-

View metadata, citation and similar papers at core.ac.uk brought to you byf’f CORE

provided by Edinburgh Research Explorer

Edinburgh Research Explorer

Investigation of land ice-ocean interaction with a fully coupled
ice-ocean model, Part 1: Model description and behavior

Citation for published version:

Goldberg, DN, Little, CM, Sergienko, OV, Gnanadesikan, A, Hallberg, R & Oppenheimer, M 2012,
‘Investigation of land ice-ocean interaction with a fully coupled ice-ocean model, Part 1: Model description
and behavior' Journal of Geophysical Research: Earth Surface, vol 117, no. F2, F02037, pp. 1-16. DOI:
10.1029/2011JF002246

Digital Object Identifier (DOI):
10.1029/2011JF002246

Link:
Link to publication record in Edinburgh Research Explorer

Document Version:
Publisher's PDF, also known as Version of record

Published In:
Journal of Geophysical Research: Earth Surface

Publisher Rights Statement:
Published in Journal of Geophysical Research. Copyright (2012) American Geophysical Union.

General rights

Copyright for the publications made accessible via the Edinburgh Research Explorer is retained by the author(s)
and / or other copyright owners and it is a condition of accessing these publications that users recognise and
abide by the legal requirements associated with these rights.

Take down policy

The University of Edinburgh has made every reasonable effort to ensure that Edinburgh Research Explorer
content complies with UK legislation. If you believe that the public display of this file breaches copyright please
contact openaccess@ed.ac.uk providing details, and we will remove access to the work immediately and
investigate your claim.

OPEN o ACCESS

Download date: 28. Apr. 2017


https://core.ac.uk/display/28973325?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
http://dx.doi.org/10.1029/2011JF002246
http://www.research.ed.ac.uk/portal/en/publications/investigation-of-land-iceocean-interaction-with-a-fully-coupled-iceocean-model-part-1-model-description-and-behavior(f0405e02-ce6b-4bbe-b891-ed062cf03b63).html

JOURNAL OF GEOPHYSICAL RESEARCH, VOL. 117, F02037, doi:10.1029/2011JF002246, 2012

Investigation of land ice-ocean interaction with a fully coupled
ice-ocean model:
1. Model description and behavior

D. N. Goldberg,' C. M. Little,> O. V. Sergienko,® A. Gnanadesikan,* R. Hallberg,’
and M. Oppenheimer?

Received 11 October 2011; revised 11 May 2012; accepted 18 May 2012; published 29 June 2012.

[1]1 Antarctic ice shelves interact closely with the ocean cavities beneath them, with ice
shelf geometry influencing ocean cavity circulation, and heat from the ocean driving
changes in the ice shelves, as well as the grounded ice streams that feed them. We present a
new coupled model of an ice stream-ice shelf-ocean system that is used to study this
interaction. The model is capable of representing a moving grounding line and dynamically
responding ocean circulation within the ice shelf cavity. Idealized experiments designed to

investigate the response of the coupled system to instantaneous increases in ocean
temperature show ice-ocean system responses on multiple timescales. Melt rates and ice
shelf basal slopes near the grounding line adjust in 1-2 years, and downstream advection
of the resulting ice shelf thinning takes place on decadal timescales. Retreat of the
grounding line and adjustment of grounded ice takes place on a much longer timescale,
and the system takes several centuries to reach a new steady state. During this slow retreat,
and in the absence of either an upward-or downward-sloping bed or long-term trends in
ocean heat content, the ice shelf and melt rates maintain a characteristic pattern relative to

the grounding line.

Citation: Goldberg, D. N., C. M. Little, O. V. Sergienko, A. Gnanadesikan, R. Hallberg, and M. Oppenheimer (2012),
Investigation of land ice-ocean interaction with a fully coupled ice-ocean model: 1. Model description and behavior,

J. Geophys. Res., 117, F02037, doi:10.1029/2011JF002246.

1. Introduction

[2] The large ice shelves bordering the Antarctic coastline
play an important role in both the hydrography of the
Southern Ocean and the mass balance and configuration of
the Antarctic Ice Sheet. On the oceanographic side, ice
shelves provide a surface boundary condition that is differ-
ent than either open ocean or sea ice, with water subject to a
depth-dependent freezing point and relatively large gradients
in surface hydrostatic pressure. The induced submarine
melting and freezing and density-driven circulation affect
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nearby seawater properties [Jacobs et al., 1970; Jenkins,
1999; Nicholls et al., 2009].

[3] On the glaciological side, the ice shelves control the
distribution of normal stresses at the grounding line, which
in turn affects ice mass flux there. Numerical simulation has
shown that this distribution can change instantaneously
with the thickness and/or extent of the ice shelf [e.g.,
Schmeltz et al., 2002], and while the immediate response in
ice velocity only penetrates on the order of ten ice thick-
nesses into the ice sheet [Hindmarsh, 2006; Schoof, 2007a],
a thinning signal can be carried inland on a decadal time-
scale via dynamic draw-down [Payne et al., 2004]. Thus ice
shelves provide a pathway for the heat content of the ocean
to cause changes in continental ice sheets.

[4] In the last two decades, observations of the Amundsen
Sea ice shelves and the ice streams that feed them have been
consistent with this story. The observed mass loss from Pine
Island (PIG) and Thwaites Glaciers was too large to be
accounted for by changes in surface mass balance [Shepherd
et al., 2002; Shepherd and Wingham, 2007]. Acceleration
and grounding line retreat were also observed on PIG
[Rignot et al., 2002]. At the same time, high levels of mass
loss were seen in the ice shelves fed by these glaciers, and it
was suggested that ocean melting was the driver for these
changes [Shepherd et al., 2004; Payne et al., 2004]. Very
warm waters have been observed under Pine Island Ice Shelf
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[Jenkins et al., 2010; Jacobs et al., 2011], potentially capa-
ble of melting large volumes of ice. While direct measure-
ments of melt rates on these ice shelves are not available,
oceanographic outflow measurements imply area-averaged
under-shelf melt rates of 20-25 ma ™' under Pine Island Ice
Shelf [Jacobs et al., 2011] and modeling studies imply local
melt rates that are much higher [Payne et al, 2007,
Heimbach and Losch, 2012].

[5] While it is for the most part accepted that submarine
melting can elicit a grounded ice response, questions remain.
For instance, what is the signature of response of the ice
stream-ice shelf system to a change in large-scale ocean con-
ditions (i.e., conditions far from the shelf), and to what extent
can observed ice thickness and velocity changes be attributed
to such a perturbation? How will warming of the Southern
Ocean (and/or changes in heat flux from the Southern Ocean
on to the Antarctic continental shelf) affect the ice streams that
feed West Antarctic ice shelves? Are there important feed-
backs in the coupled ice stream-ice shelf-ocean cavity system,
either positive or negative, and how do external factors affect
these feedbacks? What are the intrinsic timescales character-
izing the different interactions and feedbacks?

[6] Understanding of the evolution of this coupled system
and its response to external forcing requires a new generation
of coupled ice-ocean models. These models should account for
the mutual effects and responses of grounded ice and ocean
circulation. The melt-driven changes in grounded ice and the
ice geometry-driven effects on ocean circulation should be
accounted for [Little et al., 2007; Joughin and Alley, 2011].
Both horizontal dimensions should be resolved, allowing
potentially important effects in both ice and ocean compo-
nents, such as ice shelf buttressing and ocean boundary cur-
rents, to be simulated.

[7] Previous modeling studies have addressed different
aspects of these needs. Many ocean modeling studies have
investigated basal melting under a static ice shelf, i.e., ocean
models in which the ice shelf thickness and grounding line
remained fixed [e.g., Jenkins, 1991; Grosfeld et al., 1997,
Jenkins and Holland, 2002; Holland et al., 2003; Payne et al.,
2007; Little et al., 2008; Holland et al., 2008]. Although a
variety of different types of ocean models with differing levels
of complexity have been employed, and have generated sim-
ilar conclusions regarding certain quantities (such as area-
integrated melt), three-dimensional ocean models suggest that
horizontal circulation and vertical mixing are required to cap-
ture the strong horizontal gradients in melt patterns that arise
[Little et al., 2009].

