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Abstract

Both submarine melt and calving are important for the overall mass balance of marine-termin-
ating glaciers, but uncertainty is rife with regards to the magnitude of the processes. Modelling
allows for these processes to be investigated without the need to visit inaccessible ice marginal
zones. This study looks at the impact of different submarine melt and sea-ice back pressure scen-
arios on modelled calving activity and dynamics at Kronebreen, Svalbard, by running separate
summer and winter simulations with various submarine melt parameterisations and sea-ice char-
acteristics. It is found that submarine melt is an important driver of seasonal variation in mod-
elled glacier dynamics and calving activity, with the choice of sliding law also exerting a
significant influence on results.

Introduction

Despite recent progress and new insights (e.g. De Andrés and others, 2018; Ma and Bassis,
2019; Slater and Straneo, 2022), the rates of frontal ablation (the combination of calving
and submarine melt) at marine-terminating glaciers are a key source of uncertainty with
regards to sea-level rise projections (Moore and others, 2013). This is because in situ observa-
tions of calving and submarine melt are scarce which, in turn, hampers attempts to find good
parameterisations of these processes for implementation in numerical models and leads to a
situation in which there is a larger optimal range in results from simulations which include
these processes. Rates of mass loss from marine-terminating glaciers have been generally
increasing, with previous studies having found that ocean temperatures are, in conjunction
with atmospheric temperatures, important for the frontal ablation of marine-terminating gla-
ciers alongside the absence or presence of buttressing from sea ice or ice melange
(Christoffersen and others, 2011; Luckman and others, 2015; Holmes and others, 2019;
Barnett and others, 2022). An increase in frontal ablation as a result of increased oceano-
graphic and/or atmospheric temperatures and associated failure of ice melange/sea-ice forma-
tion can have significant implications for glacier dynamics, as acceleration, thinning and
retreat have been observed in response to initial perturbations (O’Leary and Christoffersen,
2013; Moyer and others, 2017; Lemos and others, 2018; Shepherd and others, 2018).

The recent Atlantification of the Arctic Ocean and the Barents Sea (Polyakov and others,
2017; Barton and others, 2018; Vihtakari and others, 2018) has led to some of Svalbard’s
marine-terminating glaciers becoming exposed to increasingly warmer (Atlantic) waters at
their calving fronts (Vihtakari and others, 2018; Holmes and others, 2019), making them
interesting sites for investigating the impacts of warm water intrusion on glacier dynamics.
Svalbard is also impacted by increasing atmospheric temperatures, with these increases pre-
dicted to play a role in a doubling of mass loss by 2100 (Geyman and others, 2022).
Calving has been estimated to be responsible for 17–25% of mass loss on Svalbard
(Błaszczyk and others, 2009), although more up-to-date studies are needed to better constrain
these numbers (Schuler and others, 2020). Many disparate processes are related to the ice–
ocean boundary, for example increased air temperatures will cause more glacial run-off of
which parts will end up at the glacier base and contribute to subglacial discharge. This, in
turn, may feed meltwater plumes at calving fronts which can turbulently entrain glacier prox-
imal warm Atlantic waters and bring them into contact with the ice front to cause elevated
levels of frontal melt (Motyka and others, 2003) which can cause undercutting and promote
calving at the glacier terminus (How and others, 2019). Bathymetry is also influential in deter-
mining the retreat of any given glacier (e.g. through the existence of pinning points), and can
be instrumental with regards to whether warm waters are able to reach the glacier fronts
(Weertman, 1974; Carr and others, 2015; Jakobsson and others, 2020). Even if it can be deter-
mined whether or not warm waters are reaching the calving fronts of glaciers, it is not an easy
task to measure the magnitude of frontal melt or how this may in turn affect calving. This is
where modelling studies can be instrumental in allowing the processes at the ice–ocean bound-
ary to be thoroughly investigated. Kronebreen, which is the focus of this paper, is not subjected
to large amounts of ice melange back pressure, but can be impacted by the presence of fast sea
ice during winter with potential implications for frontal ablation (Pavlova and others, 2019).
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Specifically, the average maximum thickness of fast ice in
Kongsfjorden was found to be ∼0.6 m pre-2006, after which it
has declined to ∼0.2 m (Pavlova and others, 2019). Previous
modelling work has shown that increased levels of submarine
melt and undercutting are often accompanied by elevated calving
fluxes and are important for reconstructing observed behaviour
(Todd and others, 2018; Vallot and others, 2018; Ma and
Bassis, 2019), but that back stress from ice melange can play an
important role in reducing calving fluxes (Krug and others,
2015; Barnett and others, 2022). This study simulates
Kronebreen during both summer 2016 and winter 2016–17
using a three-dimensional (3-D) model in order to quantify the
impact of different submarine melt rate parameterisations on
calving activity, frontal ablation and glacier dynamics. In addition,
winter simulations are set-up to isolate the impacts of sea-ice back
pressure on Kronebreen’s behaviour. As such, the aim of the
paper is to gain insights into the processes impacting modelled
calving dynamics over seasonal timescales, rather than to create
an accurate analogue of Kronebreen.

