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Abstract. Marine- and lake-terminating glaciers, though limited in number, are important contributors to global sea-level
rise. Their mass budget is governed by surface mass balance and frontal ablation. The latter remains poorly constrained in
glacier models as calving involves processes that act on various spatial and temporal scales. In this manuscript, we present the
integration of a subgrid-scale ice-front tracking method based on the level-set method, coupled with a strain-based calving
criterion, into the Instructed Glacier Model. The framework is applied to a synthetic glacier setup initially to exemplify
code sanity, reversibility, and shape preservation. For this experiment, the integration of both a re-initialization scheme and
an informed extrapolation of frontal velocities was key. We also extended the approach to allow for frontal advance of
grounded ice tongues. To further enhance the approach, we incorporated a thickness scheme that dynamically adjusts the
frontal thickness, permitting the frontal advance of grounded ice tongues while maintaining consistency with mass conservation
throughout geometric evolution. The framework is subsequently applied to a real-world setting, where the model is calibrated
and evaluated using five marine-terminating glaciers in Kongsfjorden, Svalbard. The results show that the model can capture
both the magnitude and spatial variability of calving front retreat. We therefore deem our implementation as a versatile method
to track ice fronts of grounded glacier tongues. This scheme enables an adequate quantification of atmospheric and oceanic

influences on current and future ice loss of marine-terminating glaciers.

1 Introduction

Since the 1970s, there has been a pronounced increase in mass loss from glaciers worldwide, making them a major contributor
to current sea-level rise (Zemp et al., 2019; Hugonnet et al., 2021; Dussaillant et al., 2025). Among these, the marine- and
lake terminating (MALT) glaciers experience the most rapid changes due to interactions at both the atmospheric and water
interfaces (Wouters et al., 2019; GlaMBIE Team, 2025). Mass loss from MALT glaciers is controlled by two main factors:
the surface mass balance and frontal ablation. Surface mass balance comprises all processes at the glacier surface that govern
mass gain or loss. Frontal ablation is defined as the mass loss at the ice front of the glacier tongue. It includes iceberg calving,

sub-aerial melting, sublimation, and sub-aqueous melting (Cogley et al., 2010; Pope et al., 2012). Both factors are critical for
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the overall mass budget of MALT glaciers. Regional estimates indicate that frontal ablation dominates the overall glacier mass
loss in many fast-retreating regions (Kochtitzky et al., 2022a, b). For instance, for glaciers on Greenland, frontal ablation alone
contributed to 559413 Gt a’! from 2010 to 2020 (Kochtitzky et al., 2023), while the overall mass loss is estimated only as 286
+ 20 Gt a™! for a largely overlapping period (2010-2018) (Mouginot et al., 2019). Similarly, in regions such as Alaska, High
Mountain Asia, and Svalbard, frontal ablation is becoming increasingly important in the total glacier mass budget (Recinos
et al., 2019). However, both observational and modeled estimates of frontal ablation remain limited to a few individual glaciers
or regions, largely due to the complex and dynamic nature of the glacier calving front. Furthermore, an insufficient knowledge
of accurate glacier bed topography and ice thickness near the terminus exists for water terminating glaciers (Fiirst et al., 2024).
Many existing studies rely on ice discharge approximations for frontal ablation, which often overlook the influence of iceberg
calving and variations in the calving front position. Future calving losses thus contribute significantly to the uncertainty in
predictions of sea-level rise (Li et al., 2023)

Explicitly representing calving front dynamics in glacier evolution modeling is necessary to address these limitations.
However, accurately modeling calving processes remains challenging due to the complex interactions among stress, geometry,
and external forcings (Benn et al., 2007). Recent advances in calving research have incorporated a variety of empirical and
physically based calving frameworks into ice-flow models. These frameworks are generally categorized as either assuming
a steady-state calving front geometry or incorporating a dynamically evolving calving front, with the latter constituting the
focus of this study. Most of the existing research is on rapidly changing tidewater glaciers. Often, the calving front dynamics
of the freshwater glaciers have received comparatively little attention, despite exhibiting patterns and variability similar to
marine-terminating glaciers (Pfeffer, 2000; Nick et al., 2013; Shugar et al., 2020; Compagno et al., 2022; Vacek et al., 2025).
Incorporating lake-terminating glaciers in calving models requires additional attention, as increased glacier retreat causes
formation and expansion of proglacial lakes (Minowa et al., 2023).

