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Abstract. The retreat of Greenlandic glaciers through calv-
ing has major implications for the ice sheet’s mass balance
and future sea-level rise contributions. Despite its impor-
tance, the implementation of calving in ice sheet models
remains contested, with several calving laws suggested to
parametrise this process. While the performance of some
of these calving laws has been tested for Antarctic ice
shelves and Greenland’s grounded outlet glaciers, it is un-
clear which calving law would best capture the observed be-
haviour of Greenland’s ice shelves. Petermann, Ryder, and
Nioghalvfjerdsbre (79N) glaciers terminate as Greenland’s
three largest ice shelves, accounting for 90 % of the remain-
ing floating ice and buttressing ~ 15 % of the ice sheet’s
mass. Here we build on other systematic calving studies
by comparing five calving laws at Greenland’s three largest
ice shelves using the Ice-sheet and Sea-level System Model
(ISSM). We begin by constraining the performance of each
law against observed terminus fluctuations between 2008 and
2024, and continue with projections to 2300 under various
climate forcings. When evaluated against observed terminus
changes, we recommend the use of a von Mises or Crevasse
Depth calving law owing to their consistent performance and
similar tuning parameters across the three ice shelves. How-
ever, in our extended projection runs, we find that calving
parametrisations have little influence on grounding line dis-
charge rates, which are instead driven by the choice of cli-
mate forcings. Large ice shelf calving or collapse events are
scarce, and only in these rare cases do we find any pro-
nounced increase in ice discharge. Our results indicate either
continued buttressing potential from Greenland’s ice shelves

into the coming centuries or fundamental flaws in the current
set of calving laws when calibrated to contemporary ice-shelf
behaviour.

1 Introduction

The acceleration of mass loss from the Greenland Ice Sheet
(GrIS), now the single largest cryospheric contributor to sea-
level rise (Otosaka et al., 2023), has coincided with the
near universal retreat of Greenland’s marine outlet glaciers
(Greene et al., 2024). The increase of solid ice discharge
from these marine termini, driven by submarine melt and ice-
berg calving (together termed frontal ablation), is expected
to accelerate and become the dominant form of mass loss
from the ice sheet this century (Choi et al., 2021; Kochtitzky
et al., 2022). However, accounting for interactions at the ice-
ocean interface, in particular the mechanisms of calving, re-
mains one of the key uncertainties in ice sheet modelling
(Goelzer et al., 2020). Terminus retreat through calving not
only directly contributes to mass loss, but also has indirect
impacts on ice sheet dynamics, where a reduction in resistive
stresses can provoke an acceleration in discharge and interior
ice sheet thinning, thereby also negatively affecting the ice
sheet’s surface mass balance (SMB) through increased abla-
tion (King et al., 2020; Box et al., 2022). As such, there is a
distinct need for robust models that capture calving dynamics
of marine-terminating glaciers to make realistic projections
of future sea-level rise.
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Figure 1. Satellite images of the last three remaining large ice shelves in Greenland: (a) Petermann Glacier, (b) Ryder Glacier, and (¢) 79N
taken in August 2019 (MacGregor et al., 2020). Observed grounding line and terminus positions show recent changes to the ice shelves since
the 1990s (Millan et al., 2023). Ice velocities for each glacier are shown in an smaller embedded satellite image taken from MEaSUREs

(Joughin et al., 2016).

The majority of Greenland’s marine outlet glaciers calve
from near vertical ice cliffs grounded on the seafloor, with
only a few terminating in large floating ice shelves. These
floating extensions are confined to the northern regions of
the ice sheet, where the three largest, those extending from
the Petermann, Ryder, and Nioghalvfjerdsbra (79N) glaciers
(Fig. 1), account for ~90% of the remaining floating ice
(Millan et al., 2023). Together, these three glacier catch-
ments contain ~ 15 % of the ice sheet’s mass, equivalent to
about 1.1 m of global sea-level, but currently contribute only
~35 % of the GrIS’s total discharge (Mouginot et al., 2019);
critically, the ice shelves buttress the flow of ice and sup-
press discharge. Observations and transient modelling stud-
ies have shown that when these ice shelves are lost, discharge
may increase owing to a reduction in lateral friction causing
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an acceleration of ice velocities (Joughin et al., 2012; Khan
et al., 2014; Mouginot et al., 2015; Hill et al., 2018b, 2021;
Humbert et al., 2023). Furthermore, a shift in calving regime
occurs, from floating ice shelves that calve large tabular ice-
bergs at intermittent intervals to a grounded front that calves
smaller icebergs at a greater frequency (Kehrl et al., 2017;
Bézu and Bartholomaus, 2024). Constraining the evolution
of these remaining floating shelves and possible shifts in
calving regimes is pressing as accelerated thinning at Green-
land’s ice shelves could lead to future collapse events (Millan
et al., 2023).

The calving behaviour of the three largest Greenlandic ice
shelves is heterogeneous. Petermann Glacier lost 40 km of its
shelf between 2012 and 2013 through a series of large calv-
ing events, as ice velocities at the grounding line accelerated
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by 10 % (Fig. 1a; Hill et al., 2017). In the following decade,
no major calving has occurred and the shelf has re-advanced
toward its previous position, now measuring 60 km in length
(Millan et al., 2023). In contrast, the neighbouring Ryder
Glacier has undergone a cyclic calving pattern for numerous
decades, where the terminus gradually advances for 10 years
until it reaches a widening section of Sherard Osborn Fjord,
at which point it calves back 3—4 km (Fig. 1b; Holmes et al.,
2021). Tabular iceberg calving at Ryder and Petermann oc-
curs through a similar mode, where crevasses are initiated
by friction against the fjord walls and extend laterally across
the shelf (Hill et al., 2018a; Miele et al., 2023). At 79N, the
largest ice shelf in Greenland at 70 km in length, calving is
largely dictated by ice rises at the main eastern terminus. Al-
though these bedrock highs have acted as pinning points for
the ice shelf, which has remained stable for several decades,
they are also points of initiation for crevasse propagation
(Fig. 1c; Humbert et al., 2023). In 2020, the smaller north-
ern terminus of 79N calved and retreated ~ 15 km, while re-
cent crevasse propagation at the main eastern terminus has
extended and likely represents a precursor to the future dis-
integration of the shelf (Humbert et al., 2023). 79N forms
part of the Northeast Greenland Ice Stream (NEGIS) with
its neighbour Zachariae Isstrgm. The collapse of the latter’s
shelf in 2012 and subsequent acceleration did not influence
the dynamics of 79N. Grounding-line retreat and ice-shelf
thinning has been observed at all three glaciers, explicitly
linked to the presence of warm Atlantic Waters (AW) enter-
ing the ice cavities, driving increased sub-shelf melting and
weakening the floating extensions (Jakobsson et al., 2020;
Millan et al., 2023; Wekerle et al., 2024).

