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ABSTRACT: The vertical front of ice shelves represents a topographic barrier for barotropic currents that transport a
considerable amount of heat toward the ice shelves. The blocking effect of the ice front on barotropic currents has recently
been observed to substantially reduce the heat transport into the cavity beneath the Getz Ice Shelf in West Antarctica. We
use an idealized numerical model to study the vorticity dynamics of an externally forced barotropic current at an ice front
and the impact of ice shelf thickness, ice front steepness, and ocean stratification on the volume flux entering the cavity.
Our simulations show that thicker ice shelves block a larger volume of the barotropic flow, in agreement with geostrophic
theory. However, geostrophy breaks locally at the ice front, where relative vorticity and friction become essential for the
flow to cross the discontinuity in water column thickness. The flow entering the cavity accelerates and induces high basal
melt rates in the frontal region. Tilting the ice front, as undertaken in sigma-coordinate models, reduces this acceleration
because the flow is more geostrophic. Viscous processes—typically exaggerated in low-resolution models—break the po-
tential vorticity constraint and bring the flow deeper into the ice shelf cavity. The externally forced barotropic current can
only enter the cavity if the stratification is weak, as strong vertical velocities are needed at the ice front to squeeze the water
column beneath the ice shelf. If the stratification is strong, vertical velocities are suppressed and the barotropic flow is al-
most entirely blocked by the ice front.

SIGNIFICANCE STATEMENT: Ice shelves in West Antarctica are thinning, mostly from basal melting through oce-
anic heat entering the underlying ice shelf cavities. Thinning of ice shelves reduces their ability to buttress the grounded
ice resting upstream, leading to sea level rise. To model the ice sheet’s contribution to sea level rise more accurately,
the processes governing the oceanic heat flux into the ice shelf cavity must be articulated. This modeling study investi-
gates the dynamics of a depth-independent current approaching the ice shelf; it corroborates previous findings on the
blocking of such a current at the ice front. The amount of water that enters the cavity strongly depends on ice shelf
thickness and ocean stratification. For a well-mixed ocean, the upper part of the flow can dive underneath the ice shelf
and increase basal melting near the ice front. In a stratified ocean, the approaching depth-independent current is almost
entirely blocked by the ice front.

KEYWORDS: Ice shelves; Barotropic flows; Ocean dynamics; Potential vorticity; Topographic effects; Idealized models

1. Introduction toward the ice shelves (Wahlin et al. 2010; Jacobs et al. 2012;
Arneborg et al. 2012) by oceanic currents that have both a
barotropic (depth constant; set up by gradients in the sea sur-
face height) and a baroclinic (depth varying; set up by hori-
zontal density gradients) component (Arneborg et al. 2012;
Kalén et al. 2016; Wahlin et al. 2020). Recent observations in
front of the western Getz Ice Shelf (see Fig. 1) revealed that
about 70% of the heat flux toward the ice shelf is associated
with the barotropic component of the flow (Wéhlin et al.
2020). This barotropic component is topographically blocked
and deflected at the vertical ice front that protrudes several
hundred meters into the ocean (Wahlin et al. 2020). The the-
Denotes content that is immediately available upon publica-  °TY of topographic blocking assumes geostrophically bal-
tion as open access. anced, barotropic flow (Wéhlin et al. 2020) and hence that
potential vorticity (PV) is dominated by f/H. In that case, the

Basal melting is a central component of the mass budget of
ice shelves in West Antarctica. It is induced by relatively
warm ocean water that flows into the sub-ice shelf cavities
and melts the base of the floating ice (Pritchard et al. 2012;
Rignot et al. 2013). In West Antarctica, the ocean heat mainly
originates from warm and saline Circumpolar Deep Water
(CDW; Orsi et al. 1995) north of the continental shelf. The
warm water is transported onto the continental shelf and
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FIG. 1. Map of the water column thickness H from RTOPO2
(Schaffer et al. 2016) on the continental shelf around Siple Trough
and below the Getz Ice Shelf. Black contours are at 100-m inter-
vals, and grounded ice/land is shaded in gray. Shown are also the
locations of CTD stations (orange circles; Assmann et al. 2019) and
the inflow suggested by Assmann et al. (2019) (red arrow). The in-
set shows the Antarctic continent, with the location of the map
marked by a red square.
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flow follows lines of constant water column thickness H, given
small variations in latitude represented by the Coriolis parame-
ter f (Cushman-Roisin and Beckers 2011). At the ice front, the
water column thickness changes abruptly and f/H contours con-
verge. Here, relative vorticity and friction play an increased role
in the vorticity budget, and the flow can consequently deviate
from f/H contours. A detailed understanding of the topographic
influence of an ice front on the dynamics of a barotropic current
is still lacking.

Barotropic currents in the presence of a topographic step
have been studied in various idealized settings. For example,
laboratory experiments and idealized numerical modeling
showed that turbulent barotropic flow over a flat bottom with a
topographic step organizes itself into two large opposed vortices
that are separated by the step (Tenreiro et al. 2010). Further
idealized studies of a barotropic coastal current that encounters
a topographic step perpendicular to the coast find different dy-
namic responses of the current to the topographic step depend-
ing on the size of the step and whether the topography is
shoaling or deepening across the step (Carnevale et al. 1999;
Sanson et al. 2005). Depending on the configuration, the current
might be entirely diverted at the step topography or it may bi-
furcate, with the deflected part either following the topographic
step or forming a dipolar jet that returns back upstream due to
the tendency of the deflected flow to align with shallow water to
the left or right in the Southern or Northern Hemisphere,
respectively. In the context of an ice shelf cavity, where the
ice front imposes a step in the water depth from above and
not from below, Stern et al. (2014) found that a circulation
cell develops inside the cavity, largely isolated from outside
the cavity. They observed cross exchange between the ice
shelf cavity and the surrounding ocean only through baroclinic
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flow induced by a dense current that enters the cavity at the bot-
tom and a fresh meltwater plume that exits the cavity at the sur-
face. Grosfeld et al. (1997) reproduced the topographic barrier
between the ice shelf cavity and the adjacent ocean with a
coarse-resolution (0.1°-0.3°) model and showed that a barotropic
flow can cross the barrier where a sloping bottom topography
crosses the ice front. While topographic blocking at the ice front
has been observed in front of the Getz Ice Shelf (Wéhlin et al.
2020), and at the Ronne Ice Shelf in the Weddell Sea (Foldvik
et al. 2001), the study by Grosfeld et al. (1997) remains the only
modeling study that investigates the impact of the ice front on an
externally forced barotropic flow.

Many relevant idealized modeling studies (e.g., Determann
and Gerdes 1994; Losch 2008; Holland 2017) have rather fo-
cused on a baroclinic cavity circulation related to the so-called
ice pump (Lewis and Perkin 1986), which is driven by ice shelf
melting at depth due to the reduced freezing point and the
rise of meltwater along the ice shelf base. A regional model-
ing study by Jourdain et al. (2017) showed that enhanced
basal melting strengthens an alongshore barotropic coastal
current and that the melt-induced volume transport into a
cavity is 100-500 times as strong as the melt volume flux itself.
However, there has been no high-resolution modeling study
that explicitly investigates how much of an externally forced
barotropic flow can enter the ice shelf cavity under different
ice shelf and ocean conditions.