Calving is primarily controlled by an interplay of multiple dynamic processes at the glacier terminus, including stretching
and fracture initiation and crevasse propagation, imbalance between cryostatic and hydrostatic pressures, submarine undercutting
of frontal ice cliff, and buoyant forces at the terminus (Benn et al., 2007). Sudden episodic removal of ice at the glacier
front can substantially affect the glacier stress balance and flow regime (Amundson et al., 2022). As ice is lost by calving, its
previous restraining force on the upstream ice is lowered or lost. An immediate consequence of reduced buttressing can be flow
acceleration at the terminus. This acceleration can then lead to further thinning upstream while the glacier readjusts (Mitcham
et al., 2022). In addition, the presence of water at the terminus typically increases ice velocity near the terminus by reducing
effective pressure. Higher velocities can further act as a feedback mechanism for calving events. While increased velocity and
retreat are key factors, basal drag, lateral drag, and longitudinal stress gradients also control glacier flow and consequently
calving rates. Physics-based calving models (Nick et al., 2009; Morlighem et al., 2016) and process-based formulations (Benn
et al., 2007) provide valuable insight into calving dynamics at high spatial and temporal resolution. Several empirical calving
relations have been formulated and implemented in glacier evolution models, many of which relate calving rate to terminus
velocity, water depth, crevasse propagation, or glacier stress and strain rates (Brown et al., 1983; van der Veen, 1996; Pfeffer

et al., 1997; Levermann et al., 2012). These empirical approaches are found to be effective for accurately estimating the
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calving rate with proper calibration (Choi et al., 2018; Wilner et al., 2023). Recent studies also incorporate dynamically
evolving calving fronts along with the physics-based calving law. A widely used approach is to track the calving front along
the flowline, simplifying the terminus’ complex geometry into a 1D representation (Vieli and Nick, 2011; Nick et al., 2009).
However, the accuracy of this method is subject to parameterizations. Moreover, 1D methods are ineffective in tackling the
complex topology of the calving front and fail to resolve lateral variations. Consequently, there is a pressing demand for
more accurate representation of calving-front dynamics in prognostic models of MALT glacier evolution. The level-set method
(LSM), introduced by Osher and Sethian (1988), has been used recently in many ice flow models to implicitly track the calving
front (Bondzio et al., 2016; Morlighem et al., 2016; Choi et al., 2018). The LSM is a numerical technique based on partial
differential equations to implicitly represent and track evolving interfaces. Although its application in glacier modeling is still
developing, studies indicate that LSM is well suited for resolving the intricate geometry and dynamic adjustments of the calving
front (Pralong and Funk, 2004; Bondzio et al., 2016; Morlighem et al., 2016). LSM is found to be effective in tracking complex
topological changes, making it suitable for tracking the calving front propagation. However, the method is subject to numerical
instabilities that require mass conservation and re-initialization at frequent intervals (Cheng et al., 2024). Recent advances
show that the LSM can be seamlessly integrated into finite-element ice-flow models, enabling glacier-specific calving-front
tracking. (Bondzio et al., 2016; Cheng et al., 2024; Badgeley et al., 2025; Barnes et al., 2026). Recent efforts increasingly
focus on refining physically based calving laws and the parameter calibration within dynamically consistent frameworks.

The main objective of this study is to establish a calving framework suitable for regional-scale application to understand the
future evolution of MALT glaciers. We present the implementation of the method in the Instructed Glacier Model (IGM) (Jouvet
et al., 2022), a Python-based modeling tool to efficiently simulate glacier evolution on various scales. The whole framework
is tested using synthetic glacier domain. The method was further calibrated across five glaciers in Svalbard to reconstruct the
calving front for the period 2014 to 2024, to showcase its applicability to a real-world scenario. The Svalbard glaciers are of
particular importance, due to the regions’ amplified Arctic warming (Schuler et al., 2025) and their significant contribution to
sea level rise (Nuth et al., 2010).

2 Data and Methods
2.1 The framework for calving and ice-front migration

In this section, we present the implementation of the calving algorithm, along with the ice-flow model coupled with it. The
calving algorithm consists of two key components: a sub-grid front tracking framework and a physics-based calving law. Our
sub-grid front tracking framework is adapted from the LSM used in the Kori-ULB ice flow model (Pattyn, 2017; Coulon et al.,
2024). We extend this approach by incorporating re-initialization, physically consistent velocity-extension and eigen calving.
Furthermore, we implement a front-thickness update scheme to make the level set module suitable for coupling with a glacier

evolution model, particularly during glacier advance phases.
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2.1.1 Glacier dynamics and surface mass balance

Glacier mass balance and evolution is simulated using IGM V.2 (Jouvet et al., 2022). For ice dynamics, we do not rely on the
emulated velocities from IGM but rather rely on the solution of the built-in classical solver (Jouvet et al., 2022). The surface
mass balance (SMB) is estimated as a function of elevation (z) using three parameters: time-evolving equilibrium line altitude
(zELA), ablation gradient (3,5;), and accumulation gradient (3,..). Using numerical optimization, the horizontal velocity
components are estimated using the classic solver, built-in IGM, which is based on the Blatter-Pattyn approximation. Finally,

ice thickness is updated by solving the mass conservation equation that integrates ice flow and surface mass balance.

h

The mass conservation equation is discretized using an explicit first-order upwind finite-difference scheme on the 2D grid. In

this scheme, ice is transferred between adjacent grid cells based on edge-defined fluxes.
2.1.2 Level-set Method (LSM)

