distance of ~1.5 km from the glacier front, water velocity 
surveys were performed on July 20 of 2012 (DOY 202) and July 26 of 2013 (DOY 
207) (Fig. 4.2). The observations were obtained from an acoustic Doppler current 
profiler (ADCP, RDI 300 kHz) mounted on the small boat and binned into 4 m 
depth bins after removing the ship motion and corrected for local magnetic 
declination. ADCP data were processed using CODAS (Common Oceanographic 
Data Access System) from the University of Hawaii. Data were spatially 
interpolated by kriging to obtain the cross-sectional (terminus-parallel) contour 
maps. 

Fjord bathymetry was obtained from the shipboard single-beam depth sounder, 
the shipboard ADCP and the REMUS-100 (remote environmental measuring 
units) autonomous underwater vehicle (AUV) as described in Stevens et al. (2016) 
and Wagner et al. (2019). We also make use of aerial photographs taken from the 
helicopter in May-June and July of 2012 and 2013 to provide a snapshot of the 
surface expression of the sediment-laden buoyant plumes. 
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4.3.2 Runoff estimates 

Estimates for subglacial runoff from SS were determined as in Mankoff et al. 
(2016) and Stevens et al. (2016). Briefly, the SS catchment area was determined 
based on hydropotential flow routing, governed by SS surface and bed topography 
(Cuffey and Paterson, 2010; Stevens et al., 2016). Stevens et al. (2016) determined 
that SS has three subcatchments each draining through the terminus; in this 
study, we consider both the SS total catchment (Ctot) and the largest 
subcatchment (C1). Once these catchments are defined, subglacial runoff for both 
2012 and 2013 is estimated by summing RACMO2.3 surface melting over the 
catchments (van den Broeke et al., 2009). We make the common assumption that 
meltwater generated at the glacier surface emerges instantaneously from the 
glacier grounding line. 

4.3.3 Buoyant plume model 

Buoyant plume theory is a common tool for developing insight into plume 
dynamics and the dominant controls on their variability (e.g. Carroll et al., 2015, 
2016; Cowton et al., 2016; Jenkins, 2011). The limited information we have on 
plume geometry suggests a truncated line plume is the most appropriate for 
plumes driven by subglacial discharge at tidewater glaciers (Fried et al., 2015; 
Jackson et al., 2017). Therefore, in this study, we use the line plume model of 
Slater et al. (2016), which is based on the formulation of Jenkins (2011). The 
model is used to reproduce the observed plume features and to elucidate the 
mechanism that suppressed the buoyant plume extent during the record 2012 
melt season. We generalize the relative importance of environmental forcings by 
obtaining a scaling for plume vertical extent in terms of subglacial discharge flux 
and stratification. 

4.3.3.1 Model description 

In the plume model, the evolution of the buoyant plume properties (width, vertical 
velocity, temperature and salinity) along the vertical tidewater face is described 
by four ordinary differential equations that conserve the fluxes of mass, 
momentum, heat and salt (Slater et al., 2016). The model is steady in time and 
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integrated over the plume cross-section, leaving the along-flow direction (i.e., z) 
as the only independent variable. The model is closed using constant drag (2.5 x 
10-3) and entrainment (0.09) coefficients, the 75-term non-linear equation of state 
(TEOS-10, McDougall and Barker, 2011), and three equations representing the 
thermodynamic equilibrium at the ice-ocean interface (Holland and Jenkins, 
1999), which allows estimation of the submarine melt rate of the calving front. A 
full description of the model can be found in Chapter 2 (Section 2.5). 

 

Figure 4.3 Schematic of plume characteristic heights - neutral buoyancy depth (NBD) and 
maximum height depth (MHD) - and the associated jet pathway. Note that the plume model does 
not represent plume dynamics after the maximum height is reached (red line), but it is expected 
that the jet will sink to a depth similar to the NBD. 

4.3.3.2 Model experiments 

While immersed in stratified environments, vertical plume development is finite 
and the plume has two characteristic plume heights (Fig. 4.3; List, 1982; Morton 
et al., 1956). The first, NBD, is reached when the plume density equals the 
ambient density. From this point, the plume continues upwards due to vertical 
momentum but slows due to the reversed buoyancy experienced above the NBD. 
The plume reaches MHD where the vertical velocity reaches zero (Baines, 2002; 
Morton et al., 1956; Slater et al., 2016). Buoyant plume theory does not capture 
the dynamics of waters in the plume beyond this point, however the waters are 
negatively buoyant and will therefore sink as they flow away from the glacier, 
eventually equilibrating somewhere near the NBD (Fig. 4.3; e.g. Carroll et al., 
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2015). Thereafter, waters in the plume flow horizontally and can be treated as a 
jet (Bleninger and Jirka, 2004; Caufield and Woods, 1998; Jirka, 2004). 

To analyze the sensitivity of plume vertical extent to subglacial discharge and 
fjord stratification, we ran the plume model for each year using ambient fjord 
conditions constructed from averaging all CTD casts from the given year. We 
considered a wide range of subglacial discharge fluxes (𝑄 , from 10 to 400 m3 s-1, 

every 10 m3 s-1) and subglacial channel widths (𝑊, from 10 to 200 m, every 10 m). 
We evaluate the model on three principal aspects. First, the fact that according to 
our field observations, the plume should surface in 2013 but not in 2012. Second, 
we compare the modeled plume NBD with the observed depth of the jet in the 
water velocity measurements. Third, we compare modeled and observed plume 
temperature and salinity properties at the fjord surface. 

4.3.3.3 Scalings 

After evaluating the model at SF with realistic 2012 and 2013 conditions, we seek 
to generalize our results by investigating the scaling of plume vertical extent with 
subglacial discharge flux and stratification. Stratification may be quantified 
through the squared Brunt–Väisälä buoyancy frequency, 𝑁 , defined as 

𝑁 = − 𝑔𝜌 d𝜌d𝑧  ,                                                                                                        (4.1) 

where 𝜌 is water density determined from Θ and 𝑆  at depth, 𝜌  is the reference 

density, which, for our purposes, will be that at the fjord bottom, and 𝑔 is the 
gravitational acceleration (with no geographical dependency). To find a scaling, 
we fit a suite of plume model results, using non-linear least squares, to a simple 
curve that takes the form 𝑍 = 𝐴(𝑁 ) 𝑄  ,                                                                                                      (4.2) 

where 𝑍 accounts for the characteristic plume height (either NBD or MHD) in 
meters, 𝐴 is a constant of proportionality and 𝑎 and 𝑏 are the powers of the scaling. 
According to the bathymetry and CTD data (see results section), the fjord depth 
is set to 150 m and divided into two layers: the unstratified bottom layer (from 
the bottom to 100 m depth) and the stratified top layer (100 m depth to the sea 
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surface). Given the weak impact of temperature on density, in this exercise, we 
assume a constant temperature profile Θ (𝑧) = 1º C (which is in fact close to the 
real conditions at Saqqarleq, except close to the surface), so that the stratification 
is determined solely by salinity gradient. 𝑆  of the bottom layer was held constant 
at 33.6 g kg⁻¹ while the top layer is linearly stratified in salinity with a sea surface 𝑆  ranging from 33 to 24 g kg⁻¹, which allows us to analyze stratification strengths 
(𝑁 ) from 2 to 8·10⁻⁴ s⁻². Runoff (𝑄 ) was varied from 60 to 180 m³ s⁻¹ every 20 

m³ s⁻¹. An identical procedure is used to find a scaling for submarine melt rate. 

4.4 Results 

4.4.1 Observations 

4.4.1.1 Plume observations 

Aerial images show that the main plume at SS was observed at the fjord surface 
on June 1st 2012 (Fig. 4.4a) but that by the time the field campaign was taking 
place in July 2012, the plume was no longer at the surface (Fig. 4.4b), and it 
remained subsurface for the duration of the 2012 field campaign. 

 

Figure 4.4 Aerial images of the main plume at Saqqarliup-Saqqarleq front visible at the fjord 
surface on a) 1 June 2012 and c) 1 August 2013, but absent on b) 17 July 2012 (the blue arrow 
indicates plume location; see also Fig. 4.2). Photo (c), courtesy from Ken Mankoff.  

 During the 2013 field campaign on the other hand, the plume was clearly visible 
at the surface throughout the duration of the field campaign (Fig. 4.4c). Despite 
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the differing surface expression, and as described below, we know from 
hydrographic and velocity measurements that the plume and the associated jet 
were indeed present at the same location in both years (Mankoff et al., 2016; 
Stevens et al., 2016). 

4.4.1.2 Fjord structure 

Here, we consider the general oceanographic setting that, together with the 
subglacial discharge, influenced the plume and jet. In general, the fjord properties 
were similar in both years with a strongly stratified, warm and fresh, upper 20m 
layer and a more weakly stratified deeper layer (Fig. 4.5). The water column is 
substantially more stratified in 2012 than 2013, due largely to fresher conditions 
in the upper 20m but also a more moderate freshening extending to ~100m depth. 
Fjord waters in the upper 20 m are also substantially warmer in 2012 than 2013. 

 

Figure 4.5 a) Conservative temperature, b) Absolute salinity, c) sigma-theta (density - 1000 kg m⁻³) and d) 
squared Brunt-Väisälä frequency profiles (Eq. 4.1), derived from all CTD casts in Saqqarleq fjord during field 
surveys in July of 2012 (red) and 2013 (grey). Averaged profiles are shown as darker lines.  

To characterize differences between the years, we first divide the profiles into 
three layers, according to common characteristics (Fig. 5). The bottom layer, 
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defined from the fjord bottom to −100 m, is well mixed in the vertical, has a 
conservative temperature around 1 °C and absolute salinity of ~ 34.6 g kg⁻¹. 
Differences observed in this layer between the two years are negligible. The 
intermediate layer, from ~20 m to 100 m depth, is also characterized by a 
temperature of approximately 1 ºC and a weak salinity stratification. The salinity 
gradient within this layer in 2012 is double that of 2013 (−0.04 g kg-1 m-1 compared 
to −0.02 g kg-1 m-1). The top layer comprises the uppermost 20 m of the water 
column and has a strong gradient in both temperature and salinity in both years. 
The conditions of maximum temperature and minimum salinity occur at the 
surface. In 2012, surface conditions were warmer (up to 10 ºC) and fresher (as low 
as 17 g kg⁻¹) than in 2013, and the upper layer was more strongly stratified in 
2012 compared to 2013 (𝑁 > 0.11 s-2 in 2012 compared to 𝑁 < 0.006 s-2 in 2013). 

 

Figure 4.6 Conservative temperature vs. Absolute salinity diagram, showing the different water 
properties in Saqqarleq Fjord during field work in July of 2012 (red) and 2013 (grey). Isopycnals 
of sigma-density are plotted as near-vertical dotted lines. 

A comparison of 𝛩 − 𝑆  properties of the water masses (Fig. 4.6) again shows that 
the decreased salinity in 2012 relative to 2013 was distributed from the 
intermediate layer (𝜎  of ~ 24-26 kg m-3) towards the surface. The near-vertical 
isopycnals on Fig. 4.6 result from the dominant effect of salinity on water density 
within the ranges considered in this study. Thus the freshening of the fjord in 
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2012 relative to 2013 means that middle and upper layers in 2012 were much 
lighter than in 2013. 

To quantify the additional freshwater in the inner part of the fjord (up to the SF-
TF sill, see Fig. 4.1) in 2012 relative to 2013, we consider the depth range from 𝑧 = 0 m (sea surface) to 𝑧 = −100 m depth (bottom-middle layer interface). We 
assume the area of the inner part of the fjord to be constant in the vertical, 
 𝐴  (𝑧) = 𝐴 ≈  35 km2 , and following Rabe et al. (2011), we calculate the volume 

of additional freshwater as  

𝑉 =  𝐴 𝑆 − 𝑆𝑆  d𝑧,                                             (4.3) 

where  𝑆 , (𝑧) are the averaged salinity profiles for the respective years (see 
Fig. 4.5). We obtain a freshwater excess of 0.16 km3 (i.e. ~ 0.16 Gt) in 2012 relative 
to 2013, equivalent to 4.5 m of additional freshwater per unit area of the inner 
fjord. 

4.4.1.3 Plume-driven jets 

Velocity data from across-fjord transects approximately ~ 1.5 km from the glacier 
(Fig. 4.2) reveal the presence of a jet both in 2012 and 2013 (Fig. 4.7). 

The jet is a subsurface-intensified localized region of water flowing away from the 
glacier, located in the same spot in the along-front transect, oceanward of the 
main plume location (Figs. 4.2, 4.4 and 4.7). In 2012, the jet was more diffuse in 
the vertical, extending to 35 m depth while in 2013, the jet was confined to the 
upper 20 m. Maximum velocities of 0.35-0.4 m s-1 were found at a depth of 25 m 
in 2012 and 13 m in 2013. Numerical model of the circulation in this fjord (Slater 
et al., 2018) shows that these jets are the horizontal outflow from the main plume 
(e.g. Fig. 4.3). Outside of the jets, flow is generally directed towards the glacier 
(Fig. 4.7; Slater et al., 2018). 
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Figure 4.7 a) and b) Fjord water velocity transects and c) and d) velocity profiles from ADCP 
measurements taken in 2012 (top panels) and 2013 (bottom panels), parallel to and at a distance 
of 1.5 km from the glacier front (see Fig. 4.2). Darker profiles in the right hand panels correspond 
to the vertical straight lines shown in the left panels, which span the jet. 

4.4.2 Subglacial runoff 

One of the main sources of freshwater entering the fjord is the emergence of 
surface meltwater from the glacier’s catchment basin, emerging from beneath the 
glacier as subglacial runoff (Fig. 4.8). 

