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Abstract Ice crystal accretion on the underside of sea ice and ice shelves, a signature of pressure-induced
supercooling, has the potential to alter the energy balance in the ocean boundary layer through enhanced
hydrodynamic roughness. Here we present estimates of crystal-driven ocean boundary layer roughness in
supercooled water beneath sea ice adjacent to the McMurdo/Ross Ice Shelf. Data were collected from four
sites in McMurdo Sound, Antarctica, between 2007 and 2015, and represent a range of ice shelf-affected
conditions. The results show that drag of the rough ice underside in the presence of platelets is 6–30 times
larger than typical levels homogeneously applied in ice-ocean interaction models. The crystal-enhanced drag
promotes increased entrainment into the boundary layer from the upper ocean, which has the potential to
affect ice shelf evolution and sea ice growth through enhanced turbulent exchange of heat and momentum.

Plain Language Summary Water that includes a component of meltwater can become colder than its
freezing point as it ascends the ice shelf base. This can promote the growth of thick layers of ice crystals
between the ice and ocean. Owing to a lack of observational evidence, computational models presently
make no allowance for this granular type of interface and therefore suppress vertical mixing that may be
significant for ice shelf longevity. Over five Antarctic field campaigns, we have made measurements in the
ocean beneath sea ice that demonstrate the effect of thin and thick layers of ice crystals beneath the ice. We
have found that there may be as much as 5 times greater water exchange near the base of the ice than when
the crystals are not present. Depending on the temperature of that water, this effect could lead to either
enhanced melt or freeze.

1. Introduction

Approximately 50% by area of the Antarctic ice sheet will move through cold cavity ice shelves during its
descent to the ocean [Rignot et al., 2013]. The three largest cold-cavity ice shelves (Filchner-Ronne, Ross &
Amery) comprise 65% of the total ice shelf area but only 18% of total meltwater contribution [Rignot et al.,
2013]. Hence, understanding the ice-ocean interactions of cold-cavity systems is critical for predicting the
rate at which land-based ice is drained and made available for sea-level contribution.

Within the cold cavities, the combination of pressure due to ice thickness and heat content in the water
column stimulates production of ice shelf water (ISW) via basal melting. By definition, ISW is colder than the
surface freezing point and therefore has the potential to become “supercooled” via pressure relief. This occurs
as the ISW buoyantly ascends the ice shelf base and traverses the in situ salinity- and pressure-dependent
freezing temperature. Refreezing of supercooled water onto the base of the ice shelf creates “Marine ice,”
which takes the form of layers, tens to hundreds of meters thick, of individual ice crystals that can stretch
in unbroken lines from the grounding line to the calving front [Craven et al., 2009; Holland et al., 2009].

Beyond the ice shelf front, platelet crystals, typically 10–200mm across [Smith et al., 2001], can accumulate
beneath adjacent sea ice [Hunkeler et al., 2015; Langhorne et al., 2015]—a spatial extension of marine ice
accretion—to form layers from a few centimeters to several meters thick. The presence of platelets ice, either
freely floating or consolidated into the sea ice cover, is incontrovertible evidence of direct ice shelf influence
in the form of ISW that has been supercooled during its recent ascent of the ice shelf base [Smith et al., 2001;
Robinson et al., 2014]. Different scales of time and pressure in the sub-sea ice and sub-ice shelf regimes will
likely lead to differing degrees of compaction and consolidation of the layers. However, the unconsolidated
and porous layer of ice crystals in direct contact and exchange with the ocean is likely to similarly affect stress
transfer in the ocean boundary layer beneath both sea ice and ice shelves. In both regimes, the presence of
growing ice crystals creates a physically (i.e., hydraulically) rough and thermodynamically active interface
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with the potential to enhance turbulent exchanges via both buoyancy-induced convection [Robinson et al.,
2014] and shear (this study).

Due to difficulties of gaining access, the critical and complex exchanges of heat, salt, andmomentum in areas
of marine ice accretion are yet to be directly observed in situ. In the absence of observational evidence from
supercooled boundary flows, stress transfer, represented in numerical models by a dimensionless drag
coefficient Cd, is presently based on direct observations beneath smooth, melting Arctic sea ice
[Mellor et al., 1986; Shirasawa and Ingram, 1991], or in a basal melt zone [Jenkins et al., 2010], with
0.0015 ≤ Cd ≤ 0.01, but typically around 0.003 [e.g., Gwyther et al., 2015]. This assumes a linear, uniform, static
interface characterized by low surface roughness and makes no allowance for the granular nature of the
interface that exists in the presence of marine ice. Gwyther et al. [2015] remark that Cd is the least observation-
ally constrained parameter in the commonly used three-equation melting scheme [Jenkins et al., 2010] and is
often exploited as a tuning parameter.