In the current implementation, we use an implicit finite difference scheme to evolve the level set. The LSM relies on a signed
distance function to represent evolving interfaces. The level set function (¢(z,t)) at a given point in space (x) and time (t)
is initialized with the interface, i.e. the calving front, defined as the zero contour. The remaining nodes of the domain are
populated using a fast marching method, which extends the signed distance function outward from the front, ensuring that the
magnitude of the first derivative of the distance function is one (| V¢ |=1). The sign of ¢ defines whether the region is ice-

(€;) or ocean-covered (€2.) as follows:

>0 forx e,
d(x,t) =9 <0 forze, 2)

=0 forz ey,

where, (£27) is the interface or calving front. Differentiating Eq. 2 in time and applying the chain rule, we obtain:

8¢ B
5 tUrve=0, )

where vy is the front velocity of the level set, which is the difference between the ice velocity (v) and the calving rate (c). The

velocity components should be perpendicular to the ice-front.
vp=(v—c) n. “)

In order to solve Eq. (3), the frontal speed (vy) must be extended over the entire computational domain or at least over a band
of neighboring nodes (narrow band approach) (Adalsteinsson and Sethian, 1999; Xue et al., 2021). In our implementation, we

use the narrow band approach for solving the level set and velocity extension. The velocity is extended in the narrow band so
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that it does not change along the normal direction but can vary along the interface itself. The extended velocity (U;“) of the

domain is estimated to satisfy the following condition:
Vu§t .V =0. 5)

This method ensures that the advection of neighboring nodes is consistent with the interface evolution (Adalsteinsson and
Sethian, 1999). Limiting the level set advection and velocity extension only to the narrow band, reduces the computational cost

of the entire implementation.
2.1.3 Calving rate

The calving rate of the glacier is estimated using the eigen calving proposed by Levermann et al. (2012). The eigen calving has
been widely adopted in large-scale ice-sheet and outlet-glacier modeling studies due to its ability to capture first-order calving
dynamics based solely on kinematic fields (Martin et al., 2011; Wilner et al., 2023). The eigen calving framework provides a
physically based approach, deriving calving rate from the principal components of the strain rate. Eigen calving defines the

calving rate as a function as follows:
CZKeC.EH.GL, (6)

where (eH) is the along-flow strain rate and (e ) is the across-flow strain rates and K. is the calibration constant (K..) and is

assumed to represent the physical properties influencing calving.
2.1.4 Level set re-initialization

Over time, as the interface evolves, the value of level set will deviate from the true signed distance function, which may cause
numerical instabilities, affecting the evolution of the interface. Re-initialization of the level set is periodically employed to
restore the signed distance function, while the interface (zero level set) remains unchanged (Sussman et al., 1994). This ensures
that the zero level set is accurately tracking the evolving calving front on a subgrid length scale. In the current implementation,

re-initialization is performed by solving the following partial differential equation:

57 = sign(60)(1 - |V9)) )

where 71" is the pseudo-timestep for re-initialization, ¢g is the original level set, and g—?ﬁ drives ¢ towards a signed distance
function without altering the zero level set. The partial difference equation based re-initialization has the ability to handle
complex shapes and is ideal for frequent re-initialization, which is often necessary (Bondzio et al., 2016; Morlighem et al.,
2016). Without re-initialization, the gradient norm | V¢ | deviates from 1, smearing the interface and signed distance function.
The control parameters for Eq. (7) are finalized after testing on synthetic level set and glacier setups. There is no optimal value
for the re-initialization time step. Thus, in our study, we use the same time step for re-initialization as for time evolution in

IGM (Eg.1).
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2.1.5 Ice front advance

As the glacier calving front propagates, the ice thickness and surface topography must be updated at each timestep based on
the level-set value. Eq. (8) shows the classification of each cell based on the value of the level set.
¢;; <0 ice-covered ®
¢i; >0 water filled
On the newly formed fully ice covered cells, the surface topography and ice thickness is updated based on the values extracted
from its neighboring ice filled cells. The ice thickness is extracted from the neighboring ice-covered cell, assuming that the
surface topography remains similar to the immediate upstream cells. We take the minimum surface topography from the
immediate upstream neighbor cells for this purpose. This ensures that the thickness distribution remains consistent with the
previous calving front positions. The glacier and synthetic setup used in this study is always assumed to be grounded, and
thickness is estimated as the difference between newly added surface and local bed elevation. In addition, ice must be fully
removed from a water filled cell, as glacier retreats. The proposed method integrates seamlessly with the mass transport modules

of the IGM (Eq.1), preserving compatibility with its thickness and velocity fields.
2.2 Synthetic glacier domain

Two different synthetic test domains were used to evaluate the robustness of the model in this study. These synthetic domains
allow us to assess mass conservation, symmetry preservation, and accuracy of initialization and re-initialization. The first
domain is a simple 2-D domain with a circular interface, which serves as a baseline numerical experiment. Details of this
experiment are provided in the appendix (Sect. A). This section focuses on the application of the LSM on an idealized synthetic
glacier geometry setup using IGM. This geometry enables a controlled environment to further test the numerical stability, and
the ability of the current implementation to handle simplified but realistic glacier-like features before extending to the real-
world scenario. Furthermore, we use this setup to evaluate the reversibility of the glacier advance and retreat within the LSM
framework.