Glacier surface melting that resulted in substantial runoff began around June 1 
(DOY 150) in 2013, and around 10 days earlier in 2012. Runoff is highly variable 
on daily timescales, but was generally greater during summer 2012 (average 122 
m3 s-1) than in summer 2013 (average 92 m3 s-1), with a peak runoff in 2012 of ~ 
350 m3 s-1 far exceeding any value in 2013. During the time period of the fieldwork, 
mean daily runoff for the total catchment (major subcatchment) was 144 m3 s-1 
and 132 m3 s-1 (113 m3 s-1 and 105 m3 s-1) in 2012 and 2013 respectively. 
Considering cumulative summer runoff (Fig. 4.8), we obtain a total of 0.98 Gt in 
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2012 and 0.72 Gt in 2013. That is, in 2012 there was additional freshwater runoff 
input of 0.26 Gt. These differences are consistent with the observation that 2012 
was a record melt year in Greenland (Nghiem et al., 2012; Smith et al., 2015; 
Tedesco et al., 2013). 

 

Figure 4.8 SS runoff for the total catchment (Ctot, darker lines) and the major subcatchment (C1, 
lighter lines). Daily runoff estimates are shown from June to August of a) 2012 and b) 2013. 
Shaded regions comprise the field survey period and the average runoff over this period for C1 is 
shown inside with a dotted line; c) cumulative runoff volume throughout both years, 2012 (red) 
and 2013 (dark grey), expressed in Gt. 

4.4.3 Plume modelling 

Analysis of the oceanographic data (Section 4.4.1) shows that a plume and the 
resulting jet were present during both surveys but that their characteristics were 
different. Specifically, (i) the plume did not reach the fjord surface in July of 2012 
while it did in 2013; (ii) fjord conditions were considerably fresher within the 
intermediate and top layers in 2012 than in 2013; and (iii) the plume-driven jet 
was found deeper in 2012 than 2013. Here, we use the line-plume model 
constrained by the relevant year’s bulk oceanographic profiles and forced by 
different subglacial discharge scenarios to investigate plume behavior. The 
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resulting modeled NBD and MHD for the main plume at SF are shown as a 
function of the subglacial runoff in Fig. 4.9. Results are shown for both 2012 and 
2013, which differ in their fjord stratification as described above. For a line plume 
the runoff is prescribed as a runoff per unit width of grounding line (𝑄 /𝑊), 

however we also include an axis on Fig. 4.9 showing the absolute runoff (𝑄 ) 

assuming a line plume width of 𝑊 = 90 m, which was suggested by Jackson et al. 
(2017) to be the most appropriate for the main plume at SS. 

 

Figure 4.9 Characteristic plume heights obtained from the line-plume model. NBD (solid lines) 
and MHD (dotted lines) are obtained for 2012 (red) and 2013 (grey). Dashed horizontal lines mark 
the depth of the jet core observed from water velocity observations in 2012 and 2013 (Fig. 4.7). The 
x-axis at the top represents the subglacial discharge flux applied through a channel width (𝑊) of 
90 m. The blue vertical line shows the subglacial runoff estimate (from RACMO2.3) averaged over 
the 5 days prior to the velocity measurements in the fjord, each year (which were approximately 
the same: 101.7 ± 5.7 m³ s⁻¹ in 2012, and 101.9 ± 13.4 m³ s⁻¹ in 2013). Standard deviations on 
subglacial discharge are represented by the vertical shaded regions. 

We obtained deeper NBD and MHD in 2012 than 2013 for any given 𝑄 /𝑊 ratio 

(Fig. 4.9), indicating that the increased stratification and freshwater content of 
the fjord in 2012 suppressed the vertical extent of the plume. The NBD remains 
subsurface for all of the 𝑄 /𝑊 ratios considered here, indicating that the runoff 
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is insufficient to generate a plume which would remain at the surface as it flowed 
down-fjord. The plume reaches the surface (MHD = 0) in 2013 for 𝑄 /𝑊 ratios 

higher than ~ 0.4 m2 s-1, while the ratio has to be above ~ 1.3 m2 s-1 for surfacing 
in 2012 (Fig. 4.9). Assuming a subglacial channel width of 𝑊 = 90 m, runoff must 
exceed ~ 40 m3 s-1 or ~ 120 m3 s-1 for it to surface in 2013 or 2012 respectively. 

Our goal is to identify the model parameters that best reproduce our observations 
of plume surfacing (Fig. 4.4 in the observations, MHD in the model) and jet depth 
(Fig. 4.7 in the observations, NBD in the model). Following Mankoff et al., 2016, 
we assume a subglacial runoff for each year that is averaged over the 5 days prior 
to the water velocity measurements that identify the jet, giving 𝑄 = 101.7 ±  5.7 

m³ s⁻¹ in 2012, and 𝑄 = 101.9 ±  13.4 m³ s⁻¹ in 2013 (Figs. 4.8 and 4.9), and we 

assume a subglacial channel width of 𝑊 = 90 m in both years (Jackson et al., 
2017). With these choices, and as illustrated in Fig. 4.9 (see also Fig. 4.3), we find 
that (i) the model predicts plume surfacing in 2013 but not 2012 - consistent with 
observations, and (ii) the model predicts neutral buoyancy depth which is in 
reasonable agreement with the observed jet depth. Given that this simple plume 
model is able to capture characteristics of the plume and jet in 2012 and 2013, 
and given that the imposed subglacial runoff is almost identical between the two 
years, this confirms that differences in the plumes and jet between the two years 
are driven by differences in the stratification of the fjord.  

We next consider the modeled plume temperature and salinity at NBD and MHD 
and compare these with observed properties within the jets flowing down fjord. 
Plume-model properties at NBD in 2012 are characterized by 𝑆 and 𝜎  of 30.4 g 
kg⁻¹ and 0.8 ºC, respectively, while they are 31.0 g kg⁻¹ and 0.9 ºC in 2013 (Fig. 
4.10). The fresher value in 2012 is due to the greater volume of freshwater present 
in the fjord in 2012 (Figs. 4.5 and 4.6), which is entrained into the plume. The 
properties at MHD (Fig. 4.10) are warmer and fresher than at NBD, since the 
plume has by then mixed in some of the warmer and fresher waters from the 
upper water column (Figs. 4.3 and 4.5). The properties of the jets, ~ 1.5 km from 
the calving front, are in both years considerably warmer, fresher and lighter than 
at MHD in the plume (Fig. 4.10). The outflowing jet is also significantly fresher in 
2012 than in 2013. 
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Figure 4.10 Conservative temperature and Absolute salinity of Saqqarleq Fjord waters in a) July 
2012 and b) July 2013. Light points show CTD measurements while dark dots are xCTD 
measurements (closest to the plume). Conservative temperature and absolute salinity at the NBD 
and MHD as predicted by the plume model are shown as a yellow star and triangle, respectively. 
The blue solid circles represent the water properties in the core of the observed jets in Fig. 4.7. 

Lastly, we seek to quantify the relative contribution of runoff and fjord 
stratification on the vertical extent of the plume in SF through a suite of plume 
simulations in which we systematically vary runoff and stratification. Given the 
very good match with observations (Fig. 4.9), we use the line plume model and 
consider a glacier front submerged in water of 150 m depth. To have better control 
of the stratification parameters we approximate the observed stratification (Fig. 
4.5), by assuming an unstratified bottom layer of 50 m, and a linearly stratified 
upper layer with fixed thickness of 100 m representing both middle and top layers 
in SF (see also Section 4.3.3.3). For simplicity we do not separately account for the 
highly stratified top layer.  

Figure 4.11 and Table 4.1 show the results of fitting curves of the form in Eq. (4.2) 
to the results from the plume model. Included are both the plume extents and the 
vertically integrated submarine melt rate. The power law captures plume vertical 
extent very well (Fig. 4.11a), with both neutral buoyancy depth and maximum 
height scaling with stratification raised to the power −0.4 and runoff raised to the 
power 0.24. These scalings are similar to those considered in Slater et al. (2016) - 
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in which the equivalent exponents were −0.5 and 0.3 respectively. Slater et al. 
(2016) however considered a linear stratification while we have here considered a 
two-layer stratification that is more representative of SF. Our results therefore 
show that power law scalings of the form in Eq. (4.2) continue to hold in the two-
layer case provided small modifications are made to the exponents. It is also 
notable that the power law scalings for characteristic plume heights (Fig. 4.11a) 
perform well even in the absence of the ‘point source correction’; an additional 
term that is often added to the scaling to account for the finite size of the source 
of subglacial runoff (Slater et al., 2016; Straneo and Cenedese, 2015). 

 

Figure 4.11 Scaling for: a) characteristic plume heights and b) total submarine melt rates from 
the source to the neutral buoyancy height. Plume model results are plotted by black dots. Straight 
and dotted black lines represent the fitting curve of Eq. (4.2) and 95%-confidence bounds, 
respectively, whose slope and interval bounds values can be found in Table 4.1.  
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Vertically integrated submarine melt rates (i.e. the total volume of submarine 
melting resulting from the plume) may also be expressed as a simple function of 
stratification and runoff (Fig. 4.11b and Table 4.1). The stratification exponent is 
similar to that for the characteristic plume heights. The runoff exponent is 
however twice that of NBD and MHD, indicating that total melt rate is twice as 
sensitive to runoff as NBD and MHD. This reflects the fact that submarine melt 
rate depends on plume velocity, which also scales positively with subglacial 
runoff. 

Table 4.1 Results of fitting plume outputs to Eq. 2. The plume outputs presented here are the 
characteristic plume heights at neutral buoyancy (𝒁𝒏𝒃) and at maximum extent (𝒁𝒎𝒉), and the 
vertically integrated submarine melt rates from the source to the neutral buoyancy height (Σ 
SMR). 

Plume outputs         A           a        b 

𝑍   1.49 ± 0.09 -0.40 ± 0.01 0.24 ± 0.01 

𝑍   2.28 ± 0.00 -0.40 ± 0.01 0.24 ± 0.01 

Σ SMR (1± 0.00) · 10-3 -0.43 ± 0.01 0.49 ± 0.01 

4.5 Discussion 

4.5.1 Impact of fjord stratification on plume dynamics in 
Saqqarleq Fjord 

We have combined a simple plume model with oceanographic data to explain the 
observation of a discharge plume at SF reaching the fjord surface in 2013 but not 
in 2012 (Fig. 4.4), despite 2012 being a record surface melt year at the ice sheet 
scale. This is consistent with the increased stratification of the fjord in 2012 (Fig. 
4.5) which meant that the characteristic plume heights (Fig. 4.3) are significantly 
deeper in 2012 than in 2013 (Fig. 4.9). The plume model also suggests that for the 
plume to reach the surface in 2012, the rate of subglacial discharge would have 
had to be three times that needed in 2013. The fact that the estimated neutral 
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buoyancy depth is deeper in 2012 (~ 25 m, Fig. 4.9) than the very fresh layer at 
the fjord surface (~ 15 m, Fig. 4.5) suggests that it is not just the fresh surface 
waters that are influencing plume dynamics but that the differences are also due 
to the stratification of the intermediate layer.  

Given the observed fjord stratification and estimated subglacial discharge, the 
plume model shows good agreement with our plume and jet observations. The 
model reproduces the surfacing of the plume in 2013 but not in 2012. The 
simulated NBD is deeper in 2012 than in 2013, and shows reasonable agreements 
with the depths at which we observe jets ~ 1.5 km away from the glacier (Fig. 4.9). 
Lastly, the temperature and salinity properties of the plume at the fjord surface 
in 2012 and 2013 lie close to those observed by expendable probes dropped close 
to the glacier (Fig. 4.10), indicating that the mixing of the plume and ambient 
water is reasonably captured by the model. The model/observations agreement is 
improved with respect to  previous studies of Saqqarleq (Mankoff et al., 2016; 
Stevens et al., 2016), likely due to their use of a conical rather than line plume 
model of appropriate width (Jackson et al., 2017). 

Our results also show that the observed (or modeled) plume properties - i.e. the 
properties observed within 150 m of the glacier face which the plume model can 
reproduce given the observed stratification and estimated discharge - are very 
different from those of the waters exported as a jet observed 1.5 km away from 
the glacier (Fig. 4.10). The fact that the properties of the jet, in both years, are 
considerably warmer, fresher and lighter than the observed/modeled plume 
properties is indicative of significant mixing with the surface waters which must 
occur as waters from the plume sink and flow away from the glacier. We stress 
that plume model does not include this dilution - something that must be taken 
into account both in interpreting observations taken farther than the ‘plume 
distance’ from any glacier face (presumably roughly equal to the depth at the 
grounding line) and/or in extrapolating plume observations/properties away from 
the glacier. More complex models are needed to capture this mixing and export 
(e.g. Slater et al., 2018). 



96 
 

Despite good agreement between model and observations in the plume 
characteristics, a number of key assumptions are worth commenting on. We have 
assumed that meltwater from the glacier surface emerges from the grounding line 
instantaneously, so that estimated daily surface melting can be equated to daily 
subglacial discharge. Although this is a widespread assumption in glacier-fjord 
studies (Mankoff et al., 2016; Slater et al., 2018; Stevens et al., 2016), it is a 
simplification because a number of hydrological processes will act to delay this 
meltwater, including storage of water in supra- and sub-glacial lakes, and the 
finite transit time of meltwater along the ice sheet surface and bed (Fountain and 
Walder, 1998). This delay is likely to be significantly longer, perhaps even weeks, 
at the beginning of the melt season when there is still a significant snowpack and 
the subglacial drainage system may be inefficient (Chapter 3; De Andrés et al., 
2018; Campbell et al., 2006; Cowton et al., 2013; Schild et al., 2016). As the melt 
season progresses, drainage becomes more efficient with subglacial transit 
velocities exceeding 1 m s-1 (Cowton et al., 2013) so that by late July when our 
field seasons took place, surface meltwater likely emerges from the grounding line 
as subglacial discharge rather rapidly, supporting our assumption. Nevertheless, 
uncertainty on meltwater transit time results in uncertainty in the magnitude of 
subglacial discharge, however we do not believe this is sufficient to modify our 
conclusions. 