[8] Other studies have examined the glaciological response
to melting. Grosfeld and Sandhager [2004] used a three-
dimensional coupled dynamic ice shelf-ocean cavity model,
in which the grounding line remain fixed. Walker and
Holland [2007] developed a flowline coupled ice shelf-
ocean model (i.e., a model in which one horizontal coordi-
nate is resolved). As opposed to the asynchronous approach
of Grosfeld and Sandhager [2004], their model advanced the
ice shelf at the same timestep as the ocean. Still, there were
technical difficulties in representing flow near the ground-
ing line, which was static. Parizek and Walker [2010] used
an asynchronously coupled flowline ice-ocean model that
allowed for grounding line migration. Joughin et al. [2010]
employed a three-dimensional ice stream-ice shelf model
with realistic topography and basal traction to examine the
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response of PIG to ocean melting. In that study the authors
forced the ice shelf with a depth-dependent melt parame-
terization informed by ocean modeling. Pollard and
DeConto [2009] used a parameterization dependent on
both depth and embayment protection for under-shelf melt
rates in their modeling study (their treatment differed from
that of Joughin et al. [2010] in part because they were
considering the entire Antarctic Ice Sheet rather than a
single ice shelf). Little et al. [2012] developed a melt rate
parameterization based on ice shelf basal slope rather than
depth, and implemented it in a flowline ice stream-ice shelf
model with a dynamic grounding line. Determann et al.
[2012] used melt rate fields generated by an ocean model
to force an ice sheet-ice shelf model capable of grounding
line movement, but the effect of evolving ice thickness on
melt rates was not considered.

[9] All of the studies mentioned above attempted to assess
the interaction of ice and ocean, and deepened our under-
standing of the processes involved; yet all were missing at
least one of the components specified above as necessary to
simulate land ice-ocean interaction (e.g., dynamic ice shelf
grounding line, evolving ocean model, resolved transverse
features). In this study, a three-dimensional ocean model is
coupled to a two-dimensional (plan view) dynamic ice shelf-
ice stream model capable of resolving grounding line
migration. In this paper we present results from a single
coupled experiment with a small, strongly thermally forced
stream-shelf system similar to those of the Amundsen Sea
(the term “stream-shelf system” refers to the fact that internal
stresses are continuous between grounded and floating ice,
and that the grounding line is allowed to evolve). The
experiment is designed to examine the adjustment of the
coupled system subsequent to a step change in far-field
ocean conditions. The influence of the ocean cavity adjust-
ment and grounded ice response on one another are com-
plex, but a clear separation of timescales is observed
between the coupled ice shelf-ocean adjustment and the
grounded ice evolution. This separation of timescales has
implications for future coupled modeling studies, as well as
for attributing changes in ice dynamics to changes in ocean
temperatures.

[10] While our experimental setup may bear some resem-
blance to the actual PIG ice stream-ice shelf-ocean cavity
system, we emphasize that this study is not intended as a
direct simulation of an existing glacier, nor is the imposed
step change in far-field forcing presented as a realistic mode
of change of ocean conditions. Rather, it is an idealized
experiment designed to learn about key processes and
interactions in such a system. In Goldberg et al. [2012],
multiple experiments that assess the overall sensitivity of the
response to both far-field ocean conditions and inland and
grounded ice parameters are carried out.

2. Numerical Model

2.1. Ice Model

[11] The ice component of the coupled model implements
the depth-integrated Shallow Shelf Approximation (SSA) of
MacAyeal [1989] for an ice stream-ice shelf system with a
dynamic grounding line. In this approximation, horizontal
velocities are considered to be depth-independent, and are
related to ice thickness and to each other through a non-
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ice flux in grounding line

stream

/\’ _M
150 km

Figure 1. A representation of the ice model. The flow is
predominantly in the x-direction. The bedrock elevation is
independent of x; that is, the bed has the same cross-flow
profile at all positions along the flow direction.

inertial, nonlinear, viscous stress balance with a Glen’s law
rheology [Paterson, 2001, chapter 5]. The ice is treated as
isothermal (in the context of the flow law) and the Glen’s
law constant, i.e., the stiffness parameter, is constant.

[12] Under the SSA a simple floatation condition implic-
itly determines the position of the grounding line:

< 0 for floating ice,

mh+mR®ﬁ{‘ (1)

>0 for grounded ice.

Here / is ice thickness (i.e., the difference in elevation
between upper and lower surfaces), p; is ice density, p,, is
ocean density, and R is bedrock elevation (negative when
below sea level). A single, representative value is used for
Pw, rather than densities calculated by the ocean model
(discussed below). Equation (1) allows the grounding line to
evolve in time as a result of thickness change. A linear
sliding law is used, of the form

7o =38, )

where 7, is basal stress and i = (u, v) is ice velocity in the x-
and y-direction, respectively. 3 is held spatially constant;
however, basal stress is only present in the grounded
domain, i.e., where the second case in equation (1) is met.
While inertial terms are neglected in the momentum balance
due to high viscosities, the ice evolves through the conti-
nuity equation with sources and sinks:

hy=—hV i —ii-Vh+a—"m, 3)

where a is a surface accumulation term and "m is a basal
mass balance (positive where there is melting).

[13] The ice is modeled in a rectangular domain, 150 km
long and 50 km wide (Figure 1). The boundary conditions are
defined such that ice flow is predominantly along the longer
axis. At the upstream boundary a depth-integrated flux, g, is
imposed into the domain. This flux is represents transport of
ice from the continental interior. The flux is constant along
the upstream boundary, and is held constant in time in all
experiments (as we are not investigating the effects of per-
turbations originating from the ice sheet interior).

[14] Along the sides of the domain there is assumed to be
slow-moving ice capable of supporting substantial shear
stress. This is represented by a no-flow boundary condition,
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i.e., i = 0. At the downstream boundary a calving front is
imposed. This implies a stress condition arising from the
imbalance of depth-integrated pressure in the ice and in the
ocean (Weertman [1957], modified for a calving cliff as in
Schoof [2007b, Appendix B]). The ice flows over a nonde-
forming bed whose elevation R is given by the analytical
expression

R(x,y) = — (300m +600m x sin (?)) , )

y

so that bed elevation does not vary in the principal direction of
ice flow. The calving front is held fixed in all simulations,
implying that all ice that crosses this boundary calves imme-
diately. In all our experiments we set the surface accumulation
a to a small, uniform value, but this input does not play a
significant role in the mass balance. Of far greater importance
is the basal melt rate “m, discussed in more detail below.

[15] This implementation of the upstream condition is
somewhat nonstandard: velocity is set to zero, and the flux
enters the domain through the continuity equation (3), which
is implemented as a finite volume scheme. Such a condition
is easier to implement in our model than Dirichlet conditions
on both velocities and thickness, and can be seen as equiv-
alent to having very strong accumulation in the first grid cell.
As can be expected, within a few kilometers of this bound-
ary there are high gradients in surface elevation and velocity,
but this adjustment region is sufficiently far removed from
the grounding line and any region of interest that it does not
affect the solution.

[16] The ice model described here is essentially that of
Goldberg et al. [2009] in a different configuration. That
study established that the model is capable of robustly
representing grounding line migration, as well as the junc-
tion between floating and grounded domains. Two kinds of
mesh adaptation were discussed in the reference; in this
study only A-refinement (selective refinement and coarsen-
ing of cells) is used, with variable resolution of either 1 km
or 0.5 km.