The computational domain is structured as a 2-D grid with a size of 20 km by 10 km having a resolution of 200 m. The glacier
bed topography is defined using a combination of slope profile in the x-direction and a parabolic profile in the y-direction to
imitate valley-like features (Fig 1). The bed topography of the synthetic setup is prescribed as:

T — X

(y — 5000)2
50000

topg(x,y) = —tan (O.47r > tan(a) z. + + 3250, )

Tc
where, « is the slope and x. defines the mid-section of the computational domain as:
1

Te= inrdw. (10)

At the lateral domain edges (600 m in each side), periodic boundary conditions are employed. At the inflow boundary,

velocities and thickness values are set to zero (Dirichlet condition). The bed topography is constrained to a minimum of 10
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Figure 1. Spatial distribution of (A) initial bed topography and (B) glacier velocity of the synthetic domain generated through a 125 year

model run of IGM. The synthetic glacier domain has an "ice covered’ area of 180 km? and an ice volume of 26.3 km®.

m below sea-level to avoid excessively thick fronts during advance. The bed topography below zero is treated as ocean/water,
thereby allowing us to treat the synthetic domain as a MALT glacier.

Concerning the SMB, a simple elevation-dependent parametrization is used with a constant equilibrium line altitude (200
m. a. s. 1.) along with vertical gradients of ablation (0.09 m w. e. a~! m~!) and accumulation (0.05 m w. e. a—! m™!). For
model initialization, we pursued a 125-year simulation, allowing ice to advance into the water domain’. The model domain
does not reach a full equilibrium state in terms of thickness and velocity evolution. However, the overall thickness and velocity
distribution provides a sufficiently stable configuration for subsequent level-set applications. In the model, we do not allow
flotation. All ice is treated as grounded.

The calving front, positioned at the ocean boundary, spanned 8.5 km in width. The synthetic glacier shows rather thin ice
at the calving front. To ensure that the initial geometry shows a more realistic ice cliff at the glacier front, we first impose a
constant frontal velocity vy =200 m a~! ( Eqn. 3), for 2 years to cut back the margin position. From here onward, we refer to
this extent as the initial geometry of the synthetic domain (Fig.1B). The simulation period can be divided into two phases: the
advance phase (t = 1 to 12 years) and the retreat phase (t = 13 to 32 years). During the advance phase, a constant velocity of
400 m a~! in x-direction is applied at the level set interphase, resulting in steady frontal advance for 12 years. Thereafter, vy is
inverted to -400 m a~! for the next 22 years to simulate glacier front retreat. The retreat phase is used to test the reversibility of

the method. As the glacier advances, the SMB values are kept zero at the terminus to ensure that the glacier domain does not
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grow or remove mass at the terminus. The ice thickness at the calving front is thus exclusively updated based on the level set
evolution (Sect. 2.1.5). While IGM updates the thickness and velocity fields where ice is present and in areas above sea-level,

the LSM controls the advance and retreat at the marine interface.
2.3 Real-world experiment

An overview of implementation of the calving module and integration with IGM is given in Fig. 2. The workflow presents the
inclusion of Sect. 2.1 with IGM. In addition to this, the real-world experiments also include calibration of glacier velocity and

the calving parameter, K., which is described in Sect. 2.3.2.
2.3.1 Data

We selected five tidewater glaciers located at the southern end of Kongsfjorden in the Svalbard archipelago (Fig. 3): Kongsbreen,
Kronebreen, Infantonna, Kongsvegen and Sidevegen (from north to south). The latter four glaciers were grouped into the
Kronebreen glacier complex. The initial glacier geometry is provided by Randolph glacier inventory, (RGI Version 6.0). Surface
elevation is derived from the Copernicus DEM, and ice thickness and velocity data are taken from Millan et al. (2022). IGM
allows the data download for multiple initial parameters including initial DEM, observed velocity and thickness using the
OGGM-shop module. The surface mass balance parameters (zg, 4, Babi, and Buc.) are identical to those prescribed for the
synthetic domain.

