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Abstract

The ice discharge from the grounded parts of marine ice sheets into the ocean is modulated by
their floating extensions — ice shelves. The ice-shelf impact on the grounded ice is typically
described as ‘backpressure’ or ‘buttressing’. Theoretical analyses of their effects have been
restricted to one horizontal dimension. This study revisits the concepts of ‘backpressure’ intro-
duced by Thomas (1977) and ‘buttressing’ numbers and ratios introduced by Gudmundsson
(2013) and extends their theoretical analysis to two horizontal dimensions. Using the integral
form of the momentum-balance formulation suitable for fast-flowing ice streams and ice shelves,
our analysis provides a natural definition for the total backpressure force exerted by an ice shelf to
the grounded ice upstream of its grounding line. The results of numerical analyses suggest that ice
shelves whose second principal stress component is compressional over larger areas may provide
more buttressing compared to ice shelves with smaller areas of compressional stresses or to ice
shelves with both principal stresses being tensile.

1. Introduction

The dynamics of marine ice sheets’ grounding lines — locations where the grounded ice loses
its contact with the underlying bedrock and starts to float forming ice shelves — control ice
discharge into surrounding oceans and consequently, contributions of marine ice sheets to
sea level. In turn, the grounding line dynamics depend on the geometric and dynamic condi-
tions of the grounded portions of marine ice sheets and ice shelves. The geometric conditions
are the presence or absence of lateral confinement and the variability of the bed topography
under the grounded ice. The dynamic conditions are the stress regimes of the ice flow on
the grounded and floating parts; these regimes are determined by the dominant components
of the ice-flow momentum balance (Schoof, 2007a, 2007b; Haseloff and Sergienko, 2018;
Sergienko and Wingham, 2019, 2022). The current conceptual understanding of the condi-
tions at the grounding lines has been developed using one-dimensional flow-line models.
Considering a laterally unconfined marine ice sheet resting on a flat bed (flat before the ice
sheet was developed on top of it), Weertman (1974) suggested that such a configuration can-
not attain a stable steady state if the bed slopes towards the interior of the ice sheet. This result,
known as the ‘marine ice-sheet instability’ hypothesis, has been widely used to interpret the
observed behavior of present-day ice sheets (e.g., Shepherd and others, 2018) and simulated
behavior under future climate conditions (e.g., Cornford and others, 2015; Seroussi and others,
2017). The existing theoretical analyses of the grounding line behavior (e.g., Weertman, 1974;
Schoof, 2007a, 2011, 2012; Tsai and others, 2015; Sergienko and Wingham, 2019, 2022, 2024;
Sergienko, 2022b) have considered one horizontal dimension and, in the case of laterally con-
fined configurations, parameterized the effects of lateral shear in the momentum balance of ice
flow (e.g., Pegler, 2016; Schoof and others, 2017; Haseloff and Sergienko, 2018, 2022;
Sergienko, 2022a).

Investigations of the effects of transverse variability on the conditions at the grounding line
have been done using numerical models applied to idealized configurations (e.g., Goldberg,
2009, 2012a, 2012b; Gudmundsson and others, 2012; Gudmundsson, 2013) or realistic config-
urations (e.g., Seroussi and others, 2017; Reese and others, 2018; Sun and others, 2020). A few
laboratory experiments and theoretical analyses built on the experimental results have been
performed for laterally unconfined ice shelves (Pegler and Worster, 2012, 2013). Their results
suggested that ice viscous deformation in the direction transverse to the main flow gives rise to
hoop stresses that could potentially affect the stress regime at the grounding line. However,
estimates for the unconfined parts of the Antarctic ice shelves and ice tongues suggest that
the effects of hoop stresses are very small (Wearing and others, 2020).

Although about five decades ago, Thomas (1973, 1979) argued that the shear of the side
walls of the ice shelves or the presence of ice rises can affect the stability of the grounding
line, it is the results of fairly recent numerical studies (Gudmundsson and others, 2012;
Gudmundsson, 2013) that demonstrated that Weertman’s marine ice-sheet instability hypoth-
esis does not hold if the marine ice sheet is laterally confined. Later theoretical studies in which
the effects of lateral confinement have been parameterized confirmed this result by analyzing
expressions of the ice flux through the grounding line (e.g., Schoof and others, 2017; Haseloff
and Sergienko, 2018) and by linear stability analysis (Haseloff and Sergienko, 2022; Sergienko
and Haseloff, 2023).
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The process by which ice shelves impede ice discharge from
the grounded part of marine ice sheets is termed ‘buttressing’.
Its quantitative measure, also known as ‘backpressure’, was intro-
duced by Thomas (1973), who defined it as the difference between
the maximum depth-integrated driving stress experienced by
unconfined ice shelves and the depth-integrated deviatoric stress.
While concepts of the absence of buttressing and, as a conse-
quence, zero back pressure, are straightforward for a laterally
unconfined marine ice sheet, which is also uniform in the dir-
ection transverse to the ice flow and whose grounding line is a
straight line, they are ambiguous in the presence of transverse
variability and curved grounding lines. This is because its effect
is non-local and arises as a result of interactions of the ice-shelf
flow with obstacles - either the ice-shelf lateral boundaries or
ice rises located far away from the grounding line - and is
transmitted via the ice shelf deformation back to the grounding
line.

To quantify backpressure, MacAyeal (1987) has introduced
concepts of ‘form drag’ and ‘dynamic drag, partitioning the
total force at a given point of the grounding line into the ice
deformation (the dynamic drag) and the hydrostatic (the form
drag) components. Gudmundsson (2013) took a different
approach to define the local effects of buttressing (i.e., at a
given point of the grounding line). He introduced the normal
and tangential buttressing numbers Ky, and buttressing ratios
O N1 (Ky=1-0 n, Kr=0 1) that represent the ratio of the nor-
mal and transverse components of the force at the grounding line
to the hydrostatic pressure. MacAyeal (1987), Gudmundsson
(2013), and many subsequent studies aiming to quantify the
effects of buttressing (e.g., Reese and others, 2018), used the
results of numerical model simulations to compute the stress
components at the grounding lines and evaluate the respective
metrics.

Defined in terms of the components of stress at the grounding
line, expressions for these metrics do not include any information
about an ice shelf whose buttressing they are meant to quantify.
The ice-shelf effects on these metrics are implicit: via its impacts
on stress at the grounding line. This study aims to establish how
the ice-shelf stress distribution and its boundary conditions affect
buttressing, and makes their effects explicit in considerations of
buttressing and backpressure. It revisits the concepts of backpres-
sure introduced by Thomas (1977) and buttressing numbers
introduced by Gudmundsson (2013) in the context of marine
ice sheets that experience variability in the direction transverse
to the dominant ice-flow direction. Using the integral form of
the momentum balance typically used for fast flowing ice streams
and ice shelves (the Shallow Shelf Approximation) (MacAyeal,
1989), we derive the expressions of the total forces provided by
an ice shelf at the grounding line. These expressions can be nat-
urally used as a definition of the total backpressure force provided
by the ice shelf to its grounding line. It can be used as an integral
metric characterizing the force balance of an ice shelf as a whole.
Analysis of the point-wise backpressure shows that for two
dimensional (i.e, non-uniform in the transverse direction)
unconfined ice shelves it is non-zero, even though the total back-
pressure is zero. Such ice shelves do not provide buttressing to
their grounding lines and the upstream ice flow as a whole, but
the point-wise backpressure force may be non-zero. The results
of numerical simulations show that spatial distributions of sub-
marine melting have strong effects on the ice-shelf stress distribu-
tion, and as a result, on the grounding line and its buttressing.
Analysis of the principal stress components suggests that ice
shelves with larger spatial extent of the compressive second prin-
cipal stress may provide more buttressing than those with less area
experiencing compression or no compression at all. These results
suggests that the second principal strain-rate component, which is

https://doi.org/10.1017/jog.2024.83 Published online by Cambridge University Press

Olga Sergienko

proportional to the second principal stress, can be used as a proxy
for the ice shelf buttressing and its evolution.

