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Seafloor roughness reduces melting of
East Antarctic ice shelves
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Yuhang Liu ® ', Maxim Nikurashin ® '?3* & Beatriz Pefia-Molino ® %°

Heat delivered by the ocean circulation is melting the Antarctic ice sheet from below. This melt is
largest where warm Circumpolar Deep Water accesses the continental shelf and reaches the ice shelf
cavities. Future melt rate projections are based on ocean thermal forcing derived from climate models,
which tend to be biased warm around Antarctica. The bias has been attributed to unresolved ocean
processes that occur at scales poorly represented in models. Using a high-resolution model of the
Denman Glacier region we show that seafloor roughness unresolved in climate models suppresses the
impact of warm water on ice sheet melting. Seafloor roughness slows down the shelf circulation,
reducing the presence of warm water over the shelf and the heat transport towards the ice cavities. As
aresult, the total meltwater discharge drops by 4 Gt year—'. Our results suggest a mechanism missing
in global ocean and climate models that could reduce the spread in climate projections.

Projections of global mean sea level rise range from 0.28-0.55m and
0.44-0.76 m rise by the end of the century for the low and high emissions
scenarios, respectively'. The large spread in sea level rise estimates results
from a poorly constrained future contribution of the Antarctic ice sheet.
Estimates of meltwater input from Antarctica are derived from ice sheet
models driven by ocean thermal forcing obtained from global climate
models™. Climate models predict warming of the deep continental shelf
waters around Antarctica by the end of the century™”. However, these
models are biased warmed around Antarctica™ and show other biases in the
subpolar large-scale ocean circulation and its response to climate change””.
These biases are attributed to the coarse resolution of climate models and
partly explained by a poor representation of a wide range of dynamical
processes in the ocean near Antarctica®. Thus, it is crucial to improve our
understanding of how unresolved processes control the ocean properties
around Antarctica'.

Unlike West Antarctica, East Antarctica has been relatively stable'’.
However, studies suggest that the Denman Glacier, the second largest
contributor to ice mass loss in East Antarctica'®" located at 98°F, has been
changing rapidly in recent decades'”"°. As in West Antarctica, mass loss
from the East Antarctic ice sheet'”™"” has been attributed to the presence of
Circumpolar Deep Water (CDW) in the adjacent continental shelf***’. The
transport of CDW towards the ice shelf cavities where melting occurs can be
described by two stages. First, CDW must cross the continental slope. Once
on the continental shelf CDW occupies the depth range of 400-500 m,
where it mixes with the surrounding water to produce modified Cir-
cumpolar Deep Water (mCDW)***. In the second stage, mCDW must be
transported towards the ice shelf cavities”””. Each of these stages is

associated with a ‘barrier’, a feature of the circulation that prevents the heat
from advancing poleward. The margins around most of East Antarctica,
including the Denman region, can be described as a Fresh Shelf **, where the
continental shelf water is fresher than waters in the Southern Ocean, and a
strong density front known as the Antarctic Slope Front (ASF) separates the
two water masses. The flow along the ASF is directed westward, in a more or
less coherent current known as the Antarctic Slope Current (ASC). The ASF
and the ASC are the first barriers to cross-slope transport’®”. The main
processes that can break this barrier and lead to intrusions of CDW are
eddies®®”*” and tides’****". Further onshore, the Antarctic Coastal Current
(AACC), a westward current flowing along the coast™”, plays a similar role
as a barrier for the local mCDW access to the ice shelf cavities. Here too
eddies and tides are responsible for transporting heat across the current™”.
Alternatively, the AACC may also provide a pathway for warm anomalies
from upstream sources to reach the ice shelf cavity’*””. The ASC, AACC, and
the associated eddies are highly variable in space and time*>***. Under-
standing how this complex circulation at the continental slope and shelf,
consisting of mean circulation, eddies, and tides, work collectively to prevent
or facilitate the supply of heat towards the ice shelf cavity of the Denman
Glacier will be critical to predict its future evolution.