Although calving is critical to mass loss from GrIS,
and the behaviour of outlet glaciers, its implementation
in ice-sheet models remains unclear. The process is often
parametrised through calving laws at the ice-ocean boundary.
Therein, position-based calving laws capture calving through
a change in terminus position at discrete intervals, while rate-
based calving laws parametrise calving continuously through
a rate function. Currently, a universal law that has the re-
quired fidelity to predict all types of calving events, whether
at a grounded front or an ice shelf, remains sought-after.

A systematic investigation into the performance of five
calving laws at nine grounded Greenlandic glaciers was car-
ried out by Choi et al. (2018). Therein, the von Mises law
(VM; Morlighem et al., 2016), where calving is expressed
as a rate through a function of tensile stresses and frontal
velocities, performed best. In contrast, Amaral et al. (2020)
found that the position-based Crevasse Depth law (CD, Benn
et al., 2007; Nick et al., 2010) best replicated observed termi-
nus fluctuations of fifty outlet glaciers in Greenland, includ-
ing Petermann Glacier. In this law, the position of the calv-
ing front is defined where surface crevasses reach the water
line or where they join with basal crevasses through the en-
tire ice thickness. The discrepancy between the studies may
lie in their contrasting approaches, with Amaral et al. (2020)
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employing a simple 1-D flowline model, while the former
used the vertically integrated 2-D Shelf-Stream Approxima-
tion (SSA; Morland and Zainuddin, 1987; MacAyeal, 1989).
For floating ice shelves in Antarctica, Wilner et al. (2023)
used a similar 2-D SSA model setup and found the von Mises
law to be most successful. Additionally, an eigencalving law
(EC; Levermann et al., 2012), another rate based law that ex-
presses calving through a product of strain rates both parallel
and perpendicular to ice flow, performed well. However, it
remains unclear whether the conclusions for broad Antarctic
ice shelves can be applied to the thinner, fragmented, fjord-
confined ice shelves in Greenland, commonly referred to as
ice tongues.

Here, we aim to build on previous studies by assessing
the performance of calving laws in capturing calving dynam-
ics at Greenland’s three largest remaining ice shelves: Peter-
mann, Ryder and 79N Glaciers. Our model set-up is similar
to that used in Choi et al. (2018) and Wilner et al. (2023), em-
ploying the Ice-sheet and Sea-level System Model (ISSM;
Larour et al., 2012) to evaluate five different calving laws:
Von Mises (VM), Crevasse Depth (CD), Eigencalving (EC),
a further position-based law that defines the terminus posi-
tion based on a minimum thickness (MT) of the ice shelf,
and a rate-based Crevasse Depth law (PD) originally intro-
duced by Pollard et al. (2015). Each calving law has a tuning
parameter that, owing to the unique setting of each glacier,
requires calibration. Following Choi et al. (2018), we cali-
brate each calving law against satellite observations (2008 to
2024), after which we extend our simulations to 2300 to as-
sess whether the choice of parameterisation at the ice-ocean
boundary influences the future shelf evolution and discharge
rates.

2 Methods

We use ISSM together with the 2-D SSA equations to model
the ice flow (Morland and Zainuddin, 1987; MacAyeal, 1989)
and investigate the five aforementioned calving laws (VM,
EC, MT, CD and PD) at the three remaining major ice shelves
in Greenland. Mesh resolution for each glacier varies from
100 m at fast-moving ice near the grounding line to 5km
for slow-moving ice in the interior, according to ice veloc-
ities from the NASA programme Making Earth System Data
Records for Use in Research Environments (MEaSURE:s;
Joughin et al., 2016). Furthermore, we set a fixed resolution
of 100m for regions of floating ice. Surface velocities are
also used to invert for ice viscosity prefactor on the float-
ing ice, B, followed by the basal friction of the grounded ice
areas, which is applied through a linear viscous Budd law
(Budd et al., 1979). The initial ice surface and fixed bedrock
topography are taken from BedMachine Greenland version 5
(Morlighem et al., 2022), with its nominal date of 2008.
The surface mass balance (SMB) input is taken from RAC-
MOvV2.3 (Noél et al., 2022) and is interpolated onto mesh
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Figure 2. Initial ocean melt profiles underneath (a) Petermann, (b) Ryder and (c) 79N ice shelves used. Perturbed ocean melt rates for the

(d) oceanGL and (e) oceanFull scenarios are shown for 79N.

nodes using a nearest-neighbour approach. The SMB is av-
eraged over the years 2008 to 2024 and is kept constant dur-
ing the model relaxation and calving calibrations. All sim-
ulations are run with adaptive time stepping, between 0.72
and 7.2 d, satisfying the Courant—Friedrichs—Lewy condition
(Courant et al., 1928; LeVeque, 2007).

Before introducing calving into our model we first run
a relaxation for 10 years where the terminus position re-
mains fixed, but the grounding line and ice surface are free
to evolve. This allows our model to adjust to any inconsis-
tencies in our starting geometry and provides an opportunity
to calibrate the ocean melt boundary condition beneath the
ice shelf. Ocean melt is prescribed such that it varies lin-
early with depth, consistent with observations in Greenland
(Wilson et al., 2017; Slater and Straneo, 2022; Millan et al.,
2023), where the highest melt rates occur at the deepest part
of the ice shelf before decreasing in shallower waters towards
the terminus. Ocean melt is only applied under fully float-
ing elements (Seroussi and Morlighem, 2018). The calibrated
melt profiles for each glacier are shown in Fig. 2. We find
these melt profiles satisfy three criteria: (1) capture the shape
of the ice shelf, (2) reproduce a grounding line position that
is similar to present day and is not advancing, and (3) provide
ice velocities near the grounding line and across the ice shelf
that are similar to observations from 2008. In the event of
an ice shelf collapse, the highest melt rates from the defined
profiles are applied uniformly to the grounded ice front. Ry-
der Glacier has a second calving terminus that is grounded,
diverging westward upstream of the present-day grounding
line, and calving into Hartz Sound (Fig. 1b). However, as our
study focuses on the interactions between floating ice and the
ocean, we keep the position of Ryder’s second terminus fixed
during all simulations.
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2.1 Calving Laws

Here we implement three rate-based calving laws (VM, EC
and PD) and two position-based laws (CD and MT) using a
level-set method to track the evolution of the calving front
(Bondzio et al., 2016). A positive calving rate value, c, re-
treats the ice and is applied perpendicular to the calving front
(following level-set gradients). We impose a maximum mi-
gration rate, Max, of 10kmyr~! to prevent unrealistic ter-
minus fluctuations during our simulations. This value is con-
sistent with all calving laws, with the exception of PD where