The manuscript is organized as follows: The model is
described in section 2. The next section, section 3, provides a
description of the total backpressure force. Derivations of the
point-wise buttressing metrics are described in section 4. The
results of numerical simulations are presented in section 5.
Readers less interested in the mathematical aspects of the analysis
can proceed to sections 5-7, which provide a physical interpret-
ation of the results and their discussion.

2. Model description

Despite the complex geometry of the grounding lines of Antarctic
ice shelves, the ice flow on the ice shelves exhibits a predominant
direction - towards the calving front. As shown in Fig. 1, the
streamlines on the ice shelves are nearly straight, even though
the patterns on the grounded parts are very complex.

Motivated by these observations and to simplify our analysis' ,
we choose a Cartesian coordinate system aligning the x-axis with
the direction of dominant ice flow and the y-axis transverse to
that direction (Fig. 2).

We use a vertically integrated momentum balance of ice flow
typically used to describe ice-stream and ice-shelf flows
(MacAyeal, 1989). In two horizontal dimensions, the momentum
balance of ice flow on the grounded part G is given by:

[2vH(2ux + v},)]x—i—[vH(u), + vx)]y_q-bx = pgHS,,
xytea

(1a)

[vH(uy + vx)]x—l—[ZvH(ux + 2vy)]y—7by = pgHS,,
xyteac

(1b)

Here, subscripts indicate partial derivatives; H represents ice
thickness, u and v are vertically averaged horizontal components
of ice velocity v = {u, v}, gis the acceleration due to gravity; S=B
+ H is the surface elevation, and B is the bed elevation; v denotes a
vertically averaged ice viscosity:

B

2

V=

1 5 (n—1)/2n"
2[“;% + VJZ, + ;l(uy + vx) +uxvy:|

with B as the constant ice-stiffness parameter (B = 1.68x10°
Pa s'3).
The basal shear z” = {z", 7%} follows a power-law sliding law:

= —Gplv|" v, (3)
where C, = 7.6x10° Pa m™'" s' is the sliding coefficient, and

m=1/n=1/3 is the sliding exponent.
The momentum balance of the floating ice shelf F is as follows:

[2vH(2ux + vy)]x—i-[vH(uy + vx)]y: pg'HH,,
{x,y} €EF

(4a)

! Although the model equations can be reformulated in the curvilinear coordinates that
align with the streamlines, such a coordinate transformation introduces additional terms,
and as a result, significant complexity. We opt to avoid this in our initial study of buttres-
sing in two horizontal dimensions.
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Figure 1. Ice flow of the Pine Island and Thwaites ice shelves. Gray lines represent streamlines and colors indicate ice speed (m yr™) (Rignot and Scheuchl, 2017).
Red lines indicate the grounding lines.
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Figure 2. Model geometry: plane view L%-ice divide location, x?-grounding line location; L~calving front location. Ice flows from left to right.
[vH(uy + vx)]x+[2vH(ux + 21@,)]}}: pg'HH,, i . o ] )
( ) n = {nx’ n},} = {1> - xy}’ (7b)

{x,y} EF.

Here, g represents the reduced gravity:
where, {x%, y®} € L% is the grounding line, {x°, y‘} e L€ is the

g = &g (5)  calving front (Fig. 2), and x§° = dx®/ dy.
Boundary conditions at the upstream boundary, L”, can take
where & denotes the buoyancy parameter: different forms. We choose this boundary to represent an ice div-
ide and use the following conditions:
s=tw=P (6)
p
Y u=v=20, {x,y}ELD, (8a)
and p and p,, are the densities of ice and sea water, respectively.
We define unit normal vectors to the grounding line 7% and to
the calving front 7" as follows:
. (H+B),=0, {xy}€LP. (8b)
= {n§, nf} = {1, —x} (72)
J14 (65>
Y At the calving front, the deviatoric stress in the ice shelf balances
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the hydrostatic pressure deficit caused by ice buoyancy:

g
[2vHQuy, + v)) |n§ + [vH (u, + vx)]n}c, = THzn;, ©)

{x,y}err

c c_PS o
[vH (uy + ) |nS + [2vH(uy + 2v},)]ny = THzn , 9b)

{x,y} € L.

The boundary conditions at the lateral boundaries L™ and L* will
be specified in the following section.
The mass balance of the ice stream is
H+V-Q=a {xy}l€G (10)
where Q = {uH, vH} is the ice flux, V= {0x, 0,} is the diver-
gence operator, and a is the net accumulation rate (positive for
accumulation), mostly dominated by surface accumulation/abla-
tion. The mass balance of the ice shelf is:

H+V-Q=a—m, {xy}€EF (1)
where, a — 1 is the net ablation/accumulation rate. This could be
dominated by ablation/accumulation at the ice-shelf surface or
melting/refreezing at the ice-shelf base, or the two could balance
each other.

At the grounding line, the ice thickness, velocity components,
and normal and tangential stress components are continuous, and
the flotation condition is

B(x, y)
1-6°

H(x,y) = — {x,y} € L° (12)

3. Total backpressure force

Backpressure is caused by the interactions of ice-shelf flow with
obstacles - either lateral confinements or ice rises. To develop a
conceptual understanding of backpressure in two horizontal
dimensions, we focus on the effects of lateral boundaries, leaving
considerations of the effects of ice rises for future studies.

To determine the total (or integral) backpressure that an ice
shelf provides to the grounding line, we consider the integral
form of the momentum balance (4). A vector/tensor form of
the ice-shelf momentum balance (4) is given by:

V.T = pg HVH, (13)
where V is the divergence operator in a given set of coordinates,
and T is

_ | 2vHQuy +vy)

- [ vH (1, + vy) (14)

vH(uy + vx)
2vH (uy + 2v,) |

which could be viewed as a ‘vertically integrated’ deviatoric
stress-tensor (although it is not exactly that, as it takes into
account the incompressibility equation, V.7 =0, and relies on
the assumption that the vertical shear is negligible).