Another important factor that controls the supply of heat towards the
ice shelves is bathymetry. The Antarctic margin circulation is deep-reaching
and thus strongly influenced by bathymetry”’. Across the continental slope,
the rapid change in bathymetry provides a dynamical constraint to cross-
slope heat transport™, since the ASC must flow along isobaths in order to
conserve potential vorticity. Canyons and abrupt changes in the seabed
found at the shelf break can support cross-slope flows and thus break this
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dynamical barrier’*>*'"", as well as generate internal waves and lead to

mixing”’. The impact of bathymetry over the continental shelf on the cir-
culation, water mass properties, and heat transports is much less under-
stood. Troughs have been suggested to act as conduits for mCDW towards
ice shelf cavities***. A modelling study in Prydz Bay, East Antarctica”, using
bathymetry corrected with bottom depths derived from in-situ hydro-
graphic observations, shows that a large-scale seafloor feature upstream of
the Amery Ice Shelf re-routes the coastal current, thus making a strong
impact on the heat transport towards the ice shelf. Similarly, inclusion of a
ridge blocks deep inflow from the Bellingshausen Sea, leading to enhanced
heat transport on the continental shelf in the Amundsen Sea region®. In
Prydz Bay the corrected bathymetry also indicates the presence of small,
horizontal scales smaller than 100 km, scale seafloor roughness throughout
the shelf”". Similar seafloor roughness has also been found in other regions
of the Antarctic continental shelf **’. Seafloor roughness in ocean basins,
referred to as abyssal hills”, has been found to play an important role for the
circulation and properties in the ocean in two ways. First, it applies a drag in
the form of topographic form stress” to the deep-reaching currents and
eddies in the Southern Ocean, having an impact on their magnitude™ > and
sensitivity to wind**”. Second, the interaction between abyssal hills and deep
currents, eddies, and tides generates small-scale internal waves that radiate
away, break, and drive mixing, transforming water masses in the ocean
interior™*. Seafloor roughness and the motions it generates are not
resolved by most global ocean and climate models, nor are they system-
atically parameterised. The impact of the seafloor roughness on the circu-
lation and water mass properties over the Antarctic shelf, and its
implications on ice shelf melting, have not been explored.

Direct bathymetry observations over the Antarctic continental shelfare
limited and completely lacking in some remote locations under permanent
ice cover™®. Satellite-based bathymetry still constitutes the main data
available for large portions of the Antarctic margin, and in particular, the
Denman region'*'’. However, small-scale seafloor features are not resolved
by satellite gravity”. Currently, several global and regional bathymetry
datasets covering the Denman region are available and have been used in
modelling and observational studies. Here, we focus on two datasets, Bed-
Machine Antarctica Version 2 (BedMachine, hereafter) and Shuttle Radar

Topography Mission at 15 arc sec resolution (SRTM15). BedMachine is a
compilation of the sea bed topography and ice thickness in Antarctica®®. It
is one of few products that provide geometry of ice shelf cavities and sub-ice
bathymetry, and hence it is widely used in Antarctic margin studies'>*".
Ocean bathymetry in BedMachine is derived from the International
Bathymetric Chart of the Southern Ocean (IBCSO)®, which is restricted to
large-scale bathymetry and thus has a fairly smooth representation of the
Antarctic continental slope and shelf regions (Fig. 1a). The second product,
SRTM15, is a high-resolution ocean-only bathymetry produced by com-
bining satellite-based bathymetry with available ship soundings* (Fig. 1b).
SRTM15 has been widely used in global ocean modelling, e.g., the barotropic
tide model (TPXO9), and has recently been added as a bathymetry data
source to IBCSO Version 2. Comparing BedMachine bathymetry and
SRTM15, the most striking difference is the ubiquitous small-scale seafloor
roughness present over the shelf in SRTM15, but not in BedMachine
(Fig. 1c). The variance at 10-60 km scales is up to an order of magnitude
different between the two products, with seafloor roughness in SRTM15
being consistent with multi-beam soundings collected in the Vincennes Bay
to the East of Denman Glacier (Supplementary Note 1). Thus, by running
and comparing model simulations with the two bathymetry products we
can assess the impact of small-scale seafloor roughness on the Antarctic
margin circulation and ice shelf melting.

To this end, we present results from high-resolution regional ocean
model simulations of the Denman Glacier region (Fig. 2a) simultaneously
resolving currents, eddies, and tides, configured with thermodynamic ice
shelf cavities and run with two publicly available bathymetry products under
identical configurations. Specifically, the model has roughly 1.4 km hor-
izontal resolution and 160 vertical levels, with 100 vertical levels in the top 1
km to represent the continental shelf. The model is forced by the 3-hourly
atmospheric forcing derived from the Japanese 55-year atmospheric rea-
nalysis (JRA55v1.3)* at the surface. At the open boundaries, the model is
restored to monthly-mean fields from the 1990-91 repeat-year ACCESS-
OM2-01 run” and also forced by TPXO9v4 barotropic tide velocities for 10
tidal constituents. The model simulations are run for 10 years, reaching
equilibrium after the first 5 years, and the last 5 years of the model outputs
are used for analysis. Additional details of the model configuration are given

