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Abstract. Frontal ablation is responsible for a large fraction of the mass loss from tidewater glaciers. The main contributors
to frontal ablation are iceberg calving and submarine melting, with calving being the largest. However, submarine melting,
in addition to its direct contribution to mass loss, also promotes calving through the changes induced in the stress field at the
glacier terminus, so both processes should be jointly analysed. Among the factors influencing submarine melting, the formation
of a buoyant plume due to the emergence of fresh subglacial water at the glacier grounding line plays a key role. In this study
we used Elmer/Ice to develop a 3D glacier dynamics model including calving and subglacial hydrology, coupled with a line-
plume model to calculate the calving front position at every time-step. We applied this model to the Hansbreen—Hansbukta
glacier—fjord system in Southern Spitsbergen, Svalbard, where a large set of data are available for both glacier and fjord,
from September 2008 to March 2011. We found that our 3D model reproduced the expected seasonal cycle of advance-retreat.
Besides, the modelled front positions were in good agreement with the observed front positions at the central part of the calving
front, with longitudinal differences, on average, below 15 meters for the period from December 2009 to March 2011. But there

were regions of the front presenting major differences, specially the eastern margin.

1 Introduction

Svalbard is an Arctic region with a very high climatic sensitivity (Isaksen et al., 2016; Nordli et al., 2020). The ongoing climate
change context affects to the dynamics and mass balance of glaciers, and to the ocean’s thermal and dynamical processes,
leading to hydrological and ecological effects at regional and global scales, including sea level rise. Although the global
glacier volume is only a small fraction of that of the Antarctic and Greenland ice sheets, glaciers currently lose more mass,
and at similar or larger acceleration rates, than both sheets taken separately (Hugonnet et al., 2021). In fact, according to
the Sixth Assessment Report of the IPCC Report of 2021 (IPCC, 2021), glaciers contribution to sea level rise has been very
significant for the period from 1971 to 2018 (22 % of the total estimation). The main reason is the high sensitivity of glaciers
to atmospheric and oceanic forcing (Rignot et al., 2010; Motyka et al., 2013; Straneo and Cenedese, 2015; Luckman et al.,
2015; Holmes et al., 2019). Mass change rate of Arctic glaciers, including Greenland’s periphery, during the period from 2000
to 2018 ascends to -124.6 Gt a~!, and represents a 46.7 % of the total rate for all the glaciers around the world (Hugonnet
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et al., 2021). And frontal ablation of tidewater glaciers (mainly calving and submarine melting) represents between 10 and 30
% of this loss in regions such as Svalbard and the Russian Arctic (Huss and Hock, 2015; Hanna et al., 2020). Actually, among
the seven Northern glacierized regions studied by Kochtitzky et al. (2022), the Russian Arctic experienced the highest frontal
ablation rate during the period 2000-2020, followed by Svalbard.

The entire volume of water stored in Arctic glaciers, if melted completely, could rise sea level around 0.3 m (AMAP, 2017).
The projections for this region through the 21st century show that its contribution will be significant (Meier et al., 2007; Church
et al., 2013; Hock et al., 2019) so, by the end of this period the estimated ice loss from glaciers would contribute between 3.9
and 9.2 cm to the sea level rise, around 56 % of the total glacier estimation (Edwards et al., 2021). In the case of Svalbard, the
contribution to sea level rise is estimated between 0.75 and 1.25 cm (Edwards et al., 2021).

Tidewater glaciers are glaciers that terminate in the sea, with terminus either floating or grounded below the sea level (Cogley
etal.,2011). The terminus position of these glaciers is an essential climate variable that helps to understand important processes
such as glacier mass balance or ice-ocean interactions (Bojinski et al., 2014). There have been many studies on the evolution
of the front position of tidewater glaciers based on remote sensing data (e.g., at the local level, Btaszczyk et al. (2021)), but the
relative importance of the various processes driving the front position changes remains poorly understood due to the scarcity of
in-situ measurements. This scarcity is extreme in the case of basal conditions and subglacial hydrology. Besides, the zone close
to the calving front is most often heavily crevassed, preventing measurements that could be useful to constrain processes such
as calving and submarine melting. Some recent works have started to cover this scarcity of direct measures with observations
and the use of models regarding fjord water properties (Jackson et al., 2017, 2019), glacier front alterations (Vallot et al.,
2019) or the whole glacier-fjord scheme (Cassotto et al., 2018; Jouvet et al., 2018; Sutherland et al., 2019; Xie et al., 2019).
However, current understanding relies heavily on parameterizations of melting and entrainment, for which there is little in the
way of validation (Hewitt, 2020). Summarizing, many features of tidewater glaciers still remain under-observed and poorly
characterised.