The right-hand side of the momentum balance (13) can be
written as the gradient of the scalar field H?/2

2

-H
V~T:pg’V7, (15)

https://doi.org/10.1017/jog.2024.83 Published online by Cambridge University Press

Olga Sergienko

Integrating both sides of (15) over the surface area of the ice shelf
F, using the Gauss divergence theorem and the same justifications
of its application to the Stokes or Navier-Stokes equations (e.g.,
Lamb, 1932), one obtains the integral form of the ice-shelf
momentum balance (15):

HZ
45 (T~ﬁ'—pg/—ﬁ> dl=o,
L 2

where 77 is an outward-pointing unit vector, T - ## = Tjn; repre-
sents forces at the ice-shelf boundaries L, which include the calv-
ing front LS, the grounding line LY, and the lateral boundaries L~
and L® (Fig. 2). Equation (16) represents a vertically integrated
force balance of an ice shelf; it is satisfied for individual compo-
nents of the force balance, such as normal and tangential
components.

The boundary condition at the calving front (9), written in
vector form, is

(16)

H
T = pg’ (17)

2
2

Consequently, fLC (T - a* — pg'H?/27%) dl = 0, and (16) become:

H? H?
[ <T~ﬁg—pg/—ﬁg> dl:j (T-ﬁ—pg/—ﬁ’) di
LG 2 N 2

H2
—i—j (T-ﬁ—pg’—ﬁ)dl.
LS 2

(18)

Note the change in sign due to the direction of the normal vector
1, at the grounding line (it points in the same direction as the
normal vector at the calving front). The quantity on the left-hand
side is the backpressure integrated along the length of the ground-
ing line, i.e., the force exerted by the ice shelf on the grounding
line in addition to the force associated with the pressure deficit
between ice and sea water. We denote this force as F27:

-, H?
| (1)
LG 2

FPP has two components corresponding to the coordinate system —
either x — and y —components or normal and tangential compo-
nents. The x — and y —components corresponding to the chosen
geometry (Fig. 2) are

(19)

HZ
FBP = j |:2vH(2ux + vy)ny + vH(uy + vi)n, — pg’ Tnx] di
LG
HZ
7 ﬂy] dl
(20)

Ffp = J. |:vH(uy + vx)nx + 2vH(uy + 2v,)n, — pg’
LG

As is apparent from Eqn (18), F®” depends on the conditions at
the ice-shelf lateral boundaries and the length of these boundaries.

3.1 Laterally unconfined ice shelf

In this case, the boundary conditions at the lateral boundaries are
the same as at the calving front (17), and (18)-(19) becomes

PP = T-7— L di=0 21
= pg = =0. (21)
LG
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This indicates that if the ice-shelf lateral boundaries experience
only the imbalance between hydrostatic pressures in ice and
water due to the buoyancy of ice, then the ice shelf does not pro-
vide buttressing to the grounding line in the integral sense.
However, this does not necessarily imply that T - 7 = pg' H* /27
at each point along the grounding line, and locally the internal
deformation may differ from the imbalance of the hydrostatic
pressures in ice and water (this is discussed below in section
4.1). It is the total backpressure force of the unconfined ice
shelf that is zero.

3.2 No flow at the lateral boundaries

If ice shelves are laterally confined and ice flow at their lateral
boundaries is very slow (compared to the trunk of an ice shelf),
it can be approximated by no-slip (or no-flow) conditions

u=v=0, {xy eI (22)
For the chosen geometry (Fig. 2), this implies
Uy =v, =0, (23)
and
_ | vHu, N.S
T-n= [4vHvy]ny’ {x, y} € L™, (24)

Physically, Eqn (24) represents friction between the ice shelf and
its lateral boundaries. Consequently, the total backpressure force
at the grounding line (18)-(19) is determined by the friction
and the length of the lateral boundaries.

3.3 Shear at the lateral boundaries

As suggested by Thomas (1977), the friction at the ice-shelf lateral
boundaries could be approximated by, for instance, a plastic yield
stress of ice. If the magnitudes of lateral shear are known from
direct observations or laboratory experiments, then instead of
boundary conditions on velocities, boundary conditions on the
stress could be prescribed:

£ Ta=—7

x e NS, (25)

where 7" is a vertically integrated lateral shear,
F={— 1y, .} is a tangent unit vector such that f-i=0.

In this case, the total backpressure force is described by (18),
where the components of T# on the lateral boundaries L~ and
LS are determined by (25).

and

4. Local backpressure and buttressing numbers

The previous section has considered the total backpressure pro-
vided by the ice shelf to the grounding line and has demonstrated
that in the absence of ice rises it can determined from the lateral
boundary conditions only. This section focuses on the local but-
tressing effects.

As their measure, Gudmundsson (2013) introduced the but-
tressing numbers

Ky =1 N
N — NO,

(26a)
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T
Kr=—, 26b
TSN (26b)

where

N =7, - Tiig, (27a)
T= t; - Ty, (27b)

/
No = %HZ (27¢)

r't; and f; indicate transpose vectors. (Here, the definitions of N, T
and N, differ from those by Gudmundsson (2013) by a factor of
H.) Using Eqn (14) the above expressions provide definitions of
Kyrand © 1 (0 y=1—=Ky, © 1=Ky) in terms of the stresses
at the grounding line. However, as written, these definitions are
oblivious to the ice shelves and depend on their properties and
processes implicitly, i.e, via their effects on the grounding-line
stresses. Since the physical meaning of buttressing numbers is
to represent the effects of the ice shelves, it is expedient to express
them via characteristics of the ice shelves. In order to do so, we
largely follow an approach used in a one-dimensional analysis
of laterally confined configurations of marine ice sheets (e.g,
Pegler, 2016; Schoof and others, 2017; Haseloff and Sergienko,
2018, 2022; Sergienko and Haseloff, 2023).

4.1 Point-wise backpressure force

In order to determine the force balance at the grounding line, we
integrate the ice-shelf momentum balance (4) from x® to x“ and
apply Leibniz’s rule. The detailed derivations are described in
Appendix A. Their result is the components of the force balance
at the grounding line

2vHQ2u, + v, )né + vH(u}, + vx)n§

c

/ 1 X
= %Hznﬁ +78yj vH(uy + vx)dx, (28a)
J1+ 0657 =
VH (uy + v)né 4 2vH (u, + 2w
= gHzng
2 y
1 < Pg o
iy | | 2H (4 2v,) =T H |dx, (28b)
X2

J1+ &)

where xf =dx%(y)/dy and {rt, nﬁ} =1/\/1+ (xf)z{l, — xﬁ}.
On the left-hand side are components of the depth-integrated
force due to internal deformation in the ice at the grounding
line; on the right-hand side are components of the depth-
integrated force provided by the ice shelf. The right-hand side
components have two terms. The first of which are components
of the buoyancy force, pg /2H? and are the same if the ice shelf
is absent. The second terms are components of the backpressure
provided by the ice shelf at each point at the grounding line.
These term are y — derivatives of the respective components of
the depth-integrated ice-shelf deformation (shear (28a) and the
deviation of the extension (or compression) from the ice buoy-
ancy (28b)) integrated through the length of the ice shelf.
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The above equations can be written as