Mmax 1S used as a tuning parameter.
2.1.1 Von Mises (VM)

A calving rate, ¢, in the VM law is a function of the Von
Mises tensile stress, &, at the ice terminus:

e))

where omayx 18 the tensile stress threshold and the tuning pa-
rameter of the law, and v is the ice velocity at the ice front
(Morlighem et al., 2016). The Von Mises stress, &, is defined
as:

& =~3BE", )

where, n =3 is Glen’s exponent, B is the ice viscosity pa-
rameter, and &, is the effective tensile strain rate comprised of
the eigenvalues of the horizontal strain rate tensor, £; and é;:

3)

-1
fo = 5 (max (0, 1) + max(0, £&)?).
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2.1.2 Eigencalving (EC)

EC defines ¢ as being proportional to both across-flow and
along-flow strain rates:

C=Ké||é¢, “@

where &) is the along flow and &, across flow strain rate
eigenvalues associated with horizontal flow at the ice front
(Levermann et al., 2012). K is a proportionality constant that
encapsulates certain material properties of ice that are rele-
vant for calving and is used as the tuning parameter for the
EC law.

2.1.3 Crevasse Depth (CD and PD)

The CD law defines the calving front where surface crevasses
reach the water line or join with basal crevasses and extend
throughout the glacier thickness. Following Nye (1957), sur-
face crevasses penetrate to a depth dg where the tensile strain
rate exactly balances the creep closure rate from ice overbur-
den pressure:

2 &\
dy=—/|-) . %)
° pig<A>

where g is the gravitational acceleration, p; is ice density,
A and n are Glen’s flow parameters and ¢ is the tensile
strain rate. The presence of water in surface crevasses can
cause greater penetration through added downward pressure
(van der Veen, 1998). Following Benn et al. (2007), the effect
of water in surface crevasses is accounted for by modifying
Eq. (5) as follows:

2 [&\'/"
dS:—<—> P, ©)
rig \A i

where p,, and d, are the pressure and depth of water in
the crevasse, respectively. Basal crevasse propagation fol-
lows Nick et al. (2010):

() [E ) - ”
b Psw — Pi pig \ A w

where pgy is the density of ocean water and Hyp, is height
above floatation. As such, crevasse propagation in the
CD law is defined through Egs. (6) and (7), and we assume
that crevasses occur in response to stress only in the direc-
tion of ice-flow (Nick et al., 2010; Otero et al., 2017). The
tuning parameter for the CD law is taken as the water depth
in surface crevasses (dy).

We explore an additional Crevasse Depth law (PD)
that was originally developed by Pollard et al. (2015) for
large floating ice shelves in Antarctica and later modi-
fied by Wilner et al. (2023). The law expresses calving
as a rate based on a series of crevasse depth components.

https://doi.org/10.5194/tc-20-3599-2026
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This includes dry-surface crevasses, ds (Eq. 5), and basal
crevasses, dy, (Eq. 7), where fracture growth occurs under any
tensile stress. Unlike the CD law, the presence of surface wa-
ter is accounted for using an additional crevasse depth com-
petent, dr, to parametrise hydrofracturing:

ds = 100R?, (8)

where R is the total surface melt and rainfall available after
re-freezing (myr~!), which is taken directly from our SMB
scheme. A velocity dependent term, d,, parametrises further
crevasse deepening as:

dy = hmax [0, In([v]/1600)] /In(1.2), ©)

where 7 is ice thickness and v is ice velocity in myr~!. Pol-
lard et al. (2015) calibrated the constants to match velocity
observations at the Ross and Ronne ice shelves. For veloc-
ities up to 1600myr~!, d, is zero. We note here that none
of the contemporary three ice shelves investigated here reach
this speed, with the highest velocities of ~ 1400 myr—! ob-
served at 79N (Fig. 1). Finally, the crevasse depth compo-
nent, d;, removes thin ice between 100 and 150 m thick:

dy = hmax [0, min[1, (150 — #/50)]]. (10)

As Greenlandic ice shelves are significantly thinner than
those found in Antarctica, often < 100 m thick at the termi-
nus, we choose to ignore this component of the PD law. The
crevasse depth components taken together are then expressed
as a ratio to ice thickness:

rz—derdederda, (11

with the final calving rate defined as:

. . r—re
¢ = Myaxmax <0,m1n <1, )), (12)
1—r¢

where Mmax is the maximum migration rate (m yr_l) of the
ice front and r¢ is a critical threshold at which calving be-
gins, between 0 and 1. The use of min and max ensures that
the calving rate does not become negative or exceed the max-
imum migration rate. Both MmX and r, are taken as the tun-
ing parameters for the PD law.

2.1.4 Minimum Thickness (MT)

Finally, the MT law simply dictates that calving occurs when
h < hmin, where £ is the local ice thickness and /iy is a pre-
defined minimum thickness at which the ice shelf will calve
and is taken as the law’s tuning parameter.

2.1.5 Grounded Calving

In this study, we specifically focus on evaluating calving
laws at floating ice shelves. However, in the case where we

The Cryosphere, 20, 3599-3617, 2026
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Table 1. Chosen calibration parameters for the five different calving laws that provide the best fit to the observed ice-shelves in 2024. The
values in brackets are the range of calibration parameters that produce a both quantitatively and qualitatively similar ice shelf to the chosen

calibration parameter.

Glacier Omax in VM K in EC hmin iNMT  dywin CD  r¢ in PD Mmax in PD

(kPa) x 108 (myr)  (m) (m) (unitless) (kmyr—1)
Petermann 180 [170 190] > 300 75[70 80] 0[0 2.5] 0.35[0.3 0.4] 4
Ryder 200190 210] 2.8[2.4 4.0] 40[25 40] O 0.95 [0.8 0.95] 2
79N 280230 400] 0.6[0.3 1.5] 60[55 65] O0[0 2.5] 0.95[0.8 0.95] 2

simulate a shelf collapse and the transition to a grounded
glacier front, some of our calving laws require adjustment
for the grounded condition. The VM law in ISSM discrim-
inates explicitly between floating and grounded ice, and we
set the tensile stress threshold (opax) for grounded termini to
be 1 MPa (Choi et al., 2018). In the PD law, hydrofracture-
driven calving at floating ice shelves was originally paired
with the theory of Marine Ice Cliff Instability (MICI) at
grounded termini in Pollard et al. (2015). We do not include
the mechanics of MICI in this study and instead end our sim-
ulations if floating ice is lost when using the PD law. For all
other calving laws, the tuning parameters are kept consistent
between grounded and floating termini.