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

evidencing the role of the back-pressure and the importance of oceanic and atmospheric processes. Even so, the lack of the
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third dimension in the latter models prevented incorporating important dynamical 3D effects, such as lateral front melting. The
two last-mentioned models were applied to the Hansbreen-Hansbutka glacier-fjord system, in Svalbard, which is our focus of
interest, but there are not the only modelling works referred to this system. Oerlemans et al. (2011) proposed a minimal glacier
model, in which the ice mechanics was strongly parameterised. The simple law for iceberg calving used in their model was
able to match observed and simulated glacier length since 1900. Vieli et al. (2000, 2002) found that basal sliding processes
strongly depend on the effective pressure and control the flow and the retreat of Hansbreen. Petlicki et al. (2015), on the other
hand, concluded that calving on Hansbreen is mainly triggered by the local imbalance of forces at the front, due to undercutting
at the sea waterline and development of a thermo-erosional notch. More recently, De Andrés et al. (2021) made a comparison
between a 2D glacier-fjord model and a 2D glacier-plume model regarding the calving front evolution. They determine that
both models showed similar results for simulated glacier front positions under appropriate constraints of subglacial discharge,
fjord temperature and crevasse water depth, but the glacier—plume model computational cost was significantly lower. Finally,
Moller et al. (2023) presented a sensitivity study analysing the impact of five different bedrock datasets on projected mass
losses from Hansbreen and suggested that under the influences of warmer climates accurate bedrock/ice thickness data are
especially important for future glacier evolution modelling on decadal timescales.

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

to study the terminus evolution.

2 Data and methods
2.1 Study area

The glacier-fjord system Hansbreen-Hansbukta is located in one of the branches of Hornsund fjord in South West Spitsbergen,
Svalbard, at ~77°N, ~15.6°E (Fig. 1). Hansbreen is a polythermal tidewater glacier flowing southward, that covers an area of
~57 km?. It is about 16 km long with a low mean surface slope of around 1.8° on average along the central flowline (Grabiec
et al., 2012). Its calving front is 1.5 km wide with a vertical face ~100 m thick at the central flowline, of which 50 to 60 m are
below the sea level. The seasonal retreat of Hansbreen usually starts in June/July and lasts until late autumn/early winter, and
the average summer and winter fluctuations amount to -125 and 79 m, respectively (Blaszczyk et al., 2021). As for Hansbukta,
it is a ~2 km long bay, with maximum depth of ~77 m. Temperature and salinity in Hansbukta experiences strong seasonal

variability, ranging from -1.8 to 3°C and from 34.6 to 31.8 PSU between April and August, respectively.
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Figure 1. Location of Hansbreen—Hansbukta, Svalbard (inset). ASTER image of Hansbreen—Hansbukta showing the location of the stakes
for velocity measurements (blue circles for the flowline and red circles for the rest of the stakes) and the conductivity—temperature—depth
(CTD) profiles in Hansbukta (yellow circles) (De Andrés et al., 2021). The white triangle indicates the position of the time-lapse camera.

The axes include the UTM coordinates (m) for zone 33X.

