Response to referees’ comments

We thank the two anonymous referees for their constructive comments. Since both referees
had similar concerns about the lack of lateral drag in the model, we reply to both reviews
below. The referees’ comments are printed in blue and our response is in black.

Anonymous referee #1:

This is an appealing manuscript. However, I see a very serious flaw in their hypotheses
preventing to my opinion acceptance of the proposed manuscript and an in depth re- view.
In section 2.2, authors compare lateral drag, longitudinal drag and driving stress to conclude
that lateral drag is negligible -not a surprise for this part of Thwaites ice shelf- and is
therefore neglected in their model (“we conclude that neglecting the lateral drag in our 2D
model is not a major limitation”). To my understanding of the manuscript, this means that
there is no parameterization of buttressing in their 2D flow-line modeling attempt. This is
indeed a drastic limitation to any investigation of ice shelf perturbations and related impact
on grounded ice flow! This is clearly stressed in Schoof (2007) section 4.2:“We now turn
to the main limitation of our model, namely that it describes only a two-dimensional ice
sheet. This restriction allows us to decouple the evolution of the shelf from the problem
of grounded ice flow... Moreover, changes to a two-dimensional ice shelf, for instance
through basal melting, DO NOT AFFECT THE GROUNDED ICE SHEET”. This was also
verified numerically using a full-Stokes model in Gagliardini et al. 2010. Therefore, the
design of their entire set of experiments is inconsistent with well-grounded knowledge. So,
this would require first demonstrating that previous works have been incorrectly established
before embarking in any further discussion on the impact of ice shelf perturbations on
grounded ice.

Anonymous referee #2:

This is an interesting and potentially useful study since both processes are very important
and should be included in models predicting future changes in Antarctic glaciers. However,
lateral drag is neglected in the 2D model and the paper states that this is not a major
limitation (see section 2.2, page 3). But without lateral drag it appears that the effects of
buttressing are not parameterised and so any changes in ice shelf due to melting or crevass-
ing would not be propagated upstream and hence not affect the grounding line position. This
is at odds with many previously published studies such as Schoof (2007); Gagliardini et al.
(2010), who also used a Full Stokes model (e.g. “studying the effect of melting in a plane
strain problem with no lateral resistance may lead to unrealistic results”), as also described
by RC1. The results in section 4 clearly show this is not the case, at least for the FS model:
significant grounding line retreat is seen as basal melt conditions are varied (see figure 8b),
so the ice shelf *does* have an effect on the grounded ice. Since it is not clear either to me



or the other reviewer how this is possible for the model described, could the authors please
provide clarification on this point before we proceed, since it is of fundamental importance
to assessing the manuscript?

Both reviewers are absolutely right. With no lateral drag, changes in ice shelf thickness
should not affect the position of the grounding line, because the ice shelf is not buttressing
grounded ice. In our model, we applied basal melting over the entire ice shelf, and to
the first grounded element to simulate a “grounding zone”. Changes in the melt rates in
this grounding zone is responsible for the sensitivity of the model to melt rates that was
described in the first version of our manuscript. To avoid any confusion, we decided to
break this manuscript into two papers. The current manuscript will focus only on the
propagation of crevasses. Another manuscript focusing on grounding line migration in
response to enhanced basal melting within the grounding zone will be submitted later.

To address the referees’ comments, we first further validated our implementation of ground-
ing line dynamics in ISSM. We performed the MISMIP hysteresis experiment (Exp 3) to
compare our model results with other models (Pattyn et al., 2012). The results is shown
in Fig. 5 in the manuscript. The steady state grounding line position obtained with by
our model is in good agreement with the F'S solution obtained by Elmer/Ice (Pattyn et al.,
2012; Durand et al., 2009). The results are also consistent with the analytical solution of
Schoof (2007). We attribute the small difference to differences in mesh resolution (Durand
et al., 2009; Pattyn et al., 2012). We also tried to reproduce the results of Gagliardini
et al. (2010) to test the implementation of the parameterization of the lateral drag with
the geometry of MISMIP Exp 1 and the basal melt rate parameterization as Exp 2-c in
Gagliardini et al. (2010). The results are shown in Fig. 1 below. Without lateral drag,
the grounding line does not retreat when basal melting is applied only on floating ice, as
expected. When lateral drag is introduced, the grounding line retreats more than 30 km,
which is consistent with the result in Gagliardini et al. (2010) (Fig. 1).

We made the following specific changes to the manuscript:

e we added parameterization of lateral drag following Gagliardini et al. (2010)
e we removed basal melting under grounded elements
e we removed the sections that were related to the basal melting experiments

e we added a figure showing the results of MISMIP Exp 3 (Fig. 5), in order to validate
our implementation of grounding line dynamics

e we updated the figures with the implementation of lateral drag (Fig. 6-8)

e we added a simple description of the lateral drag parameterization (Page 4, line 9-13)
and the MISMIP experiment (Page 6, line 14-20).



e we also modified the discussion to better describe our results.
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Figure 1: Steady state profiles for the lateral drag validation experiments. Result for the
initial MISMIP Exp 1 with no lateral drag and no basal melt is shown in blue. Result with
lateral drag and no basal melt is in orange. Result with lateral drag and basal melt rate
applied following Exp 2-c¢ (Gagliardini et al., 2010) is in yellow.
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Abstract. Thwaites Glacier (TG), West Antarctica, has been losing mass and retreating rapidly in the past three-few decades.
Here, we present a study of its calving dynamics combining a two-dimensional -—Ful-Stokes—flowband Full Stokes (FS)

model of its viscous flow with linear elastic fracture mechanics (LEFM) theory to model crevasse propagation and ice fracturing.
We compare the results with those obtained with the higher-order (HO) medel-and the shallow-shelf approximation (SSA)

that-onty FS-ean—produee/LEFM produces surface and bottom crevasses that match radar-sounding-observations-of-erevasse
width-and-heightthe distribution of crevasse depth and width observed from NASA’s Operation IceBridge radar depth sounders

whereas HO/LEFM and SSA/LEFM do not generate crevasses that match observations. We attribute the difference to the non-
hydrostatic eonditions-condition of ice near the grounding line, which facilitate-erevasseformationand-are-not-accounted-for-in

