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We thank the two reviewers for their positive and constructive comments that significantly im-6

proved the manuscript. We address their remarks below point by point.7

1 Reviewer #18

This is an excellent paper. It makes an important contribution to the calving literature by taking9

the timely step of testing alternative calving laws against a large set of observations. It is well10

written and clearly structured, and proceeds logically towards solid conclusions. The discussion is11

balanced and thoughtful, and is rich in insight.12

There is likely a range of dominant calving processes at the studied glaciers (e.g. melt- undercut-13

ting; super-buoyancy), and this is inherently problematical for simple calving laws. The authors’14

strategy of including a melt-rate parameterization alongside a calving law goes some way towards15

addressing this complexity, but it is clear that there is still some way to go in the search for a uni-16

versal method for calculating frontal ablation. The authors of course acknowledge this, and raise17

many important issues in the Discussion.18

The impact and usefulness of the paper could be improved further if it were expanded slightly to19

clarify some fundamental issues associated with implementing and testing the calving laws. Two20

issues in particular would benefit from more detailed treatment: 1) the rationale behind model21

tuning; and 2) the methods employed to identify the best fit between observations and the tuned22

models.23
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Thank you. We addressed these two main issues below.24

All of the laws - as implemented here - rely on tuning. As the authors explain, this places limits on25

their practical usefulness when applied to uncalibrated glaciers, or when projected into the future.26

The authors should also note that this is particularly problematic where the parameters span a27

wide range (orders of magnitude for HAB and EC compared with a factor of 2-3 for CD and VM28

[with one outlier in the latter]). A more fundamental point that should be made is that the ability29

of a tuned model to replicate observations does not prove that it works in a meaningful way. The30

success of a calving law tuned on a glacier-by-glacier basis may simply be a test of its flexibility,31

as opposed to its actual predictive/diagnostic power.32

We agree with the reviewer. We added a paragraph about this point in the discussion section.33

The authors make some very interesting points regarding the tuning of HAB. The rationale be-34

hind HAB (as originally developed for Columbia Glacier) is that the glacier will calve as it ap-35

proaches buoyancy. As noted by the authors, this does not allow floating tongues; however, the36

opposite is also true: HAB predicts that a glacier will not calve if HAB > Ho. But of course, many37

well-grounded glaciers do calve, for various reasons, meaning that HAB is problematical in both38

directions. A wide range of grounding conditions in the study glaciers - and associated calving39

processes - probably accounts for the very wide range of q in this study. This has major impli-40

cations for modelling future conditions, if buoyancy conditions and dominant calving processes41

change through time.42

We clarified this point in the discussion.43

The authors rightly flag up the problems with using crevasse water depth as a tuning parameter44

in the CD models. I am now of the opinion that water depth is neither useful nor appropriate as a45

tuning parameter in most cases (see Benn et al., 2017, p. 701). (Ice shelf hydrofracture may be a46

significant exception.) I agree with the authors that results obtained by water-depth tuning of CD47

should be treated with caution (for example, I think that the studies of KNS by Lea et al. are deeply48

flawed for this reason).49

However, it should be noted that water depth is not included in the CD model as im- plemented by50

Todd et al. (2018). In that study, the CD model was able to reproduce seasonal calving variability51

at Store Glacier without any tuning - in stark contrast to the performance of CD in the present52

paper. A major difference between Todd et al. (2018) and the present study is the model physics53

(3D full stress vs. 2D plan-view). Therefore, the authors could be more explicit that the CD model54

may not be the best choice for 2D plan-view models because they do not accurately capture the55

required stresses.56
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We added this study (Todd et al.(2018)) in the discussion section and explained the difference57

between 2D plan view and 3D models.58

To aid comparison between the present study and Todd et al. (2018), I would like the authors to59

show results of CD with dw = 0 alongside the tuned results. A model that does not require any60

tuning has obvious advantages, so it would be particularly interesting to see how it performs in61

this case.62

We performed this experiment and added the corresponding figures to the Supplementary Material63

(Fig. S1-S4).64

The performance of VM is impressive, and it is worthwhile delving deeper into possible reasons for65

this. The results show that, on a glacier-by-glacier basis, there tends to be a consistent relationship66

between calving rate and v(sigma vm/sigma max) (Eq. 3). Perhaps the strength of these relation-67

ships partially reflects including the velocity vector in the calving rate. At the least, the strong68

correlation between calving rate & velocity means that VM is inherently primed to produce more69

reasonable calving rates. The extent to which this questions the models predictive capacity/skill70

is difficult to address, but this is clearly an issue that requires further investigation in future. This71

point should be added to the Discussion (p. 14, around line 5).72

We agree with the reviewer’s point about the relationship between calving rate and ice velocity. We73

added this point in the discussion section.74

Optimization of the model parameters was done by manually finding the values that ”qualitatively75

best capture the observed variations”. The authors should provide more information about this76

procedure. Figure 7 very usefully compares the modelled 2017 front positions, but what of the77

other characteristics of the records (e.g. timing of still- stands, advances or retreat episodes)?78

What criteria were used to decide on the bestfit parameters? Were some criteria weighted more79

than others? Were the criteria used consistently? To address these questions, more information80

should be added to the text around p. 6, line 3.81

We only consider the retreat distance between 2007 and 2017 and do not account for the timings82

of retreat or advance for choosing calibration parameters. We clarified this in the Data and Method83

section.84

I also suggest the authors present a set of time-distance diagrams comparing observations and85

model results for each flowline (perhaps as Supplementary Material). This would then allow read-86

ers to assess the performance of each model in greater detail than is currently possible.87
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Done (Fig. S5-S7).88

Minor points:89

p. 2, L5: “This law only relies on tensile stresses...” add: ”and frontal velocity”90

Done.91

p. 4 L26: Clarify what is meant by “M = non-zero”. Does the method somehow require some melt92

rate, or is this simply intended to state that the appropriate melt rate is applied?93