2.1.1 Data

The model uses as input gridded surface velocity data. The ice surface velocities were obtained by applying Bayesian Kriging
(BK) techniques (Perez-Doiia and Otero, 2023) (Fig. 2) on daily horizontal velocities measured between May 2005 and April

2011 at a set of stakes located along the glacier. As a prior for the BK, a distribution of the surface velocity module of Hansbreen
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Figure 2. (a) Hansbreen’s surface velocity distribution obtained from BK algorithm corresponding to September 2008, and (b) time evolution
of the velocity at the stake located closer to the calving front (the southernmost blue point in Fig. 1). The yellow areas in the graph indicate
the summer periods (June to September 2009 and 2010) and the black vertical lines separate the different years. The satellite image used as
background was available from ASTER © METI and NASA, all rights reserved, courtesy of the University of Silesia, Poland, within the

frame of cooperation of the SvalGlac project.

was calculated as the averaged velocities derived from measurements taken by TerraSAR-X from January 2013 to August 2014
using feature tracking (Adrian Luckman, personal communication).

Front position data from time-lapse camera images taken every 3 hours were processed and averaged over weekly inter-
vals between December 2009 and September 2011 (Otero et al., 2017). Surface mass balance (SMB) and surface meltwater

(SMW) were obtained from downscaled European Arctic Reanalysis data at 2 km horizontal and hourly temporal resolutions,
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constrained by automatic weather stations and stake observations (Finkelnburg, 2013). The surface elevation came from the
SPIRIT digital elevation model for gentle slopes, with a 30 m RMS absolute horizontal precision and 40 m resolution. Bedrock
topography was inferred from ground-penetrating radar data (Grabiec et al., 2012; Navarro et al., 2014).

Hydrographic data consist of a set of CTD casts (i.e., conductivity, temperature and depth profiles) in Hansbukta (yellow
points in Fig. 1). All the data were vertically averaged every 1 dbar (1 kPa). Available CTD oceanographic data only covered
the period from April 2010 to August 2010, with a long gap between April and July. Linear interpolation was used to fill
in the period from April 2010 to July 2010. Since mooring data indicate that the temperature and salinity records remained
relatively stable between November and April (De Andrés et al., 2018, Supp Info.), a linear extrapolation was used to estimate

temperature and salinity from August to November. The values for November (winter conditions) were extended until March.
2.2 Model

We use the open-source, full-Stokes, finite element, ice flow model Elmer/Ice (Gagliardini et al., 2013) including the GlaDS
hydrological model (Werder et al., 2013), the free surface evolution, a 3D calving module (Todd et al., 2018) and a continuous
sheet-style ‘line’ plume across the width of the calving front (Cook et al., 2020) to study Hansbreen’s front evolution from
September 2008 to March 2011. We follow the work of Cook et al. (2022), but with an asynchronous coupling between the
subglacial hydrology and the ice flow (and the calving and the plume), i.e., the subglacial hydrology that generates the plume

is computed monthly whereas the time-step of the ice-flow simulation is one day.
2.2.1 Ice-flow model

The horizontal mesh is composed of triangles and it has been designed to have a maximum resolution of 50 m at the calving
front. The resolution decreases progressively upglacier, reaching 200 m at 5 km from the front. Beyond that, the mesh continues
coarsening to get to 500 m at the head of the glacier. This horizontal mesh is then vertically extruded on 10 levels, resulting in
a 3D mesh composed of triangular prisms. The model solves the full-Stokes equations for ice flow, with rheology defined by
Glen’s flow law (e.g., Cuffey and Paterson, 2010) and uses the calving implementation described by Todd et al. (2018, 2019)
and Cook et al. (2020, 2022), following Otero et al. (2010) and Todd and Christoffersen (2014). This implementation is an
improved formulation of the crevasse depth calving criterion postulated by Benn et al. (2007) and Nick et al. (2010) for use in

a 3D framework. Crevasse depths are, therefore, calculated following:

Op = 2Tesgn(Tzz) - ngd+ Pw (1)

where o, is the net stress (positive for extension and negative for compression). The terms on the right-hand side represents the
balance of forces: the first corresponds to the opening force of longitudinal stretching, where 7, represents the effective stress,
72 =72, + 72, and the sign function ensures that crevasses opening is only produced under longitudinal extension; the second
term corresponds to the ice overburden pressure, which leads to creep closure, where p; is the ice density, g is the acceleration
of gravity and d stands for the crevasses depth. P, stands for the water pressure which contributes to open the crevasses. This