Here we exploit the landfast sea ice of McMurdo Sound as a temporary extension of the McMurdo/Ross Ice
Shelf to gain ready and repeated access to the crystal-affected ocean boundary layer. We quantify drag
effects beneath platelet-affected sea ice under varying conditions from five Antarctic field campaigns.
Drag was estimated at up to 2 orders of magnitude greater than is currently employed in ice shelf cavity mod-
els. It was found to be significantly greater than could be explained by either skin friction (i.e., individual crys-
tals protruding into the ocean boundary layer) or form drag (i.e., the overall morphology of the platelet layer)
contributions to hydraulic roughness, prompting two further suggested mechanisms for enhanced effective
roughness. In the dynamic and vulnerable areas where the ice-shelf ocean interface is characterized by thick
accumulations of marine ice, we suggest that the effect of crystal-induced drag could be even greater.

2. Methods

Boundary layer observations were recorded beneath the fast sea ice of McMurdo Sound, Antarctica, during
five spring/summer field campaigns (Figure 1). The region is known to be affected by export from the nearby
oceanic cavity of the Ross Ice Shelf [Smith et al., 2001; Mahoney et al., 2011; Hughes et al., 2014; Langhorne
et al., 2015], and conditions encountered represent a range of supercooled water and platelet layer states.
The camps all included a containerized laboratory over a 50–80 cm diameter “hydro hole” and a nearby
oceanographic mooring.

Friction effects in boundary layers can be characterized as a friction velocity, u� ¼
ffiffiffiffiffiffiffiffiffiffiffiffi
T0=ρ0

p
, where T0 is the

boundary shear stress and ρ0 is a reference density. The assumption that the velocity in the boundary layer

scales with this friction results in the logarithmic law of the wall, so that U zð Þ ¼ u�
κ ln z

z0

� �
; where κ is von

Karman’s constant (κ ≅ 0.4) and the so-called roughness length scale, z0, is the distance length scale

Figure 1. (left) Map of the study region with the four field sites identified by the years in which they were occupied. The red box on the inset map identifies
McMurdo Sound’s location at the northwestern corner of the Ross Ice Shelf. (right) Under-ice boundary-layer velocity (U) which varies with depth beneath the
platelet crystals accreted on the underside of the sea ice. Also shown is a composite representation of the sensor arrangement for different campaigns: (1) 300 kHz
ADCP, (2) 2MHz ADCP, and (3) 5MHz ADV.
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associated with the level of zero flow—not to be directly compared with physical size of roughness elements.
Separating out terms, the law of the wall becomes

U zð Þ ¼ u�
κ
ln zð Þ � u�

κ
ln z0ð Þ ¼ aln zð Þ þ b

which allows independent estimation of u* from the slope and z0 from the zero-crossing of the boundary
layer logarithmic profile. Models typically reduce this boundary layer representation to a drag coefficient
Cd, whereu2� ¼ Cdu2∞, in which u∞ is the far-field velocity, representative of current speed in the ocean interior.

As formulated, the drag coefficient is invariant of background flow speed. However, for background flows less
than 0.05m s�1, and consequently with small boundary stress, the planetary vertical scale associated with the
Earth’s rotation can be smaller than the geometric (physical) scale at which sampling takes place. Therefore,
since measured estimates of boundary layer structure may be ill defined beneath this threshold value of
0.05m s�1 [McPhee, 2008, section 5.1.2], these estimates have been identified in the present analysis.

As the field campaigns evolved, so too did the instrumentation resulting in three different velocity acquisition
methods across the five campaigns. While not ideal, the methods all appeal to the same well-established law
of the wall model for estimating Cd.