2.2. Ocean Model

[17] The ocean component of the coupled model is the
Hallberg Isopycnal Model [Hallberg and Gnanadesikan,
2006], modified for circulation under an ice shelf. The
model allows for variable surface pressure to account for the
influence of the weight of the ice shelf on the ocean pressure
field, and it incorporates the three-equation parameterization
of Holland and Jenkins [1999] for the thermodynamics of
the viscous sublayer at the ice-ocean interface to calculate
sub-shelf melt rates and heat and salt fluxes. The parame-
terization for basal melting requires a conductive heat flux
into the ice. Since the ice model is isothermal, the steady
state approximation for the ice shelf internal temperature
from Holland and Jenkins [1999] is used for the basal ver-
tical temperature gradient in the ice. This approach does not
include horizontal heat advection within the ice shelf, but for
high basal melting rates (as seen in the present study) it still
may be a good approximation (see the discussion in section
5.3). The ocean model described here is essentially that of
Little et al. [2009] in a different configuration.

[18] As previously done in studies of under-shelf ocean
circulation, the profile of temperature and salinity is
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Table 1. Physical Parameters Used in the Coupled Experiment®

Symbol Constant Value Units
n Glen’s Law exponent 3 (none)
A Glen’s Law coefficient 3% 107 Pa 3!
lix sliding coefficient 9.6053x 10® Pa (m/s)”!
g gravity 9.81 ms 2
pi ice density 910 kg m~>
DPw ocean density® 1024 kgm >
To relaxation region strength 50 day™!

at ocean boundary
90 ice flux input 1.5x 10° m?*/a
a surface accumulation 0.3 ma~!

aNote that 3> corresponds to about 30 kPa where ice is moving 1 km/yr.
®This is the ocean density used by the ice model. The ocean model does
not have uniform density.

maintained by restoring values within the ocean to a fixed
profile in a region near the seaward boundary. Our restoring
region is a 10 km-wide strip just seaward of the ice shelf
front. The strength of the linear restoring (i.e., the inverse of
the time constant) depends on distance from the ice shelf
front as

xp+10—x
Trestore = T0€ 10 (5)

where 7 has units of inverse time, x is position in km, and x,
is the ice shelf front position. Aside from under-shelf melt-
ing (and possibly freezing) there is no surface forcing. All
horizontal boundaries are no-flow conditions. The horizontal
resolution is 1 km everywhere.

[19] The stratification specified in the restoring region
represents far-field ocean conditions, and due to the small
size of the domain it has a very strong influence on the ocean
conditions under the ice shelf (the other influences being the
buoyancy forcing due to melting, and the depth of the ice
shelf base). The particular stratification used in this study is
discussed below in section 2.4.

[20] Scalar parameters relevant to the ice and ocean model
are found in Table 1.

2.3. Model Coupling

[21] In our coupled system, the ocean affects the ice solely
through melting, while ice dynamics feed back on ocean
circulation by changing the surface pressure and horizontal
extent of the ocean. Note that, in addition to the dynamic
effect of changing surface pressure, there is an implicit
thermodynamic forcing on the ocean, since the para-
meterizations for freezing temperature and heat flux into the
ice shelf depend on pressure and ice thickness, respectively.

[22] Given that we had a free-standing ocean code that
could be run within any given ice cavity geometry and a
free-standing ice code that could accept the melt rates pro-
duced by such a model, the simplest way to couple the
models was to use the output from one to force the other in
an asynchonous mode. The basal melt rate for a given
geometry is calculated by the ocean model, which is then
used to run the ice model to produce a new ice thickness
field 4. This geometry results in a hydrostatic ocean surface
pressure at the ice shelf base given by p,gh which is then
used to run the ocean model.

[23] The coupling is similar to that of Grosfeld and
Sandhager [2004]; that is, the ocean is spun up from an
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initial state in each coupled timestep. At the beginning of
each timestep, the ice shelf basal elevation and pressure is
used to initialize the ocean model. Where » — R < 10 m
(with b determined by the floatation depth of the ice shelf),
the ocean depth is set to zero. The initial ocean state can be
described as follows: there is a mixed layer with a uniform
thickness of 10 m and a uniform temperature and salinity
equal to their corresponding values in the restoring region.
Below the mixed layer the initial interfaces of the isopycnals
are flat, with each isopycnal layer having the same temper-
ature, salinity, and thickness as in the restoring region,
shown heuristically in Figure 2. The ocean model is inte-
grated for a period of 15 days, and the average of the melt
field over the final 5 days is passed back to the ice model.
This melt field is then used as the melt rate in equation (3),
and the ice thickness is advanced a single timestep, treating
melt rates as fixed over that timestep. The ice model time-
step is adaptive due to Courant-Friedrichs-Lewy (CFL)
constraints, but is generally 0.1 years. It is the ice model
timestep that is the actual coupled timestep in this frame-
work; the integration of the ocean model is a spinup, and the
melt rate field at the end of this spinup period is applied over
a coupled timestep to the ice model. It is noted that Grosfeld
and Sandhager [2004] used a coupling timestep of 50 years;
however, their cavity was intended to be representative of
that under the Filchner Ice Shelf, which has a longer time-
scale than those of the smaller ice shelves in the Amundsen
Sea [Jenkins et al., 1997; Little et al., 2008], which are a
closer analog to those used in the modeling conducted here.

[24] It is important to realize that, since coupling is asyn-
chronous and the ice is isothermal, the only field in the
coupled model with memory is the ice thickness. The
rationale for our approach is as follows. We found in our
preliminary investigations that the adjustment time of the
melt rate field in cavities under small shelves with high
thermal forcing is short relative to a characteristic ice model
timestep (i.e., the one dictated by the CFL criterion). See
section 5 for further discussion on this subject.

2.4. Experimental Procedure

[25] This paper details the results of a single coupled
simulation using the model described above. As mentioned
above, the temperature and salinity specified in the restoring
region has a strong influence on ocean circulation within the
ice shelf cavity, and so we expect the results of this simu-
lation to depend strongly on these conditions. Five layers are

Ice Shelf

Figure 2. Schematic of longitudinal cross section of ocean
cavity, indicating the mixed layer and ocean interior.
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Table 2. Sponge (and Initial) Layer Temperatures, Salinities, and
Thicknesses

Layer Temp. (°C) Salinity (psu) Upper Interface Elevation
1 -1.9 33.0 0 m below surface
2 -1.9 33.1 5 m below surface
3 —1.8 34.0 10 m below surface
4 —0.6 34.21 —300 m
5 0.6 34.57 —700 m

used in the ocean model: a variable-density mixed layer and
buffer layer, and three interior isopycnal layers. The profile
is meant to capture the key aspects of water on the
Amundsen Shelf: the upper layers are cold and fresh due to
wintertime convection [4ssmann et al., 2005], while the
layers at depth are generated by mixing with Circumpolar
Deep Water. The details of the stratification are in Table 2.

[26] Goldberg et al. [2012] compares results of experi-
ments with differing restoring conditions and differing
grounded ice parameters. In that study we consider bottom
temperatures between 0°C and 1.8°. Our particular experi-
mental setup (i.e., with a bottom temperature of 0.6°C) was
chosen to present in detail because it is within the middle of
the range of stratifications investigated, and because it dis-
plays behavior common to all the experiments. We stress
that, in making this choice, we are not making a statement
about ocean conditions under any specific ice shelf.

[27] The experimental procedure is as follows. The ice
model is time-integrated, without melting, to a steady state.
This steady state is summarized by Figure 3, which shows
ice velocities and grounding line position. Due to the shape
of the bedrock, there is grounding at the margins of the ice
shelf, and the shelf has an embayed shape (which is remi-
niscent of PIG, the bed profile of which inspired our ana-
lytically defined bed). Flow is predominantly in the positive
x-direction (which can be expected from the boundary con-
ditions), but there is some lateral convergence near the
grounding line and lateral spreading near the front. This
constitutes the initial state of the coupled experiment. The
coupled model is then time-integrated according to the steps
described in section 2.3 until the coupled system reaches
what is considered to be a steady state (the exact meaning we
use for “steady state” is explained in section 3). The exper-
imental procedure described here is very similar to that of
Little et al. [2012], which subject a stream-shelf system in
equilibrium to a step change in melt rate parameters.