2.2 Tuning and Transient Simulations

We calibrate each calving law by running a series of simu-
lations for each glacier for 17 years from 2008 until the end
of 2024. The tuning parameter of each law is varied system-
atically across ranges of values found appropriate in previ-
ous studies (Choi et al., 2018; Amaral et al., 2020; Wilner
et al., 2023), at intervals of 10kPa for opax, 2.5m for dy,
0.05 for r. across values of Mmax between 2 and 10km at
2km intervals, and finally 5m for hnj,. For the EC law, it
became apparent that we need greatly different tuning val-
ues of K for different glaciers. We therefore vary K at in-
tervals of 0.1 x 108 myr for Ryder and 79N, and at intervals
of 10 and then 100 x 103 myr~! for Petermann Glacier. To
quantitatively assess the performance of each simulation we
compare the area difference between the observed terminus
position at the end of 2024 and that produced by the calving
law. This area difference is then divided by the length of the
2024 calving front, producing misfit values that are consis-
tent between all three ice shelves of different sizes (Wilner
et al., 2023). We note that this gives an absolute misfit value
and does not consider the sign of misfit. For 79N, the quanti-
tative misfit is based on the main eastern terminus.

For each calving law, we select the simulations in which
the misfit with the observed calving front is minimised, and
continue these experiments from 2025 to 2300. We also con-
duct additional transient simulations where calving fronts are
kept fixed in our model (NO). Our transient simulations do
not constitute future projections of the ice shelves, but are
instead intended to assess if ice shelf evolution differs be-
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tween the calving parametrisations under a warming atmo-
sphere or ocean. We first complete a control run, in which
SMB and ocean melt forcing remain unchanged from the ini-
tial calibration simulations, hereby referred to as the static
scenario. We then perform a series of transient runs with
perturbed climatic forcings. We begin by varying the atmo-
spheric forcing with a high-emission SMB scenario SSP5-
8.5 (CMIP6 forced ensemble mean RACMO ensemble), pre-
scribed at monthly intervals (Noél et al., 2022), hereby re-
ferred smb8.5. Separately, the ocean melt rate is increased
under the ice shelf, which has been the key driver of ice-
shelf thinning in recent decades (Millan et al., 2023). We
perturb ocean melt in accordance with results from ocean
modelling simulations at Petermann’s ice shelf by Cai et al.
(2017), where raising ocean temperatures by 1, 2 and 3 °C
results in increased sub-shelf melt by 25, 45 and 70myr’1,
respectively. For our transient runs, we increase ocean melt
rates in-line with ocean temperatures being 1 °C warmer by
2100, 2 °C by 2200 and 3 °C by 2300. We apply this increase
linearly but through two different experiments. Firstly, to iso-
late the effects of increased melt near the grounding line, the
highest melt rates in the linear depth profile are increased
while maintaining zero melt in shallow waters. Secondly, the
entire melt profile beneath the shelf is increased uniformly.
These scenarios are referred to as oceanGL and oceanFull,
respectively (Fig. 2d and e).

3 Results
3.1 Calving Calibrations

Calibrating each calving law to observations exposes distinct
sensitivities to its respective tuning parameters, which can
vary between the three glaciers (Table 1). Calibration values
for EC, MT, and PD are different across the three glaciers,
whereas values for the VM and CD laws are similar. Here
we examine the sensitivity of simulations to tuning parame-
ters, and further assess the performance of each calving law
on a glacier-by-glacier basis using the quantitative misfit val-
ues and the qualitative shape of the modelled terminus. As
only minor differences in ice shelf and grounding line veloc-
ities are observed between the parametrisations (Figs. S1-S3
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in the Supplement), ice dynamics are not included in the as-
sessment of each law’s performance.

At Petermann Glacier, two large calving events in 2010
and 2012 caused the ice shelf to retreat ~40km. Modest
regrowth by 2024 has left Petermann’s ice shelf extending
~60km from the grounding line, with the final ~ 15km
of the ice tongue detached from the fjord walls (Figs. la
and 3k). Retreat of the ice front using the VM calving law
only occurs with values of oyax below 300 kPa, and only on
the western side of the ice shelf (Fig. 3a and b), producing an
adequate magnitude of ice front change but a poor match to
its shape. The EC law struggles to produce the observed re-
treat the ice front at Petermann, requiring values of K above
300 x 108 myr (Fig. 3¢ and d), which is of orders of magni-
tude larger than for Ryder and 79N (Table 1). For MT, the
choice of hnyi, can cause a substantial advance or retreat of
the terminus (Fig. 3e and f). The shape of the ice front is,
however, consistent across all tuning values of MT and, of
all calving laws, is most akin to the observed 2024 front.
The CD law is especially sensitive to the prescribed water in
crevasses (dy ), with values above 2.5 m resulting in excessive
retreat of the ice shelf (Fig. 3g and h). No values of d,, allow
Petermann’s shelf to advance. Finally, the PD law is sensitive
to both the values of r. and Mmax (Figs. 3i,j and S4a), with
greater retreat at the edges of the ice shelf compared to the
central section.

To simulate a retreating shelf front requires an increased
calving flux, and we find that the thresholds to calve for the
VM, MT and PD laws are lower than required at the other
glaciers (Table 1). The smallest quantitative misfits to the
observed ice shelf front are simulated using the laws PD
(0.6km) and MT (0.8 km), matching the detached shape of
the observed shelf on the eastern fjord wall, although it re-
mains entirely connected to the western fjord wall (Fig. 3k).
This is contrasted by the CD (2.4 km) and VM (2.5 km) laws,
which fail to match the shape of Petermann’s terminus due
to excessive calving on the western side of the ice shelf.
Nonetheless, the sensitivity to different tuning values in the
VM law is low compared to the other laws. The EC law
(1.9 km) is unable to retreat the ice front to Petermann’s 2024
position.

Ryder Glacier’s ice shelf has terminated at a widening sec-
tion of Sherard Osborn Fjord for several decades, where it
remains connected to the fjord walls on both sides (Fig. 1b).
Both VM and EC laws produce small misfits across our full
range of tuning values (Fig. 4a—d); sensitivity to these tuning
parameters is low. The choice of thickness threshold in the
MT law again allows for ice front retreat or advance, pro-
ducing large variability in ice front position across our range
of tuning values. Owing to thickness differences at Ryder’s
shelf the single thickness-to-calve threshold produces an un-
evenly shaped terminus (Fig. 4e and f) and a pronounced mis-
match from the observed frontal shape. The CD law has the
same impact as seen at Petermann Glacier, where only retreat
of the ice shelf is simulated and dy, values greater than 2.5 m
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cause excessive retreat (Fig. 4g and h). The shelf also retreats
for all values of 7. in the PD law, with lower values promot-
ing retreat on the western side of the shelf after it detaches
from the fjord walls (Fig. 4i and j).