Another source of uncertainty is the width of the subglacial channel delivering 
discharge into the fjord. Following Jackson et al. (2017), we have considered a 
channel of fixed width equal to 90 m. It is however expected that channel width 
growths with subglacial discharge due to increased melting of the channel’s walls 
(Greenwood et al., 2016; Lliboutry, 1983). It is therefore plausible that due to the 
overall higher subglacial discharge in 2012 (Fig. 4.8), the main discharging 
channel at SF was larger in 2012 than 2013. A larger channel could contribute to 
the plume not surfacing in 2012; if the discharge is more laterally spread the 
resulting plume is less intense and does not attain the same vertical extent. The 
plume model nevertheless shows that the channel width would have to change by 
a factor of ~ 3 to assume equal importance to the differing fjord stratification. 
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Since channel theory suggests this is unlikely (e.g. Slater et al., 2015), we have 
here focused on the impact of fjord stratification. 

We lastly generalized our results by using the plume model to fit a scaling 
between stratification (𝑁 ), subglacial discharge (𝑄 ), and characteristic plume 

heights NBD and MHD. We found that both characteristic plume heights scaled 
with 𝑁  raised to the power −0.4 and 𝑄  raised to the power 0.26 (Fig. 4.11a), 

which are similar to those obtained by Slater et al. (2016). This means that a 
doubling of subglacial runoff will increase plume vertical extent (NBD and MHD) 
by 18% while a doubling of stratification decreases plume vertical extent by 25%. 
While the net impact on plume vertical extent depends on the intrinsic variability 
of runoff and stratification, this scaling taken together with our observations 
shows that stratification plays a dominant role in setting plume vertical extent. 
In contrast, a doubling of runoff increases total submarine melting by 40% while 
a doubling of stratification decreases total submarine melting by 26% (Fig. 4.11b). 
For submarine melting therefore, stratification is not dominant, but still plays an 
important role that is worth considering in bulk submarine melt rate 
parameterizations. 

4.5.2 Controls on fjord stratification 

Large fjords in Greenland exhibit a characteristic vertical structure where cold 
and fresh polar water (PW) occupies the surface layer and extends to as deep as 
200 m, overlying warmer and saltier Atlantic Water (AW) at depth (Straneo et al., 
2012; Straneo and Cenedese, 2015). SF is relatively shallow, having a maximum 
depth of 230 m, and is separated from the open ocean by sills at 70 m to Tasiusaq 
Fjord and 125 m to Ilulissat Icefjord (Fig. 4.1). As such we do not see AW in 
Saqqarleq Fjord, rather we see cooler Ilulissat Icefjord waters (IIW, Stevens et al., 
2016). Our CTD profiles from SF show three well-differentiated layers during 
summer (Fig. 4.5). The bottom layer (below 100 m depth) is homogeneous with 
properties likely controlled by shear mixing over sills (Carroll et al., 2017; Gladish 
et al., 2015a). Our data showed no interannual variability between 2012 and 2013 
within this layer. In contrast, the intermediate (100 m to 20 m depth) and top 
(above 20 m depth) layers showed interannual variability with an additional 4.5 
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m of freshwater present in these layers in 2012 compared to 2013 (Eq. (4.3) and 
Fig. 4.5). 

By analogy with other fjords around Greenland, water properties in SF are 
expected to experience strong seasonal variability as a consequence of increased 
glacial freshwater inputs and solar radiation during summer (Jackson et al., 2014; 
Schild et al., 2016; Sciascia et al., 2013; Straneo et al., 2011). We have focused on 
contrasting plume dynamics between July 2012 and July 2013, but in fact we also 
observed the plume at the fjord surface in early June 2012, when runoff is low 
(Figs. 4.4 and 4.8). We do not have any records of fjord properties in early June 
2012, but we suspect the plume was able to surface due to a relatively unstratified 
water column at the beginning of the melt season. The strong stratification and 
the subsurface trapped plume in late July 2012 suggests seasonal variability in 
fjord stratification with the fjord becoming more stratified as the melt season 
progresses. 

The additional freshwater in the fjord in July 2012 relative to July 2013 amounts 
to 0.16 Gt when summed over the inner part of SF (i.e. the region shown in Fig. 
4.2). This could be accounted for by the high subglacial discharge in 2012 which, 
by the end of the melt season, exceeded that from 2013 by 0.26 Gt. We do not here 
attempt a rigorous freshwater budget, which would account for additional 
freshwater sources and sinks such as the formation and melting of sea ice, melting 
of the calving front and icebergs, land runoff, and freshwater import and export 
from the fjord. Rather we suggest that due to the strong zones of recirculation 
observed and modeled in SF during summer (Slater et al., 2018), it is plausible 
that a significant fraction of the additional freshwater in 2012 remained in the 
inner fjord long enough to freshen the water column, leading to a stronger 
stratification and inhibiting the vertical extent of the plume in July 2012 
compared to June 2012 and July 2013. The implication is that the glacier itself 
impacts the stratification of the fjord which, in turn, will have an impact on 
glacier/ocean exchanges and on where/how the meltwater is exported (Curry et 
al., 2014; Gladish et al., 2015a, 2015b; Oliver et al., 2018; Straneo et al., 2011). 
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The increased freshwater content of the fjord in 2012 is not limited to the surface 
layer, instead extending to 100 m depth (Fig. 4.5). Precipitation, sea ice melting 
and land runoff would most strongly affect the near-surface, and would have to be 
mixed downwards to significantly impact properties at depth. Therefore the 
increased freshwater content at depth is more likely to have a glacial origin; either 
the melting of large, deep-keeled icebergs (Enderlin et al., 2016; Moon et al., 2018), 
melting of the calving front itself (Slater et al., 2018; Wagner et al., 2019), or the 
trapping of subglacial discharge plumes below the surface (Fig. 4.4; Stevens et al., 
2016). Considering the last point, secondary discharge channels with weaker 
plumes that find neutral buoyancy at greater depths (Slater et al., 2018) may play 
an important role in setting the seasonal fjord stratification. Equally, temporal 
variability in subglacial discharge of the main plume, resulting in periods where 
the plume reaches neutral buoyancy at depth, may drive freshening of the fjord 
and feedback on the dynamics of the plume. Overall we are suggesting that high 
surface melting through the melt season in 2012 may have freshened the fjord, 
driving increased fjord stratification and leading to the suppression of the plume 
later in the melt season. 

4.5.3 Wider impacts of glacier-fjord coupling 

We have provided evidence that surface melting of a marine-terminating glacier, 
and the associated subglacial discharge, together with the fjord’s stratification 
exert a strong control on the dynamics of subglacial discharge plumes with 
implications for melting of the glacier face and export of meltwater. We have also 
speculated that part of the differences between 2012 and 2013 in SF are due to 
the impact of the extreme surface melt of 2012 on the fjord raising the possibility 
of feedbacks between surface melt, submarine melt and export. Considering that, 
under a high greenhouse gas emissions scenario (RCP8.5), subglacial runoff may 
increase by as much as a factor of 6 by the end of the century (Slater et al., 2019), 
it is possible that fjords will become increasingly stratified. Since stratification 
has proven such an important determinant of plume dynamics in this study, it is 
possible that despite the increased buoyancy provided by increased subglacial 
discharge, plumes may reach the fjord surface less over the coming century. This 
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may decrease our ability to observe and monitor plumes based on their surface 
expression, which has served as a basic but important observation for studies of 
fjord processes and subglacial hydrology (Schild et al., 2016; Slater et al., 2017). 

From a biogeochemical perspective, a suppression of the vertical extent of plumes 
driven by increased fjord stratification could limit the upwelling of nutrients in 
deep water masses and from subglacial bed weathering (Cape et al., 2019; 
Hopwood et al., 2018; Meire et al., 2017). Many of these nutrients act as a limiting 
factor for the primary productivity (phytoplankton) within the photic zone (Cape 
et al., 2019). Therefore, in contrast to some expectations (Bhatia et al., 2013), an 
increase in ice sheet surface melting could have a negative impact on the 
productivity of fjords. Considering that primary producers are the base of the 
pelagic ecosystem, a decrease in the productivity of fjord waters could negatively 
impact fisheries and bird populations (Arimitsu et al., 2012; Meire et al., 2017). It 
has also been observed that the surface layer of the fjord waters (in contact with 
the atmosphere) is undersaturated in CO2 during the summer. Around 28% of the 
uptake is attributed to the input of glacial waters and ~72% to primary producers 
(Meire et al., 2015). Therefore, a reduction of these organisms together with the 
subsurfacing of glacial waters could decrease the ability of the fjords to act as an 
atmospheric CO2 sink. 

Regarding the potential implications on the submerged icefront melting, our 
scalings show that stratification does indeed suppress melting of the calving front 
within the plume through dampening of its vertical velocity and extent. However, 
increased subglacial discharge has a stronger influence on melting through 
increasing the vertical velocity, and therefore submarine melt rates are likely to 
increase in response to increased ice sheet surface melting though their vertical 
reach may be diminished potentially leading to undercutting. 

Lastly, stratification likely impacts on circulation more widely in the fjord, though 
this is beyond what we can quantify with a simple plume model. Our 
oceanographic observations of the jet show that due to increased stratification in 
2012 compared to 2013, the jet that carries plume waters away from the glacier 
is deeper (Fig. 4.7) and fresher (Fig. 4.10) in 2012 than in 2013. These waters are 
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subsequently exported from the fjord to the continental shelf where they may 
impact shelf properties (Luo et al., 2016), primary productivity (Arrigo et al., 2017; 
Oliver et al., 2018) and potentially the larger-scale ocean circulation (Böning et 
al., 2016; Saenko et al., 2017). Our observations suggest that in the future, 
increased ice sheet surface melting may stratify Greenland’s fjords and modify 
the depth and properties of waters that are exported to the shelf. Further 
observations and modeling would be needed to better understand how these 
processes will evolve in the future. 

4.6 Conclusions 

This study began with the counterintuitive observation of a surfacing subglacial 
discharge plume in Saqqarleq Fjord in late July 2013 (an average melt year) but 
a subsurface trapped plume during late July 2012 (a record melt year). Increased 
subglacial discharge acts to drive a stronger plume that, in the absence of other 
factors, will have a greater vertical extent and probability of reaching the fjord 
surface. By combining oceanographic observations together with a plume model 
we have shown that the difference between the two years can be explained by the 
increased freshwater content of the fjord in 2012 relative to 2013, resulting in 
stronger fjord stratification and a suppression of the vertical extent of the plume. 
As such, seasonal and interannual variability in fjord stratification has a strong 
impact on the vertical extent of subglacial discharge plumes at tidewater glaciers. 
We suggest that the increased stratification and freshwater content of the fjord in 
2012 compared to 2013 is driven by the glacier itself. In particular, strong ice 
sheet surface melting throughout the summer of 2012, delivered to the fjord as 
subglacial discharge, may have gradually accumulated freshwater in the fjord and 
increased stratification, providing a negative feedback on plume vertical extent. 

Observations of the horizontal jet emanating from the plume in 2012 and 2013 
show that the jet is deeper and more diffuse in 2012, and that it carries fresher 
and lighter water. This interannual difference is consistent with results from the 
plume model, in which the simulated neutral buoyancy depth of the plume proves 
a good estimator of the depth of the jet, and shows once more that the driver of 
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the observed differences is the increased stratification of the fjord in 2012. Since 
waters in the jet are those which will be exported from the fjord, variability in 
fjord stratification will impart variability on the depth and properties of waters 
exported from the fjord to the open ocean. We also showed, however, that the 
properties of waters exported from the glacier/ocean boundary in the jet 
approximately 1.5 km from the ice front cannot be described by a plume model. 
Instead, the jet is carrying strongly diluted plume waters through mixing with 
surface waters. This means that plume models or near-ice front properties are not 
representative of properties of the meltwater/ambient water mixture.  

We generalized our results by fitting a scaling for plume vertical development and 
total submarine melting in terms of fjord stratification (𝑁 ) and subglacial 
discharge (𝑄 ). We found that plume vertical extent is proportional to (𝑁 ) . 𝑄 .  while total submarine melting is proportional to (𝑁 ) . 𝑄 . . These 

highlight the important role played by fjord stratification, and the subglacial 
discharge flux, in the dynamics and impacts of subglacial discharge plumes. 

Looking to the future, we are likely to see increased surface melting of the ice 
sheet in response to climate warming. Our results suggest that through 
increasing the stratification of glacial fjords, it is possible that this melting may 
suppress rather than promote the vertical extent of plumes and their presence at 
the fjord surface. This may limit our ability to monitor plumes remotely, reduce 
the delivery of nutrients to the photic zone, and modify the depth and properties 
of waters exported from the ice sheet to the ocean. Further observations and 
modeling are needed to better understand how the stratification of fjords and 
impacts on physical and biological systems may evolve in the future.
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Chapter 5  
Glacier–plume or glacier–fjord coupled 
models? A detailed comparison for 
Hansbreen-Hansbukta System, Svalbard 

5.1 Abstract 

Up to 30% of the tidewater mass loss corresponds to frontal ablation through 
submarine melting and calving. However, the glacier-fjord interactions remain 
poorly understood and challenging to constrain in our models. We have developed 
a 2D glacier-line-plume coupled model that includes subglacial discharge, 
submarine melting and iceberg calving to simulate Hansbreen-Hansbukta system 
(SW Svalbard). We run the model for 20 weeks, from April to August of 2010, with 
information exchange between glacier and plume models every week. The same 
set up and constraints of a previous glacier-fjord model are used here, making the 
results of both simulations comparable. We found that a 200 m-width subglacial 
discharging channel provides a good fit to observations. We also proved the high 
sensitivity of submarine melting to subglacial-discharge and to intraseasonal 
evolution of fjord temperature, and that calving rates are highly dependent on 
both submarine melt rates and crevasse water depth. Glacier-plume and glacier-
fjord coupled models differed in submarine melt rates (up to 30 % higher for the 
glacier-plume model) and also produced distinct melt-undercutting front shapes, 
which had an effect on the net stress fields near the glacier front. The quasi-linear 
front shape produced by melt-undercutting when the glacier-plume model was 
used promoted higher calving rates than the quasi-parabolic front shape resulting 
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from the use of the glacier-fjord model, although both models predicted similar 
front positions. Given that the glacier-plume model diminished the computational 
time by a factor of >50, we think that it is a suitable candidate for future 
projections of tidewater glacier evolution, as long as we use appropriate 
constraints on subglacial discharge fluxes and ambient fjord temperatures. 