Barotropic currents in the Antarctic shelf seas are typi-
cally driven by winds (Kusahara and Ohshima 2009) or by
tides (Padman et al. 2018). Tidally induced barotropic cur-
rents are strong in the Weddell Sea (Padman et al. 2018) but
weak in the Amundsen Sea (Robertson 2013). Wind-driven
barotropic currents along the coast occur both on short time
scales of less than a few days through the generation of coastal
trapped waves (Wahlin et al. 2016) and on intraseasonal time
scales (3-100 days) (McKee and Martinson 2020). The baro-
tropic currents flow along the slope of the continental shelf and
the coast, following f/H contours. A southward deflection of the
along-slope currents onto the continental shelf occurs where
troughs cross cut the continental shelf, reducing the topographic
barrier (Williams et al. 2001; Walker et al. 2007; St-Laurent et al.
2013). The diversion of the barotropic flow into the troughs de-
pends on the relative vorticity and the strength of the topogra-
phy, determined by the curvature at the entrance of the trough
(Dinniman and Klinck 2004; Williams et al. 2001). Southward
barotropic flow toward the ice shelves along the eastern
flank of such troughs has been observed, for example, in the
Siple Trough leading to the Getz Ice Shelf (W4hlin et al.
2020) and in the Dotson—Getz Trough (Kalén et al. 2016). It
is unclear how the steepness and thickness of the ice front
influence the barotropic flow into ice shelf cavities.

In this study, we investigate the vorticity dynamics of a baro-
tropic flow near the ice front and quantify the degree of topo-
graphic blocking under different ice shelf configurations and
ocean stratification. The results are based on idealized model
simulations of an externally forced barotropic current ap-
proaching an ice shelf along the slope of a trough in a cyclonic
direction. Such a circulation is typical on the Amundsen Sea
continental shelf (Ha et al. 2014; Kalén et al. 2016). The
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idealized setup is inspired by the laboratory experiments pre-
sented in Wéhlin et al. (2020) and expanded to a scale relevant
for ice shelf systems like the Getz Ice Shelf over the Siple
Trough (Fig. 1). The synthetic trough and ice shelf configura-
tion allow us to conduct a range of sensitivity experiments. We
start with a homogeneous ocean and systematically vary model
resolution and ice shelf geometry. The ice shelf geometry dic-
tates the strength of the topographic barrier, which we modify
through changes in the ice shelf draft and the steepness of the
ice front. Then, we include a linear stratification in salinity
(while keeping an externally forced barotropic current) and in-
vestigate its impact on the volume flux into the ice shelf cavity.
Ice shelf melting is turned off in the model simulations in or-
der to focus on the dynamics of the barotropic flow, but the re-
sults are complemented with simulations including ice shelf
melting.

2. Methods
a. Model specifications

We conduct idealized ocean—ice shelf simulations using the
MITgem ocean model (Adcroft et al. 2018) with the imple-
mented ice shelf package (Losch 2008). The MITgem is a z-level
model that allows the treatment of the ice front as a vertical
wall. In our configuration, the ocean model is hydrostatic and
Boussinesq. The solved equations in a rotating Cartesian coordi-
nate system (x, y, z) are given by

%+fk><u: —piOVhp+AhVi“+Ar§i;zl+%’ M
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where u = (u, v) is the horizontal velocity and w is the vertical
velocity, D/Dt is the total derivative, and k is the vertical unit
vector. The variable p is the pressure, and g is the gravita-
tional acceleration. The density p=p)[l — a(® — 0)) +
B(S — S,,)] is a linear function of potential temperature ® and
salinity S, which are advected following the tracer equations
(4) and (5), where the source and sink terms Qg and Qg in-
clude diffusion terms. We apply the Laplacian diffusion in the
vertical and horizontal. The constants p,, ®¢, and S, are the
reference density, temperature, and salinity, respectively, and
the variables « and B are the coefficients for thermal expan-
sion and haline contraction. The parameters A, and A, are
the horizontal and vertical eddy viscosity parameters, respec-
tively. The horizontal eddy viscosity aims to reproduce sub-
grid processes not resolved with the model. Its value is chosen
in agreement with the Prandtl’s mixing theory (Prandtl 1925)
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and as small as numerical stability allows. The values for A, and
A, used here have been tested in similar setups (e.g., Holland
2017). No-slip conditions at the bottom and the base of the ice
shelf are represented by a quadratic drag 7; = Cfufu in the cells
adjacent to the ice and the bottom topography with a drag coeffi-
cient C; = 0.0025, following, for example, MacAyeal (1984) and
Arthun et al. (2013). We tested formulations with a linear drag to
see if it had any bearing on the dynamics (not shown), which
gave a negligible difference in velocities and vorticity dynamics
when compared with the simulations with a quadratic drag.
Free-slip conditions are used at the sides and at the vertical
face of the ice front following, for example, Holland (2017),
because frictional processes at the lateral boundaries are
not well resolved with our horizontal resolution. The slop-
ing topography of the bed and the ice shelf base are repre-
sented with partial cells (Adcroft et al. 1997).

In the simulations with ice shelf melting enabled, melt rates
are calculated using the three-equation model, which links the
local freezing relation and the balance of heat and salt fluxes
at the ice—ocean interface (Jenkins et al. 2001). We use a ve-
locity-dependent transfer coefficient for salt and temperature
(Holland and Jenkins 1999). The values used for constant
model parameters are given in Table 1.

The model equations are solved on a third-order direct
space—time, flux-limiter advection scheme. The free surface
boundary condition is calculated from the linearized version
of the depth-integrated continuity equation. The model simu-
lations are spun up from rest, and we present averages of the
last two days of the model output, when the system is in a
quasi steady state in which the kinetic energy is changing less
than 1%. The homogeneous experiments and those with melt-
ing turned on are run for about 100 days, and the stratified ex-
periments are run for 240 days.

b. Experimental setup: The control run

The idealized geometry of the trough and the ice shelf is
inspired by the laboratory experiments presented by Wahlin
et al. (2020). This setting—a trough cross-cutting the conti-
nental shelf leading up to an ice shelf—is typical around
Antarctica (see, e.g., the Siple Trough leading to the Getz
Ice Shelf; Fig. 1). The rectangular model domain has a size
of 240 km X 120 km X 650 m and is shown in Fig. 2a. We
use a horizontal resolution of dx = dy = 500 m in the con-
trol run (CTRL), a vertical resolution of dz = 5 m in the
vertical direction, and a time step of df = 120 s. The bathym-
etry consists of a symmetric channel that has a flat bottom in
the center and linearly sloping sides (1.3% slope) that tran-
sition onto a horizontal continental shelf (Fig. 2a). The flat
center of the channel is 650 m deep and 40 km wide, and the
continental shelf is 300 m deep and 20 km wide on both
sides. As a representation of the shelf break, the continental
shelf slopes down from 300-m depth at x = —155 km toward
650-m depth at the boundary at x = xp;, = —180 km. The
channel is overlaid by an ice shelf with the vertical ice front lo-
cated at x = 0. The ice shelf draft A;s increases linearly with x
by 0.5% from Ay = 300 m at the ice front (in the CTRL). The
resulting water column thickness H = h;, + m — hj is given by
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TABLE 1. List of constant model parameters.

Parameter Description Value Unit

f Coriolis parameter at the lat ¢ = —73.5° -1.398 x 1074 5!

g Gravitational acceleration 9.81 ms 2

Po Reference density 1027.5 kg m >

To Reference background temperature 0 °C

So Reference background salinity 343 psu

a Thermal expansion coef 5.02 X 1073 °C™!

B Haline expansion coef 7.86 X 1074 psu”!

Ap Lateral eddy viscosity 25 m?s !