The shape and position of the shelf front is best matched
by the EC (0.7 km) and VM (0.8 km) laws (Fig. 4k), although
the latter calves to a greater extent than observed on the east-
ern side of the terminus. Despite a greater quantitative misfit
for the CD law (2.1 km), the simulated ice front is uniform in
shape and terminates near the widening of Sherard Osborn
Fjord, as observed. The MT law (3.6 km) and PD law (3 km)
both fail to match Ryder’s 2024 position.

79N’s main terminus has remained stable for several
decades, grounded on ice rises that act to both stabilise the
ice shelf and initiate crevasse propagation. The ice shelf’s
smaller northern terminus calved away in 2020 (Fig. 1c).
Both the VM and EC laws give small misfits against the 2024
position of 79N across a range of calibration values (Fig. Sa—
d); the performance of VM is near-identical at values of
omax > 200kPa. Despite this, neither law produces a retreat
of 79N’s smaller northern shelf terminus across all calibra-
tion values tested here. Using a threshold of /i, =90 m for
the MT law does cause retreat of the northern terminus, al-
though at the expense of greater retreat of the main termi-
nus away from the bedrock highs (Fig. Se and f). Only the
CD law captures the retreat of the northern terminus while
also maintaining the position of the main shelf edge, yet sim-
ilar to Petermann and Ryder glaciers, the law is extremely
sensitive to dy,, with values greater than 2.5 m causing the
shelf to collapse (Fig. 5g and h). For PD, the choice of 7 has
relatively little impact on the ice front, with a large retreat of
up to 10km occurring across all calibration values (Fig. 5i
and j). This insensitivity is consistent across all Mmax values
(Fig. S4).

The position of the main terminus is best matched using
the VM (0.9 km) and EC (1.1 km) laws (Fig. 5k). Both laws
are capable of matching the extent and shape of the ~ 50 km
long main terminus, although they fail to retreat the smaller
northern ice front. The position-based MT (2.8 km) and CD
(3.0km) laws also simulate a main terminus that is simi-
lar to observations, albeit with exaggerated calving in the
southeastern section of the ice shelf which is heavily frac-
tured, resembling a matrix of sea ice and icebergs (Fig. lc;
Humbert et al., 2023). The largest misfit comes from the
PD law (4.4km), where the ice shelf retreats at an uneven
rate, with large regions entirely detached from the ice rise
pinning points and retreated 10 km behind the 2024 position.

We find that, on average across our three glacier experi-
ments, the VM and EC laws produce the smallest quantita-
tive misfit between modelled and observed front positions,
with MT, CD and PD all exhibiting slightly larger misfits
(Fig. 6). However, the performance of these calving laws
varies between glaciers. VM and EC produce the smallest
misfit at Ryder and 79N yet relatively larger misfits at Peter-
mann Glacier. In contrast, MT and PD performed best at Pe-
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Figure 3. Calving calibrations for Petermann Glacier. (ab) Results from the Von Mises calving law: (a) showing the quantitative misfit
between the observed ice shelf area in 2024 against that produced by varying the law’s tuning parameter and (b) final terminus positions of

the various tuning runs against the 2024 terminus in black. Equivalent results for calving laws EC (¢, d), MT (e, f) and CD (g h) and PD (i, j).
Only two modelled fronts are shown in panel (h), owing to exaggerated retreat from dy, values greater than 2.5 m. (i, j) use Mmax =4 kmyr—

1

for the PD law, other values of Mmax shown in Fig. S4 in the Supplement. (k) Comparison of final terminus and grounding lines positions
for the chosen best-fit calibration values (Table 1) as well as the 2024 terminus position and 2021 grounding line (Millan et al., 2023). Note
that grounding line positions for VM, EC and PD are consistent, as are grounding line positions for MT and CD.

termann, while relative misfits for CD were consistent across
all three glaciers.

3.2 Transient Results

With the five calving laws now calibrated to the recent be-
haviour of the three ice shelves (Table 1), we continue these
simulations until the year 2300 to understand if the choice
of calving parameterisation impacts future ice shelf evolu-
tion and discharge rates, given different climate forcings.
Four different transient climate forcings are applied: static,

The Cryosphere, 20, 3599-3617, 2026

where ocean melt and SMB are kept unchanged from the
calibration simulation, smb8.5, where the SMB is perturbed
in accordance with the high-emission SSP5-8.5 from the
RACMO ensemble (Noél et al., 2022), oceanGL, where sub-
shelf melt rates are increased only toward the grounding line,
and oceanFull, where sub-shelf melt rates rise across the en-
tire melt-profile (Cai et al., 2017).

The choice of calving parametrisation produces contrast-
ing calving styles and ice-shelf evolution in transient sim-
ulations (Figs. 7 and S5-S7 in the Supplement). Taking
oceanFull forcings simulations as an example (Fig. 7), we
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positions are consistent across all calving laws.

find that across all three ice shelves the rate-based VM and
EC laws consistently produce a smooth shaped ice front that
spans the fjord width. The rate of retreat is similar to that
in the position-based MT law (Fig. 7c, h and m). CD and
PD laws induce different behaviour of the ice shelf. For CD,
the position-based calving style produces irregularly shaped,
crenulate termini, with uneven retreat rates across the width
of the ice shelf (e.g. 7). Furthermore, retreat using CD occurs
faster than the aforementioned laws, simulating large calv-
ing events that remove substantial parts of the ice shelf (e.g.
Fig. 7n). The PD law produces calving styles and an ice-front

https://doi.org/10.5194/tc-20-3599-2026

shape that are, at some time steps and in some settings, sim-
ilar to the rate-based VM and EC laws (e.g. Fig. 70), and in
other intervals comparable to the crenulate shelf front seen
in CD (e.g. Fig. 7j). The PD law also produces the greatest
magnitude and speed of retreat.

Despite variations in calving styles and transient ice shelf
extents, we find that fluctuations in discharge rates, the flux
of ice over the grounding line, and grounding line evolution,
are largely dictated by the choice of climate forcing (Figs. 8,
9 and 10). In summary, the static forcing maintains discharge
rates at approximately contemporary levels and the ground-
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positions are consistent across all calving laws.

ing line position is mostly stable; smb8.5 drives a decline in
discharge rates after 2100 due to ice thinning and a reduction
in ice flux across the grounding line, while the grounding line
retreats. In both oceanGL and oceanFull scenarios, discharge
increases above contemporary levels, with the latter causing
the largest increase in discharge rates and the largest ice shelf
retreat; both forcings drive modest retreat of the grounding
line. Within each climate scenario, while the ice shelf evolu-
tion is variable (e.g. Fig. 7), the choice of calving law brings
only minor differences in discharge rate and grounding line
positions.