1O nd A A

or SSA model. We also find that calving is enhanced when pre-existing surface crevasses are presenced, when the ice shelf is
shortened s-or when the ice shelf front is undercut. The role of undercutting depends on the time scale of calving events. It is
more prominent for glaciers with rapid calving rates than glaciers with slow calving rates. Glaciers extending into a shorter ice
shelf are more vulnerable to calving than glaciers developing a long ice shelf, especially as the ice front retreats close to the
grounding line region, which leads to a positive feedback. We conclude that FS-the FS/LEFM combination yields substantial
improvements in capturing the stress field near the deseription-oftee-flow-dynamies-at-the-grounding line wnderhigh-basat-melt

rate-and-in-for constraining crevasse formation and iceberg calving.
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1 Introduction

Thwaites Glacier (TG) is the second largest and broadest ice stream in the Amundsen Sea Embayment (ASE) sector of West
Antarctica (Fig. 1). Recent observations have feund-reported significant thinning and retreat of this glacier (Rignot, 2001;
Shepherd et al., 2002; Pritchard et al., 2009; Rignot et al., 2014). }ts-mass-balanee-The mass balance of Thwaites was -34+16
Gt/yr in 2007 and this value has been decreasing until present to reach -50 Gt/yr in 2013 (Rignot, 2008; Shepherd et al.,
2012; Mouginot et al., 2014). In-addition—its—grounding-tine-hasretreated-up—to-Its_grounding line retreated 14 km from

1992 to 2011 (Rignot et al., 2014). The bed elevation of the vast majority of the-drainage-basin-of-TG-its drainage basin is
well below sea level and decreases further-inland (Tinto and Bell, 2011; Rignot et al., 2014). Such a bed configuration is

potentiatty-makes the glacier unstable according to the marine ice sheet instability (MISI) theory (Weertman, 1974; Hughes,
1981; Schoof, 2007). i i Hs— With only a small ice shelf able to buttress it, TG may stilt

al., 2013: Joughin et al., already be in a state
2014). As the glacier retreats farther inland and loses its floating section, its

It is therefore essential to better understand its-dynamies-and-potential-impact-on—global-sealevel—and simulate the calvin
dynamics of TG.

oward-the han—n-the-pa DeRee 20 —wh h 1n 9 d-basal-m re—and aased—the o he o-thin—and

grounding line-toretreat(Joughinetal;2042; Rignetetal;2043)-Large calving events have been observed nearthe-grounding

line-by-satellites-and-densely-distributed-on the floating section of TG (Fig. 1b) by satellites (MacGregor et al., 2012). Densel
distributed surface and especially bottom crevasses have been revealed by ieeradarradar depth sounders on the ice shetf-of FG

(Fig. 2;-Geginen 0 —Beth-the retreat-of-groundingtine-and-the-shortening-ofieceshel reduecetceshelH-buttressine—and

. As the buttressing ice shelf calves awa

and the grounding line retreats, the resistance to flow or buttressing force will decrease, which will favor further retreat and
glacier speed up (MacGregor et al., 2012). The calving of icebergs is a difficult process to model because the role of each
process is unclear and a universal calving law —Mest-previous-is missing. Most prior studies of crevasse propagation follow
the work of Nye (1957), where crevasse propagation—is-propagates based on the balance between longitudinal stress and ice

overburden pressure (Nick-et-al;2013:-Cooket-al;2014)(Bassis and Walker, 2012; Nick et al., 2013; Cook et al., 2014). Al-

though this criterion helps reproduce ice front calving, it does not take into account the stress concentration at the erevasse
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tiprupture tips of crevasses and underestimates the depth of crevasses (Bassis and Walker, 2012; Plate et al., 2012). To sim-
ulate crevasse propagation at the rupture tip, it is necessary to use the linear elastic fracture mechanics (LEFM) theory
a description of the stresses that control crevasse propagation in a time dependent fashion, one approach is to model the viscous

flow of the ice using an ice flow model and employ the LEFM theory for crevasse propagation.
In this work, we present a Full-Stokes-modeling study of the greunding-lineregion-calving dynamics of TG using the Ice

Sheet System Model (ISSM) frameweork-(Larour et al., 2012) constrained by remote sensing observations{baretret-al;26012).
The model is conducted in two dimensions (2D) along a flowlineef-FG—In-the-firstpart;-we-compare-the-performanee-of BS

a Srounaing : DasSa a aaiyd Sans

the-second-part-of-thestudy,-we-combineFS-, with geometry based on remote sensing observations. We combine various ice
flow models with the LEFM theory to investigate crevasse propagation and iceberg calving. We compare the calving behavior

of TG using different initial geometries and different levels of complexity of the numerical ice flow models used to calculate
the stress field. We conclude on the importance of using FS for modeling the greundingtine-dynamies-and-calving processes

of TG and the conditions that are conducive to calving.