A, Vertical eddy viscosity 1x1074 m?s~!

Cy Bottom and ice shelf drag coef 0.0025

diffKrT Vertical diffusion of temperature 1x10°° m?s!

diffKhT Laplacian diffusion of heat laterally 5 m? s~ !

diffKrS Vertical diffusion of salinity 1Xx107° m?s™!

diffKhS Laplacian diffusion of salt laterally 5 m?s™!

K Temperature diffusion coef of the ice shelf 1.54 X 107 m?s™!

pr Density of the ice shelf 917 kg m~?

hFacMin Min fraction size of a cell 0.2

hFacSup Max fraction size of a cell 2

the distance between the bed topography /4, and the free sur-
face displacement m, minus the ice shelf draft. The water col-
umn thickness for the CTRL is presented in Fig. 2b.

We prescribe a barotropic inflow along the boundaries at y =
Ymax = 60 km and an outflow at y = —yn.c. A depth-constant
velocity field with a sinusoidal profile is used at the inflow and
outflow over the shelf break (Fig. 2b) according to
(X = X,)

p— 1 <
vy, sin forx=x_, +1 )

VOlyoy =
, forx>x . +1

The core velocity is 1y = 0.1 m s71

, and the width of the cur-
rent is / = 25 km. In the control simulation, temperature and
salinity are uniform in time and space and set to 7' = 0°C and

S = 34.3 psu, respectively.
c¢. Experimental setup: Sensitivity runs

After analyzing the dynamics of the current in the CTRL,
we test the sensitivity of the results to model resolution, geo-
metric changes of the ice shelf, and stratification. The parame-
ters for the model experiments used in this study are listed in
Table 2.

We examine the model sensitivity to horizontal resolution
by changing the horizontal grid size in a range from 100 to
2000 m (run02-run05). The horizontal eddy viscosity parame-
ter is scaled linearly with grid size according to mixing-length
theory and to ensure numerical stability. Then, we study geo-
metric effects by changing the ice shelf draft by increasing g
in a range from 0 to 650 m (keeping the slope of the ice shelf
base constant; run06-run10) and by changing the slope of the
ice front from vertical to three percent by increasing the width
of the ice front W from 0 to 5 and 10 km (runll and runl2)
(Fig. 2¢). The sloping ice front is comparable to what is used
in sigma-coordinate models, for example, the Regional Ocean
Modeling System (ROMS) with a slope of hy/W = 4% at the
Filchner-Ronne Ice Shelf (e.g., Huneke et al. 2019).

In the experiments with varying stratification (runl13-runl7),
we use a linear stratification in salinity (temperature is kept
constant) and increase it systematically. Stratification is quanti-
fied by the Brunt-Viisild frequency, N* = —(g/po)(dpl/dz), and
we vary the stratification within a range of N = 0— 34 X 10735~ %,
This covers a broad range of Burger numbers, Bu = N?9%%
(P£*) = 0-1.8, using a length scale of % = 10" m and a verti-
cal scale of .97 = 550 m. The Burger number expresses the rela-
tive importance of stratification versus rotation (Cushman-Roisin
and Beckers 2011). Hydrographic profiles from the Siple
Trough show an almost linear density profile in the depth range
of 100-500 m, with stratification in the range of N = 0.2 X
107329 X 107* s~! (Bu = 0-1.3) (Fig. 2d). The first 17 model
experiments are conducted with ice shelf melt turned off. We
also investigate the impact on basal melt in experiments with and
without barotropic forcing and stratification (run18-run21).

d. Potential vorticity and continuity

We use the barotropic potential vorticity equation to analyze
the vorticity dynamics in the homogeneous case. The equation is
obtained by taking the curl of the depth-integrated momentum
equation divided by H (Hughes 2008) and can be rearranged to

B

where { = k - V X @ = (90/0x) — (0u/dy) is the relative vorticity
of the depth-averaged flow; F (hereinafter the “friction term”)
is the sink/source term of potential vorticity in a homogeneous
ocean that includes viscous processes, drag at the lower and up-
per boundary, and vertical shear generated by vertical nonuni-
formity in friction at the ice front (see the appendix). The
viscous term represents the internal stress and accounts for sub-
grid-scale dynamics that are unresolved. The effect of viscosity
will be discussed further in section 4a in connection with the
model resolution. The bottom stress is parameterized by the
quadratic drag law in the boundary cells of the model and is
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FIG. 2. (a) Model domain and geometry of the idealized bed
(gray) and ice shelf (cyan) used in the CTRL. The transparent
blue area highlights the channel geometry in a cross section.
(b) Water column thickness H for the CTRL; contours with
H > 350 m are blocked at the ice front. Orange arrows and
curve show the forced barotropic velocities at the inflow and
outflow along the shelf break, and the red arrow sketches the
flow toward the ice shelf. (c) Ice shelf geometries for the model
experiments with varying ice shelf draft 4, (run06-run10) and ice
front width W (runll and runl2). The ice shelf in the CTRL
(ho = 300 m; W = 0 m) is shaded in cyan. (d) Individual (light
gray) and averaged (thick black) density profiles from CTD obser-
vations from January 2016 and 2018 (see locations in Fig. 1) to-
gether with density profiles of the stratification runs for different
N (s~ 1) (run13-run17).

expected to create an Ekman transport to the right of the inte-
rior flow, both along the bed topography and at the ice shelf
base (e.g., Cushman-Roisin and Beckers 2011). Ekman pumping
occurs in regions where the Ekman transport diverges or con-
verges, leading to a source or sink of potential vorticity, respec-
tively, which is contained in the vertical shear terms. Although
the frictional terms contained in F are dynamically distinct, it is
their net effect that is of interest here.

In the homogeneous case, the pressure term in the momentum
budget vanishes during the calculation of the potential vorticity
budget. In the model simulations with stratification, isopycnals
get tilted at the ice front and a baroclinic component of the flow
develops. While the vorticity dynamics of the stratified runs is
not analyzed here, we note that the inclusion of a baroclinic flow
adds an additional term to the vorticity budget.

The depth-integrated continuity equation of an incompress-
ible fluid in steady state (3) is given by
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with the depth-integrated volume transport

M~y
U= I udz = Hu.
7hb

The continuity equation allows the use of a barotropic stream-
function ¥ that is defined such that U = k X VW. The depth
integration eliminates vertical velocities that occur through
horizontal convergence or divergence. In our setup, the flow
in x direction converges at the ice front, and the flow in y di-
rection converges at the sloping walls of the channel. The hor-
izontal convergence of the barotropic flow leads to vertical
velocities that vary linearly with depth. The magnitude of the
vertical velocities at the bottom (w_, ) and at the upper
boundary (wn_ hh) can be estimated from kinematic boundary
conditions in steady state (Cushman-Roisin and Beckers
2011), ignoring the contribution from viscous topographic ef-
fects (Sanson and Heijst 2002), which is two orders of magni-
tude smaller at the ice front:

wl_y, =u - V(=h,) = —v(dh,/3y) and 8)
dh.
W|U’his - V(T] a his) ~ 7”(»)—;, (9)

where we used that a/,/dx = 0, d(m — h)/dy =~ 0, and d(n — i)/
dx =~ dhi/ox in our setup, considering changes in m to be small.
The gradient of the bathymetry is |0h,/dy| = 0.013 along the
sloping walls of the channel and 9A,/dy = 0 in the center of
the channel. The gradient of the upper boundary within the
ice shelf cavity is the slope of the ice shelf base dh;/dx =
0.005, and at the ice front the gradient is given by the draft
of the ice front over the width of the ice front, that is, hy/W.
For the vertical front, the width corresponds to the grid size
such that hy/W = hy/dx = 0.6 in the control run.