Among the selected glaciers, Kronebreen and Kongsbreen are the two major and largest outlet glaciers. Kronebreen is one
of the fast-flowing glaciers in the Svalbard archipelago (Schellenberger et al., 2015). The glacier terminus ends in a deep fjord
with water depth near the terminus of 50 to 60 m, with a retrograde bed slope. The glacier terminus was relatively stable
until 2007 and has been retreating faster since then (Luckman et al., 2015; Schellenberger et al., 2015). The other glacier,
Kongsbreen, features two calving fronts oriented northward and southward. The northern branch ends in a deep fjord and has
undergone a pronounced retreat, while the southern branch is partially land terminating and has minimal terminus change since

2000. The calving front of the northern branch is 2.1 km wide and has retreated over 3 km in the last two decades (Fig. 3).
2.3.2 Model Calibration

To reproduce the observed near-frontal velocity field of the selected glaciers with IGM, we applied a manual calibration of
the friction coefficient. Although IGM includes a data assimilation framework for inferring basal friction, the primary focus of
this study is on calving-front evolution rather than optimizing basal sliding through formal inversion. The manual calibration
strategy aimed to reproduce the observed frontal velocities derived from the dataset of Millan et al. (2022), which range between
800 to 1200 m a ~! at the glacier front. Through iterative testing of different spatial distributions of friction coefficients, we
selected spatially varying friction coefficient values that yielded near frontal velocities exceeding 1200 m a ~ !, consistent with
the upper range of observed values. In regions where the bed topography is less than zero, a friction coefficient value of 10~6

m MPa—3 a ~! is used, to allow enhanced basal sliding. Further up the glacier, the value increases to 0.04 m MPa—3 a~1,
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Figure 2. Workflow showing integration of calving framework with IGM for real-world experiments.
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Figure 3. (A) Location of the selected tidewater glaciers in northwestern Svalbard; (B) glacier boundaries (yellow) from the Randolph

Glacier Inventory V-6; (C) observed calving front retreat from 2013 and 2024, overlaid on a Sentinel 2 image from September 2024.



220

225

230

235

240

245

250

https://doi.org/10.5194/egusphere-2026-508
Preprint. Discussion started: 27 February 2026 G
© Author(s) 2026. CC BY 4.0 License. E U Sp here

representing stronger basal resistance. After this inversion, a 10 year relaxation run is pursued with a constant thickness field.
After this initialization procedure, we allow the calving front position to evolve in time in line with the calving law defined in
Eq. 6

The calving law constant (K.) is calibrated with observed front position data of Kronebreen, Infantonna, and Sidevegen.
The observed calving fronts are obtained using the automated rectilinear box tool of Loebel et al. (2024). The model uses the
orthorectified and radiometrically calibrated Level-1 data product of Landsat-8 to generate the calving front positions. For each
year of data, the image corresponding to the latest date in September is used for calibration, which acts as a proxy for the end of
summer calving front. The calving fronts are then manually readjusted based on high-resolution Sentinel 2 data for improved
accuracy. The calibration period is divided into two sections: 2000-2013 and 2013-2024. For the first subperiod, calving front
positions are available only for two years, whereas for the second period, annual calving front positions are available. The
calibration target is to determine a single K. value, which best explains the average retreat during a specific period. For the

period 2000-2013 the value of K. is 0.56*10* ma—! while for the period 2013-2024 it is 2.3 ¥*10* ma—! .

3 Results

Here we present the results of the calving front evolution of the synthetic glacier domain and the real-world experiment. The
synthetic experiment use constant values of level set velocity (vy), while the real-world setup uses level-set velocity estimated

from the calving rate and glacier ice velocity (Eq. 4).
3.1 Synthetic glacier domain

Using the synthetic glacier setup, we aim at reproducing physically consistent thinning and thickening during calving front
evolution. In this experiment, there is no direct link between IGM velocity and the ice-front velocity, which is prescribed as
a constant. However, the IGM derived thickness and ice velocity are updated based on the evolving calving front position.
Away from the calving front, IGM updates the geometry according to mass conservation (Eq. 1). The evolution of calving
front positions during the advance-retreat phases are given in Fig. 4A. During the advance phase, the front moves 400 m every
year, consistent with the prescribed velocity applied to satisfy Eq. 3. The calving front maintains its shape throughout the
experiment. During the first half of the retreat phase, the calving front retreats inland, while retracing the previous advance
glacier front positions. Subsequent retreat continue until the glacier becomes land-terminating (above 0 m a. s. 1.), and iceberg
calving is no longer possible.

As the front propagates into the ocean, the newly evolved front maintains a realistic thickness with no step-changes in
thickness. The thickness evolution along the centerline of the synthetic glacier domain shows that the front-thickness remains
constant during advance phase. During retreat, the glacier area is adjusted according to the position of zero level set. The retreat
initially removes the glacier mass gained by the domain during the advance phase, until it reaches the initial extent (Fig. 4B).
In addition to retracing front positions, the method also ensures that the frontal thickness is preserved throughout the calving

process. During the later retreat phase, ice thickness is removed progressively from the initial glacier extent based on calving

10
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front positions. Throughout the experiment, the symmetrical distribution of thickness and surface elevation of the domain is
preserved.