2 Data and Methods
2.1 Data

We-To model the glacier in 2D, we select a flowline at the center of the fast flow-flowing region of TG as shown in Fig. 1.
The flowline is 238 km longwith-, with a 38 km ef-long floating ice tongue (Fig. 3). BEDMAP-2 is used for surface-elevation;
bathymetry;and-bedroek-ice surface, ice bottom and bed elevation (Fretwell et al., 2013). ©a-Over grounded ice, bed-elevation
from—Bedmap2-the bed elevation is replaced by the bed elevation computed from mass-conservation-a mass conservation
method (Morlighem et al., 2011, 2013). At the grounding line, the two datasets display seme-diserepanctes-discrepancies in
the order of hundreds of meters in a few places, but not along the particular flowline that we selected. The ice temperature
field is set-to-the-steady-state-the steady state temperature computed from the thermal model in ISSM (areur-et-al52642)-
This—(Larour et al., 2012; Seroussi et al., 2013). The thermal model is constrained by surface temperature from the regional
atmospheric climate model RACMO?2 (Lenaerts et al., 2012) and geothermal heat flux from Maule et al. (2005) ;-and includes
both conduction and advection processes (Morlighem et al., 2010; Seroussi et al., 2013). The ice surface velocity is-derived
from interferometric synthetic aperture radar (InSAR) data collected in 2008 is also used to constrain our model (Rignot et al.,
2011b).

thickness data (Gogineni, 2012) provide ice surface and ice shelf bottom elevation, respectively, along flight tracks, We use
these observations to compare with our modeling results. Firn correction is applied to each flight track to ensure that the
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hydrostatic ice bottom calculated from surface elevation matches the observed ice bottom along the ice shelf. Fig. 2 shows the
echograms of two flight tracks along the ice shelf of TG, superimposed by the bed picks from CReSIS, surface from ATM and
the hydrostatic ice bottom calculated from these datasets.

2.2 Ice Flow Model

W oncrua a o § a ar-arag—i-ot > O STHot-a1hajo mitatton—1o omp RCS
5 & 1) )

we-sammarize-the-basic equations used in our simulations are summarized here for completeness. The ice is considered as an

incompressible viscous material driven by gravity. The governing equations of this system are the conservation of momentum

and mass:
V-o+pig=0 (1)
V-v=0 2)

where o is the stress tensor, p; the ice density, g the gravitational acceleration, and v the ice velocity. The deformation of ice

under stress is described by the constitutive law:
o' =2ué (3)

where o’ = o + pl, is the deviatoric stress, p the ice pressure, I the identity matrix, p the ice viscosity, and & the strain rate

tensor. The ice viscosity y is non-linear and follows Glen’s law (Glen, 1955):

p=—a “)

where B is the ice viscosity parameter, €. the effective strain rate, and n the Glen’s law exponent. Here, B is a function of ice

temperature with value taken-interpolated from Cuffey and Paterson (2010) and the Glen’s law exponent 7 is set to 3.
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For a 2D flowband model, with #2(z,z) the horizontal and vertical directions, +;w—(u,w) the horizontal and vertical

velocities, respectively, the above equations can be rewritten as:

0 ou 0 ¢ Ou ow p _

%(2 8$)+$< %jﬂt%) dr )
0 ¢ Ou ow 0 ow Op

%(u%+ 83:) +%(2"E) 8, P9~ 0 ©)
ou  OJw

oz "oz 0 7

This set of equations is the 2D Full-Stokes model
flowband-but-and is computationally expensive. To reduce the computational cost, simplified models with-approximations

are-developedmay be employed.
There are two widely used simplified models. The first one is the higher-order (HO) model (Blatter, 1995; Pattyn, 2003),

which assumes that the horizontal gradient of vertical velocity and the bridging effect are negligible (van der Veen and Whillans,
1989). The governing equations are therefere-reduced to:
oz (7). (132) ~prg =0 ®
where s is the ice surface elevation. The vertical velocity w is decoupled from the system and is computed from incompress-
ibility.

The second model is the Shallow-Shelf Approximation (SSA) model, which makes the further-additional assumption that
the vertical shear is negligible (MacAyeal, 1989). This leads to the following 1D model:

0 _Ou 0s
o (MHAZ) —pigH 3 =0 ©)

where H is the ice thickness and f the depth-averaged viscosity.
At each time step, the geometry of the flowband is updated by a mass transport model based-en-using mass conservation.
For FS, the ice surface and ice shelf bottom are treated as two independent free surfaces and-updated separately:
0z; 0z;
95w uj oz
ot ox

where the subscript j refers to either the ice surface (j = s) or the ice shelf bottom (j = b) and 17, is either the surface mass

balance (j = s) or the basal melt rate (j = b). In HO and SSA, only the ice thickness needs to be updated because the ice shelf

is assumed to be in hydrostatic equilibrium:

OH
ot

where v is the depth-averaged velocity.

+V - (HD) = 1ing — 108 (11)

In-Lateral drag has to be parameterized in a flowband model-—+the-. Here, it is represented by adding a body force on the ice
shelf in the governing equation, as in Gagliardini et al. (2010):

’I’L—‘rllB 1
f=- (QVV),LHU”; (12)
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where W is the width of glacier. The convergence of ice from upstream to downstream also needs to be taken into account to
conserve mass. Here, we first calculate the ice mass flux along the flowline. Then, we add an artificial surface mass balance
term, 7, to the original surface mass balance, m g, to ensure that the ice mass flux is constant from the inflow boundary to the

grounding line.