[28] Note that the initial melt-free steady state ice profile,
along with constancy of ocean restoring conditions, essentially
constitutes a very large step change in far-field ocean condi-
tions (This is not a precise statement; it would be difficult to
specify a stratification that would lead to no melting or freez-
ing anywhere. But with sufficiently cool restoring conditions
these melting and freezing rates would be small). In reality
such changes would not be so large or so sudden. The mag-
nitude of the perturbation was simply so that the response
would be more pronounced and therefore easier to analyze.
Our reasoning for the step change as opposed to, e.g., slowly
“ramping up” far-field temperatures over a 10- or 20-year
period, was to prevent any potential confusion of intrinsic
timescales of the ice stream-ice shelf-ocean cavity system with
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imposed timescales of the forcing. The implications of these
choices are discussed in the following section.

3. Results of Coupled Experiment

[29] The experiment is run for 250 years after melting is
imposed, and a coupled steady state is achieved. This new
state differs from the initial state of the model in all ice and
ocean fields. However, as will be made clear below, the path
to this coupled steady state involves multiple timescales on
which the different components of the coupled system
operate. And so rather than simply show the final state, the
initial coupled adjustment of the ice shelf and melt field are
presented first, followed by the grounded response, which
occurs on a much longer timescale.

3.1. Coupled Adjustment of Ice Shelf and Melt Rates

[30] Since ice shelf geometry and melt rates influence each
other strongly and on comparable timescales, they are dis-
cussed simultaneously. Melting leads to ice shelf thickness
evolution both locally and nonlocally. The local thinning is
through the last term on the right hand side of the continuity
equation (3). The nonlocal effects are through advection by
ice shelf velocity and dynamic thinning (thinning due to ice
flow divergence). We observe that advection is the dominant
of these effects over the initial ~10 years of adjustment. At
the same time, modification of ice shelf thickness leads to
changes in patterns and magnitudes of melt rates. Dynamic
thinning (or rather changes in dynamic thinning rates) is
important as well, but on a longer timescale, and so is dis-
cussed later.

[31] The changes in melt rate and ice shelf geometry over
the first decade can be seen in Figure 4. This figure shows
several fields relevant to the coupled response: ice shelf
basal elevation, ice shelf basal slope magnitude (i.e.,

W/ D2+ bf), mixed layer velocity, mixed layer thickness, and

melt rate. The effect of the ice shelf shape on circulation is

50 3000
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Figure 3. Initial state of the ice model in the coupled
experiment. Vectors show ice velocity, and filled contours
are magnitude of x-velocity, both in ma~'. The thick black
contour represents the grounding line.
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evident. The mixed layer flows in a direction slightly to the
left of that of steepest ascent; this is a result of the balance
between the buoyancy-induced pressure gradient, bottom
friction, and Coriolis force. The angle of deflection from
steepest-ascent increases with mixed layer thickness, as the
layer-integrated Coriolis force scales with thickness but
friction does not. The Coriolis effect leads to an asymmetric
melt field, as well as convergence of the mixed layer along
the left-hand margin (i.e., the “Coriolis-favored” side in the
Southern Hemisphere) of the ice shelf, despite the initial
symmetry of the ice shelf cavity. The resulting boundary
current can have speeds on the order of 30 cm/s in our
simulations.

[32] The pattern of melt rates is strongly controlled by ice
shelf geometry. Lane-Serff' [1995] describes two sub-ice
shelf (ocean) dynamic regimes: one in which the mixed layer
is relatively thin, and the heat balance is controlled primarily
by the local effects of entrainment and melting; and one in
which the mixed layer is thicker and advective effects
become important. In these simulations, mixed layers are
thin (less than 10m) in the interior of the cavity. Here, basal
slope influences melt rates through its effect on velocity and
turbulent entrainment of interior water. The thicker regime is
evident only in the boundary-trapped outflow current, where
there is strong horizontal flow convergence. In the boundary
current, mixed layer temperature and melt rates are less
sensitive to local geometry [Little et al., 2009]. Additionally,
ice shelf draft and ocean stratification control the melt pat-
tern by determining the properties of the entrained water. It
can be seen from the initial state that the highest melt rates
occur in regions of elevated basal slope. However, high melt
rates also correlate strongly with the presence of warm bot-
tom water below ~700 m, which is the mean elevation of the
upper interface of the warmest layer of interior water.

[33] The evolution of the coupled ocean-ice shelf cavity in
the first decade of the experiment can be discussed in terms
of three separate regions: the upstream-most 10 km of the ice
shelf, referred to below as the “high-slope” region; the
boundary current region; and the downstream region on the
Coriolis-favored side of the shelf outside of the boundary
current, referred to below as the “left-flank™ region (these
regions are numbered 1, 2, and 3, respectively, in Figure 4f).
Each undergoes change, but in response to different con-
trolling factors. Examining the system after only 2.5 years
have passed (center column of Figure 4) reveals the shortest
timescale of ice shelf response. By this time, the ice shelf has
responded locally to melting near the grounding line, and
basal slope has increased in the high-slope region (the slope
increase can also be seen in Figure 7a). At the same time, the
melt rate field has changed dramatically. Its maximum value
has increased, along with the local ice shelf basal slope, and
the region of high melt has been compressed longitudinally
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and is almost entirely within the high-slope region. The
mixed layer circulation has changed in response to ice shelf
geometry; there is now significant steering of the flow into
the boundary current along the edge of the high-slope
region. There is also an increase in mixed layer depth in the
boundary current, due in part to this transport. Still, there has
been relatively little downstream change in ice geometry,
apart from that caused by local melting in the boundary
current, which has led to the formation of a narrow channel.

[34] The pattern of ice shelf thinning in the first 2.5 years
is shown more clearly in Figure 5a. Though thinning is
significant elsewhere, it is clearly weighted toward the high-
slope region. It is important to note that this thinning is not
effected by the melt rate field shown in the Figure 4e; the
melt rate evolves along with ice shelf thickness, and the
thinning shown is the integrated effect of the evolving melt
field and ice shelf dynamics. The thinning signal at the
grounding line is carried downstream by advection, but since
ice shelf velocities are ~2 km/year this has not had time to
affect the ice shelf strongly.

[35] The rightmost column in Figure 4 shows the state of
the system after 10 years of coupled simulation. Over the
latter portion of the first decade, the changes are most
obvious in the downstream regions, while ice geometry and
melt rates in the high-slope region have changed relatively
little. A tongue of elevated melt rates has developed in the
left-flank region, coincident with an area of elevated basal
slope. The development of this elevated melt/slope region
involves close interaction between ice advection and melt-
ing. In this interaction a thinning differential set up by the
transverse gradient in upstream melt rates is propagated
downstream by ice advection, giving rise to an increased
transverse slope. At the same time, the elevated longitudinal
slope signal is advected as well. The melt rate responds to
the change in slope, further accentuating the thinning.
Additionally, the boundary current has widened, and its
maximum speed has increased; it is not clear whether this is
in response to increased flux from the left-flank region or
from further upstream. Broadening of the channel in the
boundary current region may also play a role in the current’s
width and depth.

[36] In Figure 5b we show thinning from 2.5 years to
10 years. That is,

h(t =2.5 years) — h(t = 10 years),

such that thinning is positive, is shown. The thinning over
this period is strongly downstream-weighted, with relatively
little change in the high-slope, upstream region. One of the
areas of greatest thinning is in the left-flank region (though
thinning is still substantial in other downstream areas); this is
in part due to the elevated melting in the left-flank region,
coupled with ice advection.