IGM seamlessly adjusts the glacier velocities with the evolving glacier geometry. The ice velocity is notably low at the front
during the advance phase and first half of the retreat phase. This front of the synthetic glacier domain is characterized by lower
ice thickness and slope and high friction coefficient. This reduces the driving stress and explains the slow frontal velocity. The
frontal velocity increases considerably later, as the front retreats further, consistent with increase in slope and ice thickness.
In contrast, the upstream velocity steadily increases throughout the experiment, since controlling parameters allows velocity

buildup (Fig. 4C).
3.2 Real-world Experiment

All the glaciers selected in this study experienced sustained calving throughout the study period, which the model was able to
reproduce. The modeled calving fronts (2000-2024) of both glacier complexes are shown in Fig. 5. In the first calibration phase
(2000 - 2013), the modeled calving front positions of Kronebreen complex shows a slow retreat and a uniform low calving rate
(Fig. 5A). An exception to this is the Sidevegen glacier (Fig. 5SA), which exhibits a stable calving front during this period. The
Sidevegen calving front is sitting on small ridge ~50 m. a. s. 1, and is initially not controlled by the calving module. The calving
front starts to retreat from 2014 onward, owing to huge mass loss at the front and increased calving rate. For Kongsbreen, the
modeled glacier front is stable for the period 2000 to 2003, as the frontal velocities and calving rates are low. From 2003 until
2013, the northern front exhibits a steady and smooth retreat until 2013 (Fig. 5B). The front positions in 2013 match well with
the observed data for the northern branch. However, the modeled calving front of the southern branch is retreating somewhat
faster than the observed data.

In the second calibration phase (2014-2024), the calving front is retreating faster for both glaciers. The modeled calving
front matches well with the observed front positions of Kronebreen, Infantfonna, and Kongsvegen glaciers. For Sidevegen,
the modeled front propagation is slower than the observed. The model also captures the increased retreat observed along the
deeper parts of the Kronebreen complex. This increase in calving rate from 2014 is modeled in Kongsbreen glacier as well.
Comparison between observed and modeled front indicates that the calving front is only partially captured, especially at the
north front. At the northern front, the modeled calving front shows faster retreat for the eastern section while slower retreat for
western section. The southern front of the glacier is relatively stable based on the observed data. The modeled results show

similar pattern with no or very slow retreat (Fig. 5B).

4 Discussion
4.1 Numerical stability of the LSM ice-front tracking

The numerical stability of the LSM is tested using a circular and a synthetic glacier domain. The contributor to the numerical

inconsistencies of the level set advection mainly comes from a lack of re-initialization and velocity extensions (Sussman
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et al., 1994). The re-initialization helps to preserve the exact position of the interface as well as the signed distance function
(Bondzio et al., 2016). We rely on a partial difference equation-based re-initialization for our finite difference approach. This
contributes to a numerically consistent interface evolution by controlling gradient distortion of the LSF. This in turn ensures
mass conservation and curvature preservation as evident from the circular interface evolution Fig. A1A and the synthetic
glacier front evolution Fig. 4. The re-initialization frequency does not appear to have any significant effect on the accuracy of
our model, in contrast to the previous findings by Cheng et al. (2024). This could likely stem either from the relatively small
velocities or from the simplicity of the test domain. However, without re-initialization, numerical errors accumulate during
level-set advection, leading to increased deviation from analytical solutions. A key requirement for level-set-based calving
models is the ability to simulate reversible calving-front migration, along with physically consistent frontal ice thickness
update. The synthetic glacier experiments indicate that introducing additional geometric and physical complexities through
inclusion of spatially varying ice thickness, an ocean interface and a grounding line, does not compromise the numerical
stability of the level set formulation. Instead, the model continues to exhibit isotropic level-set advection, with front propagation
remaining independent of the interface geometry and domain orientation. As for the frontal ice thickness, the calving front
thickness remains consistent with the initial frontal ice thickness distribution during both advance and retreat phase. No artificial
discontinuities are observed in either ice thickness or ice velocity particularly at the calving front. This demonstrates that the

method can seamlessly incorporate the geometry update and position-based thickness update within IGM. Furthermore, the
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initial geometry, bed topography, calving front thickness, and level set velocities are fully controlled in the synthetic glacier

domain. This makes it easier to isolate the numerical behavior of level set advection from the physical complexities.
4.2 Glacier calving front evolution on Svalbard

The level set function controls the migration of the ice/water interface whilst it is not employed for the ice-land/ice-free
interface. Advance and retreat on land are controlled by the classical mass conservation equation. The real-world setup shows
the ability of the method to reproduce the observed calving front migration. In particular, the level set framework allows the
calving front to evolve freely, enabling the method to handle the complex topology of the glacier terminus. As shown in the
southern branch of Kongsbreen, the model can effectively capture the splitting of the calving front and can treat the zero level
set as multiple individual fragments (Fig. 5 B). In addition, the calving-front positions of neighboring glaciers can be simulated
simultaneously. This is particularly important where glaciers share a calving front, as their dynamics influence each other.