2.3 Boundary €enditionConditions

At the ice surface, the atmospheric pressure exerted on ice is negligible and thus a stress free boundary condition is applied:
o-n=>0 (13)

where n is the unit normal vector pointing outward.
At the bed, boundary conditions are different for grounded ice and floating ice. For grounded ice, the basal drag is assumed

to follow a linear friction law:
Ty — —0421)17 (14)

where Ty is the basal drag, v, the velocity tangential to the bed, and « the friction coefficient. Here, « is inferred from an
inversion so that the modeled surface velocity matches ebservations-observed surface velocity (Section 2.4).

At the ice shelf bottom and at-the ice front, seawater pressure is applied at the ice-ocean boundary:

o-n=0 z>0 (15)

o-n=p,gzn z<0 (16)

where p,, is the seawater density and sea level is at z = 0. In our simulations, the ice shelf bottom elevation, z;(¢), is unknown
when applying this boundary condition. A replacement with z, (¢t — dt), with dt the time step, produces large vertical velocities
that destabilize the system (Durand et al., 2009a). A-Therefore, a shelf dampening term based on ice velocity and geometry is
therefore-added to z;,(t — dt) to approximate zy(t):

2(t) = 2z (t — dt) + v -n\/1 + (02 (t — dt)/0x)2dt (17)

The grounding line position is computed at every time step.
ES-and-the-simplified-models—For FS, it is treated as a contact problem (Nowicki and Wlngham 2008; Durand et al., 2009b;
Drouet et al., 2013). At each-nede-on-the ice-bedrock boundary, the

water-pressure—IH-the-waterpressure-grounding line will retreat if the water pressure is higher than the normal stress —the
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o = e marked-as floating and the erounding line will retreat. For the nodes at the exerted by the ice. At
the ice-ocean boundary, a non-penetration condition is imposed. H-the-iee-botton-elevation-computed-from-the-mass-transport

¢ : ¢ o +the migration of grounding line
is determined by the hydrostatic equilibrium (Seroussi et al., 2014). At the inflow boundary, a Dirichlet boundary condition is
applied for the velocity. The horizontal velocity is taken from InSAR-derived ice velocity data (Rignot et al., 2011b) and the

vertical velocity is set to 0.

24 Inversion for Basal Friction

TFhere-is-We have no direct observation of basal friction. In order to have a realistic representation of the basal conditions, we

use an adjoint method fellowing-Merlighemet-al(2040;2043)-as in Morlighem et al. (2010, 2013) to find a distribution of

the basal friction coefficient, ¢, that minimizes the-a cost function:

2 2
1 1 ul+€ 1 /0«
j(u,a):(i/gf(u_uobS)zdF“rCl/qggln <|'u|,(w|s|4»6> dr“v‘Ci %’,5 (ax> dF (18)

s s b

[\

where u is the modeled surface velocity, s the observed surface velocity, € a minimum value (10~® m/yr) to avoid zero
velocity, I's and I', the ice surface and bedrock, respectively. The first term of this cost function represents the misfit between
modeled and observed velocity. The second term allows a better representation of-stow-for slow flow regions and the third term

is a Tikhonov regularization term te-aveid-shert-seale-that avoid unphysical short scale spatial variations of o (Vogel, 2002).
Fhe-three-parameters-We calibrate ¢; ;-and co 550 that the first and second terms have the same order of magnitude and we

calibrate c3 are-tuned-so-that-we-obtain-the-be between odeled-and-observed-surface-veloeityusing an L-curve analysis
approach.

2.5 Linear Elastic Fracture Mechanics Model

A physteally-based-physically-based LEFM model is used to simulate crevasse propagation. In the LEFM theory, there are
three modes to open a crevasse: mode I opening, mode II sliding and mode III tearing. Only mode I is considered here. The
key variables in the-EEFM-model-LEFM are the stress intensity factor K and the fracture toughness K. If K is larger than

K., a crevasse will propagate. K is computed through the integration of the normal stress from the bottom of the crevasse to
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the tip of the crevasse (van der Veen, 1998b). For bottom crevasses, we-havethe equations are:

"20,(2)
on(z
K= G(z,h,H)d 19
b/ )G H) (19)
Un(z) = wa(z) + pwgz — pig<3 - Z) (20)

where h is the height between the tip and the bottom of the crevasse, b the elevation of the ice shelf bottom, H the ice thickness,
04z the longitudinal stress, and G' a weighting function (Krug et al., 2014). For surface crevasses, the equations are similar
with the water pressure term equals to zero since we assume no melt water production at the surface. K is a material property
and previous studies showed that K. ranges from 0.1 to 0.4 MPa m?/2 for ice (Fischer et al., 1995; Rist et al., 1996, 2002).
Here, K, is set to 0.2 MPa m'/? ~following Krug et al. (2014).

A simple algorithm for the combination of ISSM and the -EFM-medelLEFM is described in Fig. 4. First, an-initial-position
for-a-erevasse-to-form-a position is chosen arbitrarily —Fher; 15SM-is-eatted-to-eomptite-as the initial crevasse position. ISSM
is_used to calculate the stress field. With the-stress—field-this stress field at the location of the initial crevasse, the LEFM
model-is-—ealled-theory is used to find the maximum height-heights of the surface and bottom crevasses that satisfies-satisfy
K > K. The geometry is then updated to representinclude the propagation of erevasses—After-that-the-these crevasses. The
new ice geometry is allowed to adjust with ISSM for a period of time;-0.01 yr here;-during which the crevasse becomes wider,
shallower, and smoother due to the-viscous deformation of iee—Then-the-the ice. The LEFM model is ealled-again-and-we-test
i-new-erevasses-ean-then called again to test if the crevasses can still propagate at the center of the existing surface and bottom

crevasses. Calving is assumed to occur when either the surface or the bottom crevasse reaches sea level (Benn et al., 2007).