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

expressed as:
P, = (Zsl - Z)ng 2

being p,, the density of water at the calving front and Z the elevation with respect to sea level. Z,; denotes the sea level and is
set to 0 m. This improved criterion specifies calving to occur either when surface crevasses reach the waterline or when surface

and basal crevasses meet.
2.2.2 Boundary conditions

At the head of the glacier, the ice divide, horizontal velocities and shear stresses are set to zero. No flow is allowed through
the lateral margins of the glacier, where no-slip conditions are additionally imposed. The upper free surface is constrained to
a surface mass-balance accumulation flux boundary condition (positive for accumulation, negative for ablation). This flux is
obtained by calculating monthly means of the SMB data described in the Data section. A simple Weertman-type sliding law is

applied at the base following:

T = Pus 3)

where 73, is the basal stress, u;, is the basal velocity and 3 is the slip coefficient. We use inverse methods to determine 3 (Gillet-
Chaulet et al., 2012). A hydrostatic sea-water pressure condition is also imposed at the submerged part of the glacier front.

Hansbreen’s front is considered a near-vertical front, which simplifies the domain geometry of our model.
2.2.3 Subglacial hydrology

We use the GladS module of Elmer/Ice (Gagliardini and Werder, 2018) to model Hansbreen’s subglacial hydrology. Glads
(Glacier Drainage System) simulates both inefficient distributed drainage, represented by a sheet of water that covers the
whole area of the glacier, and efficient channelised drainage, represented by a series of channels generated on the edges of the
mesh elements of the domain (See more detail in Werder et al. (2013)). The implementation of the hydrological model for this
work has been adapted, regarding the size of our domain, following Gagliardini and Werder (2018) and Cook et al. (2020). The
main parameters of the model are set out in Table 1.

We use GladS to obtain subglacial discharge estimates at the grounding line. Therefore, it is run at the bed of the glacier
using the same mesh as the ice model to avoid complexity. Water is not permitted to flow through the lateral boundaries and
we set the hydraulic potential, ¢, to zero at the grounding line. This follows from equation (2) combined with the definition of

the hydraulic potential:

¢ = pwg”Z + Py “4)

Water entering the hydrological system is derived from surface and basal meltwater production. Surface melting is determined

by calculating monthly averages for the surface meltwater, assuming it travels directly to the bed at the same point of production
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Table 1. Parameters used for GlaDS model in this study

Description Name Value Units
Pressure melt coefficient ct 751078 KPa !
Heat capacity of water Cw 4220 Jkg7'K™!
Sheet flow exponent Qs 3

Sheet flow exponent Os 2

Channel flow exponent Q¢ 5/4

Channel flow exponent Be 3/2

Sheet conductivity ks 0.005 ms 1kg™!
Channel conductivity ke 0.1 m?/2kg~1/?
Sheet width below chann le 0.2 m

Cavity spacing Iy 0.5 m

Bedrock bump ratio hr 0.02 m
Englacial void ratio ey 1074

at the surface. As for basal meltwater, we suppose a distributed melt calculated using a geothermal heat flux of 63 mW m—?2

(Gagliardini and Werder, 2018).
2.2.4 Plume model

In this work we use a plume model implemented in Elmer/Ice (Cook et al., 2020, 2022) based on buoyant plume theory
(Jenkins, 2011; Slater et al., 2015). In that model, a continuous sheet-style ‘line’ plume, split into coterminous segments, is
simulated across the calving front. The field studies carried out on tidewater glaciers (Fried et al., 2015; Jackson et al., 2017)
justify the election of this plume geometry.

The plume model is initialised by the subglacial discharge at each node of the grounding-line, where the subglacial discharge
values are obtained as solution of the subglacial hydrology model. Due to the density differences between meltwater and
fjord water, subglacial discharge water rises in contact with the calving front mixing turbulently with the surrounding water
and producing melting at the ice—water interface. The calculated melt rates are then applied to modify the geometry of the

submerged part of the calving front.
2.2.5 Model design

This model is implemented in monthly cycles that are run sequentially to cover the total simulation time, September 2008-

March 2011. Every cycle is divided into 3 steps (Fig. 3):

1. Inversion for slip coefficient: an inversion using adjoint methods (Gillet-Chaulet et al., 2012) is performed to adjust the

slip coefficient to the changing mean velocities for a given month. This is done by minimizing a cost function for the
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velocities, running monthly steady-state simulations. It is done monthly to account for the changes in the velocity field

while keeping a reasonable computational cost.