The accuracy of calving front evolution depends on the choice of calving law and the terminus velocity. The patterns of
ice-front retreat are influenced by the calving laws (Choi et al., 2018). They show that the available rate-based calving laws
require careful calibration in real-world application. Here we opted for the eigen calving variant. To better capture the temporal
patterns of retreat, the calibration period is divided into two decades, the first half with modest retreat rates and a subsequent
decade with markedly faster retreat. The modest variations in annual patterns of observed and modeled calving front positions
show the difficulty in capturing the short-term forcings with a constant calibration parameter. While the calving parameter
cannot be transferred between the two periods, spatial transferability across nearby glaciers remains possible. The calibration
values inferred from Kronebreen, Infantonna, and Kongsvegen remain effective when applied on Sidevegen and Kongsbreen,
despite differences in geometric confinement. Also, the single proportionality constant was able to reproduce the effect of
pinning points and strain rate heterogeneity of most of the calving front positions in Kronebreen complex. The annual patterns
of the modeled calving front migration are also controlled by the temporal evolution of glacier ice velocity. Although the model
was initially calibrated, we observe that the glacier ice velocity reduces significantly over time. The lower glacier ice velocity
also reduces the strain rate based calving rates, forcing the calving front migration to stabilize over time. Consequently, in both
glacier setups, the glacier front slows or stabilizes toward the end of the first calibration period.

The glacier front retreat also shows considerable sensitivity to the bed topography as observed in other calving model
applications (Morlighem et al., 2016; Choi et al., 2018). The glacier retreat is faster along the retrograde bed sections, and
is more in agreement with observations. Within the Kronebreen complex, eigen calving performs well at retrograde front
positions. The fast flow typical of retrograde slope regions produces high along-flow strain rates and negligible or weak across-
flow strain rates. This reduces the noise in the overall calving rate, making the eigen calving suitable for application on
fast-flowing glaciers of Svalbard. Although eigen calving law is appropriate for unconfined ice domains (Levermann et al.,
2012; Wilner et al., 2023), a comparative modeling study in the Greenland fjords has shown that eigen calving performs poorly
where flow is constrained by narrow, near-parallel valley walls (Choi et al., 2018). Kongsbreen shares a similar geometric
confinement. where the calving front is bounded by small ridges and narrow lateral valleys. This adds additional noise to the

strain rates, which affects the pattern and magnitude of the calving rate. Kongsbreen continues to have lower frontal velocity
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and thickness until 2015, irrespective of calving perturbations. However, prolonged faster calving has increased the local speed
up of glaciers near the terminus and results in accelerated calving at the western margin of the south front. Another contributing
335 factor to the mismatch between observed and modeled front positions is the spatial patterns of IGM-derived glacier ice velocity.
Although the modeled and observed velocities agree well at the beginning of the simulation, the discrepancies grow over time.
As the current scope of our study does not include a full reconstruction of glacier velocity fields, we rely on IGM-solver-derived

velocities. For future application, we recommend a more realistic velocity simulation using the IGM-inversion.
4.3 Potential and limitations

340 The MALT glaciers represent a substantial fraction of the global glacier area and ice volume. Their direct contact with water
introduces additional dynamic and thermodynamic forcings that can trigger phases of rapid frontal retreat and enhanced ice
discharge. Recent studies have extended sheet models such as ISSM, Ua and Elmer/Ice by incorporating the LSM to enable
the calving-front migration of ice-sheets and water-terminating glaciers (Bondzio et al., 2016; Cheng et al., 2024; Badgeley
et al., 2025; Barnes et al., 2026). These studies enable a physically consistent simulations of the calving-front retreat at

345 glacier to regional-scales. These implementations are typically embedded within finite element frameworks. In contrast, IGM
is based on a structured grid architecture. The current implementation introduces sub-grid level-set implementation within
the IGM framework allowing calving-front migration to be resolved below the native grid spacing. This approach provides
a geometrically consistent representation of calving-front evolution while preserving the computational efficiency of IGM.
Although the current implementation is mainly tested on marine-terminating glaciers, it is equally applicable to any water-

350 terminating glacier, including lake-terminating glaciers. However, it is assumed that the entire setup fully remain grounded as
it advances into the ocean. This simplification limits the application of the model for investigating calving-front flotation.