e. Volume fluxes for the quantification of blocking

We quantify the amount of topographic blocking by com-
paring the volume flux approaching the ice shelf O, with the
blocked volume flux that is deflected at the ice front Q, and
the volume flux entering the ice shelf cavity Q.. The volume
fluxes are calculated as

Ymax (*7

Qg = I I ul,_, dz dy, (10)
0 Jon, g
Viax (1Mo

0. = J J‘ ul,_,dzdy, and (11)
0 J-n,
0

0, = J J v|y:0 dz dx, (12)
X, —h,,

where x, is the x location of the center of a gyre that appears
in front of the ice shelf (Fig. 3a), and yy.x is the domain
boundary in y direction. From continuity it follows that Q¢ =
Q. + Qp. Within the closed volume limited by x = (x,, 0) and
¥ = (0, ymax), We additionally calculate the vertical volume
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TABLE 2. List of experiments. Note that the viscosity and the Burger number appear in parentheses.
Grid size
dx, dy (m) Stratification
(viscosity A;)  Time step Ice front Ice draft at N (X1073s7h Velocity u
Model run (m*s™h dt (s) width W (km) front Ao (m) (Bu) (ms™ b Melting
run01 (CTRL) 500 (25) 120 0 300 0 0.1 no
run02 100 (5) 30 0 300 0 0.1 no
run03 250 (12.5) 60 0 300 0 0.1 no
run04 1000 (50) 240 0 300 0 0.1 no
run05 2000 (100) 480 0 300 0 0.1 no
run06 500 (25) 120 0 0 0 0.1 no
run07 500 (25) 120 0 100 0 0.1 no
run08 500 (25) 120 0 200 0 0.1 no
run09 500 (25) 120 0 400 0 0.1 no
runl0 500 (25) 120 0 650 0 0.1 no
runll 500 (25) 120 5 300 0 0.1 no
runl2 500 (25) 120 10 300 0 0.1 no
runl3 500 (25) 120 0 300 0.5 (0.0) 0.1 no
runl4 500 (25) 120 0 300 1.7 (0.5) 0.1 no
runl5 500 (25) 120 0 300 2.4 (0.9) 0.1 no
runl6 500 (25) 120 0 300 3.0 (1.4) 0.1 no
runl7 500 (25) 120 0 300 3.4 (1.8) 0.1 no
runl8 500 (25) 120 0 300 0 0 yes
runl9 500 (25) 120 0 300 0 0.1 yes
run20 500 (25) 120 0 300 2.4 (0.9) 0 yes
run21 500 (25) 120 0 300 2.4 (0.9) 0.1 yes

flux Qy at the depth of the ice front base z = —h, to quantify
the vertical volume transport (subduction) near the ice front:

Ymax (0
o, = L I w|Z:7hO dxdy. (13)

3. Flow across an ice front: Homogeneous ocean
a. General characteristics of the circulation

The barotropic flow forced at the domain boundaries sets
up a geostrophic current along the shelf break (Fig. 3a). The
current follows the curvature of the topography into the
channel and flows toward the ice shelf along the sloping
side of the channel. The curvature of the topography has a
large enough radius for the flow to stay attached to the to-
pography (Williams et al. 2001). The volume transport ap-
proaching the ice shelf (Q, = 0.98 Sv) (1 Sv=10°m®s™1)
is strongly reduced at the ice front. Only about 25% of the
flow enters the ice shelf cavity (Q. = 0.25 Sv), while 75%
of the flow is deflected to the right (Q, = —0.75 Sv); that is,
most of the flow is blocked by the ice front. The blocked
flow creates a strong current of up to 0.17 m s~ ' parallel to the
ice front (Fig. 3f) and feeds the return flow at the opposite side
of the channel. A gyre develops in front of the ice shelf with the
center x, located in 45-km distance from the ice front (Fig. 3a).
Despite the symmetry of the setup, the circulation in the chan-
nel is not fully symmetric, with the core of the return flow
shifted toward positive y direction. The flow inside the cavity is
steered by the topography of the channel and the sloping base

of the ice shelf to flow along f/H contours (Figs. 2b and 3a) to-
ward the grounding line and back out on the opposite side of
the channel where it merges with the return flow.

As the current approaches the ice front, the u velocities de-
crease from 0.07 m s~ ' at x, t0 0.029 m s~ ! at x = —0.5 km
(Fig. 3b) due to the presence of the ice front that forces the
flow to turn to the right. The majority of the flow continues
along the ice front as a strong current (Figs. 3a,f). The upper
part of the flow that converges at the ice front subducts and
reaches high vertical velocities of up to w = —0.016 m s ! at
z = —hy (Fig. 3c). These high vertical velocities correspond to
55% of the u velocities at x = —0.5 km, which is in approxi-
mate agreement with the kinematic boundary conditions (9)
and, thus, a consequence of the large topographic step at the
ice front. As the whole water column squeezes into the cavity,
the flow accelerates horizontally to u = 0.075 m's™! and is no
longer depth independent but has a maximum at 380-m depth
(Figs. 3b,d). The high horizontal velocities only persist about
10 km inside the cavity, where the u velocities are already re-
duced to 0.013 m s™!, and the v velocities are negligible (Figs.
3b,f). Along the ice front, where a strong current flows in the
negative y direction, bottom drag induces an Ekman transport
out of the cavity (negative u velocities) within the approxi-
mately 15 m thick bottom boundary layer (Figs. 3b,d). This
Ekman transport is opposed to the barotropic current at the
inflow but aligns with the barotropic current at the outflow. A
comparison of experiments with free-slip and no-slip condi-
tions at the vertical faces shows that the circulation is less
symmetric at the ice front in the case of no-slip conditions rel-
ative to free-slip conditions and that velocities are reduced in
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FIG. 3. Steady-state velocities of the CTRL. (a) The depth-averaged u velocity (color) is overlaid by the barotropic
streamfunction (black contours) with a transport of 0.1 Sv between the streamlines. Colored contours are lines of
constant H (see Fig. 2b). The location of the gyre center at x = x, is marked with a black dot. Gray-colored circles at
distances of x = —45 (x,), —10, —0.5, 0, and 10 km from the ice front show the locations of velocity depth profiles for
(b) u and (c) w velocities. The dashed line in (c) shows the theoretical w velocity at the ice front calculated with (9).
Also shown are cross sections of (d) u and (e) w velocities at the ice front (x = —0.5 km) and (f) v velocity at y = 25 km.
Grounded ice and bed topography are shaded in gray in (a) and (d)—(f), and the ice shelf is shaded in cyan in (f).

the vicinity of the ice front (not shown). However, the qualita-
tive results and the quantification of the relative volume fluxes
compare well.

b. Vorticity dynamics at the ice front

Where the ice shelf intrudes into the ocean, the water col-
umn thickness is substantially reduced. Flow that reaches into
the cavity is expected to gain positive relative vorticity to con-
serve PV. Similar idealized studies with a flat bottom and a
step topography, show the development of a positive vorticity
cell covering the entire shallower region (Tenreiro et al.
2010). Our setup, however, has a sloping bed topography that al-
lows a few f/H contours—notably those for which H = 350 m—
to continue inside the cavity and largely determine the pathway of
the flow (Fig. 2b).