The Cryosphere, 20, 3599-3617, 2026

The different calving laws at Petermann Glacier largely
follow the same trend in grounding line behaviour and dis-
charge within each climate scenario, yet there are subtle dif-
ferences in discharge rates between the position and rate-
based laws. The position-based laws (CD and MT) exhibit
elevated (10 %-20 %) discharge rates and earlier or faster
grounding line retreat. In both cases, we attribute this to de-
tachment of the shelf from the fjord walls and loss of lateral
friction, due to excessive calving on the eastern side of Peter-
man’s shelf early in the simulations for CD law (Figs. 7d, S5d
and S6d in the Supplement) or due to calving of thin ice on
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values that provide the best fit to terminus observations in 2024 (Table 1).

the shelf edge for MT (Fig. 8c). Discharge rates are, for the
most part, lower for the two rate-based laws (Fig. 8), where
a connection to both fjord walls is maintained. For EC, ice
shelf evolution is inline with our simulations without calving
(NO). For VM, the ice shelf calves back either gradually or
through larger events (e.g. Fig. 8g), resulting in a shorter ice
shelf compared to EC. Despite the eventual contrasts in shelf
length (e.g. Fig. 8e and g), and while calving events may in-
duce a small immediate response in discharge rates, there is
little to no difference in discharge rates between the two laws.

At Ryder Glacier, there is less variation in discharge
rates and in grounding line positions between the calving
laws than at Petermann Glacier. A step increase in dis-
charge occurs across all climate forcings, from ~ 3 to at least
~3.5Gtyr~! (Fig. 9a—d), reflecting the retreat of Ryder’s
grounding line into deeper waters on the western side of the
fjord (Fig. 4k). Thereafter, the trajectories of the discharge
rate differ according to climate forcing, whereas the choice
of calving law produces even less variation in discharge rates
and grounding line position than at Petermann Glacier. This
retreat occurs first when using the PD law, followed by posi-
tion laws CD and MT, and then rate laws VM and EC. The
magnitude of grounding line retreat and increase in discharge
does not differ between the parametrisations and after 2100
show near-identical trajectories within a given climate sce-
nario, despite contrasting shelf extent.

At 79N, rate-based VM and EC laws as well as
position-based MT, produce near-identical discharge rates
and grounding line positions under a given climate scenario.
The shelf front position is also similar between these laws,
whether retreating (smb8.5, oceanFull; Fig. 10f and h) or sta-
ble, grounded on ice rises (static, oceanGL; Fig. 10e and g).
For the most part, the CD law produces similar grounding
line responses to the other laws, despite larger calving events
and shelf front retreat; there is a minor increase in discharge
under oceanGL forcing when the CD law triggers shelf re-
treat from Hovgaard Island (Fig. 10c and g).
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The only pronounced deviations in discharge trends — in
magnitude, timing, and between calving laws — occur in as-
sociation with major calving events or complete loss of the
ice shelf. Such events are rare. Most often, these calving or
collapse events occur in the PD law. At Petermann Glacier,
simulations using the PD law follow the same behaviour in-
dependent of climate forcing, where Petermann’s ice shelf
retreats at a consistent rate until it is entirely lost shortly af-
ter 2100 (Fig. 8e—h). An acceleration in ice discharge rates
occurs only once the shelf is shorter than ~ 10 km in length.
Petermann’s ice shelf also collapses under the oceanFull sce-
nario and the VM law, as ice discharge at the grounded front
accelerate to ~24 Gtyr~!' (Fig. 8. Again, discharge rates
only diverge from the other calving laws when the shelf is al-
most lost. At 79N, the PD law produces two large-scale (20—
40km) and abrupt shelf retreats under static and oceanGL
scenarios, where the ice shelf detaches from ice rises and
from Hovgaard Island (e.g Fig 10e—g). Retreat from Hov-
gaard Island under static and oceanGL causes a modest in-
crease in discharge from ~ 12 to ~ 14 Gtyr~!.

4 Discussion
4.1 Ice Shelves and Calving Calibrations

The current calving laws used in ice-sheet modelling con-
tain a tuning parameter to bridge the gap between simplified
models and complex real-world processes that cause calv-
ing events. By performing an ensemble of calibration sim-
ulations, where each calving law investigated here is tuned
to Petermann, Ryder, and 79N’s recent behaviour, we com-
plement and expand on previous studies that have assessed
the performance of calving laws at marine-terminating out-
let glaciers (Choi et al., 2018; Amaral et al., 2020; Wilner
et al., 2023). When assessing a law’s performance we have
taken into account both the quantitative and qualitative mis-
fits from observations, as well as the law’s sensitivity to its
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respective tuning parameters, which would influence its suit-
ability in large continental-scale ice sheet modelling studies.

The two best performing laws in our quantitative assess-
ment were VM and EC (Fig. 6). The former is a common
choice in many ice sheet modelling studies (e.g. Morlighem
et al., 2016; Choi et al., 2021; Akesson et al., 2021), and
has performed well in other systematic calving comparison
studies, both at grounded Greenlandic outlet glaciers (Choi
et al., 2018) and Antarctic ice shelves (Wilner et al., 2023).
Despite proving functional across a wide range of glacial
settings, VM requires tuning on a glacier-by-glacier basis
with bespoke values of omax needed to achieve optimal per-
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formance. This may impede its use in continental-scale ice-
sheet studies that often employ uniform calving parameter
values (e.g. Delhasse et al., 2025). Choi et al. (2018) found
values of opax required to match recent terminus fluctua-
tions of grounded Greenlandic ice fronts varied from 500—
3000 kPa (Choi et al., 2018), while Wilner et al. (2023) find
that a narrower range of smaller values between 150-400 kPa
were suitable for Antarctic ice shelves. For the three Green-
landic ice shelves explored here, required omax values are
even more concentrated, between 180-280 kPa (Table 1), and
the differences in performance across our tested range of VM
thresholds are small (Figs. 3, 4 and 5). Therefore, the law
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appears suitable for continental-scale ice-sheet simulations,
provided that the model can discriminate between grounded
and floating ice.