/
P = 2vH(2u, + v)ns + vH(uy + vx)n§ — %pﬂnﬁ

c

1 X
=0, j vH (u, + v,)dx, (29a)
VAT CH R
fBP = vH(u +v )ng + 2vH(u, + 2v,)né — p;g/Hzng
y = LARIREY A x L DY Y
1 b /
- 734 |:2vH(ux +2v,) — %Hz]dx, (29b)
1+ (g)° =

where {f?", £’} are the components of the point-wise backpres-
sure force. The relationship between the components of the point-
wise and total backpressure force (19) is

FPP = j fPral (30a)
LG

FfP = j ) fyBPdl. (30b)
L

The right hand sides of (29) are determined by the y —derivatives.
This implies that the point-wise backpressure is a two-
dimensional (plane view) phenomenon and is determined by
the transverse variability of the ice shelves; hence, the laterally
uniform ice shelves provide no backpressure to their grounding
lines. This also indicates that the point-wise backpressure of a lat-
erally unconfined ice shelf with transverse variability is non-zero.
Its components are determined by the transverse variability of the
lateral shear (eqn. (29a)) and imbalance between the buoyancy
force and the normal stress in the y-direction (eqn. (29b)) inte-
grated through the length of the ice shelf. It also depends on
the shape of the grounding line (i.e., on how it bends and curves),
which in its turn depends on the variability of the bed topography
in the direction transverse to the ice flow. The effects of the shape
of the grounding line have been demonstrated numerically in
idealized (Schoof, 2006, section 4.1) and realistic (e.g., Fiirst and
others, 2016; Gudmundsson and others, 2023) configurations.
It should be empasized, however, unconfined ice shelves exert
no total backpressure to their grounding lines, as indicated by
Eqn (21).

4.2 Buttressing numbers and ratios

The grounding-line force balance (28) gives the following expres-
sions for the buttressing numbers

1

e %g,Hz(l + (xg)z)

c xC

{xgayj g |:2vH(ux +2v,) — %Hz]dx - ayj vH(uy + vx)dx},

(31a)
K=
Bor(1+ ()
{ay J:: [ZvH(ux +2v)) — %g,HZi|dx + x50, J; vH (uy, + vx)dx}.
(31b)
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The corresponding buttressing ratios are © y=1—Kyand © r=
Ky, respectively.

Expressions (31) show that in addition to the transverse vari-
ability through the ice shelf and the grounding-line shape that
control the point-wise backpressure components, the buttressing
characteristics depend on the ice thickness at the grounding
line, and hence the bed topography.

5. Impact of the lateral boundary conditions and submarine
melting on backpressure and buttressing

To get a quantitative sense of the effects of lateral boundary con-
ditions and submarine melting on the backpressure of a
steady-state configuration, we consider an idealized marine ice
sheet flowing over bed topography that varies along and across
the direction of ice flow

X 127mx 6y
B(x, y) = By + B; cos— + B, cos cos—=
L. L, L,

(32)
All model parameters are listed in Table 1. Figure 3 illustrates the
shape of the ice sheet with no slip at the lateral boundaries
(Fig. 3a), bed topography and the grounding line positions for a
spatially variable melt rate (cyan line) and a spatially uniform
melt rate (magenta line). The spatially variable melt rate is

. . X — % 1/3 y 2 .
m(x, y) = tg| 1 — (Lx — xg) 1+ <L},> + 4, (33)

where 1, is a constant with different values for different bound-
ary conditions. The spatially uniform melt rate is the area aver-
aged value of (33)

< r(x, y) >= %” m(x, y) dxdy, (34)
F

where F is the ice-shelf area. The functional form of melt rate, Eqn
(33) is chosen purely for its simplicity, however it mimics the
observed and simulated increase of melt rates along the northern
boundary due to the effects of sub-ice-shelf cavity circulation
(Goldberg and others, 2012a; Adusumilli and others, 2020).

The undulated bed topography B (Eqn (32)) results in mean-
dering grounding lines (cyan and magenta lines in Fig. 3b).

We consider three kinds of boundary conditions at the lateral
boundaries - no slip (22), lateral shear (25), and a laterally uncon-
fined ice shelf

2

TN = pg’HTﬁG’N, {x, y} € LN, (35)
Table 1. Model parameters
Description Parameter Value Units
Gravity constant g 9.8 m s~
Density of ice P 917 kg m™3
Density of water Pw 1028 kg m™3
Ice-stiffness parameter B 1.68x10°  Pas'®
Flow law exponent n 3
Calving front position Ly 300 km
Ice shelf width Ly 200 km
Accumulation rate a 0.5% myr?
Weertman sliding-law parameter ~ C 7.6%x10° Pa m™Y3 13
Weertman sliding-law exponent m 1/3
Bed shape parameter By —800 m
Bed shape parameter B 600 m
Bed shape parameter B, 75 m

(*1m yr~* for the unconfined ice shelf.).
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Figure 3. (a) Steady-state shape of a marine ice sheet with no slip at the lateral boundaries. (b) Steady-state grounding-line positions obtained with a spatially

variable melt rate (33) (cyan line) and a spatially uniform melt rate (magenta line).

For the no slip and lateral shear we assume the same conditions
on the grounded and floating parts; for the laterally unconfined
ice shelf we use slip conditions (no shear) at the lateral boundaries
of the grounded part.

For each kind of the lateral boundary condition and melt rate
we obtain a steady-state configuration as a solution of an opti-
mization problem. To do so, we use the finite-element solver
Comsol ™(COMSOL, 2024) and optimize the grounding line
position in such a way that the momentum (1)-(4) and
steady-state forms of the mass (10)-(11) balances together with
the boundary conditions at the divide (8), calving front (9) and
the grounding line (flotation condition (12)) are simultaneously
satisfied. For this procedure we use an optimization solver
based on the Sparse Nonlinear OPTimizer (SNOPT) algorithm
(Gill and others, 2005). The mesh resolution is 5km away from
the grounding line and 500 m in 10 km zone of the grounding
line (5km upstream and downstream).

For each steady-state configuration, we analyze the effective
stress 7. (the second invariant of the three-dimensional stress
tensor) and the principal stress components 7; and 7, both
their orientation and magnitude; the buttressing ratios © 5 and
© 15 the point-wise backpressure force (Eqn (29)); and the total
backpressure at the grounding line FPP (Eqn (19)). In all simula-
tions, we assume that the calving front is fixed.

5.1 No slip

In the case of lateral confinement with no-slip conditions at the
lateral boundaries, the ice flow has a characteristic pattern of
slow flow near the lateral boundaries and faster flow in the
trunk of the grounded and floating portions (Fig. 4a). The pres-
ence of undulations on the bed (gray contour lines in Fig. 4a)
upstream of the grounding line (the white line in Fig. 4a) and
also the spatial variability of the melt rate (33) in the transverse
direction cause slight deviations of ice flow from being parallel
to its lateral boundaries (the black vectors in Fig. 4a).