We meant ‘the appropriate melt rate’. We clarified the sentense.94

p. 5, Equation 9: B is already used for the ice viscosity parameter, so a different symbol is needed95

for the melt rate parameter.96

Done. We changed B in the Equation 9 into b.97

2 Reviewer #298

This study compares four quasi-empirical calving laws to assess their suitability in predicting99

terminus retreat from 9 Greenland tidewater glaciers. The authors optimize unknown parameters100

in the calving laws to best fit each glacier and then compare the best projected calving front position101

with observed calving front positions and to project mass loss associated with calving forward. The102

authors find that so-called von Mises calving is the best fitting calving law for most glaciers.103

Although several studies comparing calving laws have been published in the literature, most pre-104

vious comparisons have focused on flowline models. This study is one of the first to assess the105

behavior of different calving laws using two-dimensional (map view) glacier geometry and is a106

promising first stab at this problem. Overall, I think the manuscript is quite promising and most107

of my comments are relatively minor or quaintly technical in nature. Here, I should also disclose,108

I have found myself reviewing several of the authors prior papers. I think the authors and editor109

should be cognizant of the fact that my comments likely overlap and they may want to discard or110

de-emphasize some comments to make sure that the same voice (mine) is not overly contributing to111

this conversation. My more detailed comments are included below:112

The authors come to an interesting conclusion that the Von Mises calving law is the calving law113

that best describes observed changes and, hence, might be the best to use for future projections of114
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Greenland outlet glaciers. This is an interesting result, but I would encourage the authors to dwell115

a little bit more on *why* this calving law seems to perform so well and to revisit the limitations116

associated with making projections based on tuned calving laws. The fact there is such a disparity117

in best fitting parameters is interesting because it implies there is no single parameter that can be118

plugged into a calving law that will yield adequate results. This in turn implies that parameters119

appropriate for one instance of time (or slice of time) may not remain valid in the future. This120

would significantly impact projections if the so-called best fitting parameters evolved over time.121

The first reviewer has the similar comments and this is an excellent point. We think that the strong122

relationship between calving rate and ice velocity might produce more reasonable calving rates but123

whether this holds for future simulations needs further investigation. We added these points in the124

discussion section.125

There is a final interesting point, which is that the Von Mises calving law is fundamentally different126

from the other calving laws. Each of the other calving laws depends on local (scalar) properties of127

the glacier at (or at least near) the calving front. These laws are all essentially empirical, but also128

depend solely on coordinate system independent parameters of the system. The Von Mises calving129

law, in contrast, depends on the velocity at the calving front and velocity is not reference frame130

independent. For example, if I were to adopt a Lagrangian reference frame that moves with the131

glacier calving front, the velocity at the calving front would be exactly zero and, as far as I can132

tell, the calving rate would also vanish. This dependence of the calving rate on reference frame133

is something that theorists would find disturbing, but is less bothersome if we think of the law as134

empirical and calibrated to work well in some defined parameter regime.135

The reviewer is right: the von Mises calving law here depends on the reference frame. We adopted136

a Eulerian frame in this study. Theoretically, we could apply the same law as a calving criterion137

rather than a speed, but removing the ice where �̃ > �max, which would then be independent of138

the reference frame. We tried to use this law but it failed because the tensile stress is too strong in139

the margins, which leads to a faster retreat along the sides of the glacier than the center (See Fig.140

S8), which is way we ended up formulating this law in terms of calving rate by multiplying by the141

ice velocity.142

Another difference between the Von Mises calving law and the other laws is that the velocity depen-143

dence of the Von Mises calving law means that the calving rate is non-locally determined. Changes144

in faraway boundary conditions (or at least in behavior upstream from the calving front) could145

instantaneously propagate and affect calving rates. This “action-at-a distance” is also interesting146

and means that the Von Mises calving law is an integrator of glacier behavior in the vicinity of the147

calving front. Overall, I do wonder how much of the behavior of the model is due to the appear-148

ance of the velocity in the calving rate. I would like to hear the authors comment more on these149

model formulation differences partly because I think I can rationalize the velocity dependence of150

the Von Mises calving law as a linearization about steady-state. In this argument we start from151
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a steady-state condition in which calving rate = terminus velocity and then linearize to deduce a152

velocity dependent calving rate. This linearization, however, does depend on linearizing about a153

steady-state and thus might explain some of the variability in inferred yield strengths. It would also154

hint that the calving law would remain appropriate for short periods of time, but could fail when155

applied to longer time periods. This comes back to my point about uncertainty in projections using156

a tuned parameterization.157

We agree with the reviewer’s point that changes upstream may affect calving rates if the changes158

are large. We limit the maximum calving rate to 3 km/yr, which can prevent unrealistic calving159

rates caused by abrupt changes upstream from the ice front that may be short lived. We added160

this point in the Data and method section. We added the figure in the supplementary material161

(Fig.S8) to show the effect of velocity components in the calving rate. In addition, we agree with162

the point about uncertainty in projections using a tuned parameterization, which is now disscused163

in the discussion section. We were not able, however, to show that the calving rate is a linearization164

around steadystate.165

Miscellaneous comments: Page 4, line 25: I believe that HAB and CD models could also be166

implemented in such a way that they yield continuous rates. This can be done relatively easily167

for the HAB criterion by taking the advective derivative of ice thickness at the calving front and168

determining the rate of advance necessary to maintain a critical height above buoyancy. I believe169

one could also do this for the CD model by relating the stress at the calving front to the ice thickness170

and water depth. This may (or may not) change some of the behavior of these models.171

This is a good point and we thought about implementing HAD and CD calving laws as continuous172

calving rates like EC and VM calving laws. However, it proved to be significantly more compli-173

cated in 2D plan-view/3D models than in a flowline model. The parallel architecture of ISSM adds174

further complications and we decided to not look further into it. The idea of this paper was also175

to compare published calving laws and so we still think that testing the calving law as they were176

introduced in the literature is helpful.177

I think it would for beneficial if the authors could state in a few sentences the spatial and temporal178

resolution studies they have done to make sure that results are numerically converged. I have often179

found that accurately simulating advance and retreat of glaciers requires far more resolution than180