3 Simulations

3.1 ModelsetupFS model evaluation

ISSM is a coupled, thermo-mechanical, finite element, ice flow model (Larour et al., 2012). The three models, FS, HO and
SSA are all-implemented in ISSM, which makes it a-praetical-toot-practical to compare their performance (Morlighem et al.,
2010; Seroussi et al., 2011).

In-the-vertical-direction—To evaluate the FS model, we conduct the Experiment 3 of MISMIP, which is a model comparison
experiment that evaluates the migration of grounding line in response to changes in ice rheology on an over-deepened bed

Pattyn et al., 2012). The result, shown in Fig. 5, indicates that the domain-is-untformly-divided-into-20-tayers—In-total-the
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mgrounding line is unstable on a

retrograde bed and displays a hysteresis behavior in response to perturbations in ice rheology. This is consistent with the MISI
theory, the analytical solution and other numerical models (Weertman, 1974; Schoof, 2007; Pattyn et al., 2012). The stead

state grounding line positions obtained by ISSM agree with the FS solution obtained by Elmer/yt-the-grounding line-doesnot

Ice (Durand et al., 2009a), within 15 km. The results are also in good agreement with the analytical solution of Schoof (2007),
especially in the retreating phase (step 7-13), within 20 km. In the %eeeﬂér%e{—E*p—Mb}—MM—wewe%heJeas&Hne}&fatefha%

new-advancing phase, the difference is larger, ~50 km.
However, this level of discrepancy in grounding line posmon te%&kmdewwtreaﬁﬁ%fheﬂmﬁa}fﬁelffateﬂ}eﬂgfheé%knﬁee

40-years-for-each-of-the-three-medels—is considered to be satisfactory and has been attributed to numerical issues associated
with mesh resolution (Durand et al., 2009a; Pattyn et al., 2012). Therefore, we conclude that ISSM is able to reproduce the
results of MISMIP Exp 3.

3.2 CrevassePropagationModel Setu

mm%mﬁwmw%%wmmhorlzomal resolution is inereased-from-100 m, refined to

5 m within 3 km of the initial crevasse positionan
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therefore-diseretized-into-, Vertically, the domain is uniformly discretized into 40 layers. In total, the domain has 281,660-680
elements. The time step w&heﬁemd«ﬁm%@%&\ym 0.0005 yr (~4.4 hr) and the LEFM model is called every
0.01 yr. firstIn all the following experiments, the

meters).
Five sets of experiments, Exp—Ca—Celabeled Exp. A-E, are conducted to simulate the propagation of crevasses (Table

1). In the first set, eleven experiments, Exp. €Catl—Call-are-condueted-Al-Al1, are run with micro initial crevasses, which

ARAARAAAAAANAAAA

have-both-width-and-height-initialized-at-O—In—all-zero crevasse depth and width, at both the surface and the bottom. In
these experiments, the experiment-number 1-11 indicates the initial crevasse position, respectively, at-0.5km, lkm, 1.5km,

2dem, 2.5km, 3k, 3.5km, 18km, 28km, 35 km-and 36 km downstream of the grounding line. These positions are chosen to

representthe-, respectively, crevasse propagation near the grounding line, in the middle of the ice shelf, and near the ice front.

In the feHowingnext four sets of experiments, the initial geometry is altered to investigate-the-ealving-behavior-in-the
gfeuﬁéﬁg—hﬁeﬂcegiefﬂr—}ﬂ—&he—seeeﬁd—se%evaluate its impact on crevasse propagation. The second (Exp. Gb%—@b%——a—%—mdeeﬁ

The-B1-B7) and the third (Exp. %G%ﬂé%@ufﬂf@&ﬁ@d%—@d%}%%ts are designed to test the stability of TG to
with a shortened ice shelf. In-these-two-sets; The length of the ice shelf }e&gfh—rs—sheﬁeﬂeehggg@igc\gi from 38 km-to 4 km LE,@\

B) and 2 km (Exp. C), respectively. In the tast-fourth set (Exp.
attheicefrentonthe-D1-D7), a 3 m deep, 100 m wide initial surface crevasse is added to the initial geometry while the initial
bottom crevasse is still kept as a micro crevasse. In the last set (Exp. E1-E7), we undercut the ice shelf front of a 4 km-iee shett
ease-to-investigate-the impactof undereutting on-ealving-km—long ice shelf by 400 m over the last 400 m. The initial crevasse
positions for these sets of experiments are the same as Exp. A.

4 Results
4.1 Inversion

Results-from-the-inversion-The inversion results of FS, HO and SSA are shown in Fig. 6. For all three models, the inferred
basal friction coefficient, v, has similar values and spatial patterns. The modeled surface-ice surface velocities are in reasonable
agreement. The modeled surface velocity after inversion closely matches the observed surface velocity en-over grounded ice.
TFhere-is-stit-However, there remains a 200 m/yr, or 6%, difference in the grounding line region and on the ice shelf. We
attribute this discrepancy to the-errors in ice rheology MQMQQ‘W&&@W the

laek-oflateral drag.
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4.2 Basal-Melting

4.2 Observed crevasses

in-In the data acquired by NASA ATM and CReSIS
MCoRDS from 2009 to 2014 (Gogineni, 2012; Krabill, 2014), we find that surface and bottom crevasses are densely distributed
on the ice shelf of TG (Fig. 1b and F1g 22 i ithi ingH i

WMN
m are neglected). We find that the mean height is 18.7 m for surface crevasses and 103.1 m for bottom crevasses. The height
of surface crevasse ranges from 2-82 m, but 90 % of them are within 2-40 m. The height of bottom crevasses ranges from
20-270 m. The mean width for surface and bottom crevasses are 821 m and 724 m, respectively, and 80 % of the crevasses
have a width ranging from 300 m to 1000 m. The measurement error is 10 m /yr-due-to-the spatiat variations in the elevation-of

S5kmzene-for the ATM-derived ice surface elevation (Krabill, 2014) and 14 m for the MCoRDS-derived ice bottom elevation
Gogineni, 2012).