Study area

This study focuses on Kronebreen, which is a fast-flowing glacier
situated on Svalbard’s west coast at 78.8N (see Fig. 1). The glacier
is polythermal and of surge type, although it is currently in a qui-
escent phase (Błaszczyk and others, 2009). The calving front of
Kronebreen is ∼3.6 km wide, and terminates in Kongsfjorden.
The height of the grounded terminus is most often between 100
and 150 m, with ∼50–60 m of the calving front being above the
waterline. There is no pronounced sill in Kongsfjorden
(Promińska and others, 2017), and Atlantic water has been
observed near Kronebreen’s calving front in 2014 and 2016
(Promińska and others, 2017; Holmes and others, 2019).
However, the physical environment of Kongsfjorden varies both
seasonally and inter-annually with cold Arctic waters and glacial
melt also being present (Svendsen and others, 2002; Cottier and
others, 2005). Various estimates for frontal melt rates at
Kronebreen have been suggested over recent years, with winter
lows ranging from ∼30 to ∼400 m a−1 and summer highs ranging
from ∼300 to ∼2300 m a−1 between studies (Holmes and others,
2019; Köhler and others, 2019). A recent estimate found that
frontal ablation accounted for ∼84% of total mass loss at
Kronebreen for the period 2009–14 (Deschamps-Berger and
others, 2019). Kronebreen has additionally been subject to an
increasingly negative surface mass balance (SMB) in recent dec-
ades, with supra-glacial melt being 21% higher between 2000
and 2012 than between 1961 and 1999 (Van Pelt and others,
2012). Previous modelling work at Kronebreen has indicated
that undercutting is of great importance for calving, with mod-
elled retreat only matching observed retreat when undercutting
is included (Vallot and others, 2018).

Methods

Model set-up

For the simulations presented in this paper, Elmer/Ice version 9.0
was used. This is an open source finite-element, full-Stokes, ice-
sheet model (Gagliardini and others, 2013) (github.com/
ElmerCSC/elmerfem).

The mesh outline, as well as the inversions, spin-up and relax-
ation simulations, are the same as described by Holmes and
others (2023). Following this, the main suite of simulations
were run at a time step of 0.25 d and each simulation was run
for 3 months. This corresponds to the period July 2016 until
the end of September 2016 for the summer simulations and the

period December 2016 until the end of February 2017 for the
winter simulations. Separate summer and winter simulations
were run as the drivers of calving vary with season as a result
of changes in both submarine melt and the presence of sea-ice
back pressure. These periods were chosen as they both correspond
to time periods for which data relating to both external meteoro-
logical parameters and glacier dynamics are available (see Holmes
and others, 2019). The Calving3D solver, developed and pre-
sented by Todd and others (2018), was used for all the experi-
ments. Here, calving occurs when either surface crevasses
propagate down to sea level or when surface and basal crevasses
join up. These criteria are based on the calving depth criterion
as described by Benn and others (2007). After a calving event
occurs, the model domain is remeshed to reflect the change in
geometry (Todd and others, 2018).

Model forcings and inputs

There are five different types of boundary in the model (bedrock
boundary, ice–atmosphere boundary, ice–ice boundary, ice–rock
boundary and the calving front – see Fig. 2).

At the ice–atmosphere boundary, which was allowed to evolve
with time, SMB is applied as a forcing. Here, daily values corre-
sponding to the 2016/17 study periods are used (Noël and others,
2020).

At the bedrock boundary, most of the simulations employed a
Weertman (1974) type sliding law with basal friction prescribed
as a temporally constant but spatially variable value, correspond-
ing to the separate summer 2016 and winter 2016–17 inversions
performed and described by Holmes and others (2023). This
approach has been used widely for simulations of calving in
Elmer/ice (Todd and others, 2018, 2019; Cook and others,
2020), and the importance of having basal friction fields from
the correct season and year was highlighted by Vallot and others
(2017). As a Weertman sliding law was reported to be potentially
problematic during summertime (Vallot and others, 2017), all the
summer simulations were also run with a Coulomb type sliding
law – although it must be noted that there are uncertainties
with this, too, as basal water pressures are not well constrained
(Vallot and others, 2017). A no-penetration condition was also
set for this boundary.

At the ice–ice boundaries, velocities were set to equal satellite-
derived surface velocity observations. In contrast, velocities were
set to zero at the ice–rock boundaries and a no-penetration con-
dition was enforced.