I would have expected. I do wonder if the blocky behavior of the HAB and CD models might be181

reduced with finer resolution and if any of the other behavior of the models is persistent when182

resolution is halved or decreased by a factor of 8.183

The spatial and temporal resolutions are now explained in the Data and method section. We use184

the time steps that satisfy the Courant-Friedrichs-Lewy condition [Courant et al., 1928] for each185

glacier to make sure that the solutions are temporally converged. We also added Fig.S9 to show186

that our results do not change significantly as we change the mesh resolution.187
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Equations 7-8: I wonder if it would be better to write these equations in terms of deviatoric rather188

than resistive stresses. Resistive stresses, as defined by Van der Veen, are not the same as deviatoric189

stresses. Here, it is unclear if deviatoric stresses (e.g., near line 15) or resistive stresses (equations190

7-8) are used. Deviatoric stresses are easy to compute using a numerical model and are directly191

related to the rheology. Resistive stresses have an awkward factor of two difference. Resistive192

stresses were a useful quantity when attempting to understand which terms in the stress balance193

are important, but less useful when using an ice sheet model where factor of two errors often creep194

into calculations.195

We use the deviatoric stress to calculate the along-flow and the largest stresses for two crevasse196

depth calving laws as in Otero et al. [2010]. We now use the symbol � instead of R in Eq. (7) and197

(8) and clarify this in the text.198
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Comparison of four calving laws to model Greenland outlet glaciers
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Abstract. Calving is an important mechanism that controls the dynamics of marine terminating glaciers of Greenland. Ice-

berg calving at the terminus affects the entire stress regime of outlet glaciers, which may lead to further retreat and ice flow

acceleration. It is therefore critical to accurately parameterize calving in ice sheet models in order to improve the projections

of ice sheet change over the coming decades and reduce the uncertainty in their contribution to sea level rise. Several calving

laws have been proposed, but most of them have been applied only to a specific region and have not been tested on other5

glaciers, while some others have only been implemented in one-dimensional flowline or vertical flowband models. Here, we

test and compare several calving laws recently proposed in the literature using the Ice Sheet System Model (ISSM). We test

these calving laws on nine tidewater glaciers of Greenland. We compare the modeled ice front evolution to the observed retreat

from Landsat data collected over the past 10 years, and assess which calving law has better predictive abilities for each glacier.

Overall, the von Mises tensile stress calving law is more satisfactory than other laws for simulating observed ice front retreat,10

but new parameterizations that capture better the different modes of calving should be developed. Although the final positions

of ice fronts are different for forecast simulations with different calving laws, our results confirm that ice front retreat highly

depends on bed topography irrespective of the calving law employed. This study also confirms that calving dynamics needs to

be plan-view or 3D in ice sheet models to account for complex bed topography and narrow fjords along the coast of Greenland.

1 Introduction15

Mass loss from marine terminating glaciers along coastal Greenland is a significant contributor to global sea-level rise. Calving

is one of the important processes that control the dynamics, and therefore the discharge, of these glaciers (e.g., Cuffey and

Paterson, 2010; Rignot et al., 2013; Bondzio et al., 2017). Ice front retreat by enhanced calving reduces basal and lateral

resistive stresses, resulting in upstream thinning and acceleration, which may lead to a strong positive feedback on glacier

dynamics (e.g. Gagliardini et al., 2010; Choi et al., 2017). Recent observations have shown that many outlet glaciers along the20

coast of Greenland are currently experiencing significant ice front retreat (e.g., Howat et al., 2008; Moon and Joughin, 2008). It

is therefore important to accurately parameterize calving in ice sheet models in order to capture these changes and their effect

on upstream flow and, consequently, improve the projections for future global sea level.

The first attempts to model calving dynamics focused on empirical relationships between frontal ablation rate and external

variables such as water depth (Brown et al., 1982) or terminus height (Pfeffer et al., 1997). Later studies (van der Veen, 2002;25

Vieli et al., 2001, 2002) included ice properties and dynamics to specify calving front position. In these studies, the ice front
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position is based on a height-above-buoyancy criterion (HAB), with which numerical models were able to reproduce more

complex observed behaviors of Arctic glaciers. This criterion, however, was not suitable for glaciers with floating ice shelves

and failed to reproduce seasonal cycles in ice front migration (Benn et al., 2007; Nick et al., 2010). Benn et al. (2007) introduced

a crevasse-depth criterion, which defines calving front position where the surface crevasses reach the waterline. Nick et al.

(2010) modified this crevasse-depth criterion (CD) by including basal crevasses and their propagation for determining calving5

front position in a flowline model. This model successfully reproduced observed changes of several glaciers (Otero et al.,

2010; Nick et al., 2012) and simulated future changes of main outlet glaciers of Greenland (Nick et al., 2013). Levermann et al.

(2012) proposed to define the calving rate as proportional to the product of along and across-flow strain rates (eigencalving;

EC) for Antarctic glaciers. This calving law showed encouraging results for some large Antarctic ice shelves, such as Larsen,

Ronne and Ross, but this parameterization has not been applied to Greenland glaciers, which terminate in long and narrow10

fjords. Morlighem et al. (2016) proposed a calving parameterization based on von Mises tensile stress (VM) to model Store

glacier, Greenland. This law only relies on tensile stresses and
:::::
frontal

::::::::
velocity,

:::
and

:
does not include all of the processes that

may yield to calving (such as damage, hydro-fracture, or bending), but it has shown encouraging results on some Greenland

glaciers (Morlighem et al., 2016; Choi et al., 2017). Recently, several studies have developed new approaches based on a

continuum damage model (Duddu et al., 2013; Albrecht and Levermann, 2014) or linear elastic fracture mechanics (LEFM)15

(Yu et al., 2017), and Krug et al. (2014) combined damage and fracture mechanics to model calving dynamics in Greenland.

These studies investigated fracture formation and propagation involved in calving, but have only focused so far on individual

calving events in small-scale cases, and it is not clear how to extend these studies to three-dimensional large scale models of

Greenland.