The boundary layers, or shear margins, ~10km wide are
formed on the grounded and floating parts near the lateral
boundaries due to the no-slip condition. In the shear margins,
the effective stress is of the order of ~80 kPa (Fig. 4b). The prin-
cipal stress components (white (extensional) and black (compres-
sional) vectors in Fig. 4b) are aligned at ~45° with respect to the
direction of ice flow. Both principal stress components are of the
order 100-120 kPa (Figs. 4c,d). The first principal stress is always
tensile (Fig. 4c) and the second is predominantly compressional
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(Fig. 4d; the white contour line indicates 7;;=0) Away from the
shear margins, the magnitudes of the effective stress as well as
the principal stress components are substantially lower (~20 kPa)
(Figs. 4b,d). The presence of the bed undulations results in a slight
compression when ice flows around them (Fig. 4d).

At the grounding line (the white line in Fig. 4a), the effective
stress is of the order of 80 kPa (Fig. 4b) and is primarily deter-
mined by the first principal stress component, which is exten-
sional there (Fig. 4c). The curve of the grounding line is
primarily caused by the bed undulations and also by the spatial
variability of melt rates (Eqn (33)). As a result of meander of
the grounding line both normal ® y and tangential ® 7 buttres-
sing ratios (and buttressing numbers Ky and Ky) are non-zero
(gray colors in Figs. 4c, d). The magnitude of ©  is lager than
the magnitude of © 1 (~0.6 —1 vs ~0.2).

Comparison of the results of simulations with the spatially
variable melt rate (Eqn (33)) to those with the spatially uniform
melt rate (Eqn (34)) allows to assess the influence of the melt
rate spatial variability on the marine ice-sheet state — its geometry
(the ice-thickness distribution and the grounding line position),
flow and stress regimes. In the case of the spatially variable
melt rate, the grounding line is slightly upstream of the grounding
line in the case of spatially uniform melt rate (Figs. 5e,d). Because
of the melt-rate variability in the y-direction, the grounding line is
not symmetric with respect to the center-line, and its upstream
displacement from the grounding line with the spatially uniform
melt rate progressively increases from ~1.5km at the southern
boundary L° to ~5km at the northern boundary L™. This dis-
placement results in a faster ice flow immediately upstream of
the grounding line by ~30 —40 m yr~" and also over the whole
grounded part by ~5—10myr~" (Fig. 5a). The spatial patterns
of the speed difference are more complicated on the ice shelf:
the flow is faster in the immediate vicinity of the grounding
line because of its overall upstream position and also in the
shear margins up to ~50km from the calving front, and it is
slower in the rest of the ice shelf.

The large-scale patterns in the ice-thickness differences are
similar to those of the speed differences. Overall, the ice is slightly
thinner (~10 m) on the grounded part (Fig. 5b). It is significantly
thinner (more than 100 m) in the immediate vicinity of the
grounding line and particularly closer to the northern boundary
where the melt rate is the largest (eqn. (33)). On the ice shelf,
the ice thickness is smaller almost everywhere except from the
vicinity of the calving front where the ice thickness becomes lar-
ger compared to that with the spatially uniform melt rate (eqn.
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Figure 4. Ice flow and stress characteristics for no-slip lateral conditions and spatially variable melt rates m(x, y) (@ = 1 m yr?). (a) ice speed (m yr™) (color)
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(34)) with magnitudes up to 100 m in the shear margins (Fig. 5b).
The differences in the ice-shelf thickness are largest where the
melt rates are largest.

The magnitudes of the differences in the respective principal
stress components obtained in two simulations are largest in
the ice-shelf shear margins. In the case of spatially uniform melt-
ing the shear-margin spatial extent is smaller compared to that in
the case of the spatially variable melting (Figs. 5¢, d). The dis-
placement of the grounding line due to spatially variable melting
upstream of its position in the case of spatially uniform melting
changes the magnitude of the first principal component by ~20
kPa. The slightly different locations of the grounding lines and
stress regimes around them result in slightly different magnitudes
of the buttressing ratios and numbers, however, their spatial pat-
terns and magnitudes are quite similar for the two spatial distri-
butions of melt rates (Figs. 5e, f).

The spatial patterns of the point-wise backpressure compo-
nents reflect variations of the bed topography at the grounding
line in the transverse direction (Figs. 6a, b). The magnitudes of
the backpressure force are the largest near the lateral boundaries,
where the lateral shear is the largest. In the case of spatially vari-
able melt rates (dark solid lines), the magnitudes of force compo-
nents are slightly smaller compared to those produced by the
spatially uniform melt rates (dark dashed lines). The differences
increase as the impact of the transverse variability of the melt
rates increases towards the northern lateral boundary (towards
larger values of y, on the left in Figs. 6a, b). Because the buttres-
sing ratios are normalized by the ice thickness at the grounding
line (hence the bed elevation), their patterns are less reflective
of the bed topography. The magnitudes of the buttressing num-
bers have larger deviation from unity, in the case of © y, and
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zero, in the case of © 1, towards the lateral boundaries (Figs.
6a, b, light blue and green lines, right vertical axes).

The scalar characteristics, such as the magnitudes of the back-
pressure force and its components are summarized in Table 2. For
the case of the spatially variable melt rate (Eqn (33)), the total
backpressure force components computed with Eqn (20) are
FPP=4.33x10”N and F}” =248 x 10”N. The difference
between these values and those computed with Eqn (18), i.e., as
a sum of integrals along the lateral boundaries L™ and L® is less
then 0.1%, and is due to the numerical errors associated with
computing the stress components and integrals numerically. For
the case of spatially uniform melt rate (Eqn (34)) these values
are FBP = 5.4 x 10">N and FBP = 1.72 x 10"2N. The difference
between computations with expressions (20) and (18) is similar —
less then 0.1%. The magnitude of the total backpressure, |F27|, in
the case of the spatially variable melt rate is 5x10'*N, which is
smaller than that in the case of the spatially uniform melt rate,
5.7x10"*N. These values can be compared to the force provided
by the basal shear upstream of the grounding line. This force in
a two-kilometer zone is 4.69 x 10°°N (4.66 x 10'°N in the case
of the spatially uniform melt rates) — almost an order of magni-
tude larger than the total backpressure force.

5.2 Lateral shear

When shear is prescribed at the lateral boundaries, we assume
that in the boundary conditions (25) 7 = —C, Hv, where
C,=10""Pa m™'s. This boundary condition is thought to
mimic the effects of ice softening in the shear margins that devel-
ops with time due to fracturing and crevassing — processes that are
not represented in the used model. With such a formulation and
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Figure 5. The effects of spatial variability of melt rates for the case of no-slip lateral conditions. Panels (a)-(d) show differences between configurations obtained
with spatially variable m(x, y) (Eqn (33) and spatially uniform < m(x, y) > melt rates (Eqn (34)); (a) speed (m yr™?); (b) ice thickness (m); (c) first principal stress 7,
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the chosen parameters, the lateral shear is of the order of 15-20
kPa on the grounded part and 50-60 kPa on the ice shelf. As a
result, the ice flow is only about 35-40% slower at the lateral
boundaries than the fastest flow in the trunk of the ice stream/
ice shelf (Fig. 7a). Away from the lateral boundaries, the ice
flow is fairly similar in the cases of no-slip (Fig. 4a). The direction
of ice flow is affected by the presence of undulations and spatial
variability of the melt rates.