At the calving front, frontal melt was applied to the submarine
parts of the terminus, with the magnitude of this melt being spa-
tially heterogeneous in some simulations in order to emulate
plumes. Plume locations were based upon where plumes could
be observed on optical satellite images, and are only present in
certain summer simulations (see Fig. 1). The submarine melt
rate is variable with time during the simulations, with this vari-
ation based upon a time series of water temperatures at a depth
of 67 m collected ∼1 km from the calving period of Kronebreen
during August 2016–September 2017. This dataset is presented
in more detail by Holmes and others (2019). For use in the
model, the time series was normalised between 0 and 1 and writ-
ten to a netCDF file. From here, the data could be read into
Elmer/Ice and used as a basis to create a number of different
frontal melt scenarios, by multiplying the normalised value by a
seasonal factor which determined the maximum melt rate, in a
similar way to how glacial index scaling has been used to force
other models (e.g. Clason and others 2014). The summer simula-
tions used water temperature variation data from summer 2016,
and the winter simulations used water temperature variation
data from winter 2016–17.
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Back pressure from sea ice was also prescribed at the calv-
ing front in some simulations. The timing of this buttressing
force was based upon daily records of sea-ice fraction in
Kongsfjorden from the Norwegian Ice Service. The buttres-
sing force on Kronebreen has not been quantified previously
and a number of different possible scenarios were investigated
here (see Section ‘Experimental design’). The buttressing force
presented for each scenario in Table 1 is the back stress per
metre of sea ice (σM, kPa), which is related to the overall
buttressing force (σfb, kPa) by the following equation (as
used by e.g. Todd and Christoffersen, 2014; Barnett and
others, 2022):

sM = sfb
HT.Avg

HM
. (1)

Here, the mean terminus height is denoted by HT.Avg (∼125
m for Kronebreen) and the mean sea-ice thickness by HM.

Experimental design

The simulations were designed in order to investigate the sensitiv-
ity of modelled calving activity and glacier dynamics to different
submarine melt and sea-ice back pressure scenarios. Specifically,
submarine melt was varied during the different summer simula-
tions and sea-ice back pressure, which is not present during sum-
mer, was varied during the different winter simulations. All the
simulations are summarised in Table 1.

In all the summer simulations, basal friction was either set
equal to the results of a summer inversion (Holmes and others,
2023) or a Coulomb type sliding law was used with the friction
coefficient scaled to match observed velocities at Kronebreen
(e.g. as done by Joughin and others 2019). In addition, the top
free surface of the glacier was forced with daily SMB values
from July to September 2016 (Noël and others, 2019). The differ-
ent summer simulations were, however, forced with different sub-
marine melt rates (see Fig. 3). The scenarios chosen are within the
range of previously published estimates of melt rates from the
area, with summer highs of up to 1500 m a−1 (e.g. Holmes and

Figure 1. Inset: Map of Svalbard showing location of Kronebreen (pink box). Main image: Map of Kronebreen showing margin positions in September 2016 (red)
and September 2017 (blue), as well as the location of plumes at the calving front (yellow). The neighbouring glacier Kongsvegen and the fjord Kongsfjorden are
also shown. The distance between the 2016 and 2017 margins is, on average, 400 m. Background for the main image is Copernicus Sentinel data (2016), retrieved
from Copernicus Open Access Hub 02/08/2022 and processed by ESA. Background for inset image from source: Esri, DeLorme, HERE, MapmyIndia.

Figure 2. Geometry of Kronebreen used for the simulations, with the dashed line indicating the direction of flow. The different boundary types are denoted by the
different colours. The forcings applied to the model are also present, with arrows showing which surfaces/boundaries they are applied to.
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others, 2019; Köhler and others, 2019). One simulation, Summer1
has a maximum melt rate of 1500 m a−1 with the same melt rate
exerted across the entire submarine ice cliff – a constant melt rate
(Fig. 3a). The observation of plumes from optical satellite imagery
suggests that there is some horizontal variation in submarine melt
rates. As such, the Summer2 has the same maximum melt rate of
1500 m a−1, and with half of this value (750 m a−1) applied at
no-plume areas (Fig. 3b). Additional data from sound velocity
profiles near Kronebreen and multibeam/LiDAR derived profiles
of Kronebreen’s frontal geometry indicate that melt rates are vari-
able with depth (Holmes and others, 2019, 2023). Specifically,
higher melt rates may be found at the base of the calving front
at ∼50–60 m depth (likely due to subglacial discharge), and at
∼20 m depth (likely due to high water temperatures here, as iden-
tified from the sound velocity profiles). Therefore, the Summer3
simulation includes both horizontal variations in melt (plumes)
and vertical variations in melt (Fig. 3c). These vertical variations
in melt occur in both plume and non-plume locations. Once

again, the maximum melt rate is still 1500 m a−1 which occurs
in plume locations near the base of the glacier and at depths of
20–25 m. A melt rate of 750 m a−1 occurs at all other depths in
plume locations, and at non-plume locations near the base of
the glacier as well as between 20 and 25 m depth. At all other non-
plume locations, the melt rate is 375 m a−1. All the above parame-
terisations lead to an angular modelled undercut around the
waterline and so, in order to assess the behaviour of the model
in the presence of a more gradual undercut geometry, the
Summer4 simulation has a melt rate that gradually increased
from 0m a−1 at the waterline up to 1500 m a−1 at a depth of 50
m (Fig. 3d). Finally, the Summercontrol simulation does not
include any submarine melting and serves as a control from
which to assess the impact of the different melt scenarios. As
the maximum melt rate was the same for all summer melt rate
scenarios, the less complex scenarios such as Summer1 had a
greater area over which the highest melt rates could occur and
thus had a greater mean submarine melt rate than the more com-
plex scenarios such as Summer3.