While all of these parameterizations have been tested on idealized or single, real-world geometries, most of them have not20

yet been tested on a wide range of glaciers and some of these laws have only been implemented in one-dimensional flowline

or vertical flowband models (Vieli and Nick, 2011). The main objective of this study is to test and compare some of these

calving laws on nine different Greenland outlet glaciers using a 2D plan-view ice sheet model. Modeling ice front dynamics

in a 2D horizontal or 3D model has been shown to be crucial, as the complex three-dimensional shape of the bed topography

exerts an important control on the pattern of ice front retreat, which cannot be parameterized in flowline or flowband models25

(e.g. Morlighem et al., 2016; Choi et al., 2017). We do not include continuum damage models and the LEFM approach in this

study because these laws require to model individual calving events, whereas we focus here on laws that provide an “average”

calving rate, or a calving front position, without the need to track individual calving events. While these approaches remain

extremely useful to derive new parameterizations, their implementation in large scale models is not yet possible due to the level

of mesh refinement required to track individual fractures.30

We implement and test four different calving laws, namely the height-above-buoyancy criterion (HAB, Vieli et al., 2001), the

crevasse-depth calving law (CD, Otero et al., 2010; Benn et al., 2017), the eigencalving law (EC, Levermann et al., 2012) and

von Mises tensile stress calving law (VM, Morlighem et al., 2016), and model calving front migration of nine tidewater glaciers

of Greenland for which we have a good description of the bed topography (Morlighem et al., 2017). The glaciers of this study

are three branches of Upernavik Isstrøm (UI), Helheim glacier, three sectors of Hayes glacier, Kjer, and Sverdrup glaciers (Fig.35
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Figure 1. Ice surface velocity (black contours) for study glaciers (a) Upernavik Isstrøm (b) Hayes (c) Helheim (d) Sverdrup (e) Kjer. The

thick black line is the ice edge.

1). Each of these four calving laws includes a calibration parameter that is manually tuned for each glacier. These parameters

are assumed to be constant for each glacier. To calibrate this parameter, we first model the past 10 years (2007-2017) using

each calving law and compare the modeled retreat distance to the observed retreat distance. Once a best set of parameters is

found, we run the model forward with the current ocean and atmospheric forcings held constant to investigate the impact of

the calving laws on forecast simulations. We discuss the differences between results obtained with different calving laws for5

the hindcast and forecast simulations and the implications thereof for the application of the calving laws to real glacier cases.

2 Data and method

We use the Ice Sheet System Model (ISSM, Larour et al., 2012) to implement four calving laws and to model nine glaciers. Our

model relies on a Shelfy-Stream Approximation (Morland and Zainuddin, 1987; MacAyeal, 1989), which is suitable for fast

outlet glaciers of Greenland (Larour et al., 2012).
:::
The

:::::
mesh

:::::::::
resolution

:::::
varies

::::
from

::::
100

::
m

::::
near

:::
the

:::
ice

::::
front

:::
to

::::
1000

::
m

::::::
inland10

:::
and

:::
the

::::::::::
simulations

::::
have

:::::::
different

:::::
time

::::
steps

::::
that

:::::
varies

:::::::
between

::::
0.72

:::::
days

:::
and

:::
7.2

::::
days

:::::::::
depending

:::
of

:::
the

::::::
glacier

::
in

:::::
order

::
to
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:::::
satisfy

:::
the

::::
CFL

:::::::::::::::::::::::
(Courant-Friedrichs-Lewy)

::::::::
condition

::::::::::::::::::
(Courant et al., 1928). We use the surface elevation and bed topography

data from BedMachine Greenland version 3 (Morlighem et al., 2017). The nominal date of this dataset is 2008, which is close

to our starting time of 2007. The surface mass balance (SMB) is from the regional atmospheric model RACMO2.3 (Noël et al.,

2015) and is kept constant during our simulations. We invert for the basal friction to initialize the model, using ice surface

velocity derived from satellite observations acquired at a similar period (2008-2009) (Rignot and Mouginot, 2012).5

ISSM relies on the level set method (Bondzio et al., 2016) to track the calving front position. We define a level set function,

', as being positive where there is no ice (inactive) and negative where there is ice (active region) and the calving front is

implicitly defined as the zero contour of '. Here, we implement two types of calving laws: EC and VM provide a calving rate,

c, whereas HAB and CD provide a criterion that defines where the ice front is located. These two types of law are implemented

differently within the level set framework of ISSM.10

When a calving rate is provided, the level set is is advected following the velocity of the ice front (vfront) defined as a function

of the ice velocity vector, v, calving rate, c, and the melting rate at the calving front, Ṁ :

vfront = v�
⇣
c+ Ṁ

⌘
n (1)

where n is a unit normal vector that points outward from the ice.

EC defines c as proportional to strain rate along (✏k) and transversal (✏?) to horizontal flow (Levermann et al., 2012):15

c=K · ✏k · ✏̇? (2)

where K is a proportionality constant that captures the material properties relevant for calving. K is the calibration parameter

of this calving law.

In VM, c is assumed to be proportional to the tensile von Mises stress, �̃, which only accounts for the tensile component of

the stress in the horizontal plane:20

c= kvk �̃

�max
(3)

with

�̃ =
p
3B ˜̇"1/n

e
(4)

where �max is a stress threshold that is calibrated, B is the ice viscosity parameter, n= 3 is Glen’s exponent, and ˜̇"e is the

effective tensile strain rate defined as:25

˜̇"2
e
=

1

2

⇣
max(0, "̇1)

2 +max(0, "̇2)
2
⌘

(5)
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where "̇1 and "̇2 are the two Eigenvalues of the 2D horizontal strain rate tensor (Morlighem et al., 2016).
:::
To

::::::
prevent

:::::::::
unrealistic

::::::
calving

::::
rates

::::::
caused

:::
by

:::
an

:::::
abrupt

::::::::
increase

::
in

:::::::
velocity

::::::::
upstream

::::
from

:::
the

:::
ice

:::::
front,

:::
we

:::::
limit

:::
the

:::::::::
maximum

::::::
calving

::::
rate

::
to

::
3

:::::
km/yr.

:

For HAB and CD, we proceed in two steps at each time iteration as they do not provide explicit calving rates, c. First, the

ice front is advected following Eq. (1) assuming that c= 0 and Ṁ 6= 0,
::::
using

:::
the

::::::::::
appropriate

::::
melt

::::
rate,

:::
Ṁ , which simulates an5

advance or a retreat of the calving front without any calving event. The calving front position is then determined by examining

where the condition of each law is met. The level set, ', is explicitly set to +1 (no ice) or -1 (ice) on each vertex of our finite

element mesh depending on that condition.