Apart from the vicinity of the grounding line, where the
magnitudes of the effective stress are similar for the two cases
of the lateral boundary conditions, the effective stress is sub-
stantially lower in the case of the lateral shear boundary condi-
tions (Fig. 7b). Distinct shear zones in which principal stress
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components change their sign (Figs. 7c, d) are still present,
but they are narrower and the magnitudes of the principal stress
components are lower than those in the case of no slip at the
lateral boundaries (Figs. 4c, d). At the grounding line, the
effective stress is of the order of 70 kPa; it is dominated by
the first principal stress component (Fig. 7¢c). The curvature
of the grounding line that is formed due to spatial variability
of the bed topography, the presence of lateral boundaries and
also due to the spatially variable melt rate results in both the
normal and tangential buttressing ratios and numbers (the
gray colorbars in Figs. 7¢, d). Their magnitudes do not substan-
tially differ from those in the case of the no-slip lateral bound-
ary conditions.
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Table 2. Scalar metrics of the ice-shelf buttressing

Unconfined
Description No slip Lateral shear ice shelf
FEP, N 433x10* (54x10%%) 1.7x10% (2.6x10%?) 1.9x10*
FEP, N 2.48x 10" (1.72x10*) 0.25x 10*? (0.1 x 10'?) 0.6 x 10*
F, N 4.69x 10" (4.66 x10*%) 5.02x 10*3 (5.1 x 103) 5.99 x 101
R™<0, % 52 (64) 8

Values in parentheses correspond to spatially uniform melt rates.

In the case of spatially variable melt rate (Eqn (33)), the
grounding line slightly diverts to the left (white line in Fig. 7a).
Compared to that obtained with the spatially uniform melt rate
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(Eqn (34)), the ice flow is slightly faster at the northern boundary
of the ice shelf (Fig. 8a), and slightly slower through the rest of the
ice shelf. The spatial patterns in the differences in the ice thick-
ness are such that that the ice is thinner almost everywhere on
the ice shelf with larger thinning in its northern part, and slightly
thicker on the southern part near the calving front (Fig. 8b). The
magnitudes of the differences of the ice speed and ice thickness
are smaller on the ice shelf and are similar on the grounded
part to those in the case of no slip at the lateral boundaries
(Figs. 5a, b). Differences in the principal stress components
(Figs. 8¢, d) indicate narrower ice-shelf shear zones in the case
of spatially uniform melt rate. Although the magnitudes of the
buttressing ratios and numbers are similar for the both kinds of
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are the same as in Fig. 4.

the lateral boundary conditions (Figs. 5e, f and 8e, f), in the case
of the lateral shear and spatially variable melt rate, the grounding
line position relative to its position in the case of the spatially uni-
form melt rate is farther upstream by ~2 km in the northern part
of the domain, compared to its relative upstream position in the
case of no slip at the lateral boundaries (Figs. 5e, f).

The point-wise backpressure components (Figs. 6c, d) are
similar to those for the no-slip lateral conditions (Figs. 6a, b).
However, in the case of the lateral shear, the magnitudes of the
force components, as well as the difference of these magnitudes
near the lateral boundaries and away from them, diminish. The
effect of the spatially variable melt rates is similar to that of the
case of no slip at the lateral boundaries.

The components of the total backpressure force are
FB? = 1.7 x 10" N, FB? = 0.25 x 10'* N with the force magnitude
of 1.72 x 10"* N, for the case of the spatially variable melt rate and
F" =2.6 x 10” N, F}¥ = 0.1 x 10" N with the force magnitude
is 2.6 x 10'2 N, for the case of the spatially uniform melt rate. The
magnitude of the total backpressure is smaller in the case of the spa-
tially variable melt rate than in the case of the spatially uniform melt
rate. Both values are much smaller (by a factor of 2 to 3) compared to
those in the case of no slip at the lateral boundaries. The force pro-
vided by the basal shear in the two-kilometer zone upstream of the
grounding line is 5 x 10"°N, which is slightly larger than the magni-
tude of this force in the case of no slip at the lateral boundaries.

5.3 Unconfined ice shelf

In the case of a laterally unconfined ice shelf, with conditions Eqn
(17) prescribed at the ice-shelf lateral boundaries and calving
front, the ice flow is almost uniform downstream of the grounding
line (Fig. 9a). The only slight variations in it are caused by the
undulated bed topography upstream of it, and the spatially
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variable melt rate (black vectors in Fig. 9a). The spatial variability
of the ice-shelf flow is significantly less compared to the other
cases of the lateral boundary conditions (Figs. 4a and 7a). The
effective stress is of the order 10-20kPa through both the
grounded and floating parts, except the grounding line and its
immediate vicinity, where it is of the order of 70 kPa (Fig. 9b).
The first principal stress is extensional and oriented along the
ice flow, its magnitude is larger than the magnitude of the second
principal stress (black and white vectors in Fig. 9b). There are spa-
tial variations in the first and second principal stresses on the
grounded part and downstream of the grounding line, and the
second principal stress is both extensional and compressional in
these regions (Figs. 9¢c, d). This variability in the principal stresses
is caused by the undulated bed topography and its effects on ice
flow upstream of the grounding line.

In contrast to the no-slip and shear at the lateral boundaries, for
the unconfined ice shelf, the effects of the spatially variable melt
rates have no impact on the ice sheet upstream of the grounding
line and are confined to the ice shelf only (Fig. 10). With the spa-
tially variable melt rate, the ice flow is slightly faster immediately
downstream of the grounding line and slower for the most part
of the ice shelf (Fig. 10a). The ice-shelf is thinner except from a
zone near the calving front, which is larger near the southern
boundary, where the ice is thicker compared to that with the spa-
tially uniform melt rates (Fig. 10b). The spatial patterns of
the principal stress components are somewhat similar to those of
the ice thickness — the magnitudes of the principal stresses are
lower by ~10kPa through the ice shelf, and slightly larger near
the calving front near the southern boundary (Figs. 10c, d). The
buttressing ratios and numbers are very similar for the spatially vari-
able and spatially uniform melt rates (Figs. 10e, f). The same is true
for the point-wise backpressure forces (Figs. 6e, f). (The small dif-
ferences are due to numerical artifacts.) Additionally, the force
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Figure 8. The effects of spatial variability of melt rates for the case of the prescribed shear at the lateral boundaries. Panels are the same as in Fig. 5.

components and buttressing numbers near the lateral boundaries
have similar magnitudes to those away from the boundaries. The
spatial patters in the force components and the buttressing numbers
reflect topographic variability at the grounding line.

The components of the total backpressure force computed
with Eqns (20) are FJ¥ = 1.9 x 10N and F}* = 0.6 x 10°N,
the integrals on the right-hand side of (18) are zero. The nonzero
values obtained with Eqns. (20) are due to numerical errors asso-
ciated with the numerical nature of integration of these expres-
sions. The force resulting from basal shear in the 2 km zone
upstream of the grounding line is 5.99 x 10"* N.

