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Abstract. Around the perimeter of Antarctica, much of the thinning in this area could diminish the backstress transmit-
ice sheet discharges to the ocean through floating ice shelveted upstream. We model the consequences for the ice shelf
The buttressing provided by ice shelves is critical for mod-if it loses contact with this small ice rise, finding that flow
ulating the flux of ice into the ocean, and the presently ob-speeds would increase by 25 % or more over an area the size
served thinning of ice shelves is believed to be reducing theiiof the former Larsen B ice shelf. Such a perturbation could
buttressing capacity and contributing to the acceleration angbotentially destabilize the northern part of Larsen C along
thinning of the grounded ice sheet. However, relatively lit- pre-existing lines of weakness, highlighting the importance
tle attention has been paid to the role that fractures play irof the feedback between buttressing and fracturing in an ice
the ability of ice shelves to sustain and transmit buttressingshelf.

stresses. Here, we present a new framework for quantifying
the role that fractures play in the creep deformation and but-

tressing capacity of ice shelves. We apply principles of con-1  |ntroduction

tinuum damage mechanics to derive a new analytical relation

for the creep of an ice shelf that accounts for the softening in-The majority of the Antarctic ice sheet drains to the ocean
fluence of fractures on longitudinal deformation using a statethrough floating ice shelve®arkov, 1985, most of which
damage variable. We use this new analytical relation, com-are contained in embayments or run aground against ice rises,
bined with a temperature calculation for the ice, to partition jce rumples or islands. These pinning points buttress the flow
an inverse method solution for ice shelf rigidity into inde- of neighboring grounded icéltiomas 1979 and influence
pendent solutions for softening damage and stabilizing backthe position of the grounding line, where the ice detaches
stress. Using this new approach, field and remote sensingom the bed and becomes afloat in the ocddroMmas 1979

data can be utilized to monitor the structural integrity of ice Schoof 2007 Rignot et al, 2008 Gagliardini et al. 201Q
shelves, their ability to buttress the flow of ice at the ground-Pritchard et al.2012 Gudmundssgr2013. Thus ice shelves

ing line, and thus their indirect contribution to ice sheet massplay a major role in modulating the mass balance and contri-
balance and global sea level. We apply this technique to th@ution to sea level rise of the Antarctic ice sheet. This in-
Larsen C ice shelf using remote sensing and Operation Icefluence was brought into sharp focus following the collapse
Bridge data, finding damage in areas with known crevassesf the Larsen B ice shelf in 2002, after which the tributary
and rifts. Backstress is highest near the grounding line angylaciers that fed the shelf accelerated three- to eightfig-(
upstream of ice rises, in agreement with patterns observedot et al, 2004 Scambos et gl.2004 with sustained dy-

on other ice shelves. The ice in contact with the Bawdennamic thinning and retreat ongoinBdtt et al, 2011).

ice rise is weakened by fractures, and additional damage or
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1932 C. P. Borstad et al.: Creep of damaged ice shelves

Ice shelves are thinning in many sectors of Antarctica, pri-the creep deformation of an ice shelf to account for the rhe-
marily a result of ocean-driven basal meltilRjgnot and Ja-  ological weakening caused by fractures using a scalar dam-
cobs 2002 Pritchard et a].2012 Rignot et al, 2013. At the age variable. In this context, damage is a state variable that
same time, the outlet glaciers and ice streams that flow intaccounts for the influence of fractures on longitudinal defor-
these ice shelves are thinningignot et al, 2008 Pritchard  mation visible at the surface of the ice shelf. In addition to
et al, 2009, a correlation attributed to the diminished but- characterizing the likelihood of calving and the overall sta-
tressing provided by the ice shelves (érignot et al, 2008 bility of an ice shelf (e.gBorstad et al.2012, damage feeds
Pritchard et a].2009 Gagliardini et al.2010. The implied  back with the ability of the ice to support and transmit back-
reasoning is that as ice shelves thin, the lateral surface arestress. We calculate independent solutions for damage and
over which shear stress can be transmitted is reduced, whicbhackstress from the results of an inverse method solution for
decreases the total buttressing force provided by the shelthe spatial rheology of an ice shelf combined with an estimate
(e.g.Thomas et a).2004. Reduced ice shelf buttressing can of the bulk temperature of the ice. Using this framework, the
cause retreat of the grounding line and increased ice sheehagnitude of damage and backstress for an ice shelf can be

mass lossThomas et a).2004 Schoof 2007). guantified and monitored through time using remote sensing
However, the thinning of an ice shelf also makes it more data.
susceptible to fractur&shepherd et al2003. Any reduction We begin with a review of the analytical theory for ice

in resistive backstress, from thinning or weakening of the ice,shelf creep developed Byfeertman(1957 and generalized
increases the net longitudinal tensile stress in thedeedk by Thomag(19733. A linear mapping from continuum dam-
1984 Rist et al, 2002, which may allow new fractures to age mechanics theory is then applied to transform this depth-
form and existing fractures to penetrate deeper into or acrosaveraged creep equation into one that depends on damage.
the ice. During ice shelf retreat, stabilizing features such asNe apply this new framework using data for the Larsen C ice
ice rises and ice rumples can transition into being nucleatiorshelf covering the period 2006—2009, concluding with a dis-
points for fractures and actually contributing to the destabi-cussion on possible extensions and additional applications of
lization of the shelf Doake and Vaugharl991). Thus the this new approach.

decreased buttressing provided by thinning ice shelves could

be due to — or compounded by — mechanical weakening as-

sociated with fractures. 2 Background

Given their sensitivity to atmospheric and oceanic Change%Neertman(lQS?) derived an analytical expression for the

and their role in modulating the discharge of grounded ice . . . ) o .
. ; 8reep of an idealized ice shelf from first principles combined
into the ocean, and thus to global sea level, there is a nee

for improved models and observations that link ice shelfWlth the empirical relation governing the power law creep of

) i : . lacier ice. For an ice shelf free to deform in only one direc-
buttressing to mechanical weakening. Buttressing has beef] S .
) i ) ion, taken here as the direction, withy andz the lateral
identified as one of the least understood processes in ma-

rine ice sheet dynamics (e.§choof 2007, which has mo- and vertical coordinates, respectively, and with the origin at

. ; . . sea level, the analytical solution for ice shelf creep is
tivated a number of recent numerical studies of the relation- y P

ship between ice shelf buttressing and grounding line stabil- pigH 7i\71"
ity for a marine ice sheetGoldberg et al.2009 Gagliar-  &xx = [ﬁ ( - E)} )
dini et al, 201Q Favier et al. 2012 Gudmundsson2013.
However, in spite of the widespread recognition of the im- whereé,, is the longitudinal strain rate (generally assumed
portance of fractures for the flow and stability of ice shelvesto be independent of depthy,is the density of iceg is gravi-
(e.gJezek et a).1985 Doake and Vaughari991, Vaughan tational acceleratiorf/ is the ice thickness is the ice rigid-
1993 van Der Veen1998a Scambos et 312000 Kenneally ity, pw is the density of seawater,is the flow law exponent,
and Hughes2004 Larour et al, 2004a Glasser et a] 2009 and overbars indicate depth-integrated quantitésgrtman
Khazendar et al2009 Jansen et gl201Q Albrechtand Lev-  1957). For convenience, we write this as
ermann 2012 Luckman et al.2012 McGrath et al, 2012, "
little attention has been given to the impact of fracture- Erp = [ﬂ] ’ )
induced weakening on ice shelf buttressing. 4B

e n et sherey =117, The boyaney-drven lngiucina
(pAI{)r:acht and Levermaur201lz B % d et '201 H 3ress in an ice shelf is'20¢ H? and arises due to the density

n orstad et al.2019. Here, difference between ice and seawater. Vertical variations in ice

we build on these recer)t ?“0”3 by mtrod.ucmg a tr?eore“'density and ice rigidity can be accounted for by writing the
cal framework for quantifying the buttressing capacity and igidity term as

mechanical integrity of an ice shelf that may be weakenedr
by fractures. We apply the principles of continuum damage_ 1 ¢
mechanics to the standard momentum balance equations fdf = ﬁ/b B(z)dz ®)

@
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and the term 12p0g H as Equations §) and @) are derived from the relationship for

o s the effective stress and are therefore invariant under coordi-
}QgH _& [/ / pi(z) dzdz — Epwg (H — S)Z} (4)  nate transformationJezek et al.1989. Thex direction is
2 H|Jy J; 2 commonly taken as the flow direction (eThomas 1973a
b; Thomas and MacAyeall982), though it is often conve-
nient to choose the direction coincident with the largest

19733. Hereafter we omit the overbars and assume tha ositive (tensile) principal strain rate, for whigh=0 (e.g.
. ; .~ Thomas 1973h MacAyeal and Holdsworth1986. For an
all relevant quantities are depth-integrated unless otherwise

o ice shelf free to creep in only one direction, such as a shelf
specified.