The current approaching the ice shelf is geostrophic, indi-
cated by the alignment of the streamlines with f/H contours
(Figs. 3a and 4a). For the flow to follow the f/H contours into
the cavity, it has to turn sharply right at the ice front and then
sharply left to enter the cavity. The flow consequently has
negative relative vorticity, ¢, in front of the ice shelf and posi-
tive relative vorticity inside the cavity for the part of the flow
that enters (Fig. 4b). The flow deviates from f/H contours
within about 10 km from the front, but roughly aligns with f/H
contours deeper inside the cavity again. Similarly at the out-
flow, the f/H contours turn left and then right again, creating

positive and negative vorticity, respectively. Ageostrophic
motion dominates locally in the vicinity of the ice front,
whereas geostrophy governs the flow farther away.

When the flow squeezes underneath the ice shelf, the gen-
eration of positive relative vorticity partly balances the step
change in water column thickness. Although this aids conser-
vation of PV, Fig. 4c shows that the barotropic streamlines do
not align with lines of constant PV across the ice front, which
means that PV is not conserved. In the homogeneous system,
any changes in PV along a streamline are caused by friction
induced by the quadratic drag and viscosity (6). When friction
acts as a PV sink, the flow moves toward a smaller (more nega-
tive) value of f/H, or, when f'is constant, toward smaller isobaths.
On the contrary, when friction acts as a PV source, the flow
moves toward a larger (less negative) value of f/H, that is, larger
isobaths. When PV is conserved while the flow moves toward a
different value of f/H, the shift is due to a change in {/H.

To illustrate the vorticity changes across the ice front,
Figs. 4d—f show the evolution of PV and f/H along three dif-
ferent streamlines (W; = —04 Sv, ¥, = —0.7 Sv, V'3 = —0.78 Sv)
marked in Figs. 4a—c. Streamline ¥; does not enter the cav-
ity, but streamlines ¥, and V5 do enter. The flow along each
of the streamlines can be described as follows:

(i) The flow along the streamline ¥; does not enter the cav-
ity. As the flow is deflected at the ice front, it moves to-
ward larger f/H, i.e., toward larger isobaths (Fig. 4d).
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The flow leaving the cavity follows a larger isobath than

the flow toward the ice front. PV is increased and fric-

tion acts as a PV source along this streamline.
(i) The flow along the streamline W, approaches the ice
shelf along a blocked f/H contour, but the flow enters
about 4 km into the cavity. The flow arrives on a smaller
f/H inside the cavity relative to its initial contour (Fig. 4e),
but the PV does not change significantly across the ice
front. This means that the decrease in f/H is compensated
by an increase in ¢{/H and that friction plays a minor role.
As the flow exits the cavity, there is a strong dip in PV be-
fore the flow eventually flows away from the ice front with
a PV value that is larger than in the initial flow toward the
ice front. Friction is consequently a net source of PV along
this streamline.
The flow along the streamline W5 follows an f/H contour
that turns sharply at the ice front and continues inside the
cavity closer to the center of the channel. The flow shifts to
a lower value of f/H (smaller isobath) inside the cavity,
thus it moves closer to the grounding line than expected
from its f/H contour (Fig. 4f). The PV decreases across the
ice front, i.e., friction acts as a PV sink. When the flow exits
the cavity, the PV increases again, and friction is a net
source of PV.

(iif)

Strong gradients that occur across the ice front cause a peak
and an abrupt step change in the vorticity locally at the ice
front. When the streamlines W, and W5 approach the ice shellf,
both their PV and f/H increase and peak at the ice front, before
being abruptly reduced as soon as the flow crosses the topo-
graphic step (Figs. 4e,f). While the changes in f/H are approxi-
mately symmetric for the inflow and outflow, the PV has a
positive peak at the inflow and a negative peak at the outflow.

To sum up, potential vorticity is not conserved along the
streamlines close to the ice front. In total, friction is a PV source,
and there is an overall increase in PV between the inflow and the
outflow, which means that the outflow is shifted toward deeper
water (larger H). However, at the inflow, friction is a PV sink,
which allows the flow that enters the cavity to reach closer to-
ward the grounding line (smaller H). Relative vorticity is gener-
ated when parts of the flow squeeze into the cavity, and it
contributes to the PV budget in the vicinity of the ice front.

4. Sensitivity to resolution and geometry
a. Impact of resolution

We compare the potential vorticity changes along the
streamlines ¥, and W3 for model simulations with different
horizontal resolution (Fig. 5) by presenting the PV change
into the cavity (from x = —30 km at the inflow to the crossing
point with y = 0) (Figs. 5a,c) and out of the cavity (from the
crossing point with y = 0 to x = —30 km at the outflow)
(Figs. 5b,d). In general, the change in PV across the ice front
is larger for low-resolution runs (larger grid size); this is because
unresolved small-scale motions are parameterized through an
increased eddy viscosity parameter at low resolution.

For the flow along ¥3, the PV decreases at the inflow and
increases at the outflow, as shown in Fig. 4f. For lower
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resolution (larger grid size) both the PV sink at the inflow and
the PV source at the outflow increase (Figs. 5¢,d), and the net
effect of resolution on the PV is small. However, because of
the increased PV sink at the inflow when using low resolution,
the flow reaches deeper into the cavity and closer to the
grounding line (smaller f/H and shallower water).

The change in PV along V¥, is less symmetric at the inflow
and outflow (Figs. 5a,b). While the PV is conserved at the in-
flow for any resolution, the PV increases at the outflow for
low resolution; the return flow is shifted toward larger iso-
baths (larger f/H). For high resolution, relative vorticity is
generated and {/H changes along the streamline: {/H in-
creases at the inflow, moving the streamline toward smaller
flH contours, and it decreases again at the outflow, to con-
serve PV (Figs. 5c,d). Although the streamline V5 lies on an
fIH contour that does not continue inside the cavity, the
flow enters the cavity under the generation of positive rela-
tive vorticity (Fig. 4).

b. Impact of ice shelf thickness and ice front steepness

The thickness of ice fronts around Antarctica ranges from
50 to 400 m (Liu et al. 2015) and varies in time due to ice shelf
mass loss and gain. Here, we investigate how the thickness of
the ice shelf affects the fraction of the barotropic flow that en-
ters the cavity.

The volume flux into the cavity Q. decreases with an in-
creased ice shelf draft (Fig. 6a). However, in all cases, the
modeled volume flux exceeds the flux expected to enter the
cavity if the flow was following f/H contours. This excess vol-
ume flux increases for an increased ice shelf draft. For an ice
shelf draft with 4y = 400 m, there are no f/H contours that
continue into the cavity, but the modeled flux across the ice
front is about Q. = 0.13 Sv (13% of Q) because of ageo-
strophic motion. Inside the cavity, the volume flux is expected
to decrease approximately linearly with distance from the ice
front (Fig. 6¢). For small ice shelf drafts (=100 m), the volume
flux indeed decreases approximately linearly toward the ground-
ing zone; for a larger ice shelf draft (=200 m), however, the de-
crease is nonlinear and does not correspond to the changes in
water column thickness. In those cases, the volume flux is higher
than expected from f/H contours within the first 10 km of the
cavity, but it decreases rapidly with distance from the front.

As seen in Fig. 3c, the convergence at the ice front causes
high vertical velocities. The subduction Q; at the ice front in-
creases with increased ice shelf draft and decreases again for
very thick ice shelves (Fig. 6b). The increasing vertical velocities
are a result of the increased ice shelf draft (9), and the decrease
with even larger drafts is due to a reduction in horizontal veloci-
ties at the ice front, as more water is deflected at greater dis-
tance from the ice front.