4.3 Non-hydrostatic behaviors

In the grounding line region of TG, i.e. within 5-10 km downstream of the grounding linewhere-, the ice is tens of meters
below hydrostatic equilibrium (Fretwell et al., 2013). In our selected flowline, the maximum deviation is 85 m. The-deviation

Exp—Ma42, we find the maximum deviation to be 130 m for track PQ and 122 m for track RS. In addition, in the positions
where surface and bottom crevasses exist, this deviation is larger, measured in hundreds of meters (Fig.
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To-summarizeonly FES—ean—reach-2). In the FS solution of ISSM, this non-hydrostatic condition can be simulated. For
instance, we get a maximum of 68 m deviation in a steady state wi el e ; s st i

4.4 Crevasse Propagationpropagation

In all crevasse propagation experiments with HO and SSA, we find that the height of bettem-erevasses-a bottom crevasse never
exceeds 50 m, which is small compared to observationsand-dees-not-. At the end of the simulations, the crevasses never grow
enough to produce a calving event. In other words, #-under the assumption of hydrostatic equilibriumis-used-for-the-tee-shel,
which is required, HO and SSA are unable to grow crevasses that ean-generate-calving-tusing-generate calving events when
combined with the LEFM theory. In the remainder of the paperstudy, we only discuss the FS case.

In the first set of experiments (Exp. Cal—Call);-based-on-Al-All), with the initial geometry and the-intreduction-of-miero
erevasses-at-both-the-surface-micro crevasses on the top and the bottom of the ice shelf, the crevasses of all eleven cases stop
growing at the end of the experiments-and-none-of themproduee-calvingsimulations and none produce a calving event (Fig. 7).
The final height of bottom crevasses is 200-300 m near the grounding line (Exp. €al—€a7A1-A7) and 50-100 m downstream
(Exp. €a8—CaltA8—-Al1). The surface crevasses are one order of magnitude smaller, 10-15 m near the grounding line and 2-5
m downstream. The width of all crevasses is 466—560-between 400 and 500 m.

The results of the experiments with varying initial geemetry—geometries are shown in Fig. 8. In-Exp—€bl-Cb7—where
we-add-a-3-m-surface-erevasse-at-the-top-of-the-ice-shel-With an ice shelf shortened to 4 km, calving occurs for-erevasses
located-within—+t-5-within 1 km of the groundingline-ice front (Exp. €b1-Cb3B6 and B7, Fig. 8a) —Further-downstream-of
the-groundingtne-and the other experiments (Exp. €b4—Eb7)—-the-erevasse propagation-isneartyidentical-to-the-ease-with

miero-thitial-surface-erevasse-B1-B5) have results similar to the initial 38 km long ice shelf (Exp. €a4—Ca7A1-AS), i.e. the
final bottom crevasse height does not exceed 200-300 m.

With an ice shelf shortened to atength-ef4-2 km, calving occurs within+km-efthe-teefrontin all three experiments (Exp.
Ceband-Ce7C1-C3, Fig. 8b)and-the-otherexperiments{Exp- haverestltsstmilar-to-the-initial 38 km-longiceshe

In Exp. D1-D7, where we add a 3 m deep, 100 m wide, initial surface crevasse, calving occurs for crevasses located within
1.5 km of the grounding line (Exp. €EdH—€d3D1-D3, Fig. &c). Further downstream (Exp. D4-D7), the crevasse propagation is
identical to the case with micro surface crevasses (Exp. A4-A7).

In the last set, where the ice shelf is shortened and undercut—We-, we find that calving occurs within 1.5 km of the ice front
(Exp. €e5—Ce7ES5-E7, Fig. 8d). In regions where calving does not occur, undercutting vanishes slowly within 0.1 yr due to

the viscous deformation and the-downstream advection of ice.

12



Inall-of-the-above-experiments; Exp—Ce6-Among all experiments, only Exp. B6 produces calving caused by a surface
crevasse propagating to sea level and it takes approximately-0.24 yr for the calving to occur. For all other calving cases, calving

occurs because a bottom crevasse propagates to sea level and the process is signifieantly-five times more rapid, within-0-05-yr—
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lace, the crevasses stop growing before the end of the simulations.

4.1 E€revassePropagation

5 Discussion

The sizes-size of surface and bottom crevasses produced from-by our crevasse propagation experiments with FS (Fig. 7) are

compatible-with-the-size-comparable with the sizes of surface and bottom crevasses observed from-by ice radar sounders (Fig.