For HAB, the ice front thickness in excess of floatation cannot be less than the fixed height-above-buoyancy threshold, HO

(Vieli et al., 2001):10

HO = (1+ q)
⇢w

⇢i
Dw (6)

where ⇢w and ⇢i are the densities of sea water and ice, respectively, and Dw is the water depth at the ice front, here represented

by the bed depth below sea level. The fraction q 2 [0,1] of the floatation thickness at the terminus is our calibration parameter.

For CD, the calving front is defined as where the surface crevasses reach the waterline or surface and basal crevasses join

through the full glacier thickness. The depth of surface (ds) or basal (db) crevasses is estimated from the force balance between15

tensile stress in the along-flow direction or any direction, water pressure in the crevasse and the lithostatic pressure:

ds =
R�

:

⇢ig
+

⇢w

⇢i
dw (7)

db =
⇢i

⇢p � ⇢i

 
R�

:

⇢ig
�Hab

!
(8)

where R is the resistive stress, g is the gravitational acceleration, Hab is the height above floatation and dw is the water height

in the crevasse, which allows the crevasse to penetrate deeper (van der Veen, 1998). The water depth in the crevasse (dw) is20

the calibration parameter of this calving law. In this study, we use two different estimations for the resistive stress, R
:::::::
crevasse

::::::
opening

::::::
stress,

::
�. First, we use the stress only in the ice-flow direction to estimate R

:
�
:
in which changes in direction are taken

into account (Otero et al., 2010). The other estimation for R
:
� is the largest principal component of deviatoric stress tensor to

account for tensile stress in any direction (Todd et al., 2018; Benn et al., 2017). We here use the term ‘CD1’ (flow direction)

and ‘CD2’ (all directions), respectively, to refer to these two estimations for R
:
�.25

5



We use the frontal melt parameterization from Rignot et al. (2016) to estimate Ṁ in Eq. (1). The frontal melt rate, Ṁ ,

depends on subglacial discharge, qsg and ocean thermal forcing, TF, defined as the difference in temperature between the

potential temperature of ocean and the freezing point of seawater, as:

Ṁ =
⇣
Ahq

↵

sq
+Bb

⌘
TF� (9)

where h is the water depth, A= 3⇥ 10�4 m�↵ day↵�1 �C�� , ↵ = 0.39, B
:
b = 0.15 �C�� , and � = 1.18. We use ocean5

temperature from the Estimating the Circulation and Climate of the Ocean, Phase 2 (ECCO2) project (Rignot et al., 2012). To

estimate subglacial discharge, we integrate the RACMO2.3 runoff field over the drainage basin assuming that surface runoff is

the dominant source of subglacial fresh water in summer (Rignot et al., 2016).

We determine each calibration parameter (Table 1) by simulating the ice front change between 2007 and 2017 and compare

the modeled pattern of retreat to observed retreat. We manually adjust these parameters for each calving law and for each10

basin to qualitatively best capture the observed variations in ice front position. In order to compare modeled ice front dynamics

with observations, we estimate the retreat distance along five flowlines across the calving front of each glacier so that we are

able to account for potential asymmetric ice front retreats.
:::
We

::::
only

::::::::
calculate

:::
the

:::::
retreat

::::::::
distance

:::::::
between

::::
2007

::::
and

::::
2017

::::
and

::::::
choose

:::
the

:::::::::
parameters

::::
that

:::
can

:::::::
produce

::::::
similar

::::::
retreat

:::::::
distance

:::
for

::::
each

::::::::
flowline.

:::
We

:::
do

:::
not

::::
take

::::
into

:::::::
account

:::
the

:::::
timing

:::
of

::
the

::::::
retreat

:::
or

:::::::
advance

:::::::
between

:::::
2007

:::
and

:::::
2017

:::::
when

::::::::
choosing

:::::::::
calibration

:::::::::
parameters

:::::
(Fig.

:::::::
S5-S7). Based on our calibrated15

models, we run the models forward until 2100 to investigate and compare the influence of different calving parameterizations

on future ice front changes. For better comparison, we keep other factors (e.g., SMB, basal friction) constant in our runs. We

also keep our ocean thermal forcing (eq. 9) the same as the last year of the hindcast simulation (2016-2017) until the end of

our forecast simulations. The simulations are therefore divided into two time intervals: the hindcast period (2007-2017) that

we use to calibrate the tuning parameters of the different calving laws, and the forecast time period (2018-2100).20

3 Results

The observed and modeled ice front evolutions in our simulations are shown in Figs. 2-6. The modeled retreat distances along

five flowlines are compared to observed retreat distances in Fig. 7. We first notice that, in all cases, the calving laws that model

a calving rate (EC and VM) have a smoother calving front than other laws. This results from the numerical implementation of

these laws in which it is only required to solve the advection equation of the calving front, and does not rely on a local post25

processing step that may yield to a more irregular shape of the calving front.

If we look at individual glaciers, Fig. 2a shows the observed pattern of retreat between 2007 and 2017 for the three branches

of UI. The northern and southern branches have been rather stable over the past 10 years, but the central branch has retreated

by 2.6 to 4 km. Figure 2b shows the pattern of modeled ice front position between 2007-2017 (hot colors) and 2017-2100 (cold

colors) using HAB. We observe that the ice front in the central branch jumps upstream by about 2-3.5 km at the beginning of30

the simulation and slows down as the bed elevation increases. The ice front starts retreating again after 2017 and stops when

6



Table 1. Chosen calibration parameters. The values in brackets are the range of calibration parameters that produce a qualitatively similar

ice front retreat pattern as the chosen calibration parameter

Glaciers

Calving calibration parameter

q of HAB K of EC dw of CD1 dw of CD2 �max of VM

⇥10�2(unitless) ⇥10�11 (m ⇥ a) (m) (m) (kPa)

Upernavik N 5.5 82 61 53 825

Upernavik C 0.6 1700 47 25 1400 [1100 1800]

Upernavik S 4 [3 4] 8 [6.5 8.9] 36 [35 36] 25 600 [590 670]