Thomas (19733 generalized the theory ofWeertman embayed between parallel frictionless wals, =0 and

whereb ands are the vertical coordinates representing the
base and surface of the ice shelf, respectiv@iiiomas

)(’1—1)/2

! H
= — 0
2@8 b

(1957 to account for all horizontal components of the strain Exy =|O alno! therg;‘\;)ra =p=00= 1/5’ e_mddthe unidirec-
rate tensor as well as the presence of backstress due to trtl'é’”a ;O Ut(leI’(]jQ eﬁrtlead195D 's obtaine h(E.qZ). FIO(;.
ice shelf running aground against ice rises, ice rumples oré.m unbounded ice shelt free to creepin any orizontal direc-
. . - : tion,« =1, 8 = 0 and the unconfined solution @feertman
!ateral margins. Th.IS generalized relation for the creep of an(1957) is recovered.
ice shelf can be written as The backstress term, can be partitioned into individual
) 1\"|1 n-1 terms representing the influence of lateral or marginal shear
Exx = (E) EQgH —0p (5) stress between an ice shelf and its embaying walls, back-
stress caused by locally grounded areas of ice, or resistance
(1+06 +o?+ p? caused by the compressive confluence of neighboring tribu-
) R+at@2+a) tary glaciers in an ice shelffhomas 1973h 2004 Thomas
) et al, 2004. Under idealized scenarios it is possible to for-
whereop > 0 is the scalar backstress am@=¢yy/éxx and  myate explicit expressions for these individual resistance
B = éxy/éxx represent the contributions of lateral and shearierms, put in general the backstress needs to be solved for
strain rate, respectivelyriomas 19733. The flow is con- i terms of the other known variables in EqS) 6r (6) (e.g.
sidered converging fai < 0 and diverging forx > 0, with Thomas and MacAyeal 982).
parallel flow fore = 0 (Thomas2004. Foro = —2 the def- Several studies have incorporated principles of fracture
inition of the effective stress giveyog H = op, therefore  mechanics into the analytical frameworkTfomag(19733.
the equation is insoluble (the right-hand side j90) Note  jezek (1984 independently calculated backstress on the
that £, is sensitive to errors im for strongly converging  Ross Ice Shelf in areas where the penetration height of bot-
flow wherea < —1 (Thomas et a).2004. tom crevasses was known from radar sounding experiments,
In Eq. ©) the strain rate is negative in areas whese>  assuming that the difference between measured crevasse
1/20gH, which occurs just upstream of ice ris€s10mas  height and that predicted by fracture mechanics was due
19730, or where the flow is strongly compressive longitudi- {5 the stabilizing presence of backstress. This development
nally or laterally and thus < —2. However, where the lon-  jntroduced a crack length explicitly into the formulation
gitudinal strain rate is tensile, which covers the majority of a ¢ Thomas (19733, though it only applies in a field of
typical ice shelf, the following simplified form of Egs) can closely spaced crevasseRist et al.(2002 and Kenneally

be used, and Hughe$2004) similarly invoked backstress to rectify the
n discrepancy between measured and predicted basal crevasse
1/20gH — oy . . S . . .
Exx = — 5 (6) penetration heights, this time using Linear Elastic Fracture
Mechanics (LEFM). In this approach, the crack length en-
wheres represents the contribution of lateral and shear strairf€'s the framework implicitly through the implied backstress.
rate terms Thomas 19733 These studies formulate the full stress in an ice shelf to cal-
culate crack initiation and arrest, whereas only the devia-
(1+a+a?+pg2)" /2 toric stress is represented in the creep equations, a distinc-
0= (7) tion that could be important in interpreting patterns of frac-

2 " ; : S B R
[2+ef tures or damage in an ice shelf and in distinguishing between

Equation 6) is the form most commonly cited in the liter- the presence of fractures and the influence of fractures on
ature (e.gThomas and MacAyeal 982 Jezek 1984 Jezek  buoyancy-driven creep.
et al, 1985 Rist et al, 2002 Thomas et a).2004 Thomas These techniques for using basal crevasse penetration
2004, though it must be kept in mind that it is only a special- heights to constrain the backstress only apply to areas where
ized case of Eq.5) and care must be taken to ensure that thebasal crevasses are present. Furthermore, they rely on frac-
appropriate relation (Edp) is used in regions where the flow ture mechanics assumptions such as linear elasticity, homo-
has a compressive component, especially if Bjjigsolved  geneity, and fully brittle failure that may not hold, or may
for a term other than the strain rate. only hold over a short time period when the crack first forms
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1934 C. P. Borstad et al.: Creep of damaged ice shelves