Despite a generally reduced volume flux into the cavity
for increased ice shelf draft, a thicker ice shelf causes higher
velocities along the ice front and at the first kilometers
within the ice shelf cavity (Figs. 6d,e). For a thinner ice
shelf, velocities at the ice front are generally smaller, but
the flow reaches deeper into the cavity. Thus, the flow speeds
up more as the water column squeezes through a smaller

Unauthenticated | Downloaded 05/07/23 08:55 PM UTC



DECEMBER 2022

(@)

y [km]

y [km]

y [km]

x [km]

STEIGER ET AL.

2965

) o .
- T, 21 (d)
3 'n N
b E
£ 5 4
-4 o
= x 6
X =
=2 & S -8 PV
En ‘é’ T, =-0.48v #/H
6 -10
-100 -50 0 50 100
2 —
- 'n
L '.'m =
E K
0% =
=4 X
& 2
el &
= = ¥, =-07Sv - — iH
-2 = -10
-100 -50 0 50 100
) _
= 'w
-3 Tw .E
£ s
-4 o
o %
5 = z
oz S -8 b —PV
E lIfa =-0.78 Sv — — f/H
-6 > 4 | | :
-100 -50 0 50 100

along-stream distance from centre [km]

FIG. 4. Potential vorticity for the CTRL divided into (a) f/H, (b) {/H, and (c) PV = (f + {)/H. Blue contours in

(a)—(c) mark three streamlines ¥ =

—0.4 Sv, ¥, = —0.7 Sv, and W3 = —0.78 Sv (solid) and the corresponding f/H

contours that they are following at the inflow (dashed). The dotted black line at y = 0 marks the center line. Also
shown are PV and f/H along the three streamlines (d) ¥y, (¢) W5, and (f) W3 with along-streamline distance from the

crossing point with the center line.

area, and the acceleration is associated with strong subduction
(Fig. 6b).

The strength of the topographic barrier at the ice front can
also be reduced through tilting the ice front, which increases
the width of the ice front W (Fig. 2c). We present the volume
flux into the cavity and the PV along streamlines for W = 0, 5,
and 10 km (Fig. 7). The water column thickness inside the
cavity (x > 0 km) is the same for all three model simulations,
and consequently, the theoretical volume flux based on f/H is
the same. However, for smaller W the flow reaches slightly
deeper into the cavity (Fig. 7a) and the modeled volume flux
is larger within the first 10 km of the cavity (Fig. 7b): In case
of the vertical ice front (W = 0), 25% (about 0.25 Sv) of O,
enters the cavity (crosses x = 0 km), whereas only 14% enters
if W = 10 km. A comparison of PV along the streamlines for
the three different model simulations shows that PV is better
conserved along the streamlines for a more tilted ice front
(larger W, Fig. 7c). The f/H contours turn less abruptly when
the ice front is tilted, and the flow can follow f/H contours
more easily. More gradual changes in f/H contours lead to
smaller changes in relative vorticity and reduced frictional
effects.

5. Flow across an ice front: Stratified ocean

Now, we investigate the influence of an ambient linear stratifi-
cation on the externally forced barotropic circulation and the
volume fluxes into the ice shelf cavity. We present the circulation
for a stratification of N = 2.4 X 107> s~ !, which corresponds to
the stratification measured during summer in Siple Trough at
the depth of the ice shelf draft (—100 < z < —500 m; Fig. 2d).
The circulation (Fig. 8) reveals the following differences in
comparison with the homogeneous run: (i) fewer streamlines
cross the ice front, (ii) the center of the gyre is located farther
away from the ice front (x, = —72 km as compared with
Xg = —45 km in the homogeneous run; Fig. 8a), (iii) velocities
parallel to the ice front are reduced by 40% (Fig. 8f),
and iv) maximum vertical velocities are reduced by 80%
(w = —0.002 vs —0.01 m s~ ') so that the flow barely acceler-
ates across the ice front (Figs. 8b—¢).

The volume flux entering the cavity decreases with in-
creased stratification, as vertical motion is increasingly sup-
pressed (Fig. 9b), and less water squeezes into the cavity
(Fig. 9a). In the case of no stratification (N = 0) the volume
flux into the cavity Q. is 25% of Q,, whereas in the case
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ticity at x = —30 km (inflow) and (right) the difference in vorticity at x = —30 km (return flow) minus the vorticity at
y = 0 km (outflow). Note that the lateral eddy viscosity parameter Ay, is adjusted to the resolution (Table 2).

of strong stratification (N = 3.4 X 107* s~ ') the entering
volume flux is only 2% of Q, (Fig. 9a).

For a stratification of N = 2.4 X 107°-3.0 X 1073 s7!
(Bu =~ 1), depth-varying vertical velocities at the ice front
induce a downward tilt in isopycnals toward the ice front and
hence vertical shear (Figs. 8c,f). An anticyclonic baroclinic cir-
culation associated with the tilting isopycnals is superimposed
on the cyclonic, barotropic circulation, leading to negative
volume fluxes inside the cavity (Fig. 9c). If the stratification is
strong (N = 3.4 X 1072 s~ 1; Bu = 1.8), vertical velocities are
restrained, reducing the tilt in isopycnals and leading to small
velocities inside the cavity.

6. Implications for ice shelf melt

So far, this study has focused on the dynamics across the ice
front and the volume fluxes entering the cavity. But to what extent
does the externally driven barotropic circulation affect melt rates
at the ice shelf base? Basal melt rates are determined by the con-
ductive heat into the ice and the turbulent heat flux through the
ice-ocean boundary layer (Jenkins et al. 2010). The latter is a
function of the turbulence intensity controlled by the current ve-
locity below the boundary layer. The strength of the circulation
also determines the transport of heat into and advection of melt-
water out of the cavity. The velocity inside the cavity conse-
quently not only determines how oceanic heat is distributed, but
also the efficiency of the heat transfer toward the ice base. Here,

we compare modeled melt rates from simulations with and with-
out an externally forced barotropic flow (Fig. 10).

The purely melt-driven circulation is characterized by a
geostrophic cross-slope current parallel to the sloping base of
the ice shelf (Fig. 10a), which is typical for the gently sloping
ice shelves of Antarctica (Jenkins et al. 2016). Melt rates are
almost constant in the interior of the ice shelf cavity and
about 2 times as high along the boundary where the meltwa-
ter converges and exits the cavity as a buoyant plume.

When we add an externally forced barotropic current, the
melt rates increase in the frontal region, where a lateral
boundary current develops (Fig. 10b). The melt rates reflect
the strength of the current, and we expect increased melt in
the frontal region when the ice shelf is thick, and increased
melt rates deeper into the cavity when the ice shelf is thin
(Figs. 6d—f). In the model simulations shown here, the thermal
driving is ® — Oy = 1.9°C and the relative contribution of the
externally driven barotropic flow on total melt rates is 11% in
comparison with the melt-only case. This relative contribution
increases with decreasing ocean temperature. The contribution
of the barotropic flow to total melt rates is 26% for @ = —1,
where the thermal driving is reduced to ® — = 0.9°C (not
shown here).

In a linearly stratified ocean, the effect of an externally
forced barotropic flow on basal melt rates is smaller than it is
in the homogeneous case (Fig. 10c). This is related to the re-
duced volume flux entering the cavity. However, we only
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Also shown is the speed of the depth-averaged current overlaid by the three streamlines ¥y, ¥,,
and W3 (blue contours) for ice shelf drafts with (d) /i = 100 m (run07) and (e) 4o = 300 m (CTRL
and run01).

consider stratification in salinity and do not include any verti-
cal variability in temperature. In an ocean with depth-varying
temperature, the temperature of the water that reaches the
ice shelf base has to be considered.