In the present study, sub-aqueous melt is not explicitly included. The omission of submarine melt represents a simplification
of the frontal mass balance. The modeled retreat should therefore be interpreted as the response to stress-driven calving alone.
Further inclusion of sub-aqueous melt could explain the spatial variability in calving front migration of the selected glaciers

355 accurately. However, isolating stress-based calving allows us to evaluate the numerical implementation of sub-grid calving-
front migration within the IGM framework without introducing additional uncertainties. Furthermore, the current modeling
framework employs a simplified strain-based calving scheme to study calving dynamics. Incorporating more physics-based
calving mechanisms would likely enhance the predictive capability of the model and better reflect the diversity of calving
processes observed across tidewater and lake-terminating glaciers. The modular nature of the implemented level-set scheme

360 offers flexibility to incorporate multiple calving laws. Lastly, the application of the method to real-world settings reveals a
strong sensitivity to the calving parameter, which governs the magnitude of the calving rate. This sensitivity underscores the
necessity for glacier-specific calibration strategies to constrain calving behavior. However, such calibration can be computationally

intensive and time-consuming.
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5 Conclusions

In this study, we present the implementation and integration of a fully-coupled calving module into the Instructed Glacier
Model (IGM). The module comprises subgrid tracking of the glacier front using the level-set method and an eigen-calving
law. The subgrid tracking captures the dynamically evolving calving front, while the eigen calving law links frontal migration
directly to ice-dynamic strain-rate re-adjustments within the glacier. The initial testing of the model on the synthetic domain
shows promise as a tool for accurately simulating the ice fronts of grounded glacier tongues. The synthetic experiment also
assesses the reversibility and shape preservation of the level set function, demonstrating that the calving front can advance
and retreat without introducing numerical artifacts or distortions in its geometry. As the position of the calving front can
strongly affect the ice stress regime and velocity, it is critical to capture the subtle frontal positions. Unlike traditional grid-
based simulations, where calving occurs only at discrete resolution-defined intervals, the LSM enables continuous tracking of
calving front evolution within grid cells. This subgrid representation is found to effectively preserve curvature, local orientation,
and boundary continuity at the terminus. As a result, the model captures the subtleties of glacier advance and retreat more
realistically.

The real-world applicability of the model was tested on five glaciers in Svalbard. These include the Kronebereen complex
and the Kongsbreen. Although the algorithm effectively reproduces the general trends and patterns of the calving fronts, it is
also highly sensitive to changes in the calibration strategy. The accuracy of the modeled calving front migration depends on an
appropriate calibration of the calving parameter, on reliable basal topography, and consistency between modeled and observed
velocities. Future work should explore integrating adaptive or time-dependent parameter calibration techniques, potentially
leveraging data assimilation frameworks or observational constraints (Hossain et al., 2023; Herrmann et al., 2025). These

enhancements were beyond the scope of the present model development.

Code availability. All glacier datasets used in this analysis are freely available at https://cluster.klima.uni-bremen.de/d
ata/gdirs/dems_v2/default/RGI62/b_010/L1/. The Instructed Glacier Model (IGM) is open source and can be accessed at
https://github.com/instructed- glacier-model/igm. The level set function implementation used in this study was adopted from

Kori-ULB ice flow model, available at https://github.com/FrankPat/Kori-ULB/blob/main/subroutines/LSFfunction.m.
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Appendix A

We present a simple test setup used to test the sanity of our LSM implementation and ability of the model to preserve mass and
405 shape of the interface. For these simulations coupling with IGM was not required. We used a square-shaped domain of size
500 x 500 m, with a resolution of 10 m. The domain is divided into a negative and a positive region by a circular interface. The

value of ¢ is initialized using a fast marching approach, considering the interface as zero.
For level set advection, the test domain is advanced with constant level set velocity (vs) of 20 m a~! in both the x and y
directions on the interface. The level set is advected for a period of 5 years with time steps following the Courant-Friedrichs-
410 Lewy criteria. With a Courant-Friedrichs-Lewy-constrained time step, the interface advances at a distance smaller than the
grid spacing of 10 m. This ensures that the calving front evolves at subgrid scales, providing a direct test of the level-set
method’s ability to track continuous front positions. Two numerical experiments are conducted on this setup. In the first, level
set function is re-initialized each time step whilst the second is without re-initialization. The modeled interface evolution of
the circular domain is compared with an analytical solution of the imposed rate of front migration to test the ability of the
415 LSM to reproduce the same rate of interface migration (Fig. A1l). The circular interface evolves consistently with the analytical
solution of the domain (Fig. A1A). The level set advection (Eq. 3) here is coupled with re-initialization (Eq. 7) of the level set
field and velocity extension (Eq. 5). This approach to interface evolution captures the orientation and magnitude of the level
set velocity, while preserving the shape and initial mass of the domain. In contrast, the classical level set solution (Eq. 3) lacks
a re-initialization and velocity extension. The classic method thus fails to preserve the mass and curvature of the interface.
420 The disagreement in analytical and classic level set advection is given in Fig. A1B. However, the magnitude and orientation
of the interface velocity are maintained to an extent in the experiment. This could potentially change based on the complexity
of the interface, which is why re-initialization is recommend for level set advection. Since the circular domain contains no ice
thickness or ice velocity information, the experiment is limited to assessing the influence of level set velocity on the orientation
of calving front/model domain, magnitude, and degree of mass conservation. The circular synthetic setup lack the necessary

425 geometric and dynamical ice-flow parameter to test the model performance.
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