Figure 4. Ice shelf, melt rate, and mixed layer properties at initial time (left), 2.5 years (middle), and 10 years (right). (a—c)
Elevation (meters) and basal slope norm (|Vb|). The point of view is from upstream. The base of the cavity is indicated by a
transparent surface. (d—f) Melt rates (shading, ma~") and basal slope norm (black contours). (g—i) Mixed layer depth (shad-
ing, meters; note the log scale), basal elevation (black contours) and mixed layer flow direction (vectors). Maximum mixed-
layer speed (which occurs in the boundary current) is indicated in plots. In the first and second rows, the 700 m depth contour
is indicated in white. Figure 4f shows the three regions discussed in the text: high-slope (1), boundary current (2) and left-
flank (3). In Figures 4e and 4f basal slope contours are not shown in the boundary current region because they obscure view

of melt rates.
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Figure 5. Ice shelf thinning (in meters) over the first decade of the 0.6°C experiment. Thinning is positive
where thickness change is negative. (a) The thinning in the first 2.5 years. Note positive thinning implies a
negative change in thickness. (b) The additional thickness change over period from 2.5 to 10 years.

[37] From Figures 4 and 5, two distinct timescales of
coupled adjustment emerge. In the high-slope, upstream
region ice geometry responds immediately to the onset of
melting. Thinning and basal slope increase is eventually
slowed by a corresponding increase of longitudinal advec-
tion. This is because further thinning without grounding line
retreat would increase the basal slope and cause a thickening
tendency due to advection. In other words, thinning is
arrested when the local slope of the ice shelf base is
increased to the point where

—A(uhy) ~'m (6)

in the region where the ice shelf is exposed to the warm
water. Here A(uh,) is the change in longitudinal advection,
negative when there is a thickening tendency. The change is
due mostly to changes in /,, rather than u.

[38] On the decadal timescale, the initial thinning is car-
ried downstream. The process is complicated, with advec-
tion, dynamic thinning, and the response of melt rates to
adjusting shelf geometry contributing to thickness changes.
The assertion that this is a decadal process, and not a longer
one, is not obvious here. But in the next subsection we show
that there is a shift in the main mode of change, from ice
shelf-melt rate adjustment to grounded response, and this
begins approximately a decade into the experiment.

[39] A question arises as to whether the fast timescale of
slope adjustment near the grounding line is entirely due to
the mean stratification. The stepwise nature of the stratifi-
cation is an artifact of the 5-layer isopycnal discretization,
and may give rise to the strong cutoff in melt rates. How-
ever, Little et al. [2012], who used a submarine melt rate
parameterization dependent solely on ice shelf basal slope,
showed similar rapid adjustment near the grounding line.
Additionally, the strong separation of timescales could be in
part due to the initial step change in ocean forcing: if the
change in restoring conditions were continuous over e.g., a
decade, the adjustment of the high-slope region could
potentially overlap with that of the downstream region.

Clearly, more experimentation is required to assess the role
of the background temperature profile and its temporal
forcing in setting the timescale of adjustment, and this is a
subject of ongoing investigation.

[40] In Figures 4e and 4f, features in melt rate and trans-
verse basal slope that are oriented with the direction of ice
flow can be seen in the bottom-right. We attribute these
features to small transverse features that already exist in ice
thickness, orginating either in the ice stream or as a result of
discretization of the floatation condition, which induce small
variations in mixed layer speed and hence melt rates. The
melt rate variations magnify the thickness variations slightly,
whereas in an ice-only model the variations would not
become noticeable. The variations in thickness and melt
rates do not grow unstably (see Figure 10a), and melt rates
remain larger in the boundary current and left-flank regions.
Furthermore, it is likely that in a real ice shelf, small-scale
thickness variations would be present in the ice stream as it
flows across the grounding line, which would likely influ-
ence melt rate variations. In other words, the features arise
from numerical artifacts, but we believe their growth and
persistence may be physical.

3.2. Grounded Ice Response

[41] Throughout the early stages of model integration,
flow in the longitudinal direction is ~2.4-2.5 km/year at the
grounding line and ~3.1-3.5 km/year at the ice shelf front
(where variations are larger due to the greater degree of
thinning). However, this small variation, particularly at the
grounding line, results in a mass imbalance that leads to
marked changes in the ice stream interior. It has long been
suggested, on theoretical [Thomas, 1979], modeling
[Schmeltz et al., 2002; Dupont and Alley, 2005; Goldberg et
al., 2009], and observational [Krabill et al., 2000; Shepherd
et al., 2004; Joughin et al., 2004; Scambos et al., 2004]
grounds that the thinning of floating ice shelves is related to
speedup of grounded ice and subsequent grounding line
retreat. Ice shelves in embayments can modify and moderate
the stress field felt by grounded ice, and changes in the
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Figure 6. Anomaly in x-velocity (ma ') in the ice shelf and downstream part of the ice stream after ini-
tiation of melting. (a) Change after 2.5 years. (b) Additional change from 2.5 to 10 years. The thick black
line denotes the grounding line. Note the differing color scales.

shelves’ geometry (i.e., their thickness and spatial extent)
can affect their ability to do so. The effects of this stress
modification on the velocity field, the grounding line, and
the grounded mass budget can be observed in our experi-
ment, as shown below.

[42] As the ice shelf thins, the velocity within the shelf and
at the grounding line changes. Figure 6a shows the change in
x-velocity compared to the initial field. Ice has sped up at the
grounding line, consistent with the idea that thinning of a
shelf limits its ability to moderate longitudinal stress.
Toward the center of the shelf front, however, the shelf has
slowed. This is also consistent with theory, though; exten-
sive stresses, and thus velocity gradients, increase with ice
shelf thickness, especially in unconfined parts of the shelf,
and so a thinner shelf would be expected to move more

150
50} L ]
A, initial A,
E —2.5yrs
3z —10yrs
© -700f —30yrs
—250 yrs
-800
-900 . L 1 1 E
114 116 118 120 122 124 126 128 130
x (km)

slowly (this can be seen quite clearly in a one-dimensional
balance [e.g., Van der Veen, 1999]). The additional change
during the period from 2.5 to 10 years (Figure 6b) has a
larger magnitude but similar pattern; however, there is a
somewhat amplified increase along the flanks of the
grounding line. This could be connected to the concentration
of thinning over this period on the side parts of the shelf. But
velocity is related to shelf thickness in a very complicated
way, so it can be misleading to draw meaning from such
correlations.

[43] Beginning after ~10 years, a period of grounding line
retreat is observed. This retreat arises because the velocity
increase leads to thinning at the grounding line, thinning ice
there to the point where it meets the floatation condition. At
this point it becomes problematic to compare velocity fields

2650 I
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Figure 7. (a) Profiles (upper and lower surfaces) of the ice stream along the center line (y = 25 km) at
various times. Note that the vertical scale is collapsed in order to show detail in both surface and basal
profiles. (b) Corresponding center line velocity profiles at same time levels. Vertical lines indicate ground-
ing line positions, and square markers indicate out grounding line velocities. All curves corresponding to a
given time level are similarly colored.
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Figure 8. Transient evolution in 0.6°C experiment. (a) Volume above Floatation (VAF, solid) and min-

imum grounding line position (x,, dashed). (b) VAF loss rate (

d(VAF)
dr

, solid) and spatially integrated melt

rate (dashed). Note the logarithmic scale of the time axis.

as shown in Figure 6. We show the movement of the
grounding line, together with thickness changes and veloci-
ties at the grounding line, in Figure 7. Over the course of the
experiment, the grounding line recedes ~5 km. The first 10
years sees an increase of velocity at the grounding line of
~100 m/yr (which is only about 4-5% of the initial veloc-
ity). This is then followed by a slow decrease until the sys-
tem reaches a steady state at ~250 years. The retreat and
slowdown (or “recovery”, as it is referred to below) is
skewed toward earlier times; the 30-year time level is
included to show this. Finally, note that, at the end of the
experiment, the grounding line velocity has returned to a
value close to its initial value.