6. Discussion

In our analysis we have revisited the concepts of backpressure
introduced by Thomas (1977) and buttressing numbers and ratios
introduced by Gudmundsson (2013).

https://doi.org/10.1017/jog.2024.83 Published online by Cambridge University Press

6.1 The total and point-wise backpressure force

Starting with the Shallow Stream/Shelf Approximation (SSA) of
the momentum balance appropriate for ice-stream and ice-shelf
flows (MacAvyeal, 1989) and focusing on the effects of the condi-
tions at the lateral boundaries of ice shelves, we have written the
ice-shelf momentum balance in an integral form (Eqn (16)),
which represents a force balance of the whole ice shelf. This
form gives a natural definition of the total backpressure force -
a force exerted by the ice shelf on ice at the grounding line
(Eqns (19)-(20)). According to the ice-shelf force balance (Eqn
(16)), it depends on the conditions at the lateral boundaries and
the length of these boundaries.

The integral form of the momentum balance provides an
explanation for a widely accepted fact that in the absence of pin-
ning points or ice rises a laterally unconfined ice shelf, as a whole,
does not provide any buttressing to the grounded ice upstream of
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Figure 9. Ice flow and stress characteristics for an unconfined ice shelf and spatially variable melt rates m(x, y). Panels are the same as in Fig. 4.

the grounding line. This is not necessarily the case in the point-
wise sense, and the point-wise components of the backpressure
force (Eqns (29)) are non-zero along the grounding line (6e, f).
Their spatial variability is determined by the bed topography var-
iations along the grounding line. Applications of different distri-
butions of the melt rate (Eqns (33) and (34)) to the laterally
unconfined ice shelf have no impact on the grounding line and
the upstream ice flow; it affects only the ice shelf - its flow,
ice-thickness and stress distribution (Fig. 10).

Contrary to the laterally unconfined ice shelves, the lateral
confinement with no slip or prescribed shear at the lateral bound-
aries gives rise to buttressing in both the point-wise and total
sense. The magnitudes of the pointwise components increase
towards the lateral boundaries and are significantly larger at the
boundaries in the case of no slip (6a, d). The total backpressure
force is of the order of 10'?N (sections 5.1-5.2). In comparison,
the force exerted by basal shear in a two-kilometer zone upstream
of the grounding line is an order of magnitude larger (Table 2). Its
magnitude is determined by the magnitude of the sliding coeffi-
cient C, (Eqn (3)). With the chosen value (Table 1) that has
been used in many theoretical and numerical studies (Schoof,
2007a, 2007b; Pattyn and others, 2012), the stress-balance of
the ice flow upstream of the grounding line is dominated by the
basal shear and the driving stress. However, this is not the only
possible stress regime, and in a regime of low basal and driving
stress (e.g., Sergienko and Wingham, 2019), the magnitude of
the total backpressure may be of the same order or exceed the
magnitude of the basal shear force. In such circumstances, but-
tressing may have the dominant effect on the grounding line
dynamics.

The boundary conditions with the prescribed shear aim to
mimic the effects of ice softening due to fracturing and crevassing
in the shear margins of the ice shelves. The lateral shear with the
magnitudes of 15-20 kPa leads to a more than twofold reduction
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in the total backpressure force compared to the case of no-slip at
the lateral boundaries, which assumes no changes in the ice stift-
ness associated with damage of ice in the shear zones.

The expressions for the components of the backpresseure (29),
which lead to (31), illustrate that the stress components at the
grounding line cannot be approximated by the expression of the
ice flux for a laterally uniform ice stream with an unconfined
ice shelf derived for a one-dimensional geometry by Schoof
(2007a, 2007b) as done in several large-scale ice-sheet models
(Ritz and others, 2015; DeConto and Pollard, 2016; Pattyn,
2017; Quiquet and others, 2018; DeConto and others, 2021;
Coulon and others, 2023). This is because equating the normal
stress component to the vertically integrated pressure deficit at
the grounding line, as required by the Schoof (2007a, 2007b)
expression, implies that the point-wise backpressure force is
zero (29), and the ice shelf has no effect on the stress at the
grounding line in the point-wise sense.

6.2 Buttressing numbers and ratios

The buttressing numbers and ratios introduced by Gudmundsson
(2013) are defined in terms of the stress components at the
grounding line. However, these expressions do not provide any
information how stress and its variability through the ice shelf
affect stress at the grounding line. The derived expressions for
buttressing numbers (31) demonstrate that in addition to the
shape of the grounding line, the buttressing numbers and ratios
are determined by the transverse variability of the imbalance
between normal stress in the across-flow direction and lateral
shear integrated over the ice-shelf length. This demonstrates
once again that the local backpressure force is a two-dimensional
effect (plane view) and without variability in the transverse direc-
tion the local backpressure is zero.
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Figure 10. The effects of spatial variability of melt rates for an unconfined ice shelf.

A strong dependence of expressions (31) on the ice-shelf trans-
verse variability suggests that the accurate knowledge of transverse
variability in the ice-shelf properties (e.g., the ice-shelf stiffness)
and processes (e.g., submarine melting) is necessary to accurately
capture their impacts on the grounding lines in ice-sheet models.
Similar to the results of numerical sensitivity studies (e.g,
Feldmann and others, 2022) Eqns (31) imply that to adequately
account for the effects of submarine melting on buttressing,
numerical models should accurately represent the spatial distribu-
tion of melt rates, which are determined by the interactions of ice
shelves with ocean circulation in sub-ice-shelf cavities. This
requires the use of coupled ice-sheet/ocean models (e.g,
Goldberg and Holland, 2022), or parameterizations that could
accurately mimic their behavior and account for the dependence
of melt rates on the ocean circulation in the cavity, in which the
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. Panels are the same as in Fig. 5.

ocean pressure gradients in the direction transverse to the ice-
shelf flow and Coriolis force play equally important roles as
those of the ocean pressure gradients in the direction along the
ice-shelf flow (e.g, Goldberg and others, 2012a; Sergienko,
2013; Goldberg and Holland, 2022).

6.3 Ice-shelf stress distribution

Analysis of the principal stress components obtained in numerical
simulations of the laterally confined ice shelves shows that the first
principal stress component (defined as the largest eigenvalue) is
tensile for all boundary conditions (panel (c) in Figs. 4, 7, 9).
The second principal stress can be compressive as well as tensile
(panel (d) in Figs. 4, 7, 9; the white contour represents z;; =0).
The spatial extent of compressive stress depends on the lateral
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Figure 11. Principal strain-rate components of the Pine Island Glacier and Thwaites ice shelves (Rignot and Scheuchl, 2017). Magenta lines are contour lines of

&,y = 0. Green lines indicate the grounding lines.

boundary conditions. As Table 2 shows, the fraction of the ice-
shelf area in which the second principal stress is compressive
(R™<0) is the largest in the case of no slip (67%) and the smallest
in the case of the unconfined ice shelf (8%). In the latter case,
stress is compressive in the immediate vicinity of the grounding
line, and most likely is due to the impact of bed topography on
ice flow immediately upstream of the grounding line (Fig. 9(d)).