5.2 Introduction 

Glacier mass losses (including glaciers and ice caps) are projected to account for 
79 to 157 mm to global mean sea-level rise (SLR) to the end of the 21st century, 
depending on the emission scenario (Huss and Hock, 2015). Between 10 and 30 % 
of these glacier mass losses correspond to frontal ablation dominated by calving 
and submarine melting in regions such as peripheral Antarctica, Svalbard and 
the Russian Arctic (Hanna et al., 2020; Huss and Hock, 2015). Although the global 
glacier volume is only ~ 0.6% of the ice sheet volume (Greenland and Antarctica), 
the glacier contribution to SLR is close to that of the ice sheets (IPCC, 2019), 
primarily due to the high sensitivity of glaciers to atmospheric and oceanic forcing 
(Holmes et al., 2019; Luckman et al., 2015; Motyka et al., 2013; Rignot et al., 2010; 
Straneo and Heimbach, 2013). Beyond the SLR issue, the freshwater inputs from 
these glacier mass losses generate considerable changes in fjord stratification (De 
Andrés et al., 2020, in rev.) and sediment distribution (Mugford and Dowdeswell, 
2011; Overeem et al., 2017), affecting surrounding marine ecosystems (Hopwood 
et al., 2018; Meire et al., 2017; Oliver et al., 2018), atmospheric CO2 intakes (Meire 
et al., 2015) and regional circulation (Bamber et al., 2018; Oliver et al., 2018). 
Thus, studying processes at the glacier-fjord interface is key to understand 
ongoing changes and to generate future projections.  

One of the key processes favoring submarine melting at tidewater glacier fronts 
and driving freshwater export from fjords is the presence of buoyant plumes. 
Buoyant plumes are primarily driven by subglacial discharge of surface meltwater 
through localized channels at the grounding line, so this process is mostly limited 
to the summer (De Andrés et al., 2020, in rev.; Motyka et al., 2013; Schild et al., 
2016). These plumes carry sediment from the glacier-fjord bottom towards the 
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surface, at times becoming visible at the fjord surface as patches of turbid water 
(De Andrés et al., 2020, in rev.; How et al., 2019; Mankoff et al., 2016). As the 
plumes rise up, they entrain large volumes of ambient fjord waters, increasing 
their initial volume by more than an order of magnitude (Mankoff et al., 2016; 
Mortensen et al., 2013) and acting as the engine of convection-driven circulation 
in the fjords (De Andrés et al., 2018; Motyka et al., 2013), by which the input of 
warmer ocean waters is favored (Straneo et al., 2011). Due to their turbulent 
nature, the buoyant plumes enable ocean heat transfer to the ice, enhancing 
submarine glacier-front melting (Kimura et al., 2014; Sciascia et al., 2013; Slater 
et al., 2015, 2018; Xu et al., 2013). In addition, submarine melting results in a 
change of shape of the submerged part of the glacier front that has an impact on 
calving rates (De Andrés et al., 2018; How et al., 2019; Luckman et al., 2015; 
O’Leary and Christoffersen, 2013; Schild et al., 2018; Vallot et al., 2018) by 
altering the glacier stress field near the terminus (Ma and Bassis, 2019), 
presumably amplifying the total frontal ablation of tidewater glaciers. 

To improve our understanding of the glacier-fjord system interactions, a great 
scientific effort has been made during the last years. Apart from observational 
improvements, we focus here on modeling advances. Recent glacier-fjord coupled 
models have shown that submarine melting is amplified by buoyant plumes, 
acting as a key process to reproduce the observed calving rates and glacier front 
position changes (De Andrés et al., 2018; Vallot et al., 2018). However, due to the 
turbulent nature of the buoyant plumes, high-resolution model domains are 
needed at the glacier front vicinity to realistically simulate glacier-fjord heat 
exchange, so great computational costs are involved. If we aim at simulating 
future projections, we do need to build up computationally more efficient models. 
A suitable option to reduce the computational cost for the fjord domain modeling 
would be to build up a half-cone plume model nested within a low-resolution fjord 
model. The conditions derived from the plume model are used as boundary 
conditions for the fjord and vice versa (Cowton et al., 2016). Nevertheless, recent 
works have indicated that subglacial discharge channels could not be as spatially 
localized as previously thought, but that they could be more widely distributed 
along the grounding line (Fried et al., 2015, 2019; Sutherland et al., 2019). This 
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fact has also been pointed out by recent studies, which suggests that the truncated 
line plume model is the most appropriate for plumes at tidewater glacier fronts 
(De Andrés et al., 2020, in rev.; Jackson et al., 2017). The line plume model is 
originally based on the 1D formulation of Jenkins (2011) and uniformly extended 
over the channel width. The computational requirements to solve this model are 
low (comparisons will be discussed later), which makes it a suitable candidate for 
long-term simulations and future projections. Idealized simulations of a 1D 
coupled flow line-plume model have already been used to study the effects of 
subglacial topography on submarine icefront melting (Amundson and Carroll, 
2018), and provided more realistic simulations that have allowed analyzing the 
response of Greenland outlet glaciers to global warming (Beckmann et al., 2019). 

Here, we build up a 2D glacier-line-plume coupled model that includes subglacial 
discharge, submarine melting and iceberg calving. We simulate the response of 
Hansbreen glacier, in SW Svalbard, during five summer months in 2010 (April to 
August). We set up the model identically to our previous work (De Andrés et al., 
2018), where a glacier-fjord coupled model was built, used for simulations and 
validated with observations. As the same constraints are used in both models, we 
can study the differences in submarine melt rates and front morphologies, net 
stress fields, calving rates and front position changes resulting from the use of 
each model. We evaluate the glacier-plume model performance and its suitability 
as a tool for future projections.  

5.3 Methods 

5.3.1 Study area and data 

Hansbreen Glacier-Hansbukta Fjord system is a branch of the Hornsund fjord, in 
South-west Spitsbergen, Svalbard, at ~ 77ºN (Fig. 5.1), which was thoroughly 
described in Chapter 3, Section 3.3. 
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Figure 5.1 Location of Hansbreen-Hansbukta, Svalbard (inset). ASTER image of Hansbreen-
Hansbukta showing the location of the modeled flowline (red line, extended into Hansbukta) and 
the locations of the stakes for velocity measurements (colored circles). Only the velocity stakes 
marked with blue circles were used in our analysis. Yellow circles in Hansbukta show the location 
of CTD stations used as ambient properties in the line-plume model. Position of the time-lapse 
camera is represented by the white triangle. The axes include the UTM coordinates (m) for zone 
33X. 

Hansbreen is a tidewater glacier about 16 km long and 2.5 km wide. It has a 1.5 
km-wide calving front, with a vertical face  that is ~100 m-thick at the central 
flowline, of which 50-60 m are submerged. Surface velocity increases towards the 
terminus, reaching values up to ~7 m week-1. Iceberg calving usually starts in 
May and ends in October, and the mean annual calving rate is ca. 250 m a-1 
(Blaszczyk et al., 2009). Hansbukta is ~2 km-long and shallow fjord (< 80 m in 
depth), with water depth close to the glacier front of around 55-57 m.  

Observational constraints on the glacier model include: surface velocities, front 
positions, ice-mélange coverage, surface elevation, bedrock topography and 
surface mass balance estimates (see Chapter 3; De Andrés et al., 2018). Ice surface 
velocities were measured daily, from May 2005 to April 2011, at stakes located 
close to the flowline (Puczko, 2012), and from terrestrial laser scanner for the 
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velocities at the glacier terminus (Otero et al., 2017). Front position data and ice-
mélange coverage from time-lapse camera images taken every three hours were 
processed and averaged over weekly intervals between December 2009 and 
September 2011 (Otero et al., 2017). Surface mass balance (SMB) was obtained 
from European Arctic Reanalysis (EAR) data, with 2 km horizontal resolution and 
hourly temporal resolution, constrained by automatic weather stations and stake 
observations (Finkelnburg, 2013). The algorithm solving for the SEB takes into 
account net radiation, sensible heat flux, latent heat flux, and heat flux across the 
glacier surface for glaciered areas, and across the ground for non-glaciered areas, 
and encompasses all heat fluxes involved in melt and refreezing processes within 
the snowpack. Bedrock topography was inferred from ground-penetrating radar 
(GPR) data (Grabiec et al., 2012; Navarro et al., 2014). 

 

Figure 5.2 Observations of conservative-temperature (𝛳) and absolute-salinity (SA) profiles from 
CTD stations located ~ 300 m from Hansbreen front (Fig. 1). These profiles are used as ambient 
conditions in the line-plume model and the temporal evolution is represented by colors. Grey 
profiles represent the profiles that have been linearly interpolated in time. 

Glaciological and oceanographic data overlapped for 5 months (see Chapter 3, Fig. 
3.3), limiting our coupled modeling from April to August of 2010 (~ 20 weeks). 
During this period, several water temperature and salinity data sets are available 
and data gaps were linearly interpolated, maintaining the vertical structure of 
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the water column (i.e. the interpolation was applied to each vertical level) (Fig. 
5.2).  

5.3.2 The coupled glacier-plume model 

5.3.2.1 Glacier dynamics model 

The ice flow model has been described in previous work (De Andrés et al., 2018; 
Otero et al., 2017) and in Chapter 2, Section 2.2, so we include here only the 
essential details, which help to understand this study (see Eqns. 2.1-2.10). 

Ice is treated as an incompressible viscous fluid. The Stokes system of equations 
is used to model the dynamics of glacier ice. A body force term is added to the 
conservation of linear momentum equation to account, in a 2D model, for friction 
from the shear margins, assuming a parabolic shape (Jay-Allemand et al., 2011). 
As constitutive relation, we adopt Nye’s generalization of Glen’s flow law. We 
introduce a fracture-induced softening term to quantify the loss of load-bearing 
surface area due to fractures (Borstad et al., 2012). The time evolution of the 
glacier surface is calculated by solving the free-surface evolution equation that 
takes into account the flow of ice and the surface mass balance. 

As boundary conditions, we consider the upper surface of the glacier to be a 
traction-free boundary with no explicit boundary conditions on velocities. At the 
ice divide, horizontal velocity and shear stresses are set to zero. The space-
dependent friction coefficient at the glacier bed is determined using an inverse 
Robin method (Arthern and Gudmundsson, 2010; Jay-Allemand et al., 2011). At 
the glacier terminus, we set backstress to zero above sea level and equal to the 
water-depth-dependent hydrostatic pressure below sea level.  

Crevasse depth is calculated as the depth where the longitudinal tensile strain 
rate tending to open the crevasse equals the creep closure resulting from the ice 
overburden pressure. Calving is assumed to occur when surface crevasses reach 
the waterline (Benn et al., 2007). The water pressure contributing to crevasse-
opening is a function of the depth of the water filling the crevasse (𝐷𝑤, in m), 
which can be considered either constant or as a function of the surface meltwater 
production (SMW, in m week -1), as described in De Andrés et al. (2018), such that: 
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𝐷𝑤 = 𝑓 · 𝑆𝑀𝑊 · ∆𝑡  ,                                             (5.1) 

where ∆𝑡 is the glacier model time-step (one week), and 𝑓 is a non-dimensional 

adjustable parameter used to parameterize the unknown 𝐷𝑤 in terms of the 
SMW. 

As described in Chapter 2 (Section 2.2.5) and Chapter 3 (Section 3.4.2),the glacier 
domain is divided into a rectangular mesh with 10 vertical levels and a horizontal 
grid resolution increasing from ~ 50 m in the upper glacier up to ~ 25 m close to 
the front. The system of equations is solved using Elmer/Ice (Gagliardini et al., 
2013) and the 2-D stress and velocity fields are computed along the glacier central 
flowline (Chapter 3, Fig. 3.1). Each time step, surface elevations are computed 
from surface mass-balance estimations and surface velocities (Eq. 2.8), and the 
grid nodes are shifted vertically to fit the new geometry. At the terminus, the grid 
nodes are shifted down-glacier according to the velocity vector and the length of 
the time step, and the terminus position is updated according to the calving 
criterion. If for a given time step calving is produced, the model domain is 
remeshed assuming a vertical ice front. Otherwise, we preserve the shape of the 
front resulting from submarine melt undercutting (see Chapter 3, Section 3.2). 

Prognostic model runs were carried out with a ~ 1-week (1/48 of a year) time step. 
Every 4 weeks (four time steps), we ran an initialization process for the glacier 
model, which consisted of solving the Robin problem to force a best-fit basal 
friction coefficient to be used for the subsequent four model time steps. This 
initialization was done to minimize the misfit between observed and modeled 
velocities. 