2-Gogineni(2042)). This suggests that the combination of FS with the LEFM theory is a realistic toelto-study-way to model
crevasse propagation and iceberg calving. Hewever-with-With HO and SSA, however, because of the assumption of hydrostatic

equilibrium, the water pressure term and the overburden ice pressure term in Eq. (19) cancel eut-each other at the bottom of

the ice shelf and thus the bottom crevasses are unable to grow to a size that matches observations. With the non-hydrostatic

condition included, the two pressure terms in Eq. (19) do not cancel each other with FS in the region near the grounding line
or the region with crevasses, which helps propagate the crevasses. In the radar echograms, large bottom crevasses (over 100 m)
are also observed along the ice shelf, tens of kilometers downstream of the grounding line. We-think-According to our results
from Exp. A, the crevasses formed in the grounding line stop growing once they reach a stable size. Therefore, we posit that
these crevasses may-be-are the result of advection of crevasses from-upstream;-not-from-arecent-eracking—formed upstream.
In summary, the non-hydrostatic condition plays a major role in crevasse formation. Not accounting for this condition makes
it difficult to explain the observed crevasse pattern.

In our simulations, we find that crevasses propagate significantly faster near the greunding line-when-theyinitiate from-a3-m
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ice front when the ice shelf is shortened. In principle, the length of a nearly non-confined ice shelf, such as the floating ice
tongue of TG, should not have a major impact on the buttressing that the ice shelf exerts on grounded ice. Here, however-we
find that the propagation of crevasse near the ice frontistimited-on—, while limited for the initial 38 km-ice shelwhite-it-is
stgnificantly-more-likely-to-experience-eatving-km-long ice shelf, becomes significantly enhanced with a shortened ice shelf.
When the ice shelf is shortened, the longitudinal stress near the ice front willinerease-increases at the surface and deerease
decreases at the bottom. The increase in the surface stress makes it easier for the surface crevasse to propagate, while the
decrease in bottom stress prevents the propagation of the bottom crevasse. As time goes, the bottom-—stress-—inereases—while
stress at the bottom increases and the surface crevasse grows. Then-the-The bottom crevasse is then able to propagate quickly

through the entire ice thickness-column to cause calving as-a-resutt-of-the-because of the large difference between the water

pressure and the overburden ice pressure. If calving takes place and creates a shorter ice shelf, our model predicts that the new.
ice shelf will be more prone to calving, i.e. a positive feedback.

When an initial crevasse of 3 m depth and 100 m width is added to the surface, we find that the surface crevasse grows
quickly to 35 m before the bottom crevasse starts to propagate. The large difference between the water pressure and the iee
overburdenpressure-overburden ice pressure at the bottom however, makes the bottom crevasse propagate rapidly through the
entire ice thickness and produces calving. This is consistent with Bassis and Walker (2012), who suggested that ice shelves
are difficult to form in the presence of pre-existing crevasses. However, long ice shelves calving at the grounding line region
is not something commonly observed on TG. Three reasons might explain this result. One reason is that we assume that a
surface crevasse aligns perfectly with a micro-crack at the bottom, which is not certain. A second one is that bottom crevasses
could also form from thermal cracking (Humbert and Steinhage, 2011; Vaughan et al., 2012), in particular not aligned with a
surface crack. Thermal cracking would facilitate the propagation of a bottom crevasse. If the corresponding surface crevasse
remains shallow, the seawater-filled bottom crevasse formed by thermal cracking will not propagate far because the difference
between the water pressure and the overburden ice pressure will be smaller than in the presence of a deep surface crevasse. The
third reason is that most surface crevasses are formed in train, whereas here we only model one. A train of crevasses creates
a shielding effect, which effectively reduces the stress concentration at rupture tips and anneals the propagation of crevasses
(van der Veen, 1998b; Krug et al., 2014).

Undercutting on the ice front is a common feature
WWMMW&W\W&%WMMQ

section (Rignot et al., 2010). In a prior study, O’Leary and Christoffersen (2013) suggested that undercutting leads to signifi-
cant changes in the stress field near-the-icefront-and-that enhances calving. Cook et al. (2014) argued, however, that the change

in the-stress field is only significant in diagnostic simulations and the-undereutting-influenee-is much smaller in prognostic

simulations. Krug et al. (2015) also showed that undercutting has no effect on the glacier mass balance on annual time scales.
Here, we find that undercutting does affect the stress field significantly near the ice front —ttbut its impact on calving depends
on the time scale of calving events. Undercutting increases the surface stress and decreases the bottom stress just tike-as in

the case of a shorter ice shelf and thus induces

because-of the-a similar type of calving. The influence of the stress field is however time dependent due to the viscous adjust-
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ment of the-tee—t-ice. In our simulations, we find that if the undercutting is not large enough to produce calving in-a-shert

period-of-time--within about 0.1 yr, then it will have no impact on calving. If itis-Jarge-and-produces-calvingfast- then-we-find
thatundereutting-enhanees the propagation-of-erevassescalving occurs on shorter time scales, then undercutting significantly
enhances the process. This conclusion reconeiles-the-results-of-the-previous—studies-and-effectively reconciles the previous
studies because it shows that the impact of undercutting depends on hew-leng-the-ice-shelf-frontremains-undereut-before-the

stmulate-the-evolution-of TG-in-the-coming decades-to-centuries—A-time scale of calving events. We conclude that the impact
of undercutting will be more significant for fast-moving glaciers with high calving rates than for slow moving glaciers with
a low calving rate. A high calving rate will give less time for the glacier to adjust viscously to the undercutting than for a
slow calving glacier. As a conjecture, since glaciers with a high calving rate have more impact on the total mass balance, we
conclude that undercutting is an important factor in the study of calving dynamics.

In this study, the simulations are all conducted in a 2D flowband model with one crevasse propagation event. It would be of
interest to generalize the present simulation to a 3D i ' i teh

Farour-et-al(2004a))-would-previde-an-additioenal-geometry with multiple crevasses and a moving ice front. In 3D, a better
representation of the lateral shear and a complete surface/bed geometry will provide a more realistic context for the fermation

arsmodels. The simulation of a series of calving events with
a train of crevasses over a long time period would provide more realistic information about how a glacier will respond to a
calving event in terms of the migration of its grounding line and the evolution of its ice speed.