2. Dynamical and hydrological models, and free surface evolution: from the inversion results, a 30-day transient simula-
tion is run with a 1-day time-step, where the glacier surface is left to evolve freely. Subsequently, the daily subglacial

discharge values are averaged over the month.

3. Calving and plume models: the monthly-averaged values of subglacial discharge and the fjord ambient conditions are
the required input for the line-plume model. The dynamic model is run again for a month with a 1-day time-step, but
now with the modules for calving and plume enabled. Consequently, the front is allowed to evolve as a combination of
ice-flow and calving, while submarine melting changes the submerged geometry of the calving front. Therefore, each of

these time steps results in a new glacier geometry and a new front position.

The first cycle starts from the geometry described in Sect. 2.1, while every new cycle will start from the resulting geometry

of the previous one.

3 Results

Starting in September 2008, the modelled monthly values of surface meltwater, subglacial discharge, plume melt rate and
number of calving events present a seasonal pattern (Fig. 4). The largest SMW values are reached in July (8.9 x 10° m3 a—!
and 8.3 x 10° m3 a~! for 2009 and 2010 respectively), and the cumulative SMW for both summer seasons is of the same order
of magnitude, being the value for 2010 ~6 % lower than the one for 2009 (Fig. 4(a)). The largest subglacial discharge values
are also reached in July (9.1 x 10° m? a=! and 5.7 x 10° m? a~! for 2009 and 2010 respectively), but the total amount for
both summer seasons varies significantly, by ~25 % (Fig. 4(b)). Beyond the summer months, SMW and subglacial discharge

maintain a baseline value around 1 x 10° m?® a=1.

The total melt rate due to plume activity presents a difference of ~6 % between the two summer periods (1.7 x 10°> m3 a~!
and 1.6 x 10° m3 a=! for 2009 and 2010 respectively). The largest plume melt rates for each summer period are reached in
different months, August for 2009 (7.1 x 10* m® a=') and July for 2010 (5.9 x 10* m® a—1) (Fig. 4(c)). Other than that, June

I and September around 1.3 x 10* m® a—!. Note that no plume melt rate is produced

presents values around 2.6 x 10* m? a~
from November to April, as no plumes are formed during these months.

The number of calving events reaches the highest values in summer, being August the month with the largest number of
events in both years (127 in 2009 and 138 in 2010) (Fig. 4(d)). The simulation starts in September 2008 and presents a value
(90) significantly higher than the following Septembers. The patterns for summers 2009 and 2010 show dissimilarities: in
summer 2009, August concentrates almost the total number of events for the period, far followed by September (less than half),
and with very small values in July and October. By contrast, in summer 2010, even if August accounts for the highest value
too, the calving events distribution is totally different, since a large number of them take place in July. Moreover, September

and October present values of the same order, both of them larger than the previous September. In one third of the months that
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Figure 3. Schematics of the 3-step model procedure: inversion, dynamic model with hydrology module, and dynamic model with calving

and plume modules. The red arrow indicates that a series of N cycles are run to cover the total simulation period.

comprise the simulation, the number of calving event is zero, and almost in another third is less than 5. In general, the lowest
values correspond to the winter months, but showing different patterns: the periods November 2008-June 2009, November
2009-June 2010 and November 2010-March 2011 exhibit calving events occurring at different rates and number.

The calving front follows a seasonal pattern in terms of advance and retreat along the whole simulation period, generally
retreating in summer and advancing during the rest of the year (Fig. 5). The periods of advance are longer and the advancing
rate moves from 10 m mo~! to 20 m mo "' of longitudinal difference, calculated as the difference in area between subsequent
months divided by the glacier width. On the other hand, the periods of retreat are shorter and the retreating rate can reach up to
-30 m mo~!. The largest negative values (indicating retreat) occur at the beginning of the simulation (September and October
2008) and, beyond that, in August 2009 and 2010. The total advance is larger in the first advance period (November 2008-July
2009), 124.59 m mo~!, than in the second one (October 2009-June 2010), 108.45 m mo—'. As for cumulative retreat, in the
first period (August 2009-September 2009) amounts to -33.94 m mo~—!, whereas in the second one (July 2010-November 2010)

is -38.23 m mo~—!. The cumulative retreat reaches its highest value, of -61.59 m mo 1, in the two first months of the simulation.