The EC law was designed to capture the calving dynamics
of large ice shelves that terminate in unconfined embayments
(Levermann et al., 2012). With a first-order dependency on
strain rate tensor, the law naturally performed well at Ry-
der Glacier and 79N, which both have terminated at the head
of an embayment for several decades (Figs. 4 and 5). How-
ever, at Petermann Glacier, where the importance of lateral
strain rates is reduced owing to retreat through a narrow-
ing section of the fjord, the law struggled (Fig. 3c and d).
Our findings align with results from other systematic calving
studies. For Antarctic ice shelves, which predominantly ter-
minate at the opening of embayments where lateral support
is lost, Wilner et al. (2023) found the law performed well, re-
quiring values of K between 0.2 and 4 x 108 myr (with the
exception of Larsen C that required a K of 300 x 108 myr)
in-line with our calibrations at Ryder and 79N (Table 1). At
grounded Greenlandic glaciers, which have often begun to
retreat into confined in narrow fjords where perpendicular
strain-rates are small, Choi et al. (2018) highlights how the
EC law struggles to match terminus position changes. Even
though the EC law performed well in our simulations over
the tuning period, with future retreat of Ryder Glacier and
79N set to occur in a narrowed fjord environment, akin to

The Cryosphere, 20, 3599-3617, 2026

Petermann Glacier, the EC parameterisation would likely be
unsuitable for Greenlandic ice shelves.

Thin ice at the termini of Greenlandic ice shelves means
that the required /i, threshold in the MT law (40-75 m) is
an order of magnitude smaller than that required for the cor-
responding Antarctic floating ice masses (215—410 m, except
55 m for Shackleton ice shelf; Wilner et al., 2023). The law
performed best at Petermann Glacier, where ice thickness
variations across the shelf produce a terminus shape similar
to observations (Fig. 3). This spatial variability in ice thick-
ness is driven by a number of sub-shelf melt plumes that pro-
duce channels of concentrated high melt rates (Wilson et al.,
2017; Prakash et al., 2025). A similar melt plume likely ex-
ists at Ryder Glacier, reflected by thin ice in the centre of the
ice shelf and the presence of a large supra-glacial meltwater
stream at the same location (Fig. 1b). Yet, unlike at Peter-
mann Glacier, the MT law cannot match Ryder’s observed
terminus shape (Fig. 4). Thickness variations at 79N’s termi-
nus also cause a mismatch with terminus shape using MT,
causing retreat and advance on opposite sides of the shelf.
Failure to replicate ice-shelf shape, due to the direct control
of ice thickness in the MT law, was similarly found by Wilner
et al. (2023) in their Antarctic study.

The CD calving law performed well at Greenland’s three
largest ice shelves, but only in the absence of water in surface
crevasses (Figs. 3, 4 and 5). This result is consistent, inde-
pendent of setting, and could indicate the law’s suitability for
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floating ice in continental-scale studies of GrIS. Interestingly,
our results contrast other studies in which the CD law under-
predicted crevasse depth, thus requiring the additional down-
ward force of water in crevasses (Choi et al., 2018; Amaral
et al., 2020; Enderlin and Bartholomaus, 2020), or altering
the threshold of crevasse propagation required for a calving
event (Wheel et al., 2024), in order to match observed calv-
ing behaviour. Required dy, values at grounded glaciers have
ranged from 0 to 100 m (Otero et al., 2017; Choi et al., 2018;
Amaral et al., 2020), with values often diverging from real-
world observations of water depth in crevasses, indicating dy,
is a heuristic parameter (Amaral et al., 2020). To address this,
recent studies have revised the classic implementation of the
CD law to account for the concentration of stress in non-
fractured ice, which indicates tuning through dy, may not be
necessary (Coffey et al., 2024; Slater and Wagner, 2025).

For the Greenlandic ice shelves investigated here, the suc-
cess of the CD law, contingent on there being no additional
water pressure in the crevasses, reflects a greater propaga-
tion of basal crevasses in floating ice and a shallow free
board of the ice shelves. For grounded Greenlandic termini, a
greater emphasis is placed on surface crevasse extent, owing
to Hyp, > 0in Eq. (7) which limits the extent of basal crevasse
propagation. In contrast, Hy, = 0 for floating termini means
sea water can fully fill basal crevasses and cause these to
penetrate further. Furthermore, Greenlandic ice shelves are
composed of thin ice, at around 100 m thick near the termi-
nus, which can extend for tens of km toward the grounding
line and results in relatively shallow free board compared to
grounded termini. As such, values of dy, approaching as little
as 10 m would result in surface crevasses reaching the wa-
ter line (Eq. 6) and thus result in excessive calving of the ice
shelf (e.g. Fig. 3g and h). To that extent, our results demon-
strate extreme sensitivity to the choice of dy,, which is echoed
by other studies at grounded tidewater margins (Otero et al.,
2017; Choi et al., 2018; Amaral et al., 2020).

The PD law consistently retreats the three ice shelves
across all values of r. and Mmax tested here (Figs. 3-5
and S4). Although this behaviour aids in reproducing the re-
treat at Petermann Glacier, the law is unable to match the
observed ice shelf stability at Ryder and 79N. Wilner et al.
(2023) found similar results when the law was tested on
Antarctic ice shelves, where PD often produced the largest
misfit due to excessive retreat. These findings likely reflect
the law’s original purpose; developed out of the need to
satisfy palaeo eustatic sea-level high stands through greater
retreat of the East Antarctic Ice Sheet that was not possi-
ble without additional mass loss mechanisms (Pollard et al.,
2015). Given that the original CD, in our experiments, was
able to reproduce contemporary calving behaviour at the
ice shelves simply through dry surface crevasses and basal
crevasses alone, the explicit inclusion of hydrofracturing,
with its heightened influence in Greenland due to greater sur-
face melt than in Antarctica, is likely responsible for the ex-
aggerated retreat seen with the PD law.
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While it is possible to tune a calving law on a glacier-by-
glacier basis for large ice sheet simulations (e.g. Choi et al.,
2021), it is preferable to use a parameterisation that performs
well across different glacial settings with a single, consistent
calibration value. For this reason, we would recommend ei-
ther the VM or the CD calving law. Both performed well in
our calibration simulations and can utilise similar tuning val-
ues across three remaining Greenlandic ice shelves, assum-
ing that the ice sheet model is able to discriminate between
floating and grounded ice.

4.2 Ice Shelves and Transient Simulations

While our calibrations suggest that one calving law may be
better suited than another, different calving laws produce
only subtle differences in discharge rates during simulated
climate forcing to 2300 (with the exception of the PD law
at Petermann Glacier; Figs. 8-10). Instead, ice discharge
is largely dictated by the applied climate forcings. Rising
sub-shelf melt rates cause an increase in discharge over the
grounding line, while greater ablation from SMB processes
decrease discharge through ice thinning. Furthermore, large
calving (ice-shelf collapse) events are rare, triggering only
isolated occurrences of rapid discharge acceleration due to a
loss of buttressing from the ice shelf — such as at Petermann
Glacier using the oceanFull scenario and the VM calving law
(Fig. 8d and and h). Our transient simulations do not consti-
tute explicit future projections of the three ice glaciers, and
should instead be viewed as a sensitivity test of the calving
laws under different climate forcings. However, they do raise
questions regarding the evolution of Greenlandic ice shelves
and our ability to accurately constrain future behaviours. Our
transient runs can be interpreted in two ways: (1) Greenlandic
ice shelves may continue to provide a buttressing force into
the coming centuries despite shelf retreat, suggesting that the
role of calving in future ice discharge is limited, and dis-
charge is instead dictated by SMB or ocean melt fluctua-
tions; or (2) our calibrated calving laws, which rely on static
tuning parameters, are inadequate when parametrising future
ice-shelf evolution and their likely collapse in a warming cli-
mate.