The largest impact of the spatial variability of the melt rates on
the transition of the second principal stress from compressive to
tensile is observed for the lateral shear boundary conditions
(Fig. 8(d) and Table 2). This is in contrast to the case of no
slip, in which the spatial pattern of the compressive stress is
slightly different for the two melt-rate distributions (the solid
and dashed white contour lines in Fig. 5(d)), however, the area
fraction with compressive stress is similar, 67-68% (Table 2).
This integral metric, along with others considered in this study
(the total backpressure force at the grounding line and the force
provided by the basal shear upstream of it) are useful indicators
of the ice stress regimes. They could be used to diagnose its tem-
poral evolution in numerical models as well as in observational
analyses.

Fiirst and others (2016) have used the direction of the second
principal stress component to establish the ‘passive shelf ice’, or
the ice-shelf ‘safety band’. Their choice was inspired by the ‘com-
pressive arch’ — the compressive principal strain rate at the calving
front used by Doake and others (1998) as a criterion for the
calving-front stability. The signs of the principal stresses are the
same as the signs of the principal strain rates. In contrast to the
stresses that require accurate knowledge of the ice viscosity or
the ice stiffness, the principal strain-rate components can be
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estimated from remote sensing observations of the ice-shelf sur-
face velocity. As Fig. 11 illustrates, on the Pine Island Ice Shelf,
the second principal strain-rate component éj; is predominantly
compressive with very large magnitudes at its shear margins
(Fig. 11b). In contrast, on the Thwaites Eastern Ice Shelf, éj is
predominantly tensile. In the immediate vicinity of the grounding
line it is compressional (Fig. 11d). It appears to be caused by the
effects of the bed topography on the ice flow upstream of it, simi-
lar to the compressive pattern of the second main stress of the
unconfined ice shelf (Fig. 9(d)).

The results of numerical analysis by Fiirst and others (2016)
indicate that except for a small area near the calving front, almost
the entire Pine Island Glacier Ice Shelf provides buttressing, and
the removal of large parts of the ice shelf leads to rapid retreat
of the grounding line. As Fig. 11b illustrates, its second principal
strain rate is predominantly compressive. In contrast to the Pine
Island Glacier, the recent disintegration of the Thwaites Eastern
Ice Shelf (e.g., Benn and others, 2022) has not caused substantial
changes in the dynamics of its grounding line. Before the ice-shelf
disintegration its principal strain rate was tensile (Fig. 11c). This
leads to a hypothesis that the compressive second principal stress
or strain-rate components could be used as a proxy of the amount
of buttressing provided by an ice shelf to ice upstream of its
grounding line. A physical justification for this hypothesis is simi-
lar to the idea of ‘compressive arch’ at the calving front proposed
by Doake and others (1998). The negative second principal strain-
rate component (hence the negative second principal stress) on
the ice shelf indicates that ice is under compression, and its
flow is inhibited compared to the case when the ice-shelf flow
is purely extensional (both principal stresses are positive). The
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larger horizontal extent of the compressive stresses may indicate
the larger backpressure force provided by the ice shelf to its
grounding line. More detailed analysis of this hypothesis is
needed; numerical investigations of the relationship between the
extent of an ice shelf experiencing compressional stresses and
the backpressure at the grounding line will be the subject of future
studies.

7. Conclusions

We have revisited the concepts of backpressure introduced by
Thomas (1977) and buttressing numbers introduced by
Gudmundsson (2013) for marine ice sheets without pinning
points or ice rises on their ice shelves. Our results show that back-
pressure and point-wise buttressing are two-dimensional effects
that arise due to transverse variability of the grounded and float-
ing parts of the marine ice sheets. The integral form of the ice-
stream and the ice-shelf momentum balance (SSA) provides an
innate definition of the total backpressure force at the grounding
line. For laterally confined ice shelves, it depends on the stress at
the lateral boundaries and their length. For laterally unconfined
ice shelves it is zero. However, the point-wise backpressure
force for such ice shelves can be non-zero.

The results of numerical analysis show that buttressing of con-
fined ice shelves is highly sensitive to the spatial distributions of
submarine melting. They also show that ice shelves with more
buttressing tend to have larger areas with a compressive second
principle stress. This suggests that the spatial extent of the com-
pressive second principle strain rate can be used as a proxy for
buttressing, and changes in this spatial extent may be indicative
of the temporal variability of the ice-shelf buttressing.

Data. Numerical models used in this study have been deposited in the
Zenodo database under accession code https://zenodo.org/record/8309991.
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Appendix A. Force balance at the grounding line

Integration of the ice-shelf momentum balance Eqns (4) provides the respect-
ive stress components at the grounding line
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where x} = dx®“(y)/ dy. Substitution of the boundary conditions (9) yields
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Multiplying (A.3) by 1/,/1 + (x})* and noting that is the outward pointing
normal vector to the grounding line x* gives
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These expressions are the two components of the force balance at the ground-
ing line.


https://doi.org/10.1017/S0022112006009591
https://doi.org/10.1029/2006JF000664
https://doi.org/10.1029/2006JF000664
https://doi.org/10.1017/S0022112006003570
https://doi.org/10.1017/jfm.2011.129
https://doi.org/10.1017/jfm.2012.43
https://doi.org/10.5194/tc-11-2283-2017
https://doi.org/10.5194/tc-11-2283-2017
https://doi.org/10.5194/tc-11-2283-2017
https://doi.org/10.5194/tc-11-2283-2017
https://doi.org/10.5194/tc-11-2283-2017
https://doi.org/10.1002/jgrf.20105
https://doi.org/10.1017/jog.2022.13
https://doi.org/10.1038/s41467-022-29892-3
https://doi.org/10.1038/s41467-022-29892-3
https://doi.org/10.1038/s41467-022-29892-3
https://doi.org/10.1038/s41467-022-29892-3
https://doi.org/10.1017/jog.2023.40
https://doi.org/10.1017/jog.2019.53
https://doi.org/10.1017/jog.2021.79
https://doi.org/10.1017/jog.2024.43
https://doi.org/10.1002/2017GL072910
https://doi.org/10.1038/s41586-018-0179-y
https://doi.org/10.1038/s41586-018-0179-y
https://doi.org/10.1038/s41586-018-0179-y
https://doi.org/10.1038/s41586-018-0179-y
https://doi.org/10.1038/s41586-018-0179-y
https://doi.org/10.1017/jog.2020.67
https://doi.org/10.3189/S0022143000022693
https://doi.org/10.7202/1000282ar
https://doi.org/10.3189/S0022143000014726
https://doi.org/10.3189/2015JoG14J221
https://doi.org/10.1017/jog.2019.101
https://doi.org/10.3189/S0022143000023327
https://doi.org/10.1017/jog.2024.83

	Treatment of the ice-shelf backpressure and buttressing in two horizontal dimensions
	Introduction
	Model description
	Total backpressure force
	Laterally unconfined ice shelf
	No flow at the lateral boundaries
	Shear at the lateral boundaries

	Local backpressure and buttressing numbers
	Point-wise backpressure force
	Buttressing numbers and ratios

	Impact of the lateral boundary conditions and submarine melting on backpressure and buttressing
	No slip
	Lateral shear
	Unconfined ice shelf

	Discussion
	The total and point-wise backpressure force
	Buttressing numbers and ratios
	Ice-shelf stress distribution

	Conclusions
	Acknowledgements
	References
	Force balance at the grounding line



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