December 2007. The camp was located on multiyear sea ice at the northern edge of the McMurdo Ice Shelf,
underlain by ~1.5m of platelet layer (Figure 2a). An RD Instruments 307.2 Hz Workhorse acoustic Doppler cur-
rent profiler (ADCP) was suspended 2m beneath the platelet-ocean interface looking down. Instantaneous
velocity profiles, in 2m bins to a nominal depth of 112m, were collected every 6 s and output as average pro-
files every 5min. Cd was estimated from sequential 20min mean profiles from the slope of the logarithmic fit

over the top 20m of each profile, i.e., Cd ¼ u2�=u
2
∞, where u

2
∞ is taken as the mean current speed at 60m. This

length of data segment was sufficiently short that the boundary layer structure should not change signifi-
cantly in this time, but long enough to provide a meaningful profile. A SeaBird Electronics SBE 19 plus

Figure 2. The various potential contributions to overall effective roughness of the boundary. (a) The interface is composed
of individual ice crystals protruding into the ocean boundary layer at random orientations; (b) looking up at the base of the
platelet layer from beneath, aligned ripples can be seen (example troughs identified by sketched black lines), each
approximately 30 cm in height, created by buoyant sedimentation of ice crystals; (c) platelet ice crystals grow through one
another to create an open structure, which may deform or collapse in response to stress; (d) where background flows are
sufficiently high, the coherent platelet structure may become disassociated from the solid sea ice above, able to move
independently in response to circulation of the upper ocean.
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conductivity-temperature-depth sampling at 4Hz was also used to collect full-depth profiles of temperature
and salinity.

September 2008. The location and experiment setup was identical to that used in 2007, except that no platelet
ice was observed despite the water column being supercooled to 30m depth. The lack of platelet ice is likely
due to occupying the site 2months earlier in the season which, due to seasonal variation in regional circula-
tion patterns, meant that the site was deprived of ISW influence, and hence platelet ice, until late spring/early
summer [e.g., Mahoney et al., 2011].

October to November 2010. This field campwas the least affected by ice shelf water. Nevertheless, supercooled
water and platelet ice were present, albeit in a thin layer. A single-point ADV (Acoustic Doppler Velocimeter,

Sontek) measured turbulent fluctuations, and Cd was determined from u� ¼ u
0
w

0� �2 þ v
0
w

0� �2� �1=4

[McPhee et al., 2016].

October to November 2013 and 2015. The velocity structure was captured using a 2MHz Nortek Aquadopp
acoustic Doppler profiler (HR-Adopp). This was mounted on a folding arm which allowed the instrument to
be positioned flush with the underside of the platelet layer. The HR-Adopp sampled with 0.01m bins, at
1 s intervals, over 1m with a blanking distance of 10 cm. Data were continuously acquired and then, for
the present analysis, divided into 10min sections. This data segment duration was chosen as a compromise
between the averaging improving the quality of the result versus the reduction in capturing the variability in
flow [Friedrichs and Wright, 1997]. The logarithmic boundary layer model was then fitted to each average pro-
file to obtain an estimate of Cd.

3. Results
3.1. Physical Characteristics of the Platelet Layer

Visual inspection of the underside of the platelets (Figure 2a) revealed that the physical roughness was very dif-
ferent to that of sea ice formed away from ice shelf influence, or in its melting phase. Thick accumulations of
platelet crystals formed structured and porous lattices as they continued to grow through each other, having
floated to the interface in randomorientations (Figure 2c). In 2013 and 2015, this was apparent after a hot water
jet had been used to remove ~80×80 cm blocks of solid sea ice. This exposed a semiconsolidated layer of
platelet crystals spanning the base of the hole that stayed in place, rather than collapsing upwards—i.e., its inter-
nal structure was sufficiently strong that it withstood its own buoyancy. When viewed from below (Figure 2b),
the platelet crystals had deposited to form aligned ripples, each ~30 cm tall and spaced 2–3m apart. It is not
knownwhether these were an expression of the basal topography of the sea ice or whether they evolved from
buoyant sedimentation of ice crystals in a manner analogous to dune formation by sedimentation of grains.

In 2007, on repeat visits to the site, it was apparent that a new section of platelet layer had moved into place
beneath the stationery hole in the sea ice, as the hole through the platelet lattice had to be remade by
punching through it with a ballast block. This implied that the platelet layer was separated from the base
of the sea ice, and able to move with the ocean currents, which were significantly faster at this site than at
the other field camps. Using underwater camera equipment with a live feed, this separation was confirmed
with the observation of a 20 cm gap between the sea ice and platelet ice layer (Figure 2d).