[44] A time series can better give a feel for the timescales
relevant to grounded response. The longitudinal position of
the grounding line at the center of the domain (which is also
the farthest upstream point of the grounding line), is used as
a proxy for grounding line position; this value is referred to
as x,. We also introduce the metric of Volume Above
Floatation, or VAF [Dupont and Alley, 2005], and defined by

MF:APP<}%%QM)JM.

Here, integration is over the grounded portion of the domain
(G), and the “+” subscript indicates only the positive part.
One can see from (1) that changes to the ice shelf alone do
not affect VAF. Rather, it is the volume of grounded ice in
the domain such that, if it were to melt, would contribute to
sea level rise. As such, it (and its rate of change) is a relevant
and useful metric to quantify the overall effect of the ocean
on a marine ice sheet. Figure 8a displays x, and VAF as a
function of time for the coupled experiment. Note that,
although the x, curve is discrete due to a cellwise-constant
diagnosing of the floatation condition, the two trajectories
are very similar. (The grounding line is considered to be on
cell boundaries for diagnostic and plotting purposes only;
while there is no explicit sub-grid tracking of the grounding
line, the ice model uses a regularization of basal stress in
partially grounded cells [Goldberg et al., 2009].) The abso-
lute value of VAF, however, is not as important as its change.

()

[45] Figure 8b shows the time rate of change of VAF.
Here, the reason for the focus on the first 10 years of the
experiment becomes clear: the first decade sees a sharp
increase in the rate of loss of VAF, from approximately zero
to 3 km*/yr (in steady state, the loss rate of VAF should be
zero). The loss is associated with increased velocities, and
hence mass fluxes, across the grounding line. After 10 years
the loss rate (defined here as a positive quantity) abruptly
stops increasing, and then begins to decrease. We refer to
this as “recovery” because the system is recovering from the
shock of a sudden melting increase. Eventually, the flux
imbalance is negligible, and the grounded domain approa-
ches a new steady state.

[46] Also shown in Figure 8b is integrated melt rate, for
comparison with the grounded mass imbalance. After melt-
ing is imposed at the beginning of the experiment, there is a
drop in integrated melting over the first 2.5 years. This is
nonintuitive, since the peak melt rate under the ice shelf
increases over this period. However, it can be explained by a
longitudinal compression of the region of high melting:
though the maximum melt rate increases, the decrease in
area exposed to the warmest water overcompensates,
resulting in less overall melting. Integrated melt then
increases again as melt rates rise in the left-flank region and
the boundary current widens. Shelf extension contributes to
an increase in integrated melt rate as well, but on a much
longer timescale; on the decadal timescale it is the downshelf
adjustment of melt rates that dominates the increase.

[47] As mentioned previously, the use of a no-melting
state as an initial condition is arguably artificial. However,
an additional experiment was done in which we perturbed a
different coupled steady state, one in which ocean tempera-
tures were cooler and melt rates were smaller (but still sig-
nificant). The transient behavior and steady state were very
similar to that of the experiment detailed above though of
course the thinning rates were smaller in magnitude.

[48] Bed geometry plays a role in setting the timescale of
grounding line movement. Grounding line retreat would be
slowed over a bed that shallowed inland, and accelerated
over a bed that deepened inland. In the extreme case, the
retreat timescale could overlap with the shelf adjustment.
The potential for merging timescales should be kept in mind
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Figure 9. Total thinning (in meters) for the whole domain in the 0.6°C experiment subsequent to the first
decade. Thinning is positive where thickness change is negative. Note the logarithmic scales. (a) Thinning
over the period 10-250 years. (b) Thickness loss after shifting initial thickness profile by grounding line

retreat distance, again over the 10-250 year period.

when attempting to apply the results in this section to real-
istic ice shelves.

4. Discussion

4.1. Long-Term Ice Shelf and Melt Rate Evolution

[49] The ice shelf-ocean response discussed above sug-
gests multiple intrinsic timescales of response for the cou-
pled system. There is a timescale of ~2-3 years when the
region near the grounding line responds to the melting per-
turbation, and a decadal timescale over which changes in the
shelf thickness and basal melt field are seen downstream,
and velocities increase at the grounding line. There is also
timescale on the order of centuries on which grounding line
retreat occurs. Eventually, the grounding line retreat leads to

50

451

0

130 135 140 145
x (km)

120 125 150

its own termination through buttressing, as discussed in
section 4.2.

[s0] This separation of timescales of ice shelf change and
grounded ice change can be further seen in overall thinning
rates during this period of grounded ice adjustment.
Figure 9a shows total thinning over the period from the end
of the first decade to the end of the experiment, i.e.,

Ah = h(t = 250) — h(t = 10). (8)

The region shown includes both the shelf and the upstream
interior of the ice stream. Thinning is seen throughout the
domain and is considerable (~20 m) as far as 100 km
upstream from the grounding line. However, aside from the
most downstream portions of the shelf, much of this thinning
can be explained by the “translation” of the ice stream/ice

15
10
5
0
-5
-10
115 120 125 130 135 140 145 -18
x (km)

Figure 10. (a) Basal melt rate (filled contours, ma™"), ice shelf basal slope (black contours) and 700 m
depth contour (white) after 250 years of coupled integration. (b) Comparison with melt rate at 10 years,

shifted left 3 km.
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shelf system upstream with the retreat of the grounding line.
That is, viewed from a frame that moves in the x-direction at
the grounding line retreat rate, ice thickness changes are
much smaller than those implied by Figure 9a. This is shown
by Figure 9b, which plots

Ash = h(t = 250,x) — h(t = 10,x + 4). (9)

Note the colorscale is identical with Figure 9a. Here, the
thickness changes are much smaller except for regions near
the ice shelf front to either side of the shelf. This demon-
strates that, as the grounding line retreats in our model, the
grounded domain and a large part of the shelf adjust to
maintain a characteristic shape relative to the grounding line.

[5s1] This concept also pertains to the melt rate: Figure 10a
displays melt rate and slope after 250 years. A comparison
with the melt rate field at 10 years shows similarities, both in
shape and magnitude, of with respect to melt rates in the
high-slope, left-flank, and boundary current regions. In
Figure 10b we compare melt rates at # = 10 years and ¢ =250
years, translating as in (9), and this reveals a relatively small
anomaly. However, the horizontal shift in this case was 3
km, not 4 km; that is, the melt rate field has been translated
~3 km upstream over the course of the retreat. This is likely
because ice in the first floating grid cell has not thinned
significantly in the final steady state, as can be seen in
Figure 7a.

[52] This constancy of the melt rate field relative to the
grounding line is in part due to the bed geometry; we would
not expect a similar result if the bed deepened inland, due to
the strong role played by the mean stratification. But the
result does mean that the lengthening of the ice shelf at the
expense of grounded ice does not have a strong control on
the upstream geometry. Thus, in the final stage of adjust-
ment, the grounded ice change, as well as much of the
change in the coupled shelf cavity-ocean system, is due to
grounding line movement and large-scale bed geometry (It is
possible that external changes, such as sea level rise and
grounded flow variability, can manifest on the century
timescale. However, the effects of such changes are beyond
the scope of this study).

4.2.

[53] The ability of an ice shelf to transmit resistive stresses
from its margins to the high-fluxing regions of its grounding
line, otherwise known as ice shelf buttressing, is a well-
known phenomenon. But rarely has its effect on grounded
ice change been connected to specific changes in ice shelf
morphology. In section 3, we showed similarities between
broad patterns in ice shelf change and grounded ice
response. Specifically, before large grounding line move-
ment can occur, large amounts of thinning must occur in the
shelf; thinning, without changes in ice shelf extent, leads to
increased grounding line velocities and eventual loss of
grounded ice volume. Once grounding line retreat occurs,
the ice shelf becomes longer (since the ice front is fixed),
which has a marked effect on mass flux across the grounding
line.