5.3.2.2 Buoyant line-plume model 

There are several options to introduce the submarine melting experienced by 
Hansbreen’s front. In Chapter 3, we solved the circulation in Hansbukta fjord, 
calculated weekly the submarine melt and coupled the fjord circulation model to 
the glacier dynamics model with a considerable computational cost (De Andrés et 
al., 2018). In the present study, we aim to reduce the fjord-model computational 
cost by parameterizing the buoyant plume. The buoyant plume theory is a 
common tool for estimating submarine front melting and studying the impact of 
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subglacial meltwater discharge on calving rates (De Andrés et al., 2018; Carroll 
et al., 2015, 2016; Jenkins, 2011; Slater et al., 2017, 2016). According to previous 
studies (De Andrés et al., 2020, in rev.; Fried et al., 2015; Jackson et al., 2017), we 
use here the line plume model of Jenkins (2011), which was previously detailed in 
Chapter 2, Section 2.5, and it is briefly reminded here.  

 

Figure 5.3 Idealized Hansbreen-Hansbukta interface where a schematic of the buoyant line-
plume model is represented. Note that the cross-sectional width of the plume is that of the 
discharging channel. Plume thickness, b, grows towards the fjord surface due to the entrainment 
of ambient and melt waters. Subglacial discharge intensity (𝑄 ) and ambient properties, 
temperature (𝑇 ) and salinity (𝑆 ), will determine plume thickness (𝑏) and properties (𝑇 and 𝑆) at 
a given depth. Also shown in the picture is a crevasse filled by surface melt water (𝐷𝑤). 

The evolution of the plume properties: thickness (𝑏), vertical velocity (𝑢), 
temperature (𝑇) and salinity (𝑆), along the vertical tidewater face (𝑧) is described 
here by four ordinary differential equations that conserve the fluxes of mass, 
momentum, heat and salt (from Eqns. 2.24-2.30, in Chapter 2, Section 2.5): 𝑑𝑑𝑧 (𝑏𝑢) = ė + ṁ ,                                                       (5.2) 

𝑑𝑑𝑧 (𝑏𝑢 ) = 𝑏𝑔 − 𝐶 𝑢  ,                                           (5.3) 
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𝑑𝑑𝑧 (𝑏𝑢𝑇) = ė𝑇 + ṁ𝑇 − 𝛾 (𝑇 − 𝑇 ) ,                  (5.4) 

𝑑𝑑𝑧 (𝑏𝑢𝑆) = ė𝑆 + ṁ𝑆 − 𝛾 (𝑆 − 𝑆 ) ,                  (5.5) 

where subscripts a and b indicates ambient and boundary, respectively. The 
reduced gravity is defined by virtue of Eq. (2.27) and the entrainment rate 
(considered as a linear function of the plume velocity) take the form of ė = 𝛼 𝑢, 
where 𝛼 is the entrainment coefficient. Turbulent transference of heat and salt 
are also considered proportional to the plume vertical velocity (Eq. 2.23).  

The model is closed using the 75-term non-linear equation of state (TEOS-10, 
McDougall and Barker, 2011) to calculate the plume, 𝜌, and ambient, 𝜌 , 
densities; and three thermodynamic-equilibrium equations (Eqns. 2.20-2.22) at 
the ice-ocean interface (Holland and Jenkins, 1999), which allows us the 
estimation of the submarine melt rate, ṁ, in m s-1, at the calving front. The 
definitions and values of all physical parameters can be found in Chapter 2, Table 
2.1. 

5.3.2.3 The coupling mechanism 

Coupling between our glacier and fjord models is accomplished through two main 
mechanisms, as already explained in Chapter 2 (Section 2.6). First, depth-
dependent submarine melt rates are weekly calculated by the plume model and 
used to modify the shape of the submerged part of Hansbreen front. The resulting 
changes in the front shape define a new glacier model domain, which implies 
changes in the stress regime calculated by the model. Second, front position 
advances/retreats from the glacier dynamics makes the submerged part of the 
front susceptible to change. From the plume-model perspective, the submerged 
ice front (left fjord boundary) is assumed to remain vertical at any time (even in 
the absence of iceberg calving), since changes in ice-front shape do not have a 
significant effect on plume dynamics or submarine melt rates (Slater et al., 2017). 
Both models run asynchronously and automatically, exchanging information 
every modeled week, according to the glacier-model time-step. The total modeled 
time was 20 weeks: 17 weeks constrained by CTD observations (from April 1st to 
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August 9th of 2010, interpolated when data is not available) plus 3 additional 
weeks based on mooring data (Chapter 3, Fig. S3.1).  

5.3.3 Experiments 

The potential differences between the coupled glacier-fjord and glacier-plume 
models are studied here. To make both models comparable, a subglacial channel 
of 200 m width is assumed for the line plume model, so the meltwater discharging 
velocities, 𝑢 , will be equal to those obtained in Chapter 3. All the following 

experiments have also been prepared according to the procedures in our previous 
work where the glacier-fjord model was used (De Andrés et al., 2018).  

5.3.3.1 Sensitivity of submarine melting to subglacial discharge 

In this experiment, we tested how the modeled submarine melt rates at the glacier 
front would change under different configurations of 𝑢 . For these simulations, 

we run the coupled model with 𝐷𝑤 = 0. Despite having already estimated the 𝑢  

velocities which best matched the observations (De Andrés et al., 2018), we 
performed additional simulations with 𝑢  values lower (zero) and higher (double) 

than those resulting from the best fit, in order to obtain potential information 
about our model performance, and to evaluate the sensitivity of submarine 
melting to subglacial discharge intensity. 

Scenario 0: 𝑢  is assumed to be zero during the entire simulation (Table 5.1). 

This allows us to analyze how submarine melting evolves throughout the summer 
in the absence of turbulent buoyant plumes (though weak laminar plumes are 
potentially formed as submerged ice melts), thus showing the effect of ocean 
thermal forcing alone. 

Scenario 1: It represents the best-fit 𝑢  scenario obtained in the subglacial-

discharge-tuning experiment of De Andrés et al. (2018), so it can be considered as 
the most realistic scenario for our coupled model (see values in Table 5.1). 
Scenario1 is also used to test the influence that submarine melting exerts on 
glacier front dynamics (see next experiment). 
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Scenario 2: In this scenario, 𝑢  values are the same as in Scenario 1 for weeks 

1-12, and then are doubled to the end of the modeling period (Table 5.1). This shift 
in 𝑢  represents possible sudden discharge events associated with more intense 

surface melting episodes not registered by our observations, and allows us to 
analyze the impact of the subsequent submarine ice melting on calving. 

5.3.3.2 Sensitivity of front position and calving rates to submarine 
melting and crevasse water depth 

Here, we focus on two mechanisms controlling calving rates and front position 
changes during the summer: submarine melting (𝑆𝑀𝑅) (Morlighem et al., 2016; 
Seroussi et al., 2017) and crevasse water depth (𝐷𝑤) (De Andrés et al., 2018; Cook 
et al., 2014; Otero et al., 2017). First, we analyze the contribution of 𝑆𝑀𝑅 alone to 
calving and front position changes. We used the three different scenarios of 
subglacial discharge described above, while maintaining 𝐷𝑤 equal to zero. Second, 
to evaluate the contribution of 𝐷𝑤 to calving and front position changes we ran 
the coupled model maintaining fixed the 𝑆𝑀𝑅 contribution. We used the best-fit 𝑆𝑀𝑅 scenario (Scenario 1) and performed several runs varying 𝐷𝑤 in two ways: (i) 
applying constant values of 𝐷𝑤 = 0, 2, 3 m; and (ii) considering surface-meltwater-
dependent 𝐷𝑤 (Eq. 5.1), with 𝑓 = 75, 100 , 130. This experiment will allow us to 
determine which configuration produces the best fit between modeled and 
observed front position changes, and the relative importance of each mechanism 
in controlling calving and/or front position. 

5.3.3.3 Comparison between glacier-fjord and glacier-plume coupled 
models 

In this experiment, we focus on the different results obtained from the two 
coupled-models. Once the configuration that best matches the observed front 
positions is established, we compare how the submerged ice-front melting evolves 
throughout the summer for both coupled models: the glacier-plume and the 
glacier-fjord. In addition, we estimate the weekly and vertically integrated 
ablation due to submarine melting calculated with each model. We also study the 
shape of the melting profiles produced by each model, trying to establish patterns 
of a “characteristic profile” for each model. Finally, we analyze how these 
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characteristic profiles affect the net-stress field near the glacier front and their 
implications on calving rates and front position. 

Table 5.1. Time series of subglacial discharge velocities (𝑢𝑠𝑔) used in the different scenarios 
described in the text.  
 

 𝒖𝒔𝒈 (m s-1) 

Simulation week Scenario 0 Scenario 1 Scenario 2 
1 

0 

10-3 
3 
5 2 · 10-3 
7 
9 5 · 10-3 
11 10-2 2 · 10-2 
13 
15 

5 · 10-2 10-1 17 
20 

 

5.4 Results 

5.4.1 Submarine front melting under different subglacial 
discharge scenarios without water in crevasses 

We here investigate the different melting scenarios obtained with our glacier-
plume coupled model, using different 𝑄  configurations, so that they are 

comparable with our previous glacier-fjord coupled-model results (Chapter 3; De 
Andrés et al., 2018). Briefly, Scenario 0 has quasi-null discharge, Scenario 1 is the 
most realistic one, and Scenario 2 keeps the same discharge as Scenario 1 until 
week 11, and then the discharge is doubled (Table 5.1).  

A common characteristic of the three scenarios, for both models, is that submarine 
melting increases as summer progresses (Fig. 5.4), becoming maximum in week 
17. This increase could be explained by the increase in 𝑄  and ambient 

temperatures throughout the summer (see Table 5.1 and Fig. 5.2). However, 
submarine melting following week 17 drops slightly in the plume model, while it 
is kept at the maximum level in the fjord model. Another characteristic common 
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to the three scenarios, despite having different discharge fluxes, is that the 
submarine ice melting produced until week 7 is <1 m week ⁻¹, which is similar in 
both models and is consistent with the low 𝑄  (≤ 0.002 m³ s⁻¹, see Table 5.1) and 

with the ambient temperature (<-1 ° C) during these weeks (see Fig. 5.2). Another 
important aspect is that, in the plume model, maximum melt rates take place at 
depth (Fig. 5.4a), near the channel mouth (except for the first weeks of scenario 
0, when the maximum melt rates occur at intermediate depths, between 16 and 
27 m). The fact that maximum melt rates occur in the vicinity of the grounding 
line remarks the important role that the velocity of the subglacially discharged 
meltwater plays on the calculation of submarine melt rates in the line-plume 
model (Eqns. 2.20-2.22). This aspect differs from the results obtained with the 
fjord model, in which the melting profile indicates that the maximum melt rates 
occur at intermediate depths, at around 30 m (Fig. 5.4b). 

Analyzing the scenarios separately we obtain that the rates of submarine front 
melting under Scenario 0 of the plume model (Fig. 5.4a) vary from 4 × 10⁻³ m 
week⁻¹ in April to ~ 5 m week ⁻¹ in August, i.e. it increases by three orders of 
magnitude. Therefore, we see that, even in the absence of subglacial discharge, 
the heating experienced by the fjord as the summer advances has a significant 
effect (not negligible at all) on the submarine front melting obtained when using 
the glacier-plume coupled model. This characteristic is common to the fjord model 
(Fig. 5.4b), although the maximum melt rates for the latter were lower, ~ 2 m 
week⁻¹. 
Scenarios 1 and 2 of the plume model share the same discharge from week 1 
(beginning of April) to week 11 (end of June), both producing maximum melting 
rates from ~ 0.1 m week⁻ ¹ in April, to ~ 3 m week⁻¹ at the end of June. In the case 
of the fjord model, the maximum melt rates between weeks 1 and 11 are lower 
(there is even refreezing) than those obtained with the plume model, ranging from 
~ 0.01 m week⁻¹ in April to ~ 2 m week⁻¹ at the end of June. That is, the relative 
differences in melt rate between both models are larger in the first week, of 
approximately 90%, becoming smaller as they move towards week 11, where the 
relative difference between submarine melt rates is reduced to 33%.  
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Figure 5.4 Time-evolution of submarine melt rates (SMR) estimated with (a) the glacier-plume 
and (b) the glacier-fjord models, both with no water in the crevasses. Three different scenarios are 
shown for each model, obtained from null subglacial discharges in Scenario 0 and amplifying 
towards Scenario 2 (see Table 2). The submerged part of the ice front (all the colored parts of the 
panels) increases with time, as a consequence of Hansbreen advance towards a Hansbukta basin. 

From week 11, scenarios 1 and 2 differ in their melt rates. In Scenario 1 of the 
plume model (fjord model) maximum melt rates of ~ 4 (2.5) m week⁻¹ are obtained 
in week 12 −early July− and around 16 (16) m week⁻¹ during weeks 17 and 18 
−middle of August−. Corresponding values for maximum melt rates of the plume 
model (fjord model) for Scenario 2 are ~ 4.5 (3.5) m week⁻¹ at the beginning of July 
and around 19 (21) m week⁻¹ in the middle of August. In both scenarios, we see 
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how the relative differences between the maximum melt rates obtained with both 
models are reduced as the summer progresses and as the discharging flow 
increases. 

5.4.2 Evolution of the front position under different 
configurations of submarine melting and crevasse water 
depth 

To evaluate the possible influence of submarine melting in the calving processes 
and front position, we have simulated the evolution of the front i) under the three 
different melting scenarios, while assuming that there is no water in the 
crevasses, and ii) under the more realistic melting Scenario 1 , while varying the 
crevasse water depth (𝐷𝑤). The results are presented in Fig. 5.5, where the results 
obtained with the fjord model have also been added (De Andrés et al., 2018) to 
facilitate comparison. 