Continued buttressing potential of these ice shelves may
reflect their inherent characteristics that have, so far, endured
climatic changes despite the collapse of other floating ex-
tensions in Greenland (Millan et al., 2023). Ryder Glacier’s
ice shelf, for example, has been contained in a bottleneck in
Sherard Osborn fjord for a several decades, where the nar-
rowing fjord walls increase lateral friction and stabilise the
ice shelf (Holmes et al., 2021; Frank et al., 2022). In our
transient simulations, Ryder Glacier’s floating extension re-
mains supported by this ~30km long narrow fjord section
until at least 2200 across all calving laws and climate simu-
lations with the exception of oceanFull. This persistent pres-
ence of the ice shelf is consistent with the findings of Holmes
et al. (2025), where numerical simulations of Ryder Glacier
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under various climate warming scenarios find a continued
ice-shelf presence into the coming century, despite specific
experiments that increased the calving rate.

Similarly, the ice shelf at 79N, which has remained stable
for several decades, is supported by Hovgaard Island and a
number of ice rises at the terminus, as well as a fjord bottle-
neck ~ 40 km from the grounding that allows the majority of
the inner ice shelf to be buttressed (Humbert et al., 2023). As
such, retreat from Hovgaard island and the ice rises does not
necessarily stimulate a major acceleration in ice discharge
(e.g. CD in Fig. 10c and g). At Petermann Glacier, where the
fjord widens inland of the terminus, modelling studies have
shown that the majority of buttressing occurs within 10 km
of the grounding line (Hill et al., 2021). Our results reinforce
this, and highlight that across all three glaciers, ice shelf re-
treat does not necessarily entail an acceleration in discharge
rates if a strong connection between the fjord walls and ice
shelf is maintained.

Nevertheless, in calibrating the calving laws against recent
observations, we have assumed that the underlying physical
processes that govern calving will remain consistent and un-
changed. This is unlikely to remain true, and may bias any
future evolution to behaviour inherited from the calibration
period. Here we have calibrated five calving laws over an
observation period from 2008 to 2024, during which Ryder
Glacier and 79N maintained stable shelf fronts, while Peter-
mann Glacier retreated by ~20km. At Ryder and 79N, a
higher calving threshold (omax) for the VM law, compared
to Petermann Glacier (Table 1), could explain why terminus
retreat occurs at the same rates as simulations without calv-
ing, controlled instead by surface and ocean ablation (Figs. 9
and 10). In contrast, the lower VM threshold at Petermann
Glacier produces a greater realtive retreat of the ice shelf as
well as a collapse event in oceanFull scenario (Fig. 8d and h).
Such inherent behaviours are further emphasised in all Peter-
mann simulations using the PD law. Therein a lower criti-
cal calving threshold () and higher max migration (Mmax)
value (relative to Ryder and 79N) result in continuous ice
shelf retreat independent of climate forcings (Fig. 8). If the
same tuning parameters for PD that suited the stable ice
shelves at Ryder and 79N are used, ice shelf evolution and
discharge falls in-line with the other calving laws (Fig. S8 in
the Supplement).

The often unique tuning parameters required by calving
laws to match specific glacial behaviour during a specific
time period naturally imply that a static value may not be
suitable for prognostic modelling simulations (Amaral et al.,
2020; Lippert et al., 2025). Future retreat of Greenland’s ice
shelves will occur into a changing fjord geometry or away
from stabilising pinning points, see a decrease in sea-ice that
has acted to suppress calving (Meng et al., 2025), retreat of
the terminus towards thicker ice nearer the grounding line,
while also confronted with higher sub-shelf and surface melt
rates (Slater et al., 2020; Noél et al., 2022). As such, the cur-
rent set of calving laws evaluated here, which rely on static
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tuning parameters, may become inaccurate to model the fu-
ture evolution of Greenland’s remaining ice shelves. While it
is not plausible to expect a calving law to capture all individ-
ual calving events, future calving laws should be able param-
eterise terminus fluctuations at a variety of glacial settings
through a single set of parameters (Benn et al., 2026). We
therefore suggest that Greenland’s remaining floating shelves
serve as ideal candidates to explore new paramerisations, in
order to best constrain future discharge rates from the cur-
rently buttressed outlet glaciers.

5 Conclusion

Here we have evaluated the performance of five calving laws
at the three largest remaining ice shelves of the Greenland
Ice Sheet: Petermann, Ryder and 79N. We have tested a Von
Mises calving law (VM), along side an eigencalving law
(EC), a minimum thickness to calve threshold (MT), and two
crevasse depth parametrisations: one position-based (CD)
and one rate-based (PD). The performance of these laws are
evaluated against ice shelf terminus changes from 2008 to
2024, from which we recommend using the rate-based von
Mises (VM) or position-based Crevasse Depth (CD) laws for
modelling the floating extensions of the Greenland Ice Sheet.
Both laws performed well when constrained against recent
observations of ice-front fluctuations and, crucially, require
similar tuning parameters across the three ice shelves, mak-
ing them well-suited for large-scale continental modelling
studies. However, we note that these tuning parameters differ
from grounded glaciers, making it important for modelling
studies of the Greenland Ice Sheet to discriminate between
floating and grounded ice.

Despite this recommendation, we find little difference in
future discharge rates from our transient simulations that em-
ploy calibrated calving laws to explore ice-shelf evolution
to 2300. Discharge and grounding line retreat is instead pri-
marily driven by the applied climatic forcing. Furthermore,
our transient results reveal a scarcity of ice-shelf collapse
events, which would lead to an acceleration of ice discharge.
Similarities in discharge rates between the different calv-
ing laws possibly indicate inherent flaws in the current set
of parametrisations that rely on tuning parameters calibrated
to contemporary, often stable, ice shelf behaviours. Alterna-
tively, our results may point to continued buttressing poten-
tial from Greenlandic ice shelves into the future.

Code and data availability. ISSM is open source and freely avail-
able at https://issm.jpl.nasa.gov/download/ (last access: 23 June
2026). Code for model simulations and data export can be found
at https://doi.org/10.5281/zenodo.20813386 (Barnett, 2026).
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