[54] Little et al. [2012] suggests that, under parameter
regimes similar to the ones in this study, the relative changes
in shelf thickness and length are more important to buttres-
sing than changes in ice shelf velocity during adjustment to

Importance and Nature of Buttressing
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increased melting. Thus buttressing is approximately pro-
portional to the “side area” of the shelf over which lateral
drag is present. Although the authors used a parameteriza-
tion for buttressing, and “side area” is an ambiguous term in
the current study considering the three-dimensionality of the
ice shelf, the concept is still useful in the interpretation of the
grounded ice response. During the initial stage of coupled
adjustment of ice shelf and melt rates, the ice shelf thins
without extension, and at the same time the rate of loss of
grounded ice volume increases. A turning point occurs at the
end of this stage, and the effects of shelf lengthening are
seen. From this point on the grounded response is dominated
by the effect of shelf lengthening (note our distinction
between the role of velocity change in buttressing, which is
relatively small, and its role in grounded ice volume balance,
which is important).

[55] In the coupled steady state reached at the end of the
simulation, flux across the grounding line is in balance with
flux input at the upstream boundary, just as in the initial
state. The upstream flux input is constant in time, meaning
grounded flux has returned to its initial level (with any
imbalance being negligible relative to the early decades of
the experiment). As seen from Figure 7, velocity at the
center of the grounding line is close to its initial value.

[s6] It is reasonable to expect that resistive stress has
returned to initial levels as well. While this may not be
intuitive, we offer this rationalization: a long literature of
theoretical and modeling studies [e.g., Weertman, 1974;
Thomas, 1977; Thomas and Bentley, 1978; Schoof, 2007a;
Nowicki and Wingham, 2007; Durand et al., 2009] supports
the idea that ice flux at the grounding line is related to lon-
gitudinal stress. In particular, the analysis of Schoof [2007a]
suggests that for a given grounding line depth, basal traction,
and ice stiffness parameter, ice flux is proportional to normal
stress at the grounding line. As bed depth does not change in
the along-flow direction, we can then expect that the amount
of resistive stress needed to achieve a given flux will remain
the same.

[57] Given this assumption, we can then rationalize the
new steady state: the initial thinning of the shelf reduces its
ability to transfer resistive stress. As the grounding line
retreats, its basic geometry (modulo translation, cf.
Figure 9b) remains constant over much of its extent. Thus,
the shelf needs to be longer to provide the same buttressing
as it did in its initial, thicker, uncoupled steady state.

[58] We note that the above discussion is heuristic, mak-
ing use of a number of constructs developed for discussing
flowline models of marine ice sheets. A full analysis of the
stress balance and its relation to the grounded mass balance
and shelf geometry would be beyond the scope of this
exploratory study. We defer such a discussion to a separate
study.

4.3. Propagation of Thinning and Timing of Retreat

[59] In section 3.1, advection of the thinning and slope
increase at the grounding line was cited as the reason for a
melting increase in the left-flank region subsequent to the
development of the high-slope region. The role of advection
is highlighted by Figure 11, which is a Hovmoller diagram
of longitudinal basal slope, as well as change in ice thick-
ness, along the longitudinal transect y = 40 km over the

first 15 years of integration. Along a slope contour, % (where
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Figure 11. Hovmodller diagram, showing thinning (in
meters) and slope as a function of x and ¢ along the longitu-
dinal transect y = 40 km. Filled contours represent ice shelf
thickness change from the beginning of experiment. White
curves are contours of constant longitudinal basal slope (%)bc)'
Thick black lines represent particle trajectories in the ice
shelf.

b(x, y) is basal elevation) is constant. Slope contours coin-
cide strongly with Lagrangian trajectories leaving the region
~130-135 km (the downstream end of the high-slope
region) after 1-2 years. The evolution of transverse slope,
not shown due to its complexity, does not show such a clear
pattern of longitudinal advection. Still, as mentioned earlier,
longitudinal slope along explains a nonnegligible portion of
the slope magnitude throughout the left-flank region.

[60] Thickness is continually decreasing due to melting, so
we do not expect contours of thickness change to coincide
with Lagrangian trajectories. However, the contours become
more vertically oriented after Lagrangian trajectories origi-
nating from near the grounding line pass through them. This
implies an end to the fast (decadal) adjustment of ice shelf
thickness [see also Little et al., 2012, Figure 4e]. This
illustrates that, while local melt-induced thinning down-
stream plays a role in the adjustment of the shelf, advection
from upstream is a key component as well. This is confirmed
by the trajectory of VAF loss rates. The loss rate reaches a
maximum after about 10 years and then begins to decrease,
indicating an end to the fast-timescale thinning that, up to
that point, has been able to counter the shelf extension due to
retreat.

[61] It was mentioned previously that the imposition of a
step change in ocean forcing is somewhat artificial, and may
be at least partly responsible for the clear separation between
upstream and downstream adjustment timescales in the ice
shelf. But given the importance of ice shelf advection to
downstream adjustment, as well as the upstream-weighted
melt rates observed in our experiments, the lagged compo-
nent of the downstream ice shelf response may be a robust
characteristic of adjustment to warming ocean temperatures.
However, further experimentation would be needed to assess
this claim.

[62] Note the behavior shown in Figure 11 depends on a
separation of timescales between the processes of shelf

GOLDBERG ET AL.: LAND ICE-OCEAN COUPLING, 1

F02037

advection and grounding line retreat, which to some extent
depend on the model setup. As mentioned earlier, a fore-
deepened bed geometry could lead to faster grounding line
retreat. The dependence of the advective timescale on model
parameters is explored further in Goldberg et al. [2012].

5. Caveats

[63] Our study is largely exploratory in nature; knowledge
of land ice-ocean interactions is relatively limited and we
seek to learn about basic behaviors. At the same time, it is
important that the assumptions and limitations inherent in
our model be clearly stated. This allows not only for the
degree of applicability of model results to be assessed, and
the identification of processes that are not included, but may
be relevant to ice-ocean coupling in general.

5.1.

[64] A drawback of our coupling procedure is that, in each
coupled timestep, the ocean model is started from an unre-
alistic flat-isopycnal state. An alternative would be restarting
the model from its state at the end of the previous coupled
timestep. However, such an approach is problematic for the
following reasons. In our coupled framework, the nature of
our model components is such that the ice model cannot be
updated too frequently because the time required for the
nonlinear ice velocity solver and the transfer of data between
the models would become impractically large. Thus, when
the ocean model is started as part of a coupled timestep (see
section 2.3), it sees an imposed surface pressure field that is
very different from that of the previous coupled timestep
(shelf thickness changes over an ice model timestep can be
on the order of tens of meters, translating to several bars).
Additionally, it potentially sees a new domain, due to the
floatation or grounding of cells (i.e., “wetting” and “drying”
of ocean cells, respectively). Simply restarting the ocean
model from its state at the end of the previous coupled
timestep leads to large (and artificial) barotropic waves that
lead to persistent, artificially large melt rates.

[s] Owing to these difficulties, we take the approach of
starting the ocean model from a flat-isopycnal state: while
this also leads to barotropic adjustment during spinup, it
avoids the issue of zero-thickness columns (essentially a
wetting-and-drying problem) and is programatically easier to
implement.

[66] Similarly, other details of the setup are guided by the
computational need to minimize the spinup time required for
the ocean model at each coupled timestep (with a 1-km
ocean model, the computational requirements to integrate
the ocean model for a combined time of several centuries are
considerable, even with a relatively small domain). The ice
shelf front is smoothed numerically, as a sharp spatial
change in surface pressure, from ice shelf overburden to
atmospheric, is observed to prolong the time needed for
spinup (This smoothing is only for the purposes of coupling
and is not seen by the ice model. The smoothed portion
extends into the restoring region, and is not shown in any of
the figures in this manuscript). Additionally, the restoring
was made quite strong in order to minimize the effect of
strong barotropic waves resulting from an imposition of a
surface pressure field at every coupled timestep. The effect
of doubling the restoring time constant was assessed. It was
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Figure 12. Area-integrated melt rate as a function of time
for fixed cavity geometries. The geometries considered are
that of the initial cavity, and that of the coupled model 10
years after the initial melt perturbation. Values are daily
averages.

seen that it took longer for the melt rate field to steady, but
once it did the differences were minimal, and largely con-
fined to downstream areas of the shelf near the center of the
front.