In the absence of water in crevasses, both the glacier-plume (Fig. 5.5a) and the 
glacier-fjord models (Fig. 5.5b) exhibit a similar pattern: continuous advance of 
the glacier front and no calving events under Scenario 0 of melting, and 
discontinuous progress under scenarios 1 and 2 of melting, due to calving events 
taking place in late summer. In scenarios 1 and 2, the first calving event occurs 
one week earlier (week 14) in the plume model compared with the fjord model 
(week 15). The total frontal ablation due to calving under Scenario 1 (Scenario 2) 
amounts to ~ 29 (65) m throughout the summer in the plume model, while for the 
fjord model it is of around 17 (31) m. This indicates that submarine melting 
resulting from the plume model amplify the instability of the glacier front, and 
the calving events, compared with the fjord model. We note that all melting 
scenarios produce front positions more advanced than those observed. Also, that 
submarine melting alone is not able to reproduce the observed front position. 
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Figure 5.5 Time-evolution of Hansbreen front position resulting from the glacier-plume (left 
panels) and glacier-fjord (right panels) models: (a) and (b), the model run with no influence of 
crevasse water pressure (𝐷𝑤 = 0 m) and assuming three different scenarios of submarine melting 
(shown in Fig. 4); (c) and (d), submarine melting of Scenario 1 (best fit) and three different values 
of 𝐷𝑤 (0, 2, 3 m); (e) and (f) the model also runs with Scenario 1 of melting, but 𝐷𝑤 is now a function 
of surface melting (Eq. (1)), with f-ratios of 75, 100 and 130. Observations are represented with 
black dots. 

Keeping the more-realistic melting scenario (Scenario 1), we can evaluate the 
influence that the depth of water in the crevasses exerts on the calving and the 
position of the front. First, we analyze the effect that different values of 𝐷𝑤 (0, 2 
and 3 m, constant throughout the simulation period) cause on the front, using the 
results of the glacier-plume (Fig. 5.5c) and glacier-fjord (Fig. 5.5d) coupled models. 
The most evident feature in both models is the positive relationship between 𝐷𝑤 
and calving. With 𝐷𝑤 ≠ 0, the first calving event occurs during week 10 in both 
models, but for 𝐷𝑤 = 2 m (𝐷𝑤 = 3 m), the plume model accumulates a total of ~ 69 
(92) m of calving, higher than the 61 (73) m obtained with the fjord model. It 
should be noted that, with identical configurations, the front positions resulting 
from the glacier-plume model are in general closer to the observations than those 
produced by the glacier-fjord model. In fact, the best-fit configuration for the 
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glacier-plume model is that of 𝐷𝑤 = 3 m, with a root-mean-squared error (RMSE) 
of 8 m from observations, which is smaller than the 12 m obtained with the 
glacier-fjord model. 

 

Figure 5.6 Model residuals. Simulated vs observed front positions of the best-fit configuration 
(Scenario 1 of submarine melting and 𝑓 =  75 of crevasse water depth) resulting from the glacier-
plume (red crosses) and the glacier-fjord (blue blades) models. 

In a second experiment, we express 𝐷𝑤 as a function of the surface melting that 
the glacier experiences throughout the summer, such that 𝐷𝑤 ∝  𝑓 · 𝑆𝑀𝑊 (Eq. 
5.1), and we analyze the sensitivity of the front position to parameter 𝑓under 
Scenario 1 of melting. In Fig. 5.5e and f) we present the front positions of 
Hansbreen obtained with the glacier-plume and the glacier-fjord models, 
respectively, for 𝑓 = 75, 100, 130. In the same way as in the previous experiment, 
a positive relationship between 𝐷𝑤 (and therefore, parameter 𝑓) and calving rates 
is observed. In the glacier-plume model, the first significant calving event occurs 
at week 11 for 𝑓 = 100, 130 and at week 12 for 𝑓 = 75. These first calving events 
coincide with those of the glacier-fjord model, except for 𝑓 = 100, whose first event 
takes place on week 12. The accumulated calving in the glacier-plume (glacier-
fjord) model during the entire simulated period is 100 (91) m for 𝑓 = 75, 130 (114) 
m for 𝑓 = 100 and 155 (141) m for 𝑓 = 130. As in the previous case (𝐷𝑤 constant), 
the results indicate that the submarine melting generated by the plume model 
exerts a greater effect on the destabilization of the front, amplifying the calving 
rates and thus frontal ablation. Despite these differences, the best fit 
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configuration in both the glacier-plume and the glacier-fjord coupled models is 
that of Scenario 1 of melting and 𝑓 = 75, for which the RMSE with respect to the 
observed front position is of 10 m in both models. In fact, the squared errors of the 
two best-fit models calculated every week show similar deviations with respect to 
observations (Fig. 5.6). Overall, both model predictions overestimate the glacier 
front position (more advanced than observed), although a large number of the 
most marked deviations concentrates at longer glacier lengths (Fig. 5.6), 
corresponding to the middle-end of June 2010 (weeks 10 to 12). In the glacier-
plume model, however, the largest deviation from observations is of 25 m and 
takes place in week 17 (see Fig. 5.5), when the glacier front starts retreating. This 
differs from the glacier-fjord model, where the maximum deviation, of 21 m, occurs 
at the end of the simulation period (week 20), when the glacier is already retreated 
to almost its initial position. 

Consequently, according to the results obtained, the best-fit configuration in the 
glacier-plume coupled model seems to be that of Scenario 1 and 𝐷𝑤 = 3 m. 
However, the differences between this one and Scenario 1 and configuration 𝑓 =75 are not statistically significant, since the one-way ANOVA (ANalysis Of 
VAriance) indicates p > 0.05. For this reason, we choose the configuration of 
Scenario 1 and as best-fit 𝑓 = 75, in order to compare its results with those of the 
glacier-fjord coupled model previously reported in De Andrés et al. (2018). 

5.4.3 Submarine melting and net stress distribution under the 
best-fit configuration 

In this section, we compare the submarine melt rates obtained from the 
configuration that best matched front position observations (Scenario 1 and 𝑓 =75) using the two models, glacier-plume and glacier-fjord (Fig. 5.7). We first 
observe that the submerged ice front is invariant with respect to the model used, 
since the results from both models show identical evolution. The ice front is 
submerged around 56 m in depth from week 2 to 9. In week 10, the submerged 
part of Hansbreen front deepens to 64 m, remaining at this level until week 17. 
During this period (weeks 10-17), around 70% of the front of Hansbreen is 
submerged, which is the maximum for the modeled period and coincident with the 
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most advanced front position. From week 18 ahead, the front retreats to locations 
where submerged depths are of 56 m. 

 

Figure 5.7 Time-evolution of submarine melt rates (𝑆𝑀𝑅) estimated with the best-fit 
configuration (Scenario 1 of melting and 75 𝑓-ratio for 𝐷𝑤) of (a) the glacier-plume and (b) the 
glacier-fjord models. The submerged part of the ice front (all the colored parts of the panels) 
changes with time, as a consequence of Hansbreen advance over Hansbukta bottom. 

A characteristic common to both models is that submarine melting until week 7 
is <1 m week ⁻¹, which is consistent with the low 𝑄   (≤ 0.002 m³ s⁻¹, see Table 

5.1) and ambient temperature (< -1 ° C) during these weeks (see Fig. 5.2). 
Maximum melt rates are approximately 15 m week-1 and occur in week 17 for both 
plume and fjord models (Fig. 5.7). As pointed out in Section 5.4.1, the maximum 
melting rates in the plume model occur at depth, near the channel mouth, 
highlighting the importance of the subglacial discharge velocities when 
estimating submarine melt rates. This aspect, however, differs from the results 
obtained with the fjord model, in which the melting profile indicates that the 
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maximum melting rates occur at intermediate depths, around 30 m (Figs. 5.7 and 
5.8). To analyze the differences of melting profiles in more detail, the results 
obtained with each model, week by week throughout the entire simulation period, 
has been represented in Fig. 5.8. For weeks 1 to 4, the melting profiles in the 
glacier-plume model have their minima at depth and at surface, reaching the 
maxima at the subsurface level down to 20 m depth. However, the glacier-fjord 
model profiles present their melting maxima near the grounding line and their 
minima at surface. Over the following weeks, the profiles of both models evolve 
towards their “characteristic profile”, which is reached from week ~ 9 ahead. For 
the glacier-plume model, this characteristic profile shows the maximum melting 
at depth, near the subglacial discharge channel, and the minimum towards the 
surface. Looking at the profiles of week 14 onwards in Fig. 5.8, we can see a quasi-
linear relationship between submarine melt rates and depth. On the other hand, 
the “characteristic profile” corresponding to the glacier-fjord model shows the 
maximum melt rate within the central region of the submerged front and the 
minima at depth and at surface, giving it a parabolic shape.  

In general, in Fig. 5.8, we observe that the melt rates obtained are higher for the 
glacier-plume than for the glacier-fjord model, until week 16. Past this time, they 
match each other quite closely. To quantify and analyze the evolution of the total 
melting experienced by Hansbreen front during each week, we vertically integrate 
the weekly melt rates and make a comparison between both models (Fig. 5.9). We 
verify that the total weekly melting is up to ~ 30% higher for the plume model 
than for the fjord model until week 17, where submarine melt rates of ~ 900 and 
~ 850 m² week⁻¹ are reached for each model, respectively. Thereafter, submarine 
melting obtained with the fjord model overlaps that of the plume model, although 
both show a decreasing trend, to ~ 750 and ~ 700 m² week⁻¹, respectively. 
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Figure 5.8 Melting profiles from week 1 to 20 obtained with the glacier-plume (blue line) and 
glacier-fjord (red line) models. The glacier front would be at the left side, so submarine melt rates 
(𝑆𝑀𝑅) are expressed in negative ice melted meters per week. To remark the different profiles of 
both models, the x-axes limits vary within weeks. 
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Figure 5.9 Comparison of the vertically integrated submarine melting obtained with the glacier-
plume (blue bars) and glacier-fjord (red bars) models from week 1 to 20. 

After evaluating the characteristic profiles and mass loss due to submarine 
melting resulting from both models, we study their impact on the stress field near 
Hansbreen terminus. As an example, we illustrate in Fig. 5.10 these net stress 
fields within the 300 m closest to the glacier terminus, over the last four weeks of 
the simulation period (weeks 17 to 20). The stress fields for the glacier-plume and 
the glacier-fjord models are shown in Figs. 5.10a and b, respectively, while Fig. 
5.10c shows their difference. As expected, both models show positive (extensional) 
net stress values of up to ~ 250 MPa at the glacier surface, decreasing to negative 
values (compressional) of around -1000 MPa at the bottom. Near the front, 
different geometric front shapes are found due to submarine melting (weeks 17 
and 19, undercutting front profile) and calving (weeks 18 and 20, vertical front 
profile). Net stress is positive within the uppermost part of the glacier front in 
both models, favoring calving, although some slight differences between both 
models can be observed.  
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Figure 5.10 Net stress field distribution along the 300 m near the glacier terminus resulting in 
simulation weeks 17 to 20, from (a) the glacier-plume model and (b) the glacier-fjord model. The 
difference between net stresses of both models are shown in (c). Ice flow is positive to the right, so 
the x-axes values are negative towards the divisory line and 0 m at the glacier front.  
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Looking closely at the plume-fjord anomaly (Fig. 5.10c), we see differences 
between both models of more than ± 50 MPa all along the represented glacier 
terminus. We focus here on the grid cells immediately closer to the front, which 
show that the glacier-plume model presents net-stress values 50 MPa larger than 
those of the glacier-fjord model in the uppermost grid cells for weeks 17 to 19, thus 
favoring calving during that period. Linking the characteristic profiles of 
submarine melting found for each model to the more extensional net stress 
observed with the glacier-plume model, we arrive at the same conclusions recently 
reached by Ma and Bassis (2019). They showed that parabolic submarine melting 
profiles, which we find for the glacier-fjord model, tend to calve less than 
submarine melting profiles that increase linearly with depth, as happens with the 
glacier-plume model in our case. In fact, we have seen in the previous Section 
(5.4.2) how the glacier-plume model exhibited higher calving rates than the 
glacier-fjord model and accumulated more frontal ablation due to both submarine 
melting and calving. 

5.5 Discussion 

5.5.1 Submarine melt controllers 

According to our results, the two main mechanisms controlling submarine glacier-
front melting are the subglacial discharge intensity and the fjord water 
temperature variations (Figs. 5.4, 5.7, 5.8 and 5.9), which agrees with numerous 
previous studies (De Andrés et al., 2018; Beckmann et al., 2018; Carroll et al., 
2015; Jenkins, 2011; Slater et al., 2016; Straneo and Heimbach, 2013). Here, we 
discuss about some of the caveats we found in constraining these mechanisms 
when using our models. We also explain the methods that we used to minimize 
such caveats and some considerations regarding future works. 