and the deformation is predominantly elastic (dgcAyeal rect dissipation of mechanical energy where a singular crack
and Sergienko2013. Nevertheless, the motivation for ac- model may notBazant and JiraseR002).
counting for the influence of fractures in the theoretical For an ice shelf, therefore, the propagation of through-
framework of Thomas(19733 is sound, given our current thickness rifts can also be represented using damage me-
understanding of the importance of fractures on the evolu-chanics, though it is also possible to explicitly represent such
tion, stability, and collapse of ice shelves. Within this con- macroscopic fractures as discontinuous features in a numer-
text, a theory such as continuum damage mechanics can filcal model (arour et al, 2004a b). However, rifts may not
a longstanding need by providing a framework that accountdehave as classical brittle cracks with well-defined stress sin-
for the influence of fractures of any type, anywhere in an icegularities near their tips, as must be assumed in order to apply
shelf. a linear fracture theory such as Linear Elastic Fracture Me-
chanics (LEFM). Instead, there appears to be a length scale
of about 1 km that defines the distributed zone of microcrack-
3 Damage theory ing and strain localization surrounding the crack Bagsis
et al, 2007). This large distributed zone of cracking, known
Continuum damage mechanics is a theory that accounts foas the “fracture process zone” in the parlance of quasi-brittle
the effects of fractures on material behavior while maintain-fracture mechanics, engenders nonlinearity into the fracture
ing a continuum representation of the material (eegnaitre scaling, necessitating either a quasi-brittle (nonlinear) rep-
1996. The spatial scale of interest in mechanical modeling isresentation of the fracture (e.g., for snd@grstad and Mc-
typically the macroscale response of a material or structureClung, 2013 or the use of a nonlocal damage model (e.g.
which may be orders of magnitude larger than the fractureBorstad and McClung2011).
that exist at the microscale. Even though fractures are by na- Modeling fractures using either a nonlinear fracture the-
ture local phenomena, and their spatial extent may be smalbry or a nonlocal damage model requires certain conditions
relative to the macroscale response of interest, their effecbe met to ensure that the results are not sensitive to the cho-
on deformation or strain can be measured at the macroscalgen discretization scheme. This is typically represented as a
(Murakami and Ohna1981). Ignoring these features simply restriction on the maximum element size. A common rule of
because they cannot be resolved by a model is not prudent. lthumb is that the element size should be no larger than about
damage mechanics, the effects of fractures at the microscalene third of the process zone size to satisfy mesh objectivity
are accounted for through the definition of effective material(Bazant 2005. This ensures that damage does not localize
properties or state variables without the need to resolve thesdown to the size of a single element and that the direction of
features individually. propagation is not influenced by the orientation of the mesh
Ice shelves typically have spatial extents on the order ofor grid. A properly formulated nonlocal model can also rep-
10-100 km, and most numerical ice shelf models discretizeesent the initiation of a fracture from a smooth boundary
the governing equations over a spatial scale on the ordewithout the need for a prescribed flaw or not&o(stad and
of 0.1-1km. Surface crevasses can penetrate up to 40-50 McClung, 2011 BaZanf 20095.
deep in cold ice, less in temperate ice, and more in the pres- A final advantage of damage mechanics over brittle frac-
ence of surface meltwatevegn der Veen1998h, and basal ture mechanics is that it works within the existing constitu-
crevasses can propagate much further, even as high as stee framework of the material or structure. A state damage
level (e.g.Jezek1984). These scales are smaller than can bevariable is introduced via a linear mapping applied to the rel-
resolved with a typical ice shelf model, moreover it would evant governing equations, in this case the relations for the
not be feasible to represent explicitly in three dimensions thecreep of a floating ice shelf. We begin by discussing the na-
mechanics of the hundreds to thousands of crevasses thatre and consequences of the chosen mapping scheme and
may exist over an entire ice shelf. Most ice shelf modelsthen derive a new relation for the creep of ice shelves that
use a two-dimensional depth-integrated formulation of thedepends on damage.
governing equations (Shallow Shelf Approximation or SSA,
MacAyea| 1989 which precludes explicit modeling of fea- 3.1 Linear mapping between physical and effective
tures that occupy only a fraction of the ice thickness. spaces
Damage mechanics is not limited to representing mi-
croscale fractures exclusively, however. Damage models ar®amage is a state variable introduced to achieve a desired
also appropriate for representing the propagation of macrotinear mapping between the actual physical state of the mate-
scopic fractures. This is especially the case for heterogeneousal, which may be fractured, damaged, or otherwise hetero-
materials, where the macroscopic crack tip is inherently surgeneous, and an effective state that is compatible with a ho-
rounded by a zone of distributed microcracking as a result oimogeneous, continuum representation of the applicable gov-
material or structural heterogeneity. Modeling such fractureserning equations. The nature of this mapping, and therefore
by the propagation of a damage field that smears the heterdhe physical definition of the damage variable, depends on
geneity over an appropriate length scale can ensure the cothe chosen equivalence scheme between these two reference
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states. A common choice of equivalence scheme is that 08.2 Derivation of damage-dependent creep relation

strain (or strain rate) equivalence, which states that the actual

material state and the effective state are mapped such th&tollowing a choice of equivalence principles and associated
they achieve the same strain (or strain rate) under the sami#ear mappings between actual and effective spaces, the
stress or loading. This equivalence scheme is commonly usedlamage model is derived by substituting the effective stress
for damage models applied to polycrystalline ice (®ga- o in place of the Cauchy stressanywhere that the Cauchy
long and Funk2005 Duddu and Waismar2012 as well as ~ Stress arises in the applicable governing equations, in this
cohesive snowBorstad and McClung2011). Pralong et al. ~ case the creep relations for an ice shelf derivedAgert-
(2006 demonstrated that this equivalence scheme is thermoman (1957 and Thomas(19733. Here we apply the linear
dynamica”y consistent for damage as well as hea”ng (dammapplng to the deviatoric stress, since this is the stress that
age reversal) of ice. We adopt this equivalence scheme hergoverns the creep of an ice shelf and that appears in the so-

which leads to the following definition of an effective stress, lutions of Weertman(1957 andThomas(19733. However,
formally the mapping applies to the full Cauchy stress ten-

o sor, which implies that damage will also map onto an effec-

1-D’ (8) tive pressure term, as demonstrated in a glaciological context
by Pralong and Funk2009. Since we do not calculate the

wheres is the effective (damage-dependent) stresis the ~ Pressure in the present analysis, and for brevity, we omit the
Cauchy stress, and is the scalar (isotropic) damage vari- full derivation here. Instead, we begin with an expression for
able (e.g.Borstad et a.2012 Duddu and Waismar2012 the longitudinal strain rate of an ice shelf derivedTthomas
Pralong and Funk2005 Lemaitre 1996. Damage ranges (19733,
between zero, for fully intact ice, to one for ice which has /o o
fully failed or lost all load bearing capacity. s | = (1+a +a2+ﬁ2>(” )/ [M] ’ ©)

o=

When applying the strain equivalence principle to an arbi- B
trary volume element, damage has a physical interpretation
as the loss of load bearing surface area within the elementvhereoy, is the (depth-integrated) longitudinal deviatoric
For scalar (isotropic) damage, damage is interpreted as resiress. Substitution of the effective stress given by Bj. (
resenting the weakest cross section of the element since thi§ place ofo,, leads to
section governs the ultimate load bearing capacity of the el- " |~/ | n
ement as a whole. For fully viscous (long timescale) defor-,. | 2, L2\OD2 o] |
mation, this type of simple area reduction due to fractures'g”| a <1+a tat+p ) [T} N (10)
likely dominates the material response over the shape or ori- n
entation of the cracksMurakami and Ohnp19817), which £1+Ot+a2+,32)("_1>/2|: \a;x\ ]
favors a scalar representation of damage. However, damag 1-D)B
can also be represented as a tensor to account for varying
damage on different orthogonal planes, which can accounNote thaté = ¢ by definition when applying the strain equiv-
for any anisotropy induced by the orientation of fracturesalence principle, therefore we omit the tilde here. The devia-
in a material Wu and Mahrenholt£1993 applied such an toric longitudinal stress is given byfiomas 19733
anisotropic damage model to creep rupture data for polycrys- 5
talline ice and found that the model did not fit the experi- ., _ 1 [1/2Q8H - F} (11)
mental data any better than an isotropic model. However, in- " H 2+«

sufficient experimental data exist for properly calibrating an . . : .
anisotropic model and comparing it to a scalar moBekddu where F is the magnitude of backforce in opposition to
the flow at a given point and the backstress is defined as

and Waisman2012. Nonetheless, at the spatial scale of ~ ™~ oo : L
an ice shelf, and over long timescales associated with pregb = F//H. Substituting Eq.11) into Eq. (L0) and simpli-

dominantly creep deformation, it remains to be demonstrateéymg leads to

whether an anisotropic model is necessary to account for the 1/20gH —op 1"
orientation of crevasses and rifts. For simplicity we adopt theéxx = 0 [W}
scalar isotropic damage mapping of E§), (but note that a

tensorial approach could be derived by replacing the scalafhis relation represents the creep of a damaged ice shelf, in
D with a tensor and carrying on with the proceeding deriva-a simplified form analogous to Ecg)( The general form is
tion. Since we will be applying the linear mapping defined analogous to Eq5j, with B replaced by(1— D) B. This new

by Eqg. @) to a depth-integrated equation (E5), the simple  relation accounts for areas which are fractured and which
geometric interpretation of damage described above is unfortherefore serve to destabilize the shelf as well as for any
tunately lost. Instead, damage becomes a phenomenologichlttressing stresses which act to stabilize the shelf. As with
parameter of the resulting equation. Eq. (), calculations using Egq1@) should be viewed with