7. Discussion

In this study, we use an idealized numerical model to ex-
plore the blocking effect of an ice front on an externally forced
barotropic current; a phenomenon that has previously been
observed at the Getz Ice Shelf in West Antarctica (Wéhlin
et al. 2020). We show that stratification and ice shelf thickness
determine the fraction of the barotropic current that enters
the ice shelf cavity. When the barotropic current enters the
cavity in a homogeneous ocean, ageostrophic processes and
subduction become important in the vicinity of the ice front.

The idealized model simulations of a barotropic flow ap-
proaching an ice shelf reproduce the observations from labo-
ratory experiments with a similar setup presented in Wahlin
et al. (2020). The externally forced barotropic current follows
the sloping side of the channel and bifurcates at the ice front;
the majority of the flow is deflected to the right to follow the
topographic step of the ice front with the shallower water to
its left (Southern Hemisphere), while a smaller fraction (25%
of the approaching volume transport in the control run) en-
ters the cavity. In comparison with the laboratory experiments
(Wéhlin et al. 2020), the reduction in u velocities (toward the
ice shelf) across the topographic step is similar (Fig. 3b): the
velocities are reduced by 82% in the control simulation (46%
reduction of the water column thickness at the ice front) and
by 72% in the laboratory (36% reduction of the water column
thickness).
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FIG. 7. Results from model simulations with tilted ice front (run0O1, runll, and runl2).

(a) Streamline ¥, =

—0.78 Sv for W = 0 (blue), W = 5 km (red), and W = 10 km (green). The

black line at x = 0 marks the ice front at the base, and the colored lines mark the ice front at
the surface for each model run. (b) Volume flux into the cavity relative to Q, as a function
of x. (c) The PV along ¥, with along-streamline distance from the crossing point with the
center line for the three model runs.
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FIG. 8. As in Fig. 3, with linear stratification (N = 2.4 X 107> s'; run15). (a) The depth-averaged u velocity (color)
is overlaid by the barotropic streamfunction (black contours) with a transport of 0.1 Sv between the streamlines. Col-
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and 10 km from the ice front show the locations of velocity depth profiles for (b) u and (c) w velocities. Also shown
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contours in (d)—(f) mark isopycnals. Gray shading in (a) and (d)—(f) is grounded ice and bed topography, respectively,

and the cyan box in (f) is the ice shelf.

We showed that the part of the flow entering the ice shelf
cavity crosses the topographic step at the ice front due to the
continuation of a few f/H contours into the cavity and due to
frictional processes. The volume transport into the ice shelf
cavity is to a large degree determined by the thickness of the
ice shelf, i.e., the size of the topographic step. The part of the
flow that enters the ice shelf cavity approaches the grounding
line, turns right, and exits the cavity at the opposite side—a
pathway that is mainly dictated by the lines of constant water
column thickness given by the geometry of the channel and
the ice shelf base. The flow into and out of the cavity is asym-
metric, despite the symmetric geometry. This asymmetry
between the inflow and the outflow and the simulated bifurca-
tion of the inflowing current at the ice front agrees with the

findings by Carnevale et al. (1999) and Sansén et al. (2005),
who found a different dynamical behavior of a coastal cur-
rent encountering a topographic step depending on whether
the topography is shoaling or deepening relative to the coast.
Although in our setting the current is not a coastal current
and the topographic step is induced by the ice shelf, i.e.,
from the surface rather than from the bottom, the frame-
work by Carnevale et al. (1999) can be used to explain the
asymmetry: The flow into the cavity may be considered as
the Southern Hemisphere equivalent for their right-handed,
step-up flow that either deflects entirely or bifurcates at the
escarpment with the development of a current along the step
away from the coast—in our case the blocked current along
the ice front. The flow out of the cavity would be the Southern
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FIG. 9. Volume fluxes (10)—(13) for runs with different stratification N (x10™* s~ ') (run01 and
runl3-runl7). (a) Flux into the cavity Q. (at x = 0) relative to the approaching flux Q, (at the
center of the gyre at x = x,); (b) vertical flux in front of the ice shelf O, (at z = —hy) relative to
Qg; () flux into the cavity relative to Q, as a function of x.
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FIG. 10. Melt rates and mean velocities in the uppermost 20 m of the water column for model simulations with
basal melting turned on. (a),(b) Initially homogeneous (run18-19) and (c),(d) initially linearly stratified in salin-
ity with N = 2.4 X 1072 s™! (run20 and run21). In (a) and (c) the circulation is only driven by basal melting,
whereas in (b) and (d) the circulation is driven by basal melting and an externally forced barotropic current.

Hemisphere equivalent for their left-handed, step-down flow,
which speeds up as it merges with the “onshore” current along
the step when crossing the step into deeper waters. Asymmetry
is in addition induced by the changes in the PV along the path-
way of the current (Fig. 4).

The model results show that in the homogeneous case geos-
trophy determines the circulation pattern and the volume flux
entering the cavity to a first approximation and beyond about
10 km from the ice front. Closer to the ice front, ageostrophic
processes play a large role in squeezing parts of the flow into
the cavity. While the streamlines deviate from their f/H con-
tours locally at the ice front, the volume flux into the cavity is
strongly dependent on the ice shelf thickness and the bed to-
pography (Fig. 6). Accurate measurements of the bathymetry
and ice thickness are consequently necessary to predict heat
fluxes into the cavity and consequent basal melt rates.

A comparison of PV along streamlines for different model
resolutions (section 4a) reveals that PV is less conserved in
the frontal region in lower-resolution models that compensate
unresolved small-scale processes with high eddy viscosity. The
effect of resolution on the modeled flow is twofold: on one
hand, less water enters the cavity in low-resolution models, as
they cannot resolve small-scale processes that help the flow to

cross the ice front. On the other hand, water that does enter
the cavity can move closer to the grounding line due to a
stronger decrease in PV across the ice front. Consequently,
the total effect of reduced resolution on basal melt rates is un-
clear. Melt rates at the ice front are likely underestimated in
low-resolution models, while melt rates close to the grounding
zone might be overestimated. Previous studies have shown
that a resolution of less than 1 km is needed to adequately
capture eddies and ageostrophic processes that allow the flow
to cross geostrophic contours (Arthun et al. 2013; St-Laurent
et al. 2013; Stewart and Thompson 2015).

Our model simulations show high velocities and enhanced
basal melting in a 10-km-wide boundary zone along the ice
front (section 6). The thermal forcing is typically largest near
the deep grounding zone, inducing high basal melt rates there,
but the velocity dependency of the turbulent transfer coeffi-
cients shifts the melt pattern toward regions of high velocities
at the ice-ocean interface (Dansereau et al. 2014). The rela-
tive contribution of velocity-driven basal melting versus ther-
mal melting is expected to play a larger role for cold cavities
(section 6). Satellite-based estimates of basal melt rates show
strong melting in the frontal zone of the Ross Ice Shelf and the
Filchner-Ronne Ice Shelf (Moholdt et al. 2014). The melt rates
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at the Ross Ice Shelf have been associated with seasonal inflow
of relatively warm surface water during summer (Stewart et al.
2019) and increased velocities at the ice front due to tides and
plume dynamics (Horgan et al. 2011). High melt rates at the
front of the Filchner—-Ronne Ice shelf might be linked to strong
tidal currents that flow parallel to the ice front (Padman et al.
2018). Generally, basal melting at the ice front is expected to
have a small influence on the stability of the ice shelf, unless it
influences calving rates of ice shelves that are in imbalance,
such as in the Amundsen Sea (Fiirst et al. 2016). Nevertheless,
enhanced melting in the frontal region increases meltwater pro-
duction and has been suggested to increase the inflow of surface
waters into the cavity through a wedge mechanism induced by a
modified stratification (Malyarenko et al. 2019).