In all the winter simulations, basal friction was set equal to the
results of the winter basal inversion from Holmes and others
(2023), and the top free surface of the glacier was forced with
daily SMB data from December 2016 to February 2017 (Noël
and others, 2019). In addition, all winter simulations were forced
by a simple frontal melt parameterisation where the magnitude of
submarine melt was the same across the entire submarine ice cliff
with a maximum melt rate of 500 m a−1. The difference between
the winter simulations was the sea-ice back pressure scenario,
with both the thickness of the sea ice and the pressure exerted
by the sea ice being varied (see Eqn (1)). For the depth over
which pressure is exerted, the minimum value of 0–0.6 m was
chosen to correspond with that published by Pavlova and others
(2019). A greater depth range of 0–5 m was chosen for the ‘thick’
sea-ice scenario, in order to investigate the sensitivity of
Kronebreen’s dynamics to changes in sea ice. The buttressing
force is less well constrained and values of 50 and 100 kPa were
chosen for this study, with the aim that the results can be used
to provide an indication of how important sea-ice back pressure
is for Kronebreen. All combinations of sea-ice thickness and
back pressure are simulated, and these are summarised in

Table 1. Summary of forcings applied in each of the main suite of simulations

Sim name Max melt rate
Melt
variation

SI back
pressure SI thickness

m a−1 kPa m

Summer1 1500 C − −
Summer2 1500 H − −
Summer3 1500 H and V − −
Summer4 1500 V − −
Summercontrol − − − −
Summercoulomb1 1500 C − −
Summercoulomb2 1500 H − −
Summercoulomb3 1500 H and V − −
Summercoulomb4 1500 V − −
SummercoulombControl − − − −
Winter1 500 C 100 0.6
Winter2 500 C 100 5
Winter3 500 C 50 0.6
Winter4 500 C 50 5
Wintercontrol 500 C − −

Melt rate style across the entire submerged calving front is denoted by ‘C’ (constant), ‘H’
(horizontal variation) and ‘V’ ( vertical variation). See Figure 3 for graphical representations.
Sea ice is abbreviated to ‘SI’ in the table headers.

a b

c d

Figure 3. Different melt scenarios prescribed for the summer simulations. Panel a shows Summer1, where submarine melt rates are constant across the glacier.
Panel b shows Summer2, where some horizontal variation in submarine melt rate is prescribed. Panel c shows Summer3, where both vertical and horizontal varia-
tions in melt rate are prescribed. Panel d shows Summer4, where gradual vertical melt rate variations are included to create a gradual undercut.
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Table 1. A control simulation, Wintercontrol, was additionally run,
with no sea-ice back pressure exerted on the glacier terminus.

Model output

Several different outputs are generated by the model, and these are
described in more detail below.

The position of the margin is extracted from the model at the
beginning and the end of each simulation. This allows for the
total margin change during the course of each model run to be
compared. The starting margin position is the same for all simu-
lations and, as a result of calving and frontal melt in the relaxation
simulation, is similar to the observed September 2016 position.

A velocity field for the entire glacier (e.g. at all depths) is pro-
duced for every modelled time step. For data analysis, these data
are processed to produce a time series of the mean frontal velocity
for each simulation. The frontal region is defined as all nodes
within 1 km of the calving front. In addition, the maximum
frontal velocity for each simulation is calculated in order to pro-
vide information on any localised speed-ups.

The volume of each modelled iceberg calved from Kronebreen
during a simulation is calculated by the Elmer/Ice Calving3D
solver and can be written to a results file. In addition, the volume
loss from submarine melt can be calculated by multiplying the
submarine melt rate (in m a−1) at each element by the time step
size, and then by the area of the ocean-facing side of the gridcell.
After the results for each element are summed, the total submarine
melt volume loss from each time step is known and a time series can
be created. Both the calving loss and submarine melt loss time series
can be summed to give an overall figure for the volume loss.

Finally, the 3-D post-calving mesh for each time step is produced
as an output, allowing for the changes in frontal morphology with
time to be visualised by plotting profiles from these meshes.

Results

The results from all the summer and winter simulations can be
compared to each other to provide information on model

behaviour and sensitivity. In addition, comparison of model out-
put and observational data can provide insights into the fidelity of
the model set-up.

The results are presented beginning with large-scale trends
(margin change and glacier dynamics), before focusing on the
relative contribution of calving and submarine melt to frontal
ablation, the differences in frontal morphology between the sum-
mer simulations, the impact of sea-ice back pressure on glacier
behaviour and the impact of the choice of sliding law.