(12)
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caution near the grounding line where the assumption of hy-of analytical expressions for the backstress term have been
drostatic equilibrium may not be satisfied and where verticalproposed for idealized cases of lateral resistance or ground-
shearing may also be important. Furthermore, damage in thigng at an ice rise or ice rumpldfiomas 1973a b), which
context does not take into account the possible influence omay allow damage to be calculated independently from back-
fractures on the response of an ice shelf to flexural stresses a@tress for simple geometries. An alternative method of deter-
modes of deformation other than longitudinal. This distinc- mining backstress, that we introduce here for the first time,
tion may be important in the vicinity of the ice front where is to use an inverse control method to provide an indepen-
bending stresses are present or if widespread melt pondingent calculation of the ice shelf rheology as a starting point.
induces flexural stresses in an ice shelf (8dgcAyeal and  The analytical model (Eq. 12) is then used, in combination
Sergienko2013. with a calculation of the bulk temperature of the ice shelf, to
According to Eq. {2), the strain rate of a damaged ice partition the inverse method solution into separate and inde-
shelf is proportional tq1 — D)™", indicating the sensitivity = pendent solutions for damage and backstress. Thus two con-
of the flow to the initiation or evolution of damage. For a straints (the inverse solution for rigidity and the temperature-
moderate level of damage of = 0.2, the strain rate approx- parameterized rigidity) are used to solve for the two un-
imately doubles compared to the solution for undamaged ic&knowns, damage and backstress.
(assuming: = 3 and no change in backstress). Epe= 0.5, We outline this approach by first noting that, sinbeis
a level approaching the threshold damage for calving idendimensionless, the terti — D)B in Eq. (12) can be aggre-
tified by Borstad et al(2012, the strain rate increases by gated into a bulk ice rigidity ternB; (with the subscript i
a factor of 8. Thus damage can account for large increasestanding here for “inverse”). This aggregate term is obtained
in strain rate that would not be compatible with lower or- from an inverse method that seeks a spatially variable rigid-
der influences such as warming of the ice or development ofty field (B;) that minimizes the misfit between modeled and
preferential crystal fabric, at least over short distances. observed surface velocities (elgrour et al, 2005. Anoma-
When solving Eq.12) for D, care must be taken with the lously low values ofB; obtained from inverse methods, that
sign of ¢, since the strain rate can be negatiidngmas is, values ofB; that are lower than would be expected for pure
19733. Eq. (13) solved forD is thus ice at that appropriate bulk temperature of the shelf, are typi-
cally associated with fractured or damaged icarfur et al,
(1+a +a? +’32)<”—1>/2” %QgH —ob 2005 Vieli et al., 2007 Khazendar et 812007, 2011). Con-
=1 Q24 a) e |V Ly, B (13) yersely, anomalously high yalues Bf are typpglly found
in areas where backstress is present. To partition the inverse

For negative (compressive) strain rates, the numerator offethod solution into damage and backstress, we first mask
Eq. (L3) is also negative since the conditiog > 1/20gH  the inverse solution such that
will hold, ensuring thatD < 1. For a consistent set of obser- 5 {Bi if B < B(T)

i- =

vations defining the right-hand side of EQ.3], the second (15)

term will be less than one, ensurifiy> 0. Recall that when
a = —2, the equality 120g H = o holds by definition, mak-  This masked inverse solutid®)- contains information about
ing the equation insoluble. both the temperature of the ice and any areas of softened or
Fractures are more likely to originate in areas of high ten-yeakened ice, but not backstress, which comes from the an-
sion, for Wthh|O{| < 2, or in areas of strong shear where a|ytica| creep model usin@i, as an input_ The ternB(T)
lateral and longitudinal strain rates are of similar magnitudecomes from a standard temperature parameterization for ice
and thuse > —2. Providing that backstress is less than therigidity (e.g. Cuffey and Patersor2010 and determines the
driving stress, a condition which also holds over the majority level of rigidity appropriate for an unconfined ice shelf of the
of an ice shelf, we can write the expression for damage in thgjiven temperature. To calculate backstréks,is substituted

B(T) otherwise

simplified form into Eq. (12) in place of(1— D) B and the equation is solved
o 71/ 12 for op:
0gH —op
D=1- |:8_i| [ B i| : (14) o 1 (Bi—) (2—{-0() |éxx|1/n_léxx
XX Op = EQgH — (n—D/2n ° (16)
(14+a+a?+p?)

3.3 Backstress and damage calculation
To calculate damage, EqlL) is substituted into Eq.103),

Given velocity and thickness data as well as a calculation ofwhich can then be simplified to

ice temperature or ice rigidity, there are still generally two B

unknowns in Eqgs.1(3) and (L4): damage and backstress. As D=1— ——. a7)

has been confirmed in previous studies that implicitly en- B(T)

forced D = 0 everywhere, backstress is present over much ofThus damage and backstress both depend on the inverse
an ice shelf (e.gThomas and MacAyeall982. A number  method solution and a reasonable estimate of the bulk ice
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temperature, but not on each other. The principal source of i Bawden
uncertainty in damage is the uncertainty in the appropriate - Ice Rise
value of ice rigidityB(T') given the (typically unknown) tem-
perature of the ice and possibly factors such as ice fabric, im-_.
purities, cavities, water content, etc. The uncertainty in back- >~
stress is further compounded by errors in observed or mod
eled strain rates.

4 Application to Larsen C ice shelf

We apply this new theory to assess the damage and but
tressing capacity of the Larsen C ice shelf. Draining an areay s
roughly five times larger than the Larsen B ice shelf before r« g
it disintegrated in 2002, Larsen C is the largest remaining : '
ice shelf on the Antarctic Peninsulélfazendar et al2011). .
Though modeling studies suggest that the ice shelf appearg®
to be stable at presenignsen et §1201Q Khazendar et al.
20117, remote sensing observations have indicated progres- 0 100 200 300 400 500 600 700
zl\\//:rtmgnllggt ?E:je:uc:?ccae dZs[e&:Sﬁgr:jovgteg?go%fgth;iffefhelfFig' 1. Magnitude of horizontal surface velocity from INSAR data

for period 2006—-2009, overlaid on a 2009 MODIS Mosaic of
and Padmar2012. The northern half of Larsen C has accel- Antarctica (MOA) image lfttp://nsidc.org/data/mag/Inset shows

erated since 200(Khazendar et al2011), leading to Spec-  |ocation of the ice shelf on the Antarctic Peninsula. Place name
ulation about possible destabilization of the ice shelf in theacronyms are Ja£Jason Peninsula, Ch=PChurchill Penin-

coming years. sula, Cl=Cabinet Inlet, Co.R-Cole Peninsula, F:Francis Is-
The influence of fractures, crevasses and rifts on Larserand, TI=Tonkin Island, Jo.P- Joerg Peninsula, HKR Hollick—

C has been inferred in a number of previous studies. ObserKenyon Peninsula, Hk Hearst Island, WS- Weddell Sea.

vations of fractures in the shelf have been linked to locally

enhanced strain rateR#éck et al.200Q Jansen et gl2010.