Hayes 9.1 35 45 47 [43 47] 500

Hayes NN 0 400 [160 940] 30 [30 31] 23 1000 [0 3000]

Hayes N 5.8 [4.5 5.9] 1200 [730 2050] 30 [20 40] 20 [18 30] 1000 [430 3000]

Helheim 3.2 103 60 45 900 [890 910]

Sverdrup 35.6 10 44 40 510

Kjer 6.3 [4.8 6.5] 720 39 [38 39] 27 2900 [2660 3000]

it reaches higher ground about 5 km upstream. The modeled northern and southern branches are stable until 2017 and the

northern branch retreats significantly to another ridge upstream between 2017-2100. The modeled ice front using EC does not

match the observed pattern of ice front retreat well (Fig. 2c). This approach causes the calving front to be either remarkably

stable or creates an ice front with a strongly irregular shape. Figure 2d and 2e present the modeled ice front evolution using the

CD1 and CD2, respectively. Both models have similar ice front retreat patterns between 2007-2017, and they both overestimate5

the retreat of the central branch compared to observations (Fig. 7). In the forecast simulations, the central branch retreats more

when only the flow-direction stress is considered (Fig. 2d). However, in both cases, the ice front stops retreating at the same

location on a pronounced ridge. The model that relies on VM shows a gradual terminus retreat and stabilizes at the end of 2017

(Fig. 2f). After 2017, the retreat behavior is similar to the one with the height-above-buoyancy law. We observe that HAB and

VM reproduce the observed changes reasonably well, although they do not capture the exact timing of the 2007-2017 retreat10

(Fig. 2b and 2f).

The second region of interest is Hayes glacier. Currently, the three branches of this system rest on a topographic ridge, ⇠ 300

m below sea level, which is likely responsible for the observed stability in the position of the ice front over the past 10 years

(Fig. 3a). The ice front of the northern glacier, however, has been retreating by up to 3 km from 2007 to 2014 and readvanced

in 2016 and 2017. In this region, HAB produces a stable ice front for the northern (Hayes) and the southern sector (Hayes15

N) but the central sector (Hayes NN) retreats more than the observations by 0.5-0.7 km (Fig. 3b). After 2017, Hayes NN and

Hayes N retreat only by a few km and stabilize there until the end of the simulation. The model using EC shows very little

change between 2007 and 2100 (Fig. 3c). As in the previous region, both the CD1 and CD2 show very similar results (Fig

3d and 3e). In the hindcast simulation (2007-2017), both models overestimate the retreat at the western part of the northern

7
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Figure 2. (a) The observed ice front positions between 2007-2017 and (b)-(f) modeled ice front positions obtained with different calving

laws between 2007-2100 overlaid on the bed topography of Upernavik Isstrøm. The white lines are the flowlines used to calculate retreat or

advance distance of ice front.

branch (Hayes). After 2017, Hayes and Hayes NN retreat quickly by 2.2-6 km into an overdeepening in the bed topography.

The final positions of the ice front derived from two crevasse-depth laws are 5 km upstream of their initial position on higher

ridges further upstream. Figure 3f shows the modeled ice front evolution using VM. This model reproduces the stable ice front

positions for two sectors (Hayes and Hayes N) but tends to overestimate the retreat for Hayes NN. Although, for the forecast

simulation, VM results in more retreat than obtained with other laws for Hayes, the ice front ends up resting on the same ridges5

as the ones based on the crevasse-depth laws.

Figure 4a shows the observed ice front pattern for Helheim glacier. Since 2007, this glacier has shown a stable ice front

evolution, retreating or advancing only by a few km over the past 10 years (Cook et al., 2014). All calving parameterizations,

except for EC, result in a stable or a little advanced ice front pattern (Fig. 4b-f), and only the VM model reproduces reasonably

well the observed retreat distance from 2007 to 2017 for this region (Fig. 7g), although it never readvances. The other calving10
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Figure 3. Same as Fig.2 but for Hayes Glaciers.

laws do not capture the observed retreat distance or the shape of ice front properly with our ocean parameterization. In the

forecast simulations, all model results show an advance or stable pattern of ice front evolutions at the end of 2100. The model

with EC results in a significantly different shape of ice front compared to other models (Fig. 4c).

From 2007 to 2014, the mean terminus position of Sverdrup glacier (Fig. 5a) has been around a small ridge ⇠ 300 m high.

In 2014, the glacier was dislodged from its sill and the glacier started to retreat. The models with HAB and EC show that the5

ice front jumps to the similar location to 2017 observed ice front (Fig. 5b and (c)). The glacier does not retreat much after 2017

in these two models. The two CDs tend to produce more retreat than other parameterizations after the ice front is dislodged

from the ridge (Fig. 5d and 5e). The ice front retreat, after 2017, starts slowing down near another ridge 9 km upstream and

the glacier stabilizes there until 2100. Only VM captures the timing of the retreat reasonably right (Fig. 5f). After 2017, the

forecast simulation shows that ice front retreats up to 4.5 km before slowing down at the second ridge upstream. The ice front10

then retreats past this ridge quickly and keeps retreating until it reaches a bed above sea level further upstream, where the

retreat stops.
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Observed ice front
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Figure 4. Same as Fig.2 but for Helheim glacier.

The ice front of Kjer glacier has been retreating continuously between 2007-2017 (Fig. 6a). All calving parameterizations,

except for EC, simulate the observed retreat well (Fig. 6b-f and Fig. 7i). The forecast simulations, however, show different

retreat patterns. HAB shows relatively less retreat than other models (Fig. 6b). The calving front slows down and stabilizes at

the location where the direction of trough changes. The calving front from two crevasse-depth parameterizations retreats past

this pinning point and stops retreating at the next pinning point where the small ridge is located (Fig. 6d and 6e). In the model5

with VM, the retreat rate slows down near this ridge as well. The ice front, however, keeps retreating beyond this ridge and

stabilizes on another ridge further upstream (Fig. 6f).