Observations of subglacial discharge rates are rarely available. On the other 
hand, it has been shown that, from a certain threshold value (Beckmann et al., 
2018), subglacial discharge play a fundamental role in the amplification of 
submarine melt rates. Accordingly, we justify our choices of subglacial discharge 
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rates as follows. Commonly, the surface meltwater production (SMW) is estimated 
from regional climatic models and it is assumed to reach the fjord instantaneously 
(Amundson and Carroll, 2018; De Andrés et al., 2020, in rev.; Slater et al., 2018; 
Stevens et al., 2016) through a subglacial channel of fixed location and width (De 
Andrés et al., 2020, in rev.; Jackson et al., 2017), thus providing the discharge 
flows used to constrain the models. However, the subglacial meltwater flux 
entering the fjord through the grounding channel does not only depend on the 
evolution of surface melting, but also on the subglacial hydrology. To assess the 
location of the main discharge channels, it is common to use hydraulic potential 
models combined with a subglacial topography (e.g. De Andrés et al., 2020, in rev.; 
Stevens et al., 2016), or simply a plume recording at surface (De Andrés et al., 
2020, in rev.; How et al., 2019). Although hard efforts have been made in the field 
of subglacial hydrology, there are still many processes that remain poorly 
understood or that are so complex that are not considered when simulating glacier 
dynamics. Among these processes we could cite meltwater intraglacial pathways, 
the development or presence of firn aquifers, the filling of supra, intra and 
subglacial lakes, refreezing processes, the basal geothermal heating and 
associated melting, or the seasonal evolution of the subglacial hydrological system 
(Andrews et al., 2014, 2018; Bartholomaus et al., 2015; Cowton et al., 2013). 
Currently, we have no data on the aforementioned processes for Hansbreen. On 
the other hand, as we have proven previously, calving rates and front position 
largely depend on submarine melt rates, so an optimal choice of the subglacial 
discharge is essential to obtain the most realistic submarine melt rate estimates. 
Consequently, in order to minimize the uncertainty associated with subglacial 
hydrology, we resolved the fjord circulation, and inversely inferred the subglacial 
discharge intensity for every simulated week (De Andrés et al., 2018). To do it, we 
relied on the criterion of best approximation between observed and modeled fjord 
temperature and salinity. In this way, we obtained a best-fit subglacial discharge 
associated to each week. From the SMW estimates, we calculated a channel width 
of about 200 m through which the meltwater drains. This channel width agrees 
with that observed in other Svalbard glaciers (Pfirman and Solheim, 1989), as 
well as the observed morphology of Hansbreen’s front (Ćwiąkała et al., 2018), 
where a large and deep channel of ~ 220 m in width is hypothesized. These 
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observations reinforce our estimate of the 200 m-width subglacial channel, which 
we used in the present study.  

Fjord temperature is the other important variable controlling submarine melt. 
Similarly to other fjords around Greenland and Svalbard, water properties in 
Hansbukta experience strong seasonal variability as a consequence of increased 
glacial freshwater inputs, solar radiation and Atlantic water intrusions during 
summer (Fig. 5.2)(De Andrés et al., 2018; Jackson et al., 2014; Schild et al., 2016; 
Sciascia et al., 2013; Straneo et al., 2011). As summer progresses, the waters of 
the fjord become warmer. Considering a null subglacial discharge scenario (Fig. 
5.4a), the fjord temperature increase favors submarine front melting, amplifying 
it up to three orders of magnitude, from 4 · 10⁻³ m week⁻ ¹ in April to ~ 5 m week ⁻¹ in August. Thus, we consider that using evolving ambient temperatures in the 
models is necessary if we aim to obtain realistic submarine melting estimates, as 
recently shown in the work of Sutherland et al. (2019). 

5.5.2 Calving drivers: the influence of submarine melting 

Tidewater glacier calving directly transfers ice from land to the ocean. The 
processes influencing calving are numerous and remain challenging to constrain 
in glacier-fjord modeling. In addition to the vertical shear in ice velocity, basal 
friction/sliding and subglacial topography, the presence of crevasses (either water-
filled or not) and submarine melting are the dominant but the less understood 
factors in determining tidewater glacier calving rates during the summer. Here, 
we calculated crevasse depth (Nye, 1957) and assumed that calving occurs when 
crevasse depth reaches the waterline (Benn et al., 2007; Otero et al., 2010, 2017; 
Todd and Christoffersen, 2014). On its pathway to the fjord, surface meltwater 
likely fills some of these crevasses (Poinar et al., 2017), favoring calving by 
hydrofracturing (Cook et al., 2014; Otero et al., 2017). Therefore, our model 
accounts for the pressure associated to the crevasse water depth (𝐷𝑤). Due to the 
lack of observations of 𝐷𝑤 for Hansbreen, we tested the sensitivity of the model 
to this parameter, resulting in calving rates directly related to 𝐷𝑤, so front 
position retreated with higher values of 𝐷𝑤 (Fig. 5.5b). The 𝐷𝑤 values used in our 
study were lower than those used by Otero et al. (2017). This is presumably due 
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to the glacier-plume coupling nature of our model, which accounts for the 
influence of submarine melt on calving and front position (De Andrés et al., 2018), 
and it is supported by the fact that calving rates correlate with ocean temperature 
(Luckman et al., 2015; Schild et al., 2018) and are controlled by plume melt-
undercutting (How et al., 2019). Different melt-undercutting front shapes have 
recently been observed (Fried et al., 2019; Sutherland et al., 2019) and the 
analysis of their influence on calving may be found in the work of Ma and Bassis 
(2019). They study how ideal parabolic and linear front profiles, idealizing 
submarine melt patterns, changed the failed ice distribution along the glacier and 
contributed to different calving and ablation rates. Parabolic profiles resulted in 
more stable fronts, while the linear profiles presented amplified calving rates and 
mass loss. In the present study, we have found that the submarine melt profile 
resulting from the glacier-plume model tends to be linear, while the glacier-fjord 
profile is parabolic (Fig. 5.8). Both the submarine melt and calving rates were also 
different for both models, being higher in the glacier-plume model, in agreement 
with the findings of Ma and Bassis (2019). The net stress analysis (Fig. 5.10) 
revealed that the glacier-plume model presented more intense extensional 
stresses at the glacier front, thus favoring calving, as compared with the glacier-
fjord model. Due to the aforementioned differences between models, we think that 
more sensitivity analyses are needed and caution must prevail when extracting 
conclusions from our simulations. 

5.5.3 The limitations inherent to 2D-modeling 

In this study, we built a 2D glacier-plume coupled model and simulated 
Hansbreen-Hansbukta system during a 5-month summer period in 2010. The 
results obtained were then compared to those obtained with our previous glacier- 
fjord coupled model, under identical ambient conditions for the same simulation 
period. One of the main limitations of both models is the lack of the third 
dimension, which makes our models unable to represent processes out of the 200 
m-wide discharging channel. In terms of subglacial discharge, we know from 
studies in Greenland tidewater glaciers (Fried et al., 2019) that about 70% of the 
total 𝑆𝑀𝑊 is drained through the main plume channels and the rest is composed 
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by small discharging fluxes along the entire grounding line. Thus our models 
account for a large fraction of the submarine melting associated with the 
subglacial discharge inputs. However, submarine melting is not only confined to 
these subglacial discharging spots where plumes are formed. A recent 3D fjord 
model showed that secondary lateral circulation (mainly driven by buoyant 
plumes) could lead into high submarine front melting beyond the plume domain 
(Slater et al., 2018), which our 2D models are not able to account for. New 
oceanographic techniques and analyses have also revealed that submarine melt 
rates are high along the entire front face, increasing from spring to summer, that 
the total observed melt rates are up to two orders of magnitude greater than 
predicted by theory, and that different submarine terminus morphologies can be 
identified (Sutherland et al., 2019). These distinct front shapes have been 
proposed to be the result of different ablation processes. Namely, overcut 
morphologies might be associated with calving processes, whilst deeply-undercut 
terminus shapes might be linked to plume-driven melt (Fried et al., 2019). How 
et al. (2019) also found a ~ 5 m undercut at the base of the glacier, suggesting that 
meltwater plumes encourage melt-undercutting. The parabolic shape shown in 
the latter work is similar to the characteristic profiles resulting from submarine 
melting when using our glacier-fjord coupled model (Fig. 5.8), while deeply-
undercut front shapes shown in Fried et al. (2019) are analogous to the 
characteristic submarine- melt profiles resulting from our glacier-plume model. 
Although this is still at an incipient stage, linking front shapes to submarine 
melting processes is an interesting research field that could give us further insight 
into the glacier-fjord interactions. 

5.5.4 Glacier-fjord or glacier-plume models? 

As discussed in the previous sections, our glacier-fjord and glacier-plume coupled 
models showed different characteristic profiles and rates of submarine melting. 
Their resulting undercut terminus shapes affected the net stresses near the 
glacier terminus and consequently the calving rates of each model (Fig. 5.10) (Ma 
and Bassis, 2019). However, in terms of accuracy of the modeled front-position, 
the differences in RMSE between both models were not statistically significant 
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(less than 0.1% difference for the best-fit configuration; Figs. 5.5c and 5.6). 
Therefore, we could argue that, after all, the choice of the model would have no 
impact on our front position estimates as long as we use correct 
estimates/observations of subglacial discharge fluxes, ambient fjord conditions 
and crevasse water depths. However, we rarely have the opportunity of 
constraining and validating the model with such observations at a monthly time-
scale, despite their known large seasonal variations (De Andrés et al., 2018, 2020, 
in rev.; Bartholomaus et al., 2015; Sutherland et al., 2019). As shown by our 
results, the differences between the two models grow beyond the best-fit 
configuration, reaching an RMSE in front-position prediction ~ 30% higher in the 
glacier-plume model than in the glacier-fjord model under a doubled-𝑄   

configuration (Fig. 5.5a). Hence, the glacier-plume model seems to be more 
sensitive to subglacial discharge forcing and we should keep it in mind when using 
it for predictions of future evolution. Despite this higher sensitivity of the glacier-
plume model, we should stress that the computational cost of simulating 
Hansbreen system during 5 months decreases by a factor of > 50 when compared 
with the glacier-fjord model. If we aim to predict future evolution of submarine 
melting and glacier response, under given scenarios, for long-simulation periods, 
we believe that good approaches might be reached with the glacier-plume model, 
in spite of its limitations and sensitivity. If, however, we aim at reproducing high-
resolution glacier-fjord interactions during short-simulation periods, where 
certain small-scale processes should not be ignored or parameterized, we believe 
that the glacier-fjord coupled model simulations are the best choice. 

5.6 Conclusions 

We have developed a 2D glacier-plume coupled model and simulated Hansbreen-
Hansbukta system during 20 weeks, from April to August 2010, under the same 
constraints of our previous glacier-fjord model, making the results of both 
simulations comparable in some interesting aspects. 

We found that the 200 m-width subglacial discharging channel provides a good fit 
to observations. In agreement with many recent studies, we also proved the high 
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sensitivity of submarine melting to subglacial-discharge and to the intraseasonal 
evolution of fjord temperature, so adequate constraints and timing of these two 
variables are needed to obtain reliable results with our models. As expected and 
previously reported, calving rates resulted to be highly dependent on submarine 
melting rate and crevasse water depth. However, tuning of submarine melting 
alone is unable to provide a good match with observed front positions changes. A 
good match is only obtained when both crevasse water depth and submarine 
melting are considered. 

Weekly submarine melting produced by the glacier-plume model was up to ~30% 
higher than that of the glacier-fjord model. In general, glacier-plume and glacier-
fjord coupled models differed in submarine melt rates and also exhibited different 
melt-undercutting front shapes, which affected the net stress fields near the 
glacier front. The quasi-linear melt-undercutting morphology exhibited by the 
glacier-plume model resulted in more positive net stress values (more marked 
tensile stresses) than the quasi-parabolic front shape resulting from the glacier-
fjord model. Nonetheless, both models produced similar results in terms of front 
position predictions. Overall, given that the glacier-plume model diminished the 
computational time costs by a factor of more than 50, we think that it is a good 
candidate to simulate future projections as long as we use appropriate constraints 
of subglacial discharge fluxes and ambient fjord temperatures.
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Chapter 6 
Synthesis 

6.1 Summary of thesis development and outcomes 

The main objective of this thesis has been to build a 2D glacier-fjord coupled model 
to gain knowledge on ice-ocean interaction processes, as well as to estimate the 
frontal ablation due to both calving and submarine melting. This objective was 
achieved as detailed in Chapter 3. Since the glacier dynamics model incorporating 
calving processes had already been built and tested by our research group (Otero 
et al., 2017), the initial step of this thesis consisted in building a high resolution 
fjord-circulation model with subglacial freshwater discharge and submarine melt 
rate estimations. Once the sensitivity of the model to its various parameters was 
analyzed, they were calibrated with observations or assigned typical values found 
in the appropriate literature. Subsequently, the coupling between the glacier and 
fjord models was performed, using the submarine melt rates as the coupling 
mechanism. We then used our 2D glacier-fjord coupled model to simulate a real 
system in Svalbard, of which we had sufficient observations over a period of 5 
months, covering the entire melt season from April to September 2010. Our aims 
were to validate the model and to study the influence that submarine melting, 
induced by both oceanic forcing and buoyant plumes, plays on calving rates and 
front position changes. Although our results matched the observations with great 
accuracy and allowed us to study the aforementioned interactions, the 
computational cost associated with the model was so high that it was unfeasible 
to simulate medium-to-long term projections. Therefore, and given that the 
submarine melting associated with oceanic forcing was negligible compared to 
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that induced by subglacial discharges, we decided to parameterize the buoyant 
plume generated by these subglacial discharges. 

We conducted a first study (Chapter 4) using directly the line plume model 
(Jenkins, 2011), instead of the half-cone plume model, since the recent literature 
has shown that the results obtained with the former are more realistic than those 
obtained with the latter (Jackson et al., 2017; Slater et al., 2017). In Chapter 4 we 
use the line plume model to simulate a mid-sized glacier-fjord system, Saqqarliup-
Saqqarleq, located in the SW of Greenland. We tested the model results and found 
a good approximation to the observations. We then carried out a theoretical 
scaling to analyze the influence of fjord stratification (due to the surface melt 
water contributions) on plume dynamics and submarine melt rates at the glacier 
front. The strongest point supporting the parameterization of the buoyant plume 
is the 50-times reduction in computing time achieved, as compared with the fjord 
circulation model. This computing time reduction is mostly due to the fact that 
the model does not resolve the temporal evolution of the plume, but instead 
considers an already evolved and stationary form of it. 