[67] The ocean spinup time in all of our simulations was
15 days. This time period was chosen based on preliminary
assessment with the ocean model, over a range of restoring
parameters and restoring temperatures. However, cavity
geometries arising from coupled interaction were not con-
sidered in this assessment: we chose the spinup time based
on the behavior of the ocean model alone. A posteriori
examination suggests that a slightly longer spinup time may
have been optimal. Figure 12 shows daily averages of area-
integrated melt rates for two fixed cavity geometries: that of
the initial cavity, and the one generated by 10 years of
coupled integration. Both use the same restoring time con-
stants as in the coupled experiment. 15 days is seen to be
sufficient for the initial geometry (recall that the trailing 5-day
average is used for coupling). For the 10-year geometry, while
much of the adjustment takes place within the initial 15-day
period, it seems a spinup of ~25 days would have been more
appropriate. We note, however, that the variations in total melt
rate after the initial 15-day period are small compared to the
overall variations in melt rate over the course of the coupled
simulation, and we do not expect that a longer spinup time
would qualitatively change the results of the experiment.
Furthermore, the spinup time required does not lengthen after
the initial decadal coupled adjustment.

5.2. Treatment of Open Ocean

[68] In our ocean model setup, the entire open ocean sec-
tion was restored, i.e., there was no unforced open ocean.
While this likely had little effect on melt rates near the
grounding line, open ocean treatment could affect circulation
in the outflowing boundary current.

[69] In other simulations with our coupled model, which
are detailed in Goldberg et al. [2012], an anticyclonic cir-
culation developed in the mixed layer that guided the
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relatively warm outflow slightly away from the ice shelf
margin. For several isolated timesteps, an unforced section
of open ocean was placed between the calving front and the
restoring, and it was observed that this circulation strength-
ened relative to the case of no unforced open ocean. This
does not necessarily take away from the results of the study;
rather, it highlights the fact that open-ocean processes near
the ice shelf front (e.g., sea ice formation, wind stress) may
strongly influence the overall behavior of the coupled
system.

[70] Tt should be mentioned that the problems with our
approach described in this subsection and the last arose from
“fixes” that were deemed necessary for the particular setup
used in this study. They are by no means fundamental
roadblocks to simulating ice-ocean interactions. All that is
required is tighter integration of the codes of the two models,
which is planned for the near future.

5.3.

[71] The ice model in our study is isothermal. As such, the
Glen’s Law coefficient 4 is spatially constant, and the basal
heat flux into the ice interior, which is proportional to the
basal ice temperature gradient, is parameterized assuming a
column is in thermal steady state, as in Holland and Jenkins
[1999]. In an ice shelf, diffusion of heat into the interior can
potentially have an effect on its internal temperature,
affecting both the basal temperature gradient and the stiff-
ness of the ice shelf, so it is important to consider the
implications of the isothermal assumption. In all of our
simulations, the basal melt rate was positive, and consider-
ably large over most of the shelf. It can be shown using
scaling arguments that the thermal boundary layer, the depth
of the ice shelf over which the effects of melting are felt, is
on the order of tens of centimeters for our simulations, and
adjusts on the order of hours. Additionally, the short resi-
dence time of the ice shelf (on the order of a decade) further
prevents thermal effects at the base from being felt in the
interior.

[72] Thus, for small, strongly thermally forced (i.e., “warm”
ice shelves, we expect that feedback of basal heat flux into
the shelf on either ice flow or basal melt rates is a higher-
order effect. The same likely cannot be said of “cold” ice
shelves, where the water entering the shelf cavity at depth has
been cooled to near-surface temperatures, and melt rates are
an order of magnitude smaller.

[73] Note we are not suggesting that temperature varia-
tions within ice shelves are unimportant; on the contrary, the
effect of temperature on the flow dynamics of ice shelves has
been shown to be an important one [Larour et al., 2004,
2005]. Rather we are stating that in the case of a “warm” ice
shelf, heat uptake from the ocean does not affect internal
temperatures, nor does it feed back on melt rates.

Ice Shelf Thermodynamics

5.4.

[74] The calving front was held fixed in all of the simu-
lations in this study, which prevented any examination of
calving effects on the dynamics. This is important because
shelf lengthening, and implicitly the stationary calving front,
played a large role in the system eventually finding a cou-
pled steady state. There is no agreed-upon universal calving
law for ice shelves [Benn et al., 2007], but one could also

Ice Shelf Calving and Shear Margin Strength
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expect that thinning of a shelf might lead to retreat of the
calving front.

[75] Of equal importance to ice shelf stress balance is ice
rigidity. It has long been thought that shear margins are softer
than the interior of an ice stream or ice shelf, due to strain
heating and intense crevassing [Echelmeyer et al., 1994].
Studies of ice shelf rheology support this [Larour et al.,
2005]. It may be that margins would effectively soften as a
greater burden is placed on them, magnifying the effect of
margin thinning. With these considerations in mind, the
grounded response in our simulations may serve as a lower
bound.

6. Conclusions

[76] In this study a three-dimensional ocean model was
thermodynamically and geometrically coupled to a dynamic
ice stream-ice shelf model capable of representing grounding
line migration, in such a way that the ocean model could
influence the ice model through basal melting and the ice
model could affect the ocean model through thickness and
surface pressure. The model is novel in that both its ice and
ocean components are dynamic, transverse variation is
resolved, and grounding line migration is possible. A cou-
pled experiment was conducted, which involved exposing
an ice stream-ice shelf system that was in steady state to a
sudden change in far-field ocean conditions, and observing
the response in the melt rate field, the ice shelf geometry,
and the evolution of grounded ice. The ocean conditions
corresponded to the “warm” ocean conditions of the type
observed near the Amundsen Sea ice shelves.

[77] The experiment showed a distinct pattern of adjust-
ment, spanning multiple timescales. The ice shelf was seen
to adjust on the decadal scale, initially thinning and steep-
ening near the grounding line, then thinning further down-
stream due to melting in a rotationally induced ocean
boundary current as well as due to advection of upstream
thinning. The melt rate field, controlled strongly by ice shelf
geometry as well as background stratification, changed
considerably over this time, becoming both more concen-
trated near the grounding line and developing higher melt
rates within and near the outflowing boundary current. The
modification of the ice shelf geometry led to grounded ice
thinning and grounding line retreat through stress field
modification. This stress imbalance was eventually offset,
on a much longer timescale, by ice shelf lengthening (due to
grounding line retreat with a fixed calving front). In the
process described above, the maximum rate of retreat was
reached after a decade, corresponding to the timescale of
adjustment due to ice shelf advection. This suggests the
important role that ice shelf advection plays in the response
to melting.

[78] Little et al. [2012], who used a flowline model and a
parameterized melt rate dependent on along-flow basal
slope, saw the same separation of timescales, as well as a
similar pattern of quick retreat followed by slow recovery. It
is possible that the response observed in this study could be
reproduced using a similar basal slope-based parameteriza-
tion, perhaps augmented by a depth-dependence to reflect an
imposed stratification. However, such an approach would
neglect certain aspects of the circulation, such as the high
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melt rates in the mixed layer boundary current, which may
be of importance in the grounded ice response.

[79] Conclusions of this study are presented with a cau-
tionary note due to limitations of our coupled framework,
and should be verified in other studies. Nevertheless, we
believe that the multiple intrinsic timescales and their clear
separation in adjustment of the ice stream-ice shelf-ocean
system to instantaneous thermal perturbation are robust
results, which will be useful for further investigations of land
ice-ocean interaction.
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