Margin change

The margin positions at the beginning and end of all simulations
are shown in Figure 4, with changes in the modelled position of
the terminus being owed to both submarine melt and calving
activity. During the Weertman summer simulations, a retreat of
∼500 m was seen in all simulations except for the Summercontrol
simulation, where little margin change was modelled. For the
simulations which showed significant retreat, an average retreat
rate of ∼5.5 m d−1 was obtained. However, the central parts of
the glacier retreated more than this and retreat rates of up to
∼9 m d−1 were simulated in these locations. The difference in
margin change between the different summer simulations is
small, with all the final configurations being similar. In the
Coulomb summer simulations, the control simulation showed sig-
nificantly more retreat than in the Weertman control simulation,
with an average retreat rate of ∼4 m d−1. All the other simulations
showed a very similar overall retreat to the Weertman simulations.

During the winter simulations, a general trend of retreat at the
northern section of the glacier front was seen, along with advance
at the southern end of the glacier front where there is a confluence
of the glacier with Kongsvegen. The greatest levels of advance
were seen in the Winter1 simulation, where parts of the glacier
had advanced by ∼340 m (∼3.7 m d−1) by the end of the 3
month period. The greatest levels of retreat were seen in the
Winter2 and Wintercontrol simulations, with a retreat of nearly
100 m total across parts of the northern section of the glacier
front.

a b

Figure 4. Margin change in the summer Weertman simulations (panel a), summer Coulomb simulations (panel b) and winter simulations (panel c), overlain on a
satellite image of Kronebreen from September 2016. The black line in all panels represents the starting margin position in all simulations. The other lines represent
the final margin positions after all the 3 month simulations. Background image is from source: Copernicus Sentinel data 2016. Retrieved from Copernicus Open
Access Hub 02/08/2022, processed by ESA.
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Glacier dynamics

Modelled mean frontal velocities (Fig. 5a) in the majority of the
Weertman summer simulations accelerated at the beginning of
the simulation, before becoming reasonably stable between 1260
and 1340 m a−1 (3.4 and 3.7 m d−1). The exception to this was
the Summercontrol simulation, where mean velocities remained
lower at ∼1200 m a−1 (3.3 m d−1). This is similar to the winter
simulations, where all the mean velocities remained ∼1210 m
a−1 (3.3 m d−1).

The maximum frontal velocities (Fig. 5b) show a similar pat-
tern to the mean velocities; all Weertman summer simulations
except for Summercontrol show higher velocities than the winter
simulations. However, in contrast to the other simulations
where maximum velocities stabilise, the Summer4 simulation
shows increasing maximum velocities during the entire simula-
tion. Here, the Summercontrol simulation clearly has the lowest
maximum velocities, even when compared to the winter simula-
tions. In most simulations, the time series of maximum velocities
show clear step changes. These step changes can correspond to
step increases in velocity overlain on an otherwise general trend
of deceleration, as is seen most clearly in the Summercontrol simu-
lation. Other simulations instead show step decreases in max-
imum velocity.

The trend of deceleration alongside sudden and short-lived
velocity increases most clearly exemplified by the Summercontrol
simulation is shown in more detail in Figure 6. Here, the calving
losses at each time step can also be seen and it is apparent that the
sudden and short-lived increases in velocity correspond with the
occurrence of calving events. This pattern of small step changes is
not seen in the time series of mean velocities.

Comparisons between the Weertman summer simulations and
the Coulomb summer simulations show that velocities were simi-
lar regardless of sliding law. However, the SummerCoulomb1 simu-
lation had noticeably higher mean and maximum velocities than
the Summer1 simulation, and the SummerCoulombControl simula-
tion was, in contrast to the Summercontrol simulation, dynamically
much more similar to the simulations which included submarine
melt.

Relative contribution of calving and submarine melt to frontal
ablation

The relative contribution of submarine melt and calving can be
compared for each simulation, as is shown in Figure 7. These
data additionally give an insight into how different melt rate para-
meterisations impact modelled calving activity.

Most of the summer simulations showed a significantly higher
mass loss from calving compared to submarine melt – with
Summercontrol being the only exception. The total mass loss

from the Weertman Summer1, 2, 3 and 4 simulations was much
higher than for the winter simulations, with most of the add-
itional mass loss being due to much higher calving losses. The
highest calving losses are seen in the Summer4 simulation,
where only vertical differentiation in melt rates was included.
The lowest calving losses in the non-control simulations are
seen in the Summer1 simulation, where submarine melt rates
were constant across the entire glacier front. The only summer
simulation that did not show high calving mass losses was
Summercontrol simulation, where no submarine melt was pre-
scribed and overall mass loss was low.

The Coulomb summer simulations had slightly higher overall
mass losses than the Weertman simulations, but also exhibited the
pattern of very high calving losses. However, calving losses were
also high in the SummerCoulombControl simulation, unlike the
very low calving losses seen in the Summercontrol simulation.