3.2. Velocity Structure of the Ocean Boundary Layer

Profiles of current speed collected in 2007 and 2008 (Figure 3) reveal the very different response of the ocean
boundary layer to the presence or absence of a thick and mobile layer of platelet crystals. In the absence of
any platelets (2008, Figure 3a) shear induced by the boundary was insufficient to register any effect on the
boundary layer profile. This does not imply that law-of-the-wall behavior was absent but that it was of
insufficient vertical scale to be captured in the observations.

In stark contrast, a reduction in current speed over the upper ~30m was apparent (Figure 3b) in the platelet-
affected boundary layer. The density structure at this time (Figure 3b) revealed a neutrally buoyant layer to
~50m and demonstrated that the modified velocity profile was not dependent on stratification. The logarith-
mic structure clustered around peaks in tidal flow, taken to represent a “stable”mode. The velocity structure
during tidal troughs (Figure 3c) was very different and may represent a “transitional” phase or “unstable”
mode associated with the platelet layer’s response to rapidly changing ocean current direction.
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3.3. Synthesis of Cd Estimates

The stress transfer is explored here via a synthesis of drag coefficient estimates from all four platelet-affected
field campaigns (Figure 4). These estimates demonstrate significantly greater drag compared to beneath
smooth sea ice, where one would expect Cd< 0.008 [e.g., Mellor et al., 1986; Shirasawa and Ingram, 1991].
The magnitude of these increases can be attributed to properties of the interface at each of the individual

Figure 3. Speed profiles in the upper ocean under different platelet conditions (hourly progression from dark blue to red)
with synchronous density profiles (black dashed lines) as available. (a) Six hours preceding and including, peak high
tide, September 2008, when no platelet ice crystals were observed beneath the sea ice; (b) Six hours preceding and
including peak high tide, December 2007, when a 1.5m thick platelet layer was observed beneath, and able to move
independently of, the sea ice; (c) Six hours over flood tide, December 2007, when the same 1.5m thick platelet layer
was subject to a rapid and dramatic change in background flow direction.

Figure 4. (a) Drag coefficient as a function of background flow speed from four field campaigns with mean estimates shown as solid lines. Background shading
represents drag values published in nonpolar literature and described in the text (pale grey = smooth seabed/melting ice; grey/blue = gravel beach; pale
blue = horse mussels/small frazil crystals; green = oyster bed/large platelet crystals; and yellow and red = deformation and mobility of a thick platelet layer). Values
where Uff< 0.05m s�1 have been separated, as described in the text. The dashed line identifies the maximum Cd typically used to represent refreeze zones in
Ice Shelf Cavity Models (ISCMs). (b) Modeled profiles of boundary layer speed, relative to far-field velocity, using typical Cd currently employed in ISCMs and mean
Cd estimates from the field campaigns. Background shading represents the same interfacial conditions as for Figure 4a.
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sites: the progressive crystal-derived disconnection between sea ice and ocean corresponds with a sequential
increase in estimated drag coefficient:

1. In 2008, when no platelets or platelet layer were observed beneath the sea ice, the resulting boundary
layer was too thin to allow estimation of Cd;

2. In 2010, the sea ice underside was studded with small platelets present in a very thin, and likely transient,
layer and supported by limited supercooled water. The maximum observed Cd was ≅ 0.02, with mean
value Cd ¼ 0:01 ±0:001;

3. In 2013 and 2015, the platelets formed coherent and substantial layers >1m thick, supported by signifi-
cant volumes of supercooled water and attached to the base of the sea ice. Observed Cd was in the range
0.01–0.07 (2013: Cd ¼ 0:02 ±0:002; 2015: Cd ¼ 0:03 ±0:003);

4. In 2007, the platelets formed a thick (>1.5m) lattice, which was subject to high flows and consequently
was unattached and independently mobile beneath the sea ice. Velocity structure was affected to a depth
of ~30m (directly comparable with 2008 results), and Cd was estimated in the range 0.01–0.30 (Cd ¼ 0:08
±0:008). The error estimate given here derives from the mean difference in Cd as estimated from 20min
and 60min mean profiles, thereby incorporating aspects of both temporal variability and methodological
uncertainty.

These observations comprise a range of possible ocean boundary layer responses to varying conditions of
ocean temperature, flow speed, and platelet layer development. However, all imply roughness and drag sig-
nificantly greater than has been previously described or is currently applied in numerical models of
basal refreezing.