Khazendar et al(2011) noted that rifts and other fractures

were linked to large spatial variations in the inferred rheol- downstream of Churchill and Hollick—-Kenyon Peninsulas,

ogy of the shelf. Several recent studies of the ice shelf havéhe flow of the ice shelf is predominantly divergent. Other

observed basal crevasses along longitudinal transects of th&reas of divergent flow are evident closer to the grounding

shelf using ground-penetrating radMdGrath et al. 2012 line, often after glaciers have passed through points of con-
Luckman et al. 2012, indicating that basal crevasses are striction and begin expanding laterally into the shelf. After a
likely widespread on the ice shelf. short distance, however, becomes negative as neighboring
tributary glaciers meet downstream of major promontories
4.1 Surface velocity and provide lateral resistance to each other’s viscous expan-

sion into the shelf, thus causing compressive lateral strain

We use horizontal surface velocity observations for the pesates €, < 0).
riod 2006—2009 for the ice shelR{gnot et al, 2011h, gen- The high magnitude ofr upstream of the Bawden and
erated at a sample spacing of 150 m for Larsen C (Eig. Gipps ice rises indicates the importance of these features to
vs. 900 m in the remainder of Antarctica. For Larsen C, thethe force balance of the shelf. A sharp transition from pos-
data come primarily from the Japanese Aerospace Exploitive to negativex occurs just upstream of the Bawden ice
ration Agency’s Advanced Land Observing Satellite (ALOS) rise, a consequence of the longitudinal strain rate becoming
PALSAR, processed using speckle trackiMp(ginot et al, negative near the ice rise due to the strong resistance encoun-
2012. The median error in velocity magnitude is about tered.
5myr-1, which translates into a strain rate error on the order The magnitude of shear strain rates are substantially higher
of 3x 10~%yr~1 (Rignot et al, 20118. The median error in  than longitudinal strain rates in the vicinity of the ground-
velocity direction is 1.7, with higher error near the ground- ing line where glaciers flow past grounded lateral margins,
ing line. especially along Churchill and Hollick—Kenyon Peninsulas

It is instructive to look at the ratios = é,,/é,, and (Fig. 2b). Gudmundssorf2013 noted similar results using
B =éxy/éxx 10 assess the flow of the ice shelf. Figlt®@  a numerical model, namely that the largest (in magnitude)
shows areas of lateral convergenae<(0) and divergence deviatoric stresses were along the shear margins of an ice
(o > 0) of the flow. Between the Bawden and Gipps ice risessheet/ice shelf system. For Larsen C, the relative influence
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Fig. 2. (a) Ratio o = ¢y,/¢,x between lateral and longitudinal Fig. 3. (a)Calculated mean basal melting rates for the period 1979—
strain rate;(b) and ratiof = éxy/éxx between shear and longitu- 2010 (positive for melting, negative for freezing) in meters of ice
dinal strain rate. For both plots theaxis is defined along the flow equivalent per yeatb) depth-integrated ice temperature. Both pan-
using the observed velocity components. Both panels plotted ovegls plotted over 2009 MOA image.

2009 MOA image.

as a function of surface and basal ice temperature and calcu-
of shear diminishes with distance into the shelf and with dis-lated basal melting rate$i6lland and Jenkinsl999. This

tance from the ice rises. solution requires the assumption that surface accumulation
balances basal melting such that the vertical velocity of the
4.2 Ice thickness shelf is constantHolland and Jenkinsl999. This assump-

tion is reasonable for Larsen C, as the median rates of basal
The thickness of the ice shelf is taken from the Bedmap2melting (Fig.3a) and surface accumulatiomap Meijgaard
data set Eretwell et al, 2013, which for ice shelves is et al, 200§ are nearly identical. The surface temperature of
based on the data @riggs and Bambef2011), except for  the shelf was taken from the Regional Atmospheric Climate
a zone of exclusion within 5km of the grounding line that Model (RACMO) mean air temperature results from the pe-
was filled, where available, with airborne thickness mea-riod 1980-2004\an den Broeke and van Lipzig004. Al-
surements. The seaward extent of the thickness data corréhough horizontal advection is not explicitly accounted for
sponds to the boundaries of the ice shelf in the 2003/2004n the analytical solution, the surface temperature is reduced
MODIS Mosaic of Antarctica$cambos et 8l2007). Be- by 3°C everywhere to approximately account for the hori-
tween 2003/2004 and 2009, the ice front of Larsen C in somezontal advection of colder continental ice into the shelf, a
places extended beyond these earlier limits, but the ice frontuning that was optimized for the neighboring Larsen B ice
used in the following calculations was drawn to stay within shelf Sandhager et al2005 and which we adopt here for

the MOA-derived limits. simplicity. The basal ice temperature is assumed te BeC
everywhere, approximately the pressure melting temperature
4.3 Temperature calculation of the ice. The resulting analytical temperature profile is then

depth-integrated and used to determine the ice rigiBlit§)

A steady-state temperature solution for the ice shelf is Ca|-f0||owing a standard temperature parameterizatiéofiey
culated as a function of surface and basal ice temperaturgnd Patersqn2010. We note that due to the nonlinearity
and the mass flux at the base of the ice shelf. Basal meltin the temperature— rigidity relationship, the rigidity calcu-
ing rates (Fig3a) are computed using the Massachusetts In4ated in this manner&(T)) is not equivalent to the verti-
stitute of Technology general circulation model (MITgem) cally integrated rigidityB(7'(z)). However, the difference
with a three equation thermodynamic representation of thesetween the two calculations is small compared to the un-
freezing/melting process in the cavity below the ice shelfcertainty associated with the temperature of the ice, which is
(as inSchodlok et al.2012. The model domain is derived the largest overall source of uncertainty in our calculations. It
from that of the Estimating the Circulation and Climate of js more straightforward to represent this uncertainty in sensi-
the Ocean, Phase Il (ECCOZ2) projebdegnemenlis et al. tivity analyses usingg(T + AT), as will be seen below.
2008, but with higher-resolution horizontal grid spacing of
~ 1km and 60 vertical levels, as Bchodlok et al(2012. 4.4 Inversion for ice rigidity
The bathymetry below the ice shelf is derived in part from
NASA Operation IceBridge dat&Cpchran and Bel2012). We calculate bulk ice rigidityB; using an inverse con-

The bulk temperature of the ice shelf is determined bytrol method MacAyeal 1993 Rommelaere and MacAyeal
first calculating an analytical steady-state temperature pro1997) implemented in the Ice Sheet System Model (ISSM)
file through the thickness of the ice, taking into account ver-(Morlighem et al, 201Q Larour et al, 2012. The control
tical advection and diffusion of heat into the base of the icemethod seeks a value 8fin the SSA equations for ice shelf
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flow (MacAyeal 1989 that minimizes a cost function mea- shelf is colder, reflecting higher melting rates. The ice is also
suring the misfit between modeled and observed surface veexpected to be colder further south as a result of advection of
locity. A partial differential equation constrained optimiza- colder grounded ice into the shelf. We assume an uncertainty
tion algorithm is used that calculates the gradient of theof 3°C in our calculated bulk temperature, which is the stan-
cost function with respect t® and then updateB using a  dard deviation of the temperature calculation over the entire
steepest-descent approach. ice shelf. Given the lack of direct temperature measurements
The initial value of rigidityB, provided to the algorithmis  of the ice shelf, this assigned uncertainty is somewhat arbi-
calculated asl— D)B(T), whereB(T) is the ice rigidity pa-  trary but is chosen more to test the sensitivity of the damage
rameterized from the temperature calculation &nid calcu-  calculation to variations in temperature than to quantify the
lated using Eq.X3) with o, = 0, truncated where necessary actual skill of the temperature calculation for representing
to ensure that damage remains within physically acceptabl¢he true thermal state of the ice shelf.
limits (D € [0, 1]). We find that this procedure for specifying
the initial state for the control method leads to better fits to9.2 Damage and backstress
the velocity data than providing a constant initial value across

the ice shelf, the technique typically applied in previous stud- 1 € damage calculated from E4.7f is shown in Fig4. Fig-
ies (e.g.Larour et al, 2005 Khazendar et 812007, 2013). ureda shows the best estimate for damage using the assumed

In an ensemble of model runs starting from different initial €MPerature of the ice (Figb) to determine the ice rigidity

states, the average misfit between modeled and observed vEB(7)). Figure4b and ¢ show damage assuming an ice shelf
locity was minimized when specifying the initial rigidity as with a depth-integrated temperature uniformly warmer and

described above compared to using any of a wide variety of°!der by 3C, respectively, all else the same.
uniform initial states. Figure5a shows the backstress calculated using E), (

with longitudinal strain rates and the parametersnd j
taken from modeled velocities resulting from the inverse cal-
culations rather than the observed velocities, which effec-
tively filters out spikes or artefacts in the observational data
and produces a smoother backstress field than would be pro-
duced if strain rates were calculated directly from observed
velocity data.