The stratified model simulations (section 5) show that the
volume flux into the cavity decreases with increased stratifica-
tion, due to suppressed vertical velocities in front of the ice
shelf. Among the different linear stratification profiles ex-
plored in this study, a stratification of N = 2.4 X 1073 57!
(Fig. 8) corresponds best to the summer observations at the
Getz Ice Shelf at middepth. Scaling analysis gives a Burger
number of about 1, which suggests that the flow is approxi-
mately equally influenced by rotation and stratification. Ho-
mogenization of the upper water column through, for
example, wintertime convection would decrease the Burger
number. This would strengthen the boundary current along
the ice front and increase the vertical velocities at the ice
front. Events of strong barotropic, along-ice front currents
and a deepened, homogeneous surface layer extending to-
ward the bottom have been observed at the Getz Ice Shelf
front during strong wind events (Steiger et al. 2021). In-
creased stratification, in turn, would strengthen the blocking
of the barotropic current at the ice front.

Basal melt rates are strongly influenced by the temperature
profile of the water mass entering the cavity, in addition to
volume fluxes considered in this study (Jenkins 1991; Holland
et al. 2008). In continental shelf regions where warm water oc-
cupies the lower part of the water column (such as the
Amundsen Sea), the base of the ice shelf is directly exposed
to the higher temperatures. The flow of warm water toward
the cavity is typically bottom enhanced; that is, the flow has a
baroclinic component that can enter the ice shelf cavity freely
and a barotropic component that would be at least partly
blocked (Wéhlin et al. 2020). In cold continental shelf regions,
basal melting can result from the inflow of seasonally warm
surface waters, described by Jacobs et al. (1992) as basal melt-
ing mode III. Our model simulations with no/weak stratifica-
tion suggest subduction of the upper part of the water
column, which might enhance the inflow of surface waters
and modify the properties of the inflowing water. The homo-
geneous simulations presented here would be representative
for winter conditions on a cold shelf, as the water column
tends to be homogenized following surface cooling and sea
ice formation. Dense water formation in ice front polynyas—
observed, for example, at the Ronne Ice Front in the Weddell
Sea—produces density fronts and (frontal instabilities) ed-
dies that contribute significantly to the cross-front exchange
(Arthun et al. 2013).
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8. Conclusions

This idealized modeling study explores the dynamics of an
externally forced barotropic flow that approaches an ice front
along the sloping side of a channel incised into the continental
shelf. We investigate the potential vorticity budget in the vi-
cinity of the ice front and quantify the volume flux entering
the ice shelf cavity for different ice shelf thicknesses and (lin-
ear) ocean stratification.

We find that the barotropic flow to a good approximation
follows lines of constant f/H. Thus, the flow approaches the
ice front along the sloping side of the channel and returns to-
ward the shelf break along the opposite side of the channel.
The ice front represents an abrupt change in water column
thickness, H, but a limited number of f/H contours continue
into the ice shelf cavity, due to the sloping sides of the chan-
nel. The number of f/H contours that continue into the ice
shelf cavity is smaller the larger the ice shelf thickness. Typi-
cally, the majority of f/H contours do not continue into the
cavity and, as a consequence, a large fraction of the barotropic
flow cannot enter the cavity. Instead, the flow is deflected at
the ice front and continues as a narrow boundary current
along the ice front that joins the return flow on the opposite
side of the channel.

In the proximity of the ice front, where f/H contours change
direction sharply to collapse along the ice front, the flow devi-
ates from f/H contours under the influence of ageostrophic
processes. The fraction of the flow that enters the cavity gains
positive relative vorticity due to the squeezing of the water
column. The squeezing is associated with vertical velocities
(subduction) in front of the ice shelf and high horizontal ve-
locities parallel to the ice front within the first kilometers of
the cavity, more so for thicker ice shelves than for thinner
ones. The subduction is greatly reduced when the ocean is lin-
early stratified, and the volume flux entering the cavity is con-
sequently reduced.

Relative vorticity at the ice front allows the flow to squeeze
into the cavity in a well-mixed ocean. Since the gradients in-
crease in the vicinity of the ice front, viscous forces become
important and influence the PV budget. Viscosity acts as a PV
sink on the way into the cavity and a PV source on the way
out of the cavity. The flow consequently follows a shallower
fIH contour inside the cavity than outside and can therefore
reach deeper into the cavity. This effect is exaggerated in low-
resolution model runs, where an increased eddy viscosity pa-
rameter is used to account for unresolved small-scale motion.
In the vicinity of the ice front where a strong current flows
along the ice front, drag at the seafloor and the ice shelf base
induces a boundary flow directed out of the cavity.

The externally forced barotropic flow increases melt rates
in the frontal region, where the strong lateral flow undercuts
the ice front. This effect is stronger when the stratification is
weak and the ice shelf is thick. These melt rates occur in addi-
tion to the melting that is induced by the melt-driven circula-
tion inside the cavity. The amount of blocking by the ice front
is consequently of importance for the basal melting both due
to the heat transported by the barotropic flow toward the ice
shelf base and the high velocities induced at the front.
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APPENDIX

Derivation of the Barotropic Potential Vorticity
Equation in a Homogeneous Ocean

The barotropic potential vorticity equation originates
from the curl of the depth-integrated momentum equation
in (1) divided by H (Hughes 2008). Because we are inter-
ested in the barotropic flow, we integrate over depth the
equations for the homogeneous case from the bottom
(—hyp) to the surface (m — hjs). To account for vertical shear
that occurs at the ice front and along the topography, we
split the velocity into the vertical mean u and the deviation
from the vertical mean # in analogy to Reynolds averaging
such that u =1 + @ (Ozsoy 2020). The depth integration of
the Lagrangian derivative then results in

m—h TR
J Du Du d (A1)

. R—
—dz = H— + —Hiid + — Hui.
_n, Dt ‘ Dr ax ™ ay v

The last two terms are the dispersive momentum transport
that describes exchange processes due to vertical nonuni-
formity and can be combined with the frictional terms. In
this setup, the forcing is barotropic and density is constant,
such that vertical shear can only occur through friction.

The resulting barotropic potential vorticity equation can
then be rearranged to

D f+§) 1 T, T, lj”’his )
— 2 =—kK - X | == + —
Dz( o) uc v Iz (4, Vi) dz
1o — 19 —
+ ——Hia + —— Hvi A2
Hox Hay vu], (A2)

where the stress terms at the surface 7y, that is, at the base
of the ice shelf, and at the bottom 7, result from the qua-
dratic drag. For barotropic flow, the curl of the pressure
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gradient term is zero, and the vertical viscous term [second-
to-last term in (1)] vanishes during depth integration. All
terms on the right-hand side of (A2) are frictional processes
and are combined to one frictional term F in (6). In the
stratified runs, baroclinic currents develop in the vicinity of
the ice shelf front (because the vertical velocities here cause
the isopycnals to tilt), and an additional term, representing
baroclinic vorticity generation, must be included in the vor-
ticity budget.
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