Fig. 1 | Regional bathymetry. A map of bathymetry a
in (m) from (a) BedMachine and (b) SRTM15
datasets. (thin black) Ice shelf boundary and (thick
black) 1000 m isobath are shown. The region used
for the TS diagram calculation in Fig. 4. is shown by
the white box. BedMachine bathymetry is used in
both simulations in a region around the ice shelf
(94.5-104°E, 64.8-67°S). ¢ Zonal profiles of bathy-
metry in (m) from (blue) BedMachine and (red)
SRTM15 datasets at (thick) 64.6°S and (thin) 65.8°S
indicated with dashed lines in (a) and (b). A char-
acteristic continental shelf depth of 1000 m is shaded
in grey.
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Fig. 2 | Regional surface currents and water mas- a
ses. a A snapshot of the ocean current speed in

(ms™") at 100 m depth at the end of the BedMachine

simulation. (thin black) Ice shelf boundary, (thick

black) 1000 m isobath, and (thick arrow) ASC and

(thin arrow) AACC pathways are shown. b Time-

averaged vertical and meridional section of tem-

perature in (°C) at 98°E. Black contours show iso-

pycnals in (kgm™).
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in the Methods and the model validation with available observations is
presented in Supplementary Note 2. There are some differences between the
two bathymetry products also at large scales, which may potentially have an
impact on our results. To attribute our results to small-scale seafloor
roughness, we carried out two additional simulations by adding synthetic
small-scale roughness to the BedMachine product (Supplementary Note 3).
These additional simulations have the same large-scale (60 km horizontal
scale and larger) bathymetry as in BedMachine, thus allowing us to directly
attribute the impacts to the small-scale seafloor roughness (10-60 km
horizontal scales). The additional simulations are presented in the Supple-
mentary Note 4.

Results

We define the BedMachine simulation as our reference run and assess the
impact of small-scale seafloor roughness by comparing it to the SRTM15
simulation. We also define the box in front of the glacier, in which bathy-
metry is identical between the two simulations, as our control region for
comparing water mass properties. The reference (BedMachine) model
simulation captures a range of features of the regional ocean circulation,
including the ASC, AACC, and eddies (Fig. 2a). The ASC tends to follow the
continental slope; it has speeds of up to 0.2 ms™" and is strongly eddying.
The AACC follows the coastline and the ice shelf boundary, which are
roughly 100-200 km south of the continental shelf break in this region. In
Vincennes Bay, the AACC is narrow and fairly continuous with speeds
exceeding 0.3ms . Elsewhere, the AACC appears less coherent and
weaker. The reference model annual-mean temperature ranges from cold,
—2to —1.5°C, over the continental shelf to relatively warm, about 0 °C, in
the Southern Ocean (Fig. 2b). A strong temperature (and density) gradient
at the shelf break corresponds to the westward ASC. At the bottom of the
continental shelf relatively warm (—1°C) water stretches from the shelf
break towards the ice shelf boundary. This is the signature of CDW intru-
sions, coming from the Southern Ocean onto the continental shelf and
modified through mixing with shelf waters”. In the following sections, we
describe various diagnostics to characterise the regional circulation, water
masses, quantify their impact on the ice shelf melting, and examine how they
change in response to seafloor roughness.

Regional circulation

We use kinetic energy and volume transport to quantify the ocean circu-
lation in this region and its response to seafloor roughness. The circulation is
dominated by more or less coherent currents and eddies both variable over a
wide range of scales. To quantify the relative magnitude of the various
components of the ocean circulation and their variability, we decompose the
total kinetic energy (KE) into mean (MKE), seasonal (SKE), and eddy (EKE)
kinetic energy components as described in the Methods (Fig. 3). In this
definition, EKE includes all variability other than seasonal, and hence also
includes tides.

In the BedMachine simulation, around 2 Sv of water enters the domain
through the eastern boundary, flows along the continental shelf, and leaves
the domain through the western boundary. Following the overall direction
of the time-mean circulation from east to west, the ASC flows along the shelf
break, while the AACC meanders between the coast and shelf break. In
Vincennes Bay, the ASC enters from the east and then splits around 110°E
with approximately half of its transport (1-1.5 Sv) turning sharply towards
the coast to feed the AACC (Fig. 3a). The rest of the ASC continues west-
ward along the continental slope. The time-mean ASC and AACC are fairly
strong and coherent along the entire continental shelf. In comparison, in the
SRTM15 simulation (Fig. 3d), the AACC mean kinetic energy is less than
half of that in the BedMachine simulation and its transport is also sig-
nificantly reduced. The overall mean zonal transport through the con-
tinental shelf (onshore of the 1000 m isobath) is reduced from 2 Sv in the
BedMachine simulation to 1.5 Sv in the SRTM15 simulation. Thus, seafloor
roughness has an impact on the time-mean circulation through changes in
the partitioning between the ASC and AACC.