5 Results
5.1 Basal melting and ice shelf temperature

The computed basal melting rates (F8g) are highest (up ! . .
to 8myr1) near the grounding line, similar to the rates Figure5b shows a normalized measure of backstress using

modeled byHolland et al.(2009 near the grounding line. & Parameter analogous to the buttressing paranfeetro-
They are also similar to the rates inferred near the groundduced bybupontand Alley2009, defined here as

ing line from remote sensing data and modeled surface mass 1—DVB [&..1Yn
balance byRignot et al.(2013. The computed mean and f = o _,_ d-DB [%‘_x] , (18)
median melting rates are 1.3nmyrand 0.7 myr?!, respec- 1/208H 1/20¢H | 6

tively, higher than the mean of 0.4 myrcalculated bYRig-  \where £ = 0, the ice shelf is considered “unbuttressed” and
not etal(2013. Computed melting is generally higher in the e yiscous stress available for thinning of the ice shelf is en-
southern part of the shelf, in contrast to the pattern of freezyjre)y ynopposed. The shelf is considered “fully buttressed”
ing inferred byRignot et al.(2013 in the south. The model o ' 1 5t which point the longitudinal strain rate is zero.
comput(_es small rates of freezing in the nor_th of the shelf asry consider the case of > 1, where the ice shelf is con-
well as in suture zones downstream of major promontorieSgjgered “overbuttressed” and the longitudinal strain rate is
similar to the pattern modeled Byolland et al.(2009 and ., mpressive (negative), it is necessary to rewrite E§). Ify
consistent with inferred softer ice in these areaihgzen- substituting the more general expressiond(Eq. 16).
dar et al(2011).

We note that, even thougbochran and Belf2012 mea- 5.3 Consequences of diminished backstress
sured a maximum gravity anomaly associated with Bawden
ice rise, this ice rise is not represented in the bathymetry datdhe consequences of losing contact with the Bawden and
set used by the ocean circulation model. For this reason, th&ipps ice rises was investigated in model experiments. The
melt rates and thermal state of the ice shelf may not be welinversion for ice rigidity indicated anomalously stiff ice in the
represented in the vicinity of this ice ridignot et al (2013 vicinity of both ice rises, consistent with the inversion results
calculated concentrated basal melting of several meters pesf Khazendar et a(2011). The backstress provided by these
year near the Bawden ice rise, and though we compute baséde rises was removed by reducing the inverted ice rigidity
melting near Bawden it is not as high nor as concentrated. down to a level appropriate for the assumed temperature of

The depth-integrated temperature for Larsen C is shown irthe ice, similar to the masking described by Etp)(but in
Fig. 3b. The pattern of temperature follows that of the basalthis case only within a specified radius of the ice rise. For
melt rates, as expected. The ice in the southern portion of théhe Bawden ice rise, the rigidity was reducedRe= B(T)
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Fig. 4. (a) Damage from Eq.1(7). White box indicates area of Fig; (b) damage calculation using the same inverted ice rigidiy Y but
for a depth-integrated ice temperature assumed uniformly warmef®yB(T + 3) in Eq. (17) and(c) colder by 3C. All panels plotted
over 2009 MOA image.

0 50 100 150 200 0 0.2 0.4 0.6 0.8 1

Fig. 5. (a)Backstressy, from Eq. (L6); (b) buttressing parametgt from Eq. (L8). Red spots and contours indicate patches of grounded ice.
Both panels plotted over 2009 MOA image.

within a 60 km radius of the ice rise. The same was doneincrease. A similar order of magnitude change, over a similar

within a 70 km radius of the Gipps ice rise. These radii werebut more disjointed area, would occur if the ice shelf lost

chosen based on visual inspection of the inferred rigidity contact with the Bawden and Gipps ice rises simultaneously

pattern. Elsewhere the original (unmasked) inverted rigidity (Fig. 6b and d). Only velocity changes 20 ntyrgreater than

B; was used. The diagnostic equations for ice shelf creepbserved are plotted in Fi@.to clearly isolate the speedup

were then solved using the common SSA approximationsignal above the “noise” associated with the misfit between

(MacAyeal 1989 to determine the instantaneous speedup ofmodeled and observed velocity in the inversion solution for

ice flow if contact with these ice rises was abruptly lost. the ice rigidity. Nearly all of the nodes in the model (95 %)
Figure6a and ¢ shows the impact on the flow of Larsen C had a misfit of 20 myr! or less, so we only focus on velocity

if contact with the Bawden ice rise is lost. The flow velocity change greater than this in Fig.

near the ice rise would increase up to 200 myra 50 %

increase, with an area nearly the size of the Larsen B ice

shelf experiencing a speedup in excess of 100Tha 25 %
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perature in some areas and underestimating it in others, de-
pending on the rate of basal melting or freezing that in turn
determines the thickness of the thermal boundary layer at the
base of the ice column (e.§ergienko et a]2013.

For a 3*C uncertainty in the bulk temperature of the ice,
the ice rigidity B(T") varies in the range of 8-29 %, with a
mean of 15 %. This uncertainty likely dominates over that in
the inverted ice rigidityB;, therefore from Eq.X7) the mean
uncertainty in damage is 15 %. The uncertainty is higher for
the warmer areas of the shelf owing to the nonlinearity in
the temperature—rigidity relationship as the melting temper-
ature is approachec(ffey and Patersqr2010. Thus much
of the northern half of the shelf as well as areas downstream
of the major promontories of the shelf where marine ice ac-
cumulates have higher uncertainty, whereas colder meteoric
flow units have less. The fact that the uncertainty in damage
is directly proportional to, and dominated by, the uncertainty
Fig. 6. (a) Change in velocity magnitude when backstress associn jce temperature suggests that field studies of ice shelves

ated with Bawden ice rise is remove(®h) change in velocity mag- 419 include measurements of the ice temperature when-
nitude when backstress associated with both Bawden and Gipps ic&/er ossible. Better knowledge of the thermal state of ice
rises is removed. Respective percent differencés)iand(d). Only P ’ g

areas with modeled velocity at least 20 rmyigreater than observed shelves will be necessary to d'St!nngh betyveen the influ-
are plotted. Red spots and contours same as in&igll panels ~ €NCe of temperature vs. fracture in observations of ice flow

plotted over 2009 MOA image. and for making predictions of the mechanical integrity of ice
shelves in the future.

6 Discussion 6.2 Comparison of damage with Operation IceBridge

6.1 Thermal state of the ice shelf altimetry

The spatial pattern of temperature calculated for the shelf apin Fig. 4, many of the rifts visible in the MOA image appear
pears to capture the tributary structure of the ice shelf to thedamaged. For those rifts that are damaged, the spatial agree-
extent that the bathymetry beneath the ice shelf (which in-ment between damage and rift location is good. However, not
fluences the ocean circulation and thus melting rate patternall rifts are damaged, and not all damaged rifts are equally
represents an extension of the bedrock structure upstream alamaged. Numerous rifts have high levels of damage, ap-
the grounding line that directs the flow into the shelf. We proaching the effect of traction free cracks with vanishing
note that the presence of narrow bands of marine ice identiviscosity (D — 1) in a continuum sense. Other rifts have
fied by Holland et al.(2009 are not captured in the steady- intermediate damage, and some appear entirely undamaged
state temperature calculations here, at least not beyond aand are deforming coherently and indistinguishably from
eas where the ocean circulation model indicates direct freezthe surrounding ice shelf. The explanation for this behavior
ing. It would be reasonable to expect warmer depth-averagetikely has to do with the stabilizing influence of mélange fill-
temperature along longitudinal bands that contain marine iceing in between the rift flankhazendar and Jenkin2003.
therefore we may be overestimating damage in areas where Figure 7a shows a close up of an area of rifts that origi-
marine ice is present. While it would be possible to manuallynate downstream of Hollick—Kenyon Peninsula and proceed
prescribe warmer temperature along these inferred longituditoward the Gipps ice rise. The black line indicates a NASA
nal bands, our primary purpose here is to calculate backstresSperation IceBridge flight in 2009. ATM surface elevation
and damage given an independent temperature estimate folata from this flight are plotted in Figlb and compared
the shelf and demonstrate sensitivity of the results to varia-against the damage calculation along the same track. The
tions in temperature. ATM data have a 40 m spacing along track and an 80 m sam-