In contrast, the relative contributions of calving and submarine
melt to ice loss in the winter simulations are of the same magni-
tude. The mass loss is slightly higher in the Wintercontrol simula-
tion than the other simulations, with this being the simulation
where no sea-ice buttressing is included in the model. The overall
ice loss was similar for all winter simulations at ∼0.12 km3. The
overall mass loss from the Wintercontrol simulation is higher
than from the Summercontrol simulation as frontal melt is still
applied during the winter control simulation whereas no frontal
melt is applied in the Summercontrol simulation. This is a conse-
quence of sea-ice back pressure being the independent variable
in the winter simulations as opposed to the summer simulations,
where frontal melt is instead the independent variable.

Variations in frontal morphology

The frontal morphology of Kronebreen at the end of the summer
simulations varied depending on the melt parameterisation used,
with example profiles shown in Figure 8. In all the non-control
simulations except for Summer3, a single undercut is seen, with
the sub-aerial section of the ice cliff projecting out over the sub-
marine section. For the Summer1 simulation, the magnitude of
the undercut was ∼45 m across the whole glacier front by the
end of the 3 month simulation. In the Summer2 simulation, the
mean magnitude of the undercut was 25 m – but this was higher
in plume areas. The mean undercut size was similar to this in the
Summer4 simulation, but here the geometry is less angular.

The frontal morphology was more nuanced in the Summer3
simulation. Here, an undercut is seen at the waterline, followed
by a further undercut at the base of the ice cliff. Overall, a total
undercut of ∼20 m is seen. At plume locations, the size of this
undercut was instead ∼40 m.

Undercuts also developed in the winter simulations but, as
submarine melt was constant across the entire submerged calving

a b

Figure 5. Frontal velocities during the course of all 3 month simulations. Panel a shows the mean frontal velocity in each simulation. Panel b shows the maximum
frontal velocity in each simulation.
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front and did not vary between simulations, the undercut size was
less than 10 m in all locations and is not shown.

Discussion

The impact of high submarine melt rates during summer

The fact that total mass loss and margin change is much greater
during the non-control Weertman summer simulations than the
Weertman control simulation suggests that melting of the calving
front below the waterline is instrumental in causing high levels of
frontal ablation during summer (see Figs 4, 7). The relative con-
tribution of submarine melt and calving to total mass loss in the

summer simulations shows that calving losses are much higher
than submarine melt, accounting for up to 98% of frontal ablation
in the model. This is a contrast to previous research which high-
lights the dominant role of submarine melt over calving (e.g.
Bartholomaus and others, 2013). However, as the modelled calv-
ing only occurs in the presence of high levels of submarine melt, it
can be seen as evidence of high levels of melt-driven mass loss –
even if the extend of this undercut-driven calving is likely exagger-
ated by the model. This suggests that undercut-driven calving is
particularly important at Kronebreen; a similar finding to that
of An and others (2021), who studied Zachariae Isstrøm and
found that undercutting of grounded ice in numerical models

Figure 6. Maximum frontal velocities (green) and volume mass loss from calving (blue) during the Summercontrol simulation. Upticks in maximum velocity can be
seen to coincide with time steps where there are modelled calving events.
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a b

Figure 7. Total volume loss during the entirety of each simulation, broken down into loss from calving events (blue) and loss from submarine melt (orange).

Figure 8. Modelled undercuts at the end of the 3 month summer simulations. The horizontal dashed line denotes the water level and the vertical dashed line
denotes the glacier front. Results are shown from non-plume locations in all simulations. The largest undercut is seen in Summer1, where the maximum melt
rate was prescribed over the entire submerged calving front. Summer2 shows a similar shape to Summer1, but with a smaller undercut magnitude. A complex
geometry with two distinct undercuts is seen in Summer3, and a less angular undercut can be seen in Summer4.
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was a necessary condition in order for observed high retreat rates
to be reproduced. This linkage between submarine melt and calv-
ing has been additionally identified in observations, with summer
calving at Yahtsee Glacier, Alaska, being a direct response to sub-
marine melt-driven undercutting (Bartholomaus and others,
2013).

Out of the Weertman simulations, mass loss was highest for
the Summer4 simulation, where only vertical variation in sub-
marine melt was included (Fig. 7). This may suggest that the ver-
tical differentiation in melt promoted calving, but may also be
related to the fact that a larger proportion of the calving front
was subject to the maximum melt rates than in the Summer2
and Summer3 simulations. However, mass losses in Summer4
were still higher than mass losses in Summer1, where the max-
imum melt rate was prescribed over an even greater area and
mean undercut size was larger. In fact, Summer1 has the lowest
mass losses of all the non-control summer simulations, suggest-
ing that mean undercut size is not the most important driver of
calving in Elmer/Ice. These results therefore suggest complex
frontal morphology may be more important for the promotion
of calving events. A two-dimensional modelling study by Ma
and Bassis (2019) came to a similar conclusion; both the
magnitude and spatial distribution of submarine melt rates
were found to be of great importance in determining overall
frontal ablation rates.