10
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Figure 4. Temporal evolution of: (a) surface meltwater (SMW), (b) subglacial discharge produced by surface and basal melt for every month
of the simulation, (c) total melt rate produced by plume activity computed on the first day of every month of the simulation and (d) the

number of calving events produced by the model at every month of the simulation. The yellow areas indicate the summer periods (June to

September 2009 and 2010) and the black vertical lines separate the different years.

By the end of the first year of simulation, September 2009, the front position has advanced 29.05 m mo~"! with respect to the
position in September 2008, while by the end of the second year of simulation, September 2010, the front position has advanced

73.38 m mo~! with respect to September 2009, resulting in a total advance of 102.43 m mo~! with respect to September 2008.
The map in Fig. 5 shows some front positions.

4 Discussion

The results of the model indicate that the glacier presents a marked seasonal behaviour. Figures 2 and 4(a) exemplify this
feature in the input data as well. Subglacial discarge values correlate with surface meltwater values (Fig. 4(a), (b)). It has been
applied a constant value of basal and internal melting (~ 2.6 x 10* m3 a—') by using the geothermal heat flux defined in Sect.

2.2.3, which explains, as well as some other processes like internal refreezing, why in some months the subglacial discharge is
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black vertical lines separate the different years.
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larger than the SMW. A 6 % decrease in SMW in summer 2010 was responsible for the 25 % decrease in subglacial discharge
for the same period. However, this reduction in subglacial discharge cannot be fully attributed to the decrease in SMW. One
possible explanation for this subglacial discharge reduction is a change in the efficiency of the drainage system that is not being
captured by the model. This change would be consistent with the marked decrease in the velocity values at the beginning of
summer 2010 (Fig. 2).

Now, plume melt rate is affected by both fjord ambient conditions and subglacial discharge. The model calculates non-zero
freshwater flux into the fjord in winter months (Fig. 4(b)), in agreement with Cook et al. (2020). However, in the present study,
either the subglacial discharge values are not high enough or the winter ambient conditions are not suitable for the occurrence
of plumes, unlike the work of Cook et al. (2020) (Fig. 4(c)). On the other hand, between April and October, both ambient
conditions and subglacial discharge values are suitable for the occurrence of plumes. The ambient conditions in the fjord were
kept the same for both summer periods. Hence, the differences between the them can be explained by the differences in the
subglacial discharge that feeds the plumes. As an exemplification, Fig. 6 shows two different distributions of the plume melt
rate at the calving front: a high-melting month, August 2009 (a) and a low-melting month, October 2009 (b). The plume melt
rate in August 2009 is not only higher than the plume melt rate in October 2009, but it also extends to a larger area of the
calving front. Comparing with other authors working on the same glacier-fjord system, the maximum melt rate values obtained
for August 2010 are consistent with the ones obtained by De Andrés et al. (2018) (58 m3 mo~" versus 15 m? week!).

As for the calving, the events produced in the summer of 2010 almost double the value for 2009 (334 versus 189) and, in
fact, extending the period until October, it is exactly the double (401 versus 201). This difference in the number of events
explains why the absolute value of the retreat is larger in 2010 than in 2009, as can be observed in Fig. 5. The larger number
of events obtained in September 2010 and October 2010 in comparison with the same months in 2009 can be favoured for the
larger values of plume melt rate.

To study the behavior of the calving front and how it compares to the expected behavior of a tidewater glacier, Fig. 5 outputs
some interesting features. First of all, the glacier advances steadily during the winter months, when calving is not present
in general, and retreats during the summer months, specially in August, when it reaches the highest absolute values. So, in
general, the model is able to reproduce the seasonal tidewater glacier cycle. Secondly, calving is the main contributor to frontal
ablation, but plume-induced melt can lead to a larger number of calving events, so both factors are important in the control of
the front position. Finally, the glacier front remains quite stable during the study period. In fact, it experiments a small advance
between September 2008 and 2010, in agreement with Btaszczyk et al. (2021).