4. Discussion

The new observations demonstrate that the presence of crystals at the ice-ocean interface can have a
substantial impact on boundary layer stress transfer and that this influence is ultimately determined by the
degree of ice shelf influence. The evolution of drag coefficient seen here has a parallel in the nonpolar litera-
ture with the progression in boundary layer response to flow over a smooth, flat seabed to gravel beaches
and shellfish beds.

Friedrichs and Wright [1997] examined the benthic boundary layer of a muddy seabed in a coastal embay-
ment. Their background flow speeds were comparable to those observed here, ranging between
0.04m s�1 and 0.14m s�1, and implying friction velocity, u*< 0.01m s�1. They inferred Cd to lie in the range
0.001–0.006, with a mean value of 0.004, a range that mirrors the estimates derived from measurements
beneath melting sea ice.

When studded with small individual ice crystals, as was observed 2010, the sea ice underside possesses
roughness elements similar in height to that of a gravel beach. Correspondingly, Thompson et al. [2004] mea-
sured Cd in the range 0.003–0.01 for flow >0.1m s�1 over a homogenous gravel bed. These estimates are
similar to those for the thin and transient platelets observed by McPhee et al. [2016].

The overall morphology of an established platelet layer is comparable in size, shape, and spatial distribution
to that of shellfish beds. Green et al. [1998] measured Cd in the range 0.008–0.012 over horse mussels, which
are large shellfish with dimension of the order of 5–7 cm, spaced close together, and thus have much in com-
mon with the underside of ice coated in growing crystals.

In measurements that explicitly demonstrate the roughness attributable to shellfish-scale roughness, Styles
[2014] examined two adjacent sandbanks, with and without oyster beds, but subject to identical background
flows. Their estimate of Cd= 0.004 at the bare sandbank matches that for the typical seabed of Friedrichs and
Wright [1997]. Conversely, their estimated drag coefficient over the oyster beds is around 0.025. This corre-
sponds directly to the contrast between the roughness provided by a thick and porous layer of platelet ice
(2013 and 2015) and that of melting sea ice.

These estimates describe elevated roughness from enhanced skin friction (size of individual crystals) and
layer morphology. However, both effects are insufficient to explain the observed ocean boundary response
in 2007. We therefore propose two further mechanisms by which the platelet layer may be able to extract
energy from the upper ocean to further amplify the equivalent roughness. A third additional source of
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enhanced roughness may stem from enhanced overall viscosity of ice crystals suspended in fluid flow, but
this cannot be quantified with the present data.

4.1. Deformation

In their study of the hydrodynamics of submerged aquatic canopies, Ghisalberti and Nepf [2002, 2004]
demonstrated deformation of the canopy in response to the passage of vortices at the interface. Known as
the “monami,” such coherent deformation is able to reduce stress internal to the canopy but can provide a
further mechanism for extracting energy from the ocean boundary layer. Similarly, the open, porous structure
created as crystals grow through one another may deform or collapse in response to external stress.

Ghisalberti and Nepf [2002, 2004] found that a region of strong shear exists at the interface between the
canopy and ambient water, owing to the inflection in velocity structure and drag discontinuity there. Thus,
the top of the canopy is characterized as a region of rapid exchange with a strong influence on vertical trans-
port. Similarly, the boundary layer immediately beneath the platelet layer would be a region of rapid vertical
exchange, where the platelet layer is able to deform in response to external stress in an analogous manner.

4.2. Mobility

A final mechanism we consider here is the mobility of the platelet layer as a coherent whole. Despite the
buoyancy of the platelet ice crystals, a fluid-filled gap was observed between the platelet layer and the
stationary sea ice in 2007. This allowed the platelet layer freedom of lateral movement in response to
frictional drag exerted by the ocean beneath, contributing to a greater net transfer of momentum at the
ice-ocean interface. We expect that, during periods of low flow, the gap would not be maintained due to
the positive buoyancy of the platelet layer, allowing the platelet layer to come into direct contact with the
sea ice, thereby introducing an additional frictional force. This differentiated response is implied in the
velocity profile structures of peak and transitional tidal flows (Figure 3b or 3c).