4 Discussion

Our results show that different calving laws produce different patterns of ice front retreat in both timing and magnitude, despite

equal climatic forcing. In the hindcast simulations, we calculate the modeled retreat distance from 2007 to 2017 for a total of 4510
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Figure 5. Same as Fig.2 but for Sverdrup glacier.

flowlines from our study glaciers to investigate which calving law, with the best tuning parameter, better captures the observed

ice front changes (Fig. 7). We find that overall, VM captures the observed retreat better than other calving laws. For 67% (30

out of 45) of these flowlines, VM reproduce the retreat distance within 500 m from the observations, which we assume to be

a reasonable range based on the seasonal variability of ice fronts, error in observations, and model resolution (Howat et al.,

2010; Bevan et al., 2012). With HAB, the modeled retreat distance is within 500 m of the observed retreat distance for 53% of5

the flowlines, while CD1 and CD2 capture the retreat for 51% and 40% of the the flowlines. EC reproduces only 31% of the

retreat that falls into the 500-m range.

EC was designed to model calving of large-scale floating shelves by including strain rates along and across ice flow (Lever-

mann et al., 2012). Our results show that it does not work well in the case of Greenland fjords, because these glaciers flow along

narrow and almost parallel valleys. The transversal strain rate, ✏?, is small and noisy in these valleys, leading to a significantly10

different pattern of ice front changes with either a remarkably stable (e.g. Fig. 3c) or some complex shape of the modeled ice

front (e.g. Fig. 2c, 4c). The forecast simulations with this calving law also show different retreat patterns compared to other
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Figure 6. Same as Fig.2 but for Kjer glacier.

calving laws. While this calving law may be appropriate in the case of unconfined ice shelves, we do not recommend using this

calving law for Greenland glaciers.

The two crevasse-depth calving laws are very similar in terms of the ice front retreat patterns they produce. For the regions

of fast flow, the maximum principal strain rate is almost the same as the along-flow strain rate, which leads to a similar amount

of stress for opening crevasses. We note that for almost all of the glaciers that match the observed retreat, the model is very5

sensitive to the water depth in crevasses, the calibration parameter, for both laws (Table 1). Even a one meter increase in water

depth significantly changes the calving rate, and thus the entire glacier dynamics. This behavior has been noticed in other

modeling studies (Otero et al., 2017; Cook et al., 2012). Only one glacier (Hayes N) allows to change the water depth by up

to ⇠ 18 m and still reproduces observed ice front pattern. One reason why CDs do not capture the rate of retreat well in the

hindcast simulations might also be this high sensitivity to water depth in crevasses. Models relying on this law should be taken10

with caution because it is hard to constrain the water depth in crevasses. The water depth in crevasses is certainly different from

one year to another, and can be significantly affected by changes in surface melting and hydrology of glacier surface for the

forecast simulations (e.g., Nick et al., 2013).
:::::::::::::::::::::
Todd et al. (2018) applied

:
a
:::
CD

:::::::
calving

:::
law

::::
with

:::
3D

::::
full

:::::
Stokes

::::::
model

:::
and

:::::
were

:::
able

::
to

:::::::::
reproduce

:::
the

:::::::
seasonal

::::::
calving

:::::::::
variability

::
of

:::::
Store

::::::
Glacier

:::::::
without

:::
any

:::::
tuning

::
of
:::::
water

:::::
depth

::
in

:::::::::
crevasses.

:::
For

:::
our

:::::
study

:::::::
glaciers,

:::::::
however,

::::::
tuning

:::
the

:::::
water

:::::
depth

::::
was

::::::::
necessary

::
to

:::::::::
reproduce

:::
the

:::::::
observed

:::
ice

:::::
front

:::::::
changes

::::
(Fig.

:::::::
S1-S4).

::::
This

:::::
either15

:::::
shows

::::
that

:::
this

::::::
calving

::::
law

:::::
works

::::
well

:::
for

:::::
Store

:::
but

:::
not

:::
for

:::::
other

::::::
glaciers

:::::::
without

:::
the

::::::
tuning

:::::::
process,

::
or

::::
that

:::
full

:::
3D

:::::::
stresses

::
are

::::::::
required

::
to

:::::
model

:::::::
calving.

::::::
Further

::::::
studies

::::
need

::
to
:::::::::
investigate

:::
the

:::::::
stresses

::::
from

:::::::
different

:::::::
models

:::
and

::::
their

:::::::::::
relationships

::::
with

::::
water

:::::
depth

::
in
:::::::::
crevasses.
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Figure 7. Modeled retreat distances (with respect to the calving front initial position in 2007) for different calving laws compared to observed

retreat distance for nine study glaciers. The retreat distances between 2007-2017 from each calving law are shown as bar solid colors. The

hatched bars are the retreated distances in 2100 for each calving law. Shaded areas represent the range of 500 m from the 2017 observed

retreat and the modeled retreats that fall into this range are shown with the red edge.

The model results with HAB indicate that this calving law reproduces the final position of observed calving front well for

some glaciers, but does not capture continuous retreat patterns and the timing of retreat between 2007 and 2017. The ice front

generally tends to jump to its final position. This may be due to the fact that we keep the height above floatation fraction (q)

constant during our simulations. This constant fraction value also explains a relatively limited retreat compared to other calving

laws for the forecast simulations. The sensitivity of the model to the parameter q is different for every glaciers (Table 1). The5

glaciers with an ice front that is in shallow water (e.g., Hayes N, Kjer) are less sensitive to the choice of q than the ones with

deeper ice front.
:
A
:::::
wide

:::::
range

::
of

:::::::::
grounding

:::::::::
conditions

::
in

:::
the

:::::
study

:::::::
glaciers

::::
also

:::::::
explains

:::
the

::::
wide

:::::
range

:::
of

:::
the

::::::::
parameter

::
q

:::::::
between

:::::::
different

:::::::
glaciers.

:
Because determining q is empirical

:::
and

::::::::
buoyancy

:::::::::
conditions

::::
may

::::::
change

:::::::
through

::::
time, this calving

law becomes less reliable than other physics-based calving laws for the forecast simulations. Another disadvantage of this law

is that it does not allow for the formation of a floating extension, and cannot be applied to ice shelves.10

:::
All

::::::
calving

::::
laws

:::::::::::
implemented

::
in

:::
this

:::::
study

:::
rely

:::
on

::::::::
parameter

:::::
tuning

:::
for

::::
each

::::::
glacier

::
in

:::::
order

:
to
::::::
match

:::::::::::
observations.