Given the optimal results obtained using the plume model, we decided to build a 
new 2D glacier-plume coupled model, which did not resolve the circulation in the 
fjord, but yet allowed to estimate the submarine melting at the glacier front and 
to study its influence on calving rates and front position changes (Chapter 5). We 
built this coupled model and simulated the dynamics of the Hansbreen-
Hansbukta system during the same period as in the previous glacier-fjord model: 
April-September 2010. Also, we used identical conditions in both models, with the 
aim of making them comparable and evaluating the goodness of the new glacier-
plume model. The results indicated that, despite there being differences in the 
submarine melt rates and profiles between the two models, they agreed in terms 
of front position. Thus, we have managed to obtain, among other useful results, a 
2D glacier-plume coupled model that will help us to make medium-long term 
predictions on the glacier-fjord system response. 

 



137 
 

6.2 Synthesis of Major Findings 

Having summarized how the thesis has progressed, its main findings are now 
brought together to provide an overview of the key factors influencing the glacier-
fjord system behavior. 

6.2.1 Subglacial hydrology 

Due to the complexity of the processes involved and the difficulty of having field 
observations, there are still many poorly constrained processes when simulating 
tidewater glacier dynamics. Some of these processes are meltwater intraglacial 
pathways, the development of firn aquifers, the filling of supra, intra and 
subglacial lakes, the refreezing of meltwater, the basal geothermal melting, or the 
seasonal evolution of the subglacial hydrological system (Andrews et al., 2014, 
2018; Bartholomaus et al., 2015; Cowton et al., 2013). The subglacial channel 
through which meltwater flux is discharged to the fjord is the result of a 
combination of the aforementioned processes. For Hansbreen-Hansbukta, we do 
not have observations of either of channel width or of discharging flux (𝑄 ). 

However, in Chapter 3 (De Andrés et al., 2018), we estimated the weekly evolution 
of 𝑄  intensities by inversion, matching fjord temperature and salinity 

observations. Assuming that all the surface meltwater (𝑆𝑀𝑊, in m s-1) discharges 
through a single channel, we obtained a 200 m-channel width. This channel size 
agrees with those observed in other Svalbard glaciers (Pfirman and Solheim, 
1989), as well as with morphological observations at Hansbreen’s front (Ćwiąkała 
et al., 2018). From our inverse method, we also found a time lag of ~ 4 weeks 
between 𝑆𝑀𝑊 and 𝑄  peaks, which is in agreement with the 2-week time lag 

reported in other studies (Schild et al., 2018). Both subglacial channel width and 
discharge intensity are essential in defining the strength of the associated 
buoyant plume. Given that these buoyant plumes drive convective fjord 
circulation, promoting warmer and saltier North Atlantic water income, and 
amplify submarine melt rates (Chapters 3-5; De Andrés et al., 2018, 2020, in rev.; 
De Andrés et al., in prep.), we consider our findings of high relevance to 
appropriately simulate ice-ocean interactions.  
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6.2.2 Submarine melt controls 

According to the results obtained in Chapters 3 and 5, the two main mechanisms 
controlling submarine glacier-front melting are the 𝑄  and fjord water 

temperature (𝑇 ), which agrees with numerous previous studies (Beckmann et al., 
2018; Carroll et al., 2015; Jenkins, 2011; Slater et al., 2016; Straneo and 
Heimbach, 2013). Beyond this common knowledge, we have also found that the 
intraseasonal variability experienced by both variables, 𝑄  and 𝑇 , may lead to 

an increase of three orders of magnitude in submarine melt rates as the summer 
progresses. Fortunately, this intraseasonal evolution of submarine melting has 
recently been confirmed with new observational techniques applied to an Alaskan 
glacier (Sutherland et al., 2019). Since ice-ocean model projections rarely 
contemplate such intraseasonal variations (mainly due to the scarcity of 
observations) we believe that the submarine melt rates resulting from those 
simulations might be inaccurate. In our studies (Chapter 3 and 5), we have 
simulated an entire melt season, from April to August of 2010. If instead of using 
time-evolving 𝑄  and 𝑇  we had used a single 𝑄  value and 𝑇  profile observed 

in late July, but assumed constant over the entire simulated season, the 
cumulative mass loss due to submarine melting would have resulted to be more 
than triple. Therefore, we here stress the need of using appropriate 𝑄  and 𝑇  

constraints when running our models.  

One of the most unexpected findings of this thesis was the important control that 
fjord stratification exerts on submarine melting (Chapter 4; De Andrés et al., 
2020, in rev.). The fjord waters become more stratified as the summer advances, 
primarily due to the glacier meltwater input and the relatively slow fjord flushing. 
During the record melt year of 2012, Saqqarleq fjord (SW Greenland) registered 
a freshwater excess of ~0.16 Gt relative to 2013, equivalent to 4.5 m of additional 
freshwater per unit area. This fact led to a strong stratification within the 
intermediate and top layers of Saqqarleq fjord. We studied the plume dynamics 
under these and different conditions and found that, although 𝑄   has a great 

influence, fjord stratification (N2) dominates the plume maximum extent (Zmh): 

Zmh = 2.3 (N2)-0.4 𝑄 0.24. 



139 
 

Given that the plume extent defines the glacier front area subjected to plume 
influence, we aimed to quantify the role that fjord stratification would play in 
submarine melting. From theoretical scalings, we found that, although fjord 
stratification exerts a strong control, vertically integrated submarine melt rates 
(Σ SMR) are ultimately dominated by Qsg:  

Σ 𝑆𝑀𝑅 = 10-3 (N2)-0.4 𝑄 0.5. 

The importance underlying this finding is the negative feedback that a more-
melting scenario could have on submarine melting of tidewater glacier fronts, 
with fjord stratification increasing and buffering submarine front melting. 

6.2.3 Mechanisms driving glacier front position 

Submarine melting and calving are the two main mechanisms causing frontal 
ablation of tidewater glaciers, and thus they are, together with the glacier speed, 
the main controls of glacier front position. The results of our two coupled models, 
glacier-fjord and glacier-plume (Chapters 3 and 5, respectively), showed that the 
mass loss due to calving is comparable to that due to submarine melting, which 
in the case of Hansbreen-Hansbukta is ~ 100 m over the entire melt season, from 
April to September of 2010. Our model showed, however, that calving and 
submarine melting are tightly linked. The submarine melt rates and the resulting 
front geometry indeed affected calving rates, as was previously suggested in other 
studies (O’Leary and Christoffersen, 2013). To better understand the impact of 
submarine melting on calving we analyzed how different melt rates and shapes 
influence the net stress field near the glacier front. Given that glacier-fjord and 
glacier-plume models exhibit different patterns of submarine melting, we also 
obtained differences in the glacier net stress distribution close to the terminus. 
The submarine quasi-linear front shape resulting from the glacier-plume model 
seemed to amplify calving rates by encouraging more positive net stresses near 
the front. In contrast, the parabolic-like geometry caused by submarine melt 
estimations from the glacier-fjord model showed a more stable glacier front, with 
lower values of net stress. Our findings closely match those in the recent 
experiments of Ma and Bassis (2019). Since many different submarine front 
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shapes have been reported (Fried et al., 2019; Sutherland et al., 2019), it is still 
difficult to establish whether one of the models reproduces the real system better 
than the other, or whether a combination of both could be the best option. 
Although glacier-fjord and glacier-plume coupled models produced different 
submarine melt rates, both models predicted similar front positions under the 
best-fit scenario. 

Besides submarine melting, our models also consider crevasse water depth (𝐷𝑤), 
which directly and strongly impacts calving rates. We found that, using either 
coupled model, lower values of 𝐷𝑤 are needed than those required if using a non-
coupled glacier model (Otero et al., 2017) to obtain a similar response. 
Nonetheless, submarine melting alone is not enough to reproduce the glacier front 
position. Therefore, a good combination of 𝐷𝑤 and submarine melting is needed 
to accurately match observed front positions. 

6.3 Limitations and future directions 

There are a number of limitations and sources of uncertainties regarding the 
results presented in this thesis, which prevent ensuring robust conclusions on the 
glacier-fjord processes and their interactions. Here, we assess the most relevant 
of these limitations. 

Although good results have been obtained so far in this thesis, we consider our 
coupled model in a first mechanically-coupled stage, since there is no conservation 
of heat, salt and mass between the two components (the glacier and the fjord). 
Therefore, we think that fixing this gap should be the first goal to asses (Jordan 
et al., 2018). Moreover and common to all numerical-simulation studies, the 
correct choice for the values of free parameters and coefficients in our models are 
poorly constrained. We have performed several sensitivity analyses, using a range 
of values previously constrained by specialized literature, to diminish the 
uncertainty around viscous and diffusive coefficients. However, we use fixed 
values for the turbulent transfer coefficients, which were empirically adjusted for 
ice shelves (Jenkins et al., 2010). In the case of tidewater glaciers, these 
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coefficients might change, leading to an imperative need of contrasting studies to 
verify the fair values which should be used.  

The lack of the third spatial dimension greatly limits our 2D coupled models in 
representing fjord processes out of the 200 m-wide discharging channel. Although 
~ 70% of the total SMW is drained through the main-plume channels, the small 
discharging fluxes along the entire grounding line (Fried et al., 2019), together 
with secondary lateral circulation (mainly driven by buoyant plumes), lead into 
high submarine melting beyond the plume domain (Slater et al., 2018). In fact, 
new oceanographic techniques and analyses have recently confirmed that 
submarine melt rates are high along the entire front face, and up to two orders of 
magnitude greater than predicted by theory (Sutherland et al., 2019). Therefore, 
the 3D glacier-fjord/glacier-plume coupled model should be our next goal.  

Another considerable limitation is the difficulty of obtaining observational data 
on submarine melting. Modelled submarine melt rates depend on many 
parameter choices, such as the heat transfer or the entrainment coefficients, 
hence observations are needed to validate our models. As mentioned above, new 
oceanographic techniques are being developed to fill this gap. For instance, 
multibeam sonar surveys are used to image the evolution of a subsurface 
tidewater glacier face, allowing submarine melt calculations (Sutherland et al., 
2019). Other potential methods (more manageable) to estimate submarine melt 
rates could be those based on heat and salt balances through a fjord flux gate near 
the glacier terminus (Jackson and Straneo, 2016).  

Finally, despite subglacial discharge playing such an important role in submarine 
melting, observations of its flux intensity are rarely available and many 
hydrological processes remain poorly understood. We have estimated the 
subglacial fluxes using an inverse method, which seemed to provide good results. 
However, due to the 2D nature of our coupled models, our results are limited to 
the main plume domain, so all the SMW is assumed to be discharged through a 
single channel of a fixed width, which is not realistic. Instead, we know that the 
subglacial drainage system presents a strong seasonal variability, becoming more 
efficient and less distributed as the summer progresses (Andrews et al., 2014, 
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2018; Bartholomaus et al., 2015; Cowton et al., 2013). One of the most critical 
elements of our modelling, yet poorly constrained, is the total SMW and its 
partitioning into subglacial and surface runoff. Recently, it has been suggested 
that models overestimate the observed SMW by up to 58%, which also implies 
that surface ablation is overestimated (Smith et al., 2017). The implications of 
SMW overestimation in modelled submarine melting are obvious. Thus, we 
believe that validating our SMW-model estimates with observations and 
identifying its partitioning into supra and subglacial discharge are essential to 
accurately estimate frontal ablation from submarine melting. Observations could 
be inferred from analysis of fjord ADCP (Acoustic Doppler Current Profiler) data 
(Smith et al., 2017). These observations, combined with satellite imagery of 
supraglacial hydrology features (such as rivers, lakes or marginal streams), might 
allow us to roughly approximate the runoff part entering at the fjord-surface level, 
so subglacial runoff would be better constrained.  

6.4 Concluding remarks 

This thesis has succeeded to develop three numerical models, which have given 
us the opportunity of studying and gaining knowledge on some of the processes 
taking place at the ice-ocean interface. 

The first model was built by coupling a fjord circulation model with subglacial 
discharge to a glacier dynamics model with calving through estimations of 
submarine melt rates. Simulating a real system with our 2D glacier-fjord coupled 
model, subglacial discharge intensity and fjord temperature have been identified 
as playing key roles in determining submarine melting. Thus, changes associated 
with their intraseasonal evolution are expected to have a great impact on 
submarine melt rates at the glacier front. To demonstrate their variability, a novel 
combination of modelled surface meltwater with observed variations of fjord 
temperature and salinity allowed us to infer subglacial discharge intensities. The 
resulting submarine melt rates increased by three orders of magnitude (from mm 
to m) from April to August, confirming our expectations. This glacier-fjord coupled 
model has also shown that, although submarine melting amplifies calving rates, 
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a combination of both the crevasse water depth and the submarine melt rates are 
needed to produce modelled calving rates large enough to match the observed 
front positions.   

The second model parameterized the buoyant plume dynamics discharged 
through a channel of fixed width. Our line-plume model simulations and study 
revealed that fjord stratification strengthened by meltwater-runoff inputs buffer 
submarine melting by suppressing the buoyant plume extent. Consequently, we 
believe that the implications of this finding might be crucial under projected 
scenarios with increased melting. 

This thesis culminates with the third model, which couples the parameterized line 
plume model with the glacier-calving model, decreasing the computing time by a 
factor of >50. Although fjord circulation is not solved in this model, the same main 
conclusions have been reached as in the case of the glacier-fjord coupled model. 
However, different front shapes resulting from submarine melting are produced 
by each model. Although these differences lead into net stress anomalies near the 
glacier front and calving rate variations, modelled front positions are similar in 
both models under the best-fit configuration of subglacial discharge and crevasse 
water depth. Overall, the glacier-plume coupled model is a good option for 
projection studies, as long as appropriate constraints to subglacial discharge 
fluxes and ambient fjord temperatures are applied.  
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