This links to the profiles of frontal morphology in Figure 8,
where the profile from Summer3 shows more complexity than
the undercuts from other simulations, having two distinct
undercut sections. This is a similar geometry to the observa-
tional profiles presented by Holmes and others (2023), but
modelled undercut sizes appear to be overestimated, perhaps
as a consequence of too high melt rates prescribed in the
model. However, this comparison is made on the basis of lim-
ited observational data, and further mapping of glacier termini
may yield more nuanced insights into the size distribution of
undercuts at Kronebreen and elsewhere. Despite this, the gen-
eral geometrical correspondence between the modelled under-
cuts from Summer3 and the observational profiles presented
by Holmes and others (2023) combined with the fact that
Summer3 exhibited higher mass losses than the simple param-
eterisation in Summer1 shows that including both vertical and
horizontal differentiation in submarine melt rates is important
for understanding controls on calving and frontal ablation.
Comparisons between melt rates in the Summer4 simulation,
where a gradual undercut was prescribed, and the
Summer1, 2 and 3 simulations suggest that the angularity of the
undercut may play a role in determining the level of calving.
As such, further investigation of undercut geometries using
more nuanced scenarios is necessary to fully tease apart from
the relationship between undercut geometry and calving at
Kronebreen.

In terms of summertime margin change, the simulations
showed more retreat than has been observed, with retreat rates
of up to 9 m d−1 in the central parts of the glacier. In contrast,
observational data from summer 2016 shows peak retreat rates
of ∼4 m d−1 (Holmes and others, 2019). This suggests that the
model configuration simulates too much retreat, which is likely
related to the very high modelled calving losses. When com-
bined with the fact that the mean modelled undercuts were
too large (at least at non-plume locations), it can be seen that
there is overestimation of summer frontal ablation in the
model set-up.

Despite discrepancies between the model results and observa-
tions, the data presented here provides evidence for a strong sen-
sitivity of modelled calving to both the magnitude of and spatial
variation in prescribed submarine melt rates.

Links between frontal ablation and glacier dynamics

Research focusing on glaciers with floating ice tongues has
demonstrated the potential for velocity increases after large calv-
ing events (e.g. Hill and others, 2018), but less work has been con-
ducted on grounded glaciers.

The elevated velocities in the Summer1, 2, 3 and 4 compared to
Summercontrol highlight the importance of melt and calving for
glacier dynamics. These elevated velocities, which correspond
well to observations of Kronebreen’s summer flow speed during
the summers of both 2013 and 2016 (Luckman and others, 2015;
Holmes and others, 2019), can be attributed to high levels of
frontal ablation rather than summer basal friction or SMB.
This is because the Summercontrol simulation also used the
inverted summer basal friction values and the summer SMB
values but exhibited much lower frontal velocities.
Consequently, the results suggest that the modelled frontal vel-
ocities at Kronebreen are primarily impacted by variations in
frontal ablation or the choice of a particular sliding law rather
than by seasonal variations in basal friction. This suggests that
the use of well constrained submarine melt scenarios or a
coupled glacier-ocean model is vital for producing accurate
simulations of Kronebreen’s behaviour.

When considering maximum frontal velocities, the data in
Figure 6 show a correlation between modelled calving events
and the step increases in maximum modelled velocity. This pro-
vides clear evidence for calving events leading to a glacier
dynamic response (acceleration). However, the fact that this pat-
tern is not seen in the mean frontal velocities indicates that the
velocity increases are likely localised to the area where calving
occurred. In addition, some simulations show small decreases in
maximum velocity, which is likely due to the fastest flowing
areas of the calving front being lost in a calving event.

The impact of sea-ice back pressure on Kronebreen’s
behaviour

The impact of sea-ice back pressure at Kronebreen was investi-
gated through the suite of winter simulations, where little evi-
dence was found for a strong impact of sea ice on Kronebreen’s
behaviour. The margin change and velocities of all the winter
simulations were similar (Figs 4, 5), as was both the overall
mass loss and contribution of calving and submarine melt to
mass loss (Fig. 7). However, the Wintercontrol simulation did
have overall higher mass losses than all the other winter simula-
tions, which could be an indication that sea-ice back pressure is
having a small impact on Kronebreen. Despite this, with recent
studies showing the maximum sea-ice thickness in
Kongsfjorden has only been ∼0.2 m since 2006 it seems unlikely
that the inclusion of sea-ice back pressure at Kronebreen is signifi-
cant for model behaviour (Pavlova and others, 2019). This is in
contrast to studies in localities such as Greenland, where the
absence or presence of ice melange has been found to be import-
ant for frontal ablation and overall dynamics of marine-
terminating glaciers (Todd and others, 2018; Barnett and others,
2022).

Observations of winter margin change from 2016 to 2017 indi-
cate small advances of up to 3 m d−1 are possible, but retreat
remains common during the period December to February
(Holmes and others, 2019). In the model, which simulates the
period December to February, both retreat and advance were
seen across different sections of the margin. As such, the model
did not show as much retreat as the observations, suggesting
that the level of frontal ablation would need to be increased if
aiming at replicating glacier behaviour during this time period
as exactly as possible.
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The impact of sliding law on model behaviour

The impact of sliding law on model behaviour can be assessed by
comparing the Weertman summer simulations with the Coulomb
summer simulations. Here, the overall retreat rates were similar
between all the simulations, with the key exception that both vel-
ocities and retreat were much higher in SummerCoulombControl than
in Summercontrol. This suggests that the Coulomb sliding law leads
to higher velocities, calving, and retreat than the Weertman slid-
ing law in this model set-up – in the absence of submarine melt.
As a result, it can be seen that the choice of sliding law exerts a
significant influence on model behaviour, but that this influence
is not so easily be seen when submarine melt is included in the
set-up.