The large uncertainty we assign to our calculation for ice ple width, and are plotted as elevation above the GL0O4c geoid
temperature reflects both the absence of actual temperatufer consistency with the Bedmap?2 thickness ddteetwell
measurements against which to validate our results as welt al, 2013 used in the damage calculation. The element
as the fact that the calculations neglect horizontal advectionsize in this area of the model is about 600 m and linear shape
The thermal state of the ice advected horizontally across théunctions are used in the model, which explains the piece-
grounding line will be important in determining the temper- wise linear and relatively coarse nature of the damage curve
ature of the ice shelf. We may be overestimating the tem-interpolated along the IceBridge flight track.
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Fig. 7. (a) Damage for the inset shown in Fida plotted over a 2009 MOA image. Black line is a segment of an Operation IceBridge flight
line from 2009. Rifts that cross the track are numbered 1-6 for comparison with ({pnehich shows damage (red, left) and IceBridge
ATM surface elevation above mean sea level (black, right) using the GLO4c deeiavell et al, 2013.

The rifts in Fig.7 show varying levels of damage. Damage (Khazendar et al2007 Vieli et al., 2007 that show softer
decreases and the surface elevation between the rift flanks iriee in the lee of promontories transitioning into stiffer ice
creases for rifts labeled 1 to 3 in Fig.Rift 1 is the youngest  closer to the ice front. A direct inversion for damage on
of the transect and has relatively little mélange to stabilize it.Larsen B also showed a similar patteBo(stad et a.2012).

With age and further advection with the shelf, the surface el- There are several possible explanations for this behavior.
evation (a proxy for mélange thickness) increases for Rifts 2The first possibility is that the calculated temperature field
and 3 and subsequently the damage decreases. Rift 4 appedos the ice shelf is incorrect. Since the damage pattern is di-
only moderately damaged despite the lowest surface elevaectly linked to the assumed temperature of the ice, any er-
tion recorded along the transect. This can probably be exrors in temperature will introduce errors in the magnitude and
plained by the kinked shape of this fracture and some meapattern of damage. The steady-state temperature calculation
sure of stress shielding given its proximity to Rift 5, the most used here ignores horizontal advection, and no in situ tem-
damaged rift and the rift that is currently interacting with the perature data exist to check the validity of our calculations.
Gipps ice rise. Rift 6 is the oldest of the transect and hasThe true temperature field of the ice shelf may have a more
the thickest mélange of all, contributing to its behavior as if banded structure longitudinally as a result of horizontal ad-

completely healed. vection, with a bulk temperature that would depend strongly
on the presence and thickness of a marine ice layer. To pro-
6.3 Damage patterns duce damage more continuously from the grounding line to

i ) , ) , the ice front along trains of known crevasses, the temperature
Aside from rifts, damage is consistently highest near theof the ice would need to grow progressively colder — more so

grounding line, presumably the result of the large stressegnan we already calculate — moving away from the grounding
— and thus fracture — induced as the ice shelf adjusts towarg .

flotation. Areas of damaged ice extend from the grounding

line for long distances into the ice shelf in seyeral places.;; is still possible for the influence of fractures to diminish
The patterns of damage .downstream of the major prolmor_1toés they advect with the shelf. In some areas, marine ice is
ries of the shelf are similar to the patterns of softer ice 'n'likely accumulating at the tips of basal crevasses and pro-

ferred byKhazendar et al(201]). The magnitude of dam- o ossively healing the fractures as they advect with the shelf.
age in these areas is lower than the damage associated Wifly, yever, this vanishing influence of fractures does not nec-

rifts, an expected result since the crevasses in these areas, pé'ésarily imply that the fractures are fully healing and disap-

mgrily basal crevasses, occupy only a fraction of the full icepearing. When a fracture first forms, it contributes to damage
thickness KMcGrath et aI,.2(f)12 Luckma_n etal.2012. ith di in two ways; first, by reducing the available load bearing sur-
Damage downstream of promontories decreases with disg, e area and second, by causing a stress concentration at the
tance mto_the shglf, in many pl_aces reducing to zero be'tip of the fracture Klurakami and Ohnal983). Both mecha-
fore reaching the ice front. This indicates that the influenceyjgmg would contribute to increasing the mean stress over the
of fractures on Iongltudlngl de_formatllor? is diminishing with remaining load bearing cross section. When a basal crevasse
distance from the grounding line. This is perhaps a counteryy g near the grounding line, for example, the fracture tip is
intuitive result, as longitudinal traces of fractures are V'S'bleinitially sharp and therefore both contributions to damage are
from the grounding line all the way to the ice front in many ,.esent with subsequent advection into the shelf, the crack
parts of the ice shelfklasser et al2009. However, this pat- i g piunted by creep deformation and the stress concentra-

tern is consistent with inverse method results for ice rigidity tion ahead of the crack tip relaxes until eventually only the
for Larsen C Khazendar et al.2011) as well as Larsen B

If the calculated temperature of the ice shelf is reasonable,
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area reduction contributes to damage. Thus the inferred dam- Another noteworthy aspect of Fi§is the backstress asso-
age would decrease even if the absolute crack length does notated with the confluence of neighboring tributary glaciers
change. in the ice shelf. Elevated backstress is evident in many areas
A further possibility for explaining undamaged areas of where streamlines converge downstream of promontories, a
the ice shelf where fractures are known or assumed to beesult of lateral compression as neighboring glaciers flow to-
present is that the definition of the effective stress given bygether.Thomas(1973h described this as a “bottleneck” ef-
Eq. @) is inappropriate or incomplete. According to E8),(  fect, finding a similar pattern of backstress on the Amery ice
at failure (D = 1) the stress (and thus strain rate) tend to in-shelf. In Cabinet Inlet, the high backstress is likely the re-
finity, whereas in creep rupture experiments they tend to fi-sult of both shear stress along Churchill Peninsula and with a
nite values furakami and Ohnp1981). One method to ac-  sort of bottleneck effect as the ice approaches the end of the
count for this observation is to define two different effective peninsula and turns the corner to begin flowing toward the
stress measures, one for use in the evolution of damage arBlawden ice rise.
one for use in the creep relation. In this approach, an effec- Isolated patches of grounded ice near the grounding line
tive stress of the form of Eq8J is used for damage evo- determined from differential INSAR dateRignot et al,
lution, whereas an effective stress with replaced bycD 20113 are highlighted in red in Fig5. Just beyond the
where O< ¢ < 1 is used for the creep relation (e.g. He), end of both Churchill and Hollick—Kenyon Peninsulas, small
ensuring finite stress and strain rate at faillMeiakamiand  grounded spots coincide with the origin of rifts. Near the
Ohng 1981). This would explicitly distinguish between are- grounding line in a few places, these grounded spots appear
duced level of damage that represents the influence of fracto contribute to the inferred backstress. In many places these
tures vs. the full damage that represents the presence of fragpots coincide closely with the locations of basal crevasse
tures. The damage solution in Figwould represent the for- formation, as evidenced by the longitudinal features that
mer, whereas thus the full damage representing the latter magriginate at these locations. These small areas of grounded
link more continuously to the ice front in a manner consis-ice may be very important to the flow and the stability of the
tent with observations of longitudinal trains of fractures (e.g. ice shelf if they are responsible for the kinds of longitudinal

Glasser et al2009. features that coincide with, and are typically thought to be
the cause of, the termination of rift propagation (€&tpsser
6.4 Backstress patterns et al, 2009.