To validate the model performance, we compare the modelled and observed front positions (Fig. 7). The modelled positions
are in general more advanced than the observed ones. The difference between modelled and observed positions varies through-
out the simulation. It starts by a decreasing period from December 2009 to July 2010. Afterwards, there is an increasing period
from August 2010 to November 2010, followed by a final decrease until the end of the simulation in March 2011 (Fig. 8).
There seems to be a seasonal pattern, but the lack of data beyond March 2011 do not allow us to establish such a thing. The
results present a marked contrast between the central part and the east lateral margin of the glacier front, so that the maximum

differences in the eastern zone of the front are approximately 10 times larger than in the central one. This is likely due to the
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Figure 6. 3D aerial view of the glacier calving front for (a) August 2009 and (b) October 2009. The red zones represent high values of
melt rate due to plume activity, although the scales used are not the same. Different scales have been chosen to account for the significant

differences between the values.

lack of calving events produced by the model in that region of the glacier front that could be caused by low plume-induced
melting in the area. In general, the performance of the model is better when looking just at the central 350 m of the calving
front. On average, the modelled positions are 40 % closer to the observed positions when taking just this central part (13,03 m
versus 20.95 m for the total front), with half of the values below 10 m. Even so, in late spring and early summer, the differences
in both cases, taking the whole calving front or just the central part, are considerably small and of the same order.

Although a comparison between a 2D and a 3D model must be handled carefully, our results show a deviation of +10 m for
the central 350 m of the calving front between April and August 2010. This is the same deviation value obtained by De Andrés
et al. (2018) for their flowline model. To obtain those results, they needed to include a non-dimensional adjustable parameter
used to parameterize the crevasse water depths (CWD). In contrast, our model uses the 3D calving implementation of Todd
et al. (2018), which ignores this process, so we do not need any CWD parameterization. Therefore, the inclusion of an across

glacier dimension extends the best results of the 2D model to the central 350 m of the calving front, where the 3D model
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Positive values indicate that the modelled front is more advanced than the observed, while negative values indicate the opposite. The zero is
marked with a black horizontal line so values closer to that line indicate a better agreement between modelled and observed positions. The

yellow area indicate the summer period (June to September 2010).

predicts the observed front position with a good level of agreement. However, there is a region where the modelled positions
are clearly behind the observed ones. The escalation of the difference coincides with the months when calving is larger at the
glacier. Consequently, the cause of this increase could be an underestimation of calving by the model. The reasons could be
that the model is not able to capture all calving events occurring at the glacier or an underestimation of submarine melting,
since higher values of submarine melting can enhance calving. So these two factors have to be closely examined in order to

improve the performance of the model.

5 Conclusions and future work

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

The model is able to predict the evolution of the front position in terms of advance and retreat following a seasonal cycle
with steep retreats in summer months and steady advances during the rest of the year. However, there are still differences
between observed and modelled positions, specially in the eastern margin, where the longitudinal difference reaches 150 m

in November 2010. In fact, when taking only the central part of the glacier front, the results improve significantly and the
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modelled positions become, on average, 40 % closer to the observed ones. In general, the difference between the modelled and
observed front positions increases during the calving period, and we assume that the cause is an underestimation of calving
by our model. Even so, the difference between the modelled and observed front positions decreases in some months, such as
May, June, and July. In these months, the model is able to predict the front position with a very good level of agreement. In the
eastern margin, our model is not producing enough calving events, which is causing that large differences.

Changes in SMW alone are not able to explain plumes behavior, turning fjord ambient conditions into a key factor in this
process. And plume-induced melting has proven to be an essential factor for calving to occurs. Consequently, a logical next
step would be to use a fjord model to obtain better estimates of ambient conditions. Furthermore, the study period of this
experiment is limited by the available data. Running a longer simulation could help us better understand the seasonal patterns

and find out whether the eastern difference grows larger or starts to decrease at some point.
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