As such, submarine melt appears to be a key determinant of
model behaviour, with the sliding law exerting a significant, but
secondary, control on modelled velocities and calving.

Model limitations

The model used here simulates only viscous material behaviour,
but calving is known to be related to visco-elastic deformation
(Reeh and others, 2003) as well as damage mechanics (Krug
and others, 2015) and has been previously investigated using
both continuum and particle models (e.g. Benn and others,
2017; Vallot and others, 2018). However, the use of a viscous
model allowed for several months of simulation time and thus
for the development of Kronebreen during both the summer
and winter seasons to be investigated.

The set-up also does not include any plume modelling, but
rather parameterises the submarine melt rates based on observa-
tional data relating to water temperatures and frontal morphology,
as well as previously published estimates of frontal ablation at
Kronebreen. This was useful in allowing for the sensitivity of
the model to different levels of parameterisation complexity to
be examined, but the inclusion of a specific plume model linked
to subglacial discharge (e.g. as described by Cook and others,
2020) or with an entire fjord component (e.g. De Andrés and
others, 2018; Gladstone and others, 2021) would be a useful
next step and ensure a high accuracy in modelled frontal geom-
etry – something that the results presented here suggest the
model is sensitive to. In addition, most of the parameterisations
used here likely lead to a more angular modelled undercut than
would likely be found in reality – something which impacts the
stress regime and, subsequently, modelled calving. These unphy-
sically high stresses may be partly responsible for the dominance
of calving as the primary mass loss process in the summer simu-
lations and, while likely lead to an overestimation of calving, are
useful in indicating the sensitivity of modelled calving to undercut
development and geometry. The additional inclusion of a simula-
tion with a more gradual undercut helps to elucidate the impact of
the melt scenarios used, and the evaluation of simple melt para-
meterisations such as those employed here is useful in informing
how melt can be included in longer-term models where compu-
tational costs need to be kept to a minimum.

Only one basal inversion was performed for each season, with
a reasonable correspondence found between the modelled veloci-
ties and previously published observations of frontal velocity at
Kronebreen. Previous research has demonstrated that sliding
laws based on inversions and Weertman sliding can be problem-
atic at Kronebreen due to high spatio-temporal variability in basal
friction (Vallot and others, 2017). However, although these issues
preclude the use of a temporally or spatially fixed basal friction
field, specific inversions done for each season in each given year
were found to show a generally good fit (Vallot and others,
2017). Thus, we here use inverted friction fields for each 3

month simulation based upon velocities from the same time per-
iod, in order to reduce any errors associated with the high vari-
ability in basal friction at Kronebreen. In addition, we also run
summer simulations with an effective pressure-based Coulomb
sliding law, allowing for evaluation of the sensitivity of the
model results to the choice of sliding law. It should also be
noted that, while a Coulomb sliding law negates some of the
issues associated with the Weertman sliding law, it can also be
problematic due to issues in constraining values of basal water
pressures (Vallot and others, 2017).

Due to the limitations listed above, these simulations should be
viewed as indicative results which provide information on how
sensitive the calving model in Elmer/Ice is to different submarine
melt and sea-ice back pressure scenarios. The results can help
provide insight into the influence that different submarine melt
parameterisations can have on modelled calving activity and
dynamics and provide a motivation for further research (both
modelling and observational), but do not attempt to provide a
realistic analogue of conditions during 2016–17.

Conclusions

The differences between the summer and winter simulations show
clear seasonal variations in velocities and frontal ablation rates.
Through comparison with the control simulations, it appears
clear that submarine melt is a key driver of seasonal variation
in model behaviour and that elevated levels of submarine melt
can have a significant impact on modelled calving activity and
glacier dynamics. This can take the form of consistently high
summer velocities across the entire frontal area, or can be related
to localised short-term accelerations following individual calving
events.

The choice of submarine melt parameterisation is important,
with the inclusion of vertical and horizontal differentiation lead-
ing to higher calving losses even in the context of lower mean sub-
marine melt rates. This highlights the need for well constrained
submarine melt rates at different depths, either from targeted
field sampling or the use of high-resolution fjord or ocean mod-
els. The choice of sliding law is also important, with significant
variations in dynamics and calving losses being seen in control
simulations with different sliding laws prescribed. As such,
longer-term prognostic simulations need to account for both
spatio-temporal variations in submarine melt and sliding law
related uncertainties in order to be able to accurately model
retreat rates and variations in glacier dynamics.

Supplementary material. The supplementary material for this article can
be found at https://doi.org/10.1017/jog.2023.94
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