::::::::
However,

:::
this

::::::
tuning

::::::
process

::::::
makes

::
it

::::::
difficult

:::
to

:::::
apply

:::
any

::
of

:::::
these

:::::::
calving

::::
laws

::
to

:::::::
glaciers

:::
for

:::::
which

:::
we

::::
have

:::
no

:::::::::::
observations

::
of

:::
ice

::::
front

:::::::
change,

:::
and

::
it
::
is

:::
not

:::::
clear

:::::::
whether

::::
these

::::::::::
parameters

::::::
should

::
be

::::
held

::::::::
constant

::
in

:::::
future

:::::::::
simulation

:::
or

:::::::
whether

::::
they

::::
may
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::::::
change.

::
In

:::::::::
particular,

::::
when

:::
the

::::::::::
parameters

::::
span

:
a
::::
wide

:::::
range

:::::::
between

:::::::
different

::::::::
glaciers,

::
as

::
in

::::
HAB

::
or

::::
EC,

:
it
::
is

::::
hard

::
to

::::::::
constrain

::::
these

:::::::::
parameters

:::
for

:::::::
forecast

::::::::::
simulations.

::::::
Model

::::::::::
simulations

::::
with

::::
these

:::::::
calving

::::
laws

::::::
should

::
be

:::::
taken

::::
with

:::::::
caution.

Our results for forecast simulations suggest that ice front retreat strongly depends on the bed topography. Although different

calving laws do not always have the same final positions, the extent of glacier retreat shows a similar pattern: topographic

ridges slow down or/and stop the retreat, and retrograde slopes accelerate the retreat, which has been shown in several studies5

(e.g., Morlighem et al., 2016; Choi et al., 2017). Whether the glaciers continue to retreat beyond these ridges depends on the

calving law used and may also depend on the choice of tuning parameters. For the forecast simulations, it is not clear whether

the tuning coefficients of the calving laws should be kept constant, as we did here. Some parameters potentially vary depending

on future changes in external climate forcings or ice properties. These changes may affect the final locations where glaciers

eventually stabilize. However, the bed topography still plays a crucial role in determining stable positions of ice fronts and the10

general pattern of retreat before the glaciers stabilize.

The results for Helheim glacier are very similar for all calving laws, and none of them captures the pattern of ice front

migration perfectly. In the forecast simulations, the modeled ice front slightly advances until 2100 for all calving laws. This

ice front advance is mostly caused by the ocean thermal forcing data used in the forecast simulations. The thermal forcing has

been slightly decreasing after 2012 and a relatively cold water is applied to our forecast simulations, which leads to a similar15

advance of ice front for all calving law simulations. However, according to the bed topography of this region, this glacier might

potentially retreat upstream if the ocean temperature increases, which may trigger more frequent calving events.

Ocean forcing is one of the limitations of this study: the frontal melt rate is simply parameterized. The ocean parameterization

does not take into account ocean circulation within the fjords, which could cause localized melt higher or lower than the

parameterization. We need to account for these ocean processes that may affect melt rate and could potentially vary the retreat20

rate of ice front. We also assume that calving front remains vertical and the melt is applied uniformly along the calving face

(Choi et al., 2017). Future studies should include more detailed ocean physics and coupling to better calibrate our calving laws

and improve results.

Based on our results, we recommend using the von Mises stress calving law (VM) for modeling centennial changes in

Greenland tidewater glaciers within a 2D plan-view or 3D models. This calving law captures the observed pattern of retreat25

and rate of retreat better than other calving laws, and does allow for the formation of a floating extension. VM does not,

however, necessarily capture specific modes of calving as it is only based on horizontal tensile stresses, which may be a reason

why it does not always capture the pattern of ice front migration perfectly.
::::
The

:::::
strong

::::::::::
correlation

:::::::
between

:::::::
calving

:::
rate

::::
and

::
ice

:::::::
velocity

::::::::
produces

::::::::::
reasonable

::::::
calving

:::::
rates

::::
(Fig.

:::
S8)

::::
but

:::::::
whether

:::::
these

::::::::::
relationships

:::::
hold

:::
for

:::::::
forecast

::::::::::
simulations

:::::
needs

:::::
further

:::::::::::
investigation. Another disadvantage of this law is that it strongly depends on the stress threshold, �max, that needs to30

be calibrated. Some modeled glaciers (e.g., Helheim, Sverdrup, Kjer) are very sensitive to �max, in which case a ⇠ 50 kPa

change significantly affects the calving dynamics of these glaciers (Table 1). As a result, the modeled ice front dynamics is

dependent on this one single value that we keep constant through time and uniform in space, which adds uncertainty to model

projections. It is therefore critical to further validate the stress threshold and improve this law by accounting for other modes

14



of calving, or to develop new parameterizations. Current research based on discrete element models (e.g, Benn et al., 2017) or

on damage mechanics (Duddu et al., 2013) may help the community derive these new parameterizations.

5 Conclusions

We test and compare four calving laws by modeling nine tidewater glaciers of Greenland with a 2D plan-view ice sheet model.

We implement the height-above-buoyancy criterion, eigencalving law, crevasse-depth calving laws and von Mises stress calving5

parameterization in order to investigate how these different calving laws simulate observed front positions and affect forecast

simulations. Our simulations show that the von Mises stress calving law reproduced observations better than other calving laws

although it may not capture all the physics involved in calving events. Other calving laws do not capture the pattern or pace of

observed retreat as well as the VM. In forecast simulations, the pattern of ice front retreat is somewhat similar for most calving

laws, because of the strong control of the bed topography on ice front dynamics. Based on our results, we recommend using10

the tensile von Mises stress calving law, but new parameterizations should be derived in order to better capture and understand

the complex processes involved in calving dynamics. It is not clear, however, whether these recommendations would apply to

Antarctic ice shelves. These ice shelves calve large tabular icebergs that may be governed by different physics.

6 Code and data availability

The data used in this study are freely available at the National Snow and Ice Data Center, or upon request to the authors. ISSM15
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