The magnitude and pattern of backstress for Larsen 5.5 Weakening contact with Bawden ice rise?
(Fig.5), with higher backstress near the grounding line, at the
confluence of neighboring tributary glaciers, and upstreamGiven its small size and relief, the Bawden ice rise appears
of ice rises, is consistent with findings for other ice shelvesto be the most likely location for the ice shelf to become
(Thomas 1973h Thomas and MacAyeall982 Kenneally  ungrounded and destabilized in the near future. If the ice
and Hughes2004. The Bawden and Gipps ice rises con- shelf were to lose contact with this ice rise, the flow of
tribute locally high backstress to the shelf. Just upstream othe entire northern half of the ice shelf would be affected
these ice rises, the ice shelf is overbuttressed (1) and the  (Fig. 6a and c). The ice adjacent to the Bawden ice rise is al-
flow is compressive longitudinally. The high backstress as-ready quite damaged (Figa). Over the period 2003—-2008
sociated with these ice rises is also consistent with the highhe thickness change of the northern part of the ice shelf
values of ice rigidity inferred in these locations Kpazen-  was small Rignot et al, 2013, though the flow velocity in-
dar et al.(2011). Approaching the McDonald ice rumples creased by 15 % or more between 2000 and 28@&¢endar
on the Brunt ice shelfThomas(1973h found that the back- et al, 2011). Progressive weakening of the ice in the vicinity
stress decreased approximately inversely with distance fronof the ice rise, and associated reduction in backstress trans-
the ice rumplesdy o 1/r197). Along a flowline intersecting  mitted upstream, may be a contributing factor in this accel-
the Bawden ice rise, we find a nearly equivalent relationshiperation. This could indicate that the ice rise is transitioning
(ob x 1/r105), from acting to stabilize the ice shelf to acting as an “indenta-
The backstress associated with the Gipps ice rise covers ion wedge” that generates or exacerbates fractures, possibly
larger area than that of the Bawden ice rise (B)g.The ice  contributing to the eventual destabilization of the ice front
in this part of the shelf is more heterogeneous and fracturedas witnessed for other ice shelves (&gake and Vaughan
with a mélange of icebergs and sea ice filling in the open1991).
areas to the east of Hollick—Kenyon Peninsula (e.g. F. Further weakening of the ice adjacent to the ice rise would
In addition to encountering the longitudinal resistance of thediminish the backstress transmitted upstream, with signif-
ice rise, the flow is also laterally compressive as it approachegant consequences for the local stability of the shelf. An
the ice rise. For these reasons, it is not possible to discern abrupt velocity increase of the type modeled in Egould
similar relationship of backstress vs. distance for the Gippsdestabilize the rifts that are already present in the vicin-
ice rise. ity of Jason Peninsula, possibly leading them to propagate
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southward into the ice shelf. These rifts currently terminateopment and testing of such an evolution model within the
along a band of marine ice identified biplland et al(2009. framework of a large-scale ice sheet model.

If the rifts were to remain stabilized by this marine ice after
the stress perturbation associated with loss of contact with
the Bawden ice rise, then the northern part of the ice shelf’

may remain intact. However, if the stress was sufficient for_l_he analvtical theory for the creen deformation of a float-
the rifts to propagate through this marine ice band, these y y P

rifts could link up with the wide train of basal crevasses that9 '¢€ shelf was extended using continuum damage me-

. : ) . chanics to account for the softening influence of fractures
originate at the tip of Churchill Peninsula and extend all theOn lonaitudinal deformation. A scalar damaae variable was
way to the ice frontMcGrath et al. 2012. This could po- 9 ' g

tentially cause a large portion of the northern ice shelf tomtroduced to represent the influence of fractures on an ice

! . shelf while maintaining a continuum representation of the
calve off, approaching the size of the 2002 Larsen B collapse; : : . S

) ) . . ‘material physics, an advantage for implementation in large-
Key questions in this scenario are how fractures are stabi-

. o . =~ scale models. This framework is fully generalizable to any
lized along longitudinal features that contain marine ice (e'g'ice shelf, with resistive backstress accounting for areas where
Glasser et al.2009 and the limits to this stabilizing influ- ’ g

. . . . the strain rate is lower than the limit for an unconfined ice
ence, questions which remain open. While the consequence . .

. Lo .~ Shelf and damage accounting for areas of fracture-induced
of ungrounding of the small Bawden ice rise are speculative

. . N L ; softening. A control method inversion for ice rigidity com-
at present, the ice rise is a significant pinning point for the_ . . .
. L2 bined with the damage theory allows independent damage
Larsen C ice shelf and deserves further monitoring and study. . X
R . and backstress calculations for an ice shelf.
Note that the grounding line is not affected in the pertur-

bation simulations presented here. This is likely the result of Using field and remote sensing data, this new framework

the high levels of backstress near the grounding line associ“—:'nables monitoring the structural integrity of ice shelves,
9 9 9 their ability to buttress the flow of ice at the grounding line,

a.ted W.'th lateral convergence and §hear|.ng algng promo_ntoénd thus their indirect contribution to ice sheet mass balance
ries (Fig.5). A backstress perturbation originating at the ice

. . and global sea level. For the Larsen C ice shelf, we find dam-
front, at least for the configuration of Larsen C, does not ap-_ " I :
- ) age in areas with visible crevasses and rifts. The level of dam-

pear to matter much to the grounding line. However, this may e . .
) : . age of rifts is modulated by the thickness of the mélange that

not be a generalizable result, as some ice shelves likely hav

innina boints that connect more directly to the aroundin fils in between the rift flanks, with the thickest mélange re-
ri)ne ap y 9 gducing damage to zero in older rifts. The Bawden and Gipps

ice rises appear to be critical pinning points that stabilize the
ice front in its current configuration. The ice in contact with
the Bawden ice rise is mechanically weak, and further weak-
ening would lead to a significant increase in flow velocity and
ossible destabilization of the northern part of the ice shelf.

Conclusions

6.6 Damage evolution

In addition to providing a straightforward framework for
monitoring the mechanical integrity and buttressing capacityp
of ice shelves using remote sensing data, the types of damage

calculations presented here will serve as important benchacxnowledgementsCB was supported by an appointment to the
marks for testing and optimizing dynamic damage evolutionNASA Postdoctoral Program at the Jet Propulsion Laboratory,
models. Dynamic damage models have been developed angiministered by Oak Ridge Associated Universities through a
calibrated at smaller spatial and temporal scales, and theicontract with NASA. JM was supported by the NASA MEaSUREs
introduction into large-scale ice sheet models will eventu-(Making Earth System Data Records for Use in Research Environ-
ally allow for modeling calving, rifting, retreat and disinte- ments) program, MS was supported by the NASA MAP (Modeling
gration of ice shelves. The damage mechanics formulatiorfinalysis and Prediction) program. We thank O. Gagliardini,
used in the present paper is derived from only the momentury- Bassis and two anonymous reviewers for their constructive
balance equations for diagnostic calculations of ice velocity.SoMments-

Simglating the advection apd evolution of Qamage in timfaEclited by: O. Gagliardini

requires a separate dynamic damage function coupled with
the equations for heat and mass balance for an ice shelf. A
number of established functional frameworks for modeling
damage evolution have been applied to polycrystalline ice
(e.g.Pralong and Funk2005 Duddu and Waismar2012

as well as analogous high homologous temperature materials
that obey power law creep (elgemaitre 1996. Though the
validity of such formulations at the scale of modeling an en-
tire ice shelf remains to be confirmed, the benchmarks pro-
vided by the methods in this study will aid with the devel-
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