While the time-mean circulation is dominated by the ASC, the seasonal
variability is strongest in the AACC in both simulations (Fig. 3b, e). This
likely results from the seasonal cycle in sea ice in two ways. Firstly, active sea
ice formation homogenises shelf water in the vertical through convection.
Secondly, sea ice insulates the ocean below from easterly winds. While the
sea ice extends north of the continental shelf into the Southern Ocean, the
sea ice cycle has a stronger effect on the AACC, as the ASC is also driven by
the basin scale interior density gradient between the Southern Ocean and
shelf waters, and hence is less influenced by the sea ice extent in winter.
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Fig. 3 | Kinetic energy of the ocean circulation. a, b, ¢ Time-averaged kinetic energy
integrated over top 1000 m in log;(J m™?) from the BedMachine simulation and
(d, e, f) from the SRTM15 simulation. g, h, i Kinetic energy difference in (J m?)
between the SRTM15 and BedMachine simulations. (a, d, g) Mean, (b, e, h) seasonal,
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and (¢, f, i) eddy kinetic energy components. (thin black) Ice shelf boundary, (thick
black) 1000 m isobath, and (thin grey) vertically-integrated transport in (Sv)
are shown.

In the presence of seafloor roughness, the seasonal variability changes in a
similar way to the time-mean circulation. The kinetic energy of seasonal
variability of the AACC is reduced and shifts further away from the coastline
in the SRTM15 simulation, while it is slightly increased along the
ASC (Fig. 3h).

Finally, for all other time scales, the distribution of EKE shows that
variability tends to be enhanced over the shelf along the AACC pathway in
both simulations (Fig. 3¢, f). In particular, EKE is the largest where the flow
becomes predominantly meridional, possibly becoming unstable to bar-
oclinic instability and leading to enhanced variability and generation of
eddies®. Around the northern tip of the ice shelf at 97°E and 103°E, the
AACC merges with the ASC leading to enhanced variability and eddies in
this region. Seafloor roughness has a strong effect on the EKE as shown by
the SRTM15 simulation (Fig. 3f). A major difference between the two
simulations is in front of the ice shelf, where the EKE is strongly suppressed
in the SRTM15 simulation. The suppression of EKE in this region could be a
combination of the impact of seafloor roughness on eddies as well as the
reduced instability of the AACC due to its weaker mean and seasonal
components. Eddies over the Antarctic margins have previously been found
to be sensitive to the degree of topography smoothing in a modelling study
of the Ross Sea, West Antarctica, using IBCSO ocean bathymetry”.

The two additional simulations, in which synthetic seafloor roughness
at 10-60 km scales is added to BedMachine bathymetry (Supplementary
Note 3 and 4), show qualitatively and quantitatively similar results, con-
firming that the difference between the circulation in BedMachine and
SRTMI15 can be attributed to seafloor roughness. In summary, the small-
scale seafloor roughness over the continental shelf has a significant impact
on the ocean circulation. The strength of the mean and seasonal compo-
nents of the AACC is reduced in the SRTM15 simulation, while the strength
of the mean ASC component is increased. The EKE over the shelf is gen-
erally suppressed in the SRTM15 simulation. The response of the ocean
circulation to seafloor roughness over the continental shelf is consistent with
the results and mechanisms described in previous studies of the Southern
Ocean™”', showing that seafloor roughness applies a drag to the deep-
reaching currents and eddies leading to a decrease in their kinetic energy. In
the SRTM15 simulation, the AACC experiences a stronger drag from

seafloor roughness over the shelf, and becomes weaker and less efficient at
transporting water westward across the region. To compensate, the ASC
intensifies, transporting more water along the continental slope.

Water mass properties over the shelf

The ocean circulation at the shelf break and over the shelf is believed to
modulate the transport of CDW onto the shelf and hence it can impact
water mass properties over the shelf. To assess this impact, we focus on the
control region, where the bathymetry is identical between the simulations
and thus the difference cannot be attributed to local changes in bathymetry.
The temperature-salinity (TS) diagram in the BedMachine simulation
shows three distinct water masses (Fig. 4a): Antarctic Surface Water
(AASW), Winter Water (WW) and mCDW. Most of the spread in prop-
erties occurs within the AASW (density roughly below 27.4 kg m~) which
tends to occupy depths above 200 m. AASW is in contact with the atmo-
sphere and its properties change throughout the year. Different branches of
the AASW properties, having similar salinity and density but different
temperatures, correspond to different seasons. Beneath the AASW