Shen and Wang [1995] observed “ice jams” in the Hequ region of the Yellow River that bear significant resem-
blance to the platelet layer observed here. They reported frazil granules with amean diameter of 1 cm and ice
jam solid volume fraction of 0.6 (porosity = 0.4), which are both of similar order to observations in the present
study. Treating the jam in a similar manner to a seafloor sediment bedload, they modeled the boundary layer
response taking into account crystal rise velocity and deposition via the Rouse number, z= ω/κu*, where ω is
the rise/fall velocity, κ is von Karman’s constant, and u* is the shear velocity. The velocity profile thus pre-
dicted beneath a fully mobile ice jam is logarithmic with distance from the base of the jam [Shen and
Wang, 1995]. That this prediction is made from fresh water flow, for which stratification can be eliminated
as a determining factor, serves to identify the structure of the platelet layer as the causal agent that deter-
mines the velocity structure in the boundary layer.

5. Conclusions

This study presents estimates of drag coefficients from four sites within a major outflow of ice shelf water
(ISW) from the Ross/McMurdo Ice Shelf ocean cavity. The ISW was supercooled through pressure relief during
its approach McMurdo Sound, leading to deposition of thick layers of ice crystal trapped by buoyancy at the
ice-ocean interface. By working where the ice cover is relatively thin (i.e., the sea ice immediately adjacent to
the front of the ice shelf), and hence where the ocean boundary layer is relatively accessible, we have been
able to observe crystal-affected ice-ocean interactions in a variety of environmental conditions.

Three different velocity acquisition techniques yielded comparable estimates of drag coefficient by appeal-
ing to the law of the wall model of boundary layer behavior. From these we conclude that even small and
transient crystals at the ice-ocean interface significantly increase stress transfer at the boundary through
enhanced skin friction. The effect is amplified, by orders of magnitude, where the crystals have developed
into thick layers that may also be subject to flows fast enough to disassociate them from the overlying ice.
This prompts our suggestion that four modes of effective drag—skin friction, form drag, deformation, and
mobility—may be operating synchronously. Quantification of a fifth potential contribution—the effect of
enhanced viscosity of ice crystals suspended in fluid flow—was beyond the scope of this study.

These new observations suggest that drag coefficients used in numerical models of sea ice affected by ice
shelf cavities should be revised upward substantially, dependent on the degree and persistence of
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supercooling. This, in turn, will affect how these models simulate the fate of cavity-sourced plumes and in
doing so will influence predictions of sea ice growth and stratification around Antarctica [see Langhorne
et al., 2015].

The process of pressure-induced supercooling and subsequent buoyant deposition of ice crystals is repli-
cated beneath all of the major cold cavity ice shelves. Marine ice is thought to buffer interactions between
ice shelf and ocean [Eicken and Lange, 1989], and to provide a stabilizing influence on ice shelves by healing
rifts [Khazendar and Jenkins, 2003], smoothing basal regions that could be expected to be heavily crevassed
[Smedsrud and Jenkins, 2004], and allowing ice shelves to deform rather than fail in response to stress [Holland
et al., 2009]. Marine ice makes up significant volumes of the Filchner [Grosfeld et al., 1998], Ronne [Engelhardt
and Determann, 1987], Amery [Craven et al., 2005, 2009; Fricker et al., 2001], Ross [Neal, 1979; Rignot et al.,
2013], McMurdo [McCrae, 1984], and Larsen C Ice Shelves [Holland et al., 2009] and could be expected to exert
similar or greater drag on the ocean boundary layer to that observed in this study.

In accordance with the evolution of this topic in the nonpolar literature, the use of drag coefficients derived
beneath smooth, melting Arctic sea ice should no longer be considered appropriate in numerical prediction
of Antarctic sea ice and ice shelf evolution. This should motivate spatially differentiated treatment of bound-
ary interaction beneath ice shelves, determined by whether the ice shelf is locally melting or refreezing
[Gwyther et al., 2015] which, in conjunction with improved basal topography, will improve understanding
of sub-ice shelf circulation and processes

The net effect of incorporating enhanced roughness will depend on the stratification it interacts with, as this
will determine the rate at which heat is entrained from below and thereby made available for turbulent
exchange with the interface. At a minimum, a differentiated numerical approach to zones of melt and freeze
is required. More sophisticated parameterizations, taking into account local conditions of flow, pressure, and
temperature, would also be appropriate, although these relationships are yet to be quantified.
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