6 Conclusions

tn-this-study,—we-We use a two-dimensional flowband Full-Stokes model to-study-the-groundingtine-dynamies-and-coupled
with LEFM theory to model the calvmg behavior of TG. We shewfh&&eﬂ}y—F%ts—&b}Hefepfedﬂe&steadysﬁaﬁheeﬁdmeﬂs
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fhaHegten—md—ea%y—FSﬂs—db}e—te—aeeemﬁ—feﬁh&ﬁnd that FS combined with LEFM produces crevasses consistent in width and
depth with observations and is capable of producing calving events. The reason for the propagation of crevasse is the existence

of non-hydrostatic

%ha%mafehebsewaﬂem—%«ﬁﬁd&aﬁheﬁmﬂ-hydm%aﬁc—condmons of ice near the groundmg line ﬁgﬁiﬁe&nﬂ%faeﬂﬁa{eﬁnd

ereva%@e—"[lhwweﬂe%ugge%whlch is not accounted for in sim hﬁed models that assume hydrostatic conditions everywhere
on the ice shelf. We also find that calving is enhanced in the presence of pre-existing surface crevasses, on shorter ice shelves

and if the ice front is undercut. We conclude that it is e

e-important to consider the full stress field in
the grounding line region to properly represent the stress field and replicate the conditions conducive to calving eventsmore
reatistieatty— Further studies ought to examine how these results may vary in a 3D domain with complete modeling of the role
of the lateral margins.
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Table 1. Experiments-Experiment characteristics
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Figure 1. Velocity map and MODIS image of Thwaites Glacier (TG), West Antarctica. a) Velocity field of TG derived from InSAR with data
collected in 2008 (Rignot et al., 2011b). The black contour is the drainage basin of TG. Pashed-boxis-theregion-of-the-b) MODIS image of

the dashed box region in Figa) on Nov. 2201, 2012. PQ and RS are the flight tracks of echogram-the echograms shown in Fig. 2b-and-2e-2.
AB is the selected flowline of this study. The green line is the grounding line of TG in 2011 (Rignot et al., 2011a).
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Figure 2. a)}-MODIS-image-Two echograms of TG-en-Jan+5;2043—The-greentine-Thwaites Glacier (aTG)and-dots(b-and-e)-are-the
grounding-tine-positions. ba) Echogram of flight track PQ on Nov.02, 2009. €b) Echogram of flight track RS on Nov.19, 204++-2010. The

red setid-lines are ice surface elevation measured from-by Airborne Topographic Mapper (ATM) (Krabill, 2014) and thered-dashed-tines-are
bed elevation calculated from hydrostatic equilibrium. The blue }ine-is-lines are the elevation of ice bottom measured frem-by ice radar depth

sounder (Gogineni, 2012). The green dots are the grounding line positions in 2011 (Rignot et al., 2011a).
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Figure 3. Geometry of the selected flowline A-B-in-Fig—AB and boundary conditions of the model. The black lines are ice surface elevation,

ice bottom elevation and bed elevation. The red line is the hydrostatic bed calculated from surface elevation

Figure 4. Adgorithm—for-Schematic of the combination of ISSM and the-LEFMmedet. a) Initial condition, b) Crevasses propagate, ¢
Crevasses advect downstream, d) Crevasses grow.
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Figure 5. Results of MISMIP Exp 3. a) Steady state grounding line positions of MISMIP Exp 3 obtained by ISSM (blue dots) compared
with the FS solution of Elmer/Ice Durand et al. (2009a) (red dots) and Schoof (2007) solution (black curve) (Pattyn et al., 2012). The gra

arrow shows the sequence of ice rheolo erturbation at each step. b) Steady state profile at each step obtained by ISSM
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Figure 6. Inversion results of basal friction on flowline AB. a) Friction coefficient inferred with all three models (FS, HO and SSA). b)

Comparison of modeled surface velocity and observed surface velocity for all three models.
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Figure 7. ayBasal-meltrate required-to-achieve-steady-state selution-at-eurrent-Crevasse propagation with the initial geometry for-alt-three
one initial crevasse position, indicated by the end-of-the-simulationsnumber. Biack-The solid lines are the eurrent-observed-geometryshape
of final crevasses. Evolution-The dotted lines are the evolution of flowline-geometry-the tips of Expbottom crevasses. Mat-—Mad-—a)-Basal
meltrate-for-each-experiment—b) Final-geometry-Details of FS-experimentsthe grounding line region for Exp. ¢)-Final-geometry-of HO
experimentsA1-A7. d)-Finat-The black lines are the initial geometry of-SSA-experimentsfor ice surface, ice bottom and seafloor.
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Figure 8. Crevasse propagation in the grounding line region with varying initial geometry. In each panel, dashed-solid lines are the finat
of final crevasses shape-with a) 3-m-initial-surface-erevasse4
km long ice shelf (Exp. €64—€b7B1-B7), b) 42 km long ice shelf (Exp. €et—€e7C1-C3), c) 2-km-ieeshel:-3 m deep, 100 m wide initial
surface crevasse (Exp. €H—€d3D1-D7), and d) 4 km long ice shelf with a 400 m wide and 400 m high wndereutting-undercut ice front (Exp.
Eet—€e7E1-E7). The grey-black lines n-b;e-and-d-are the initial geometry for ice frontpesitionssurface, ice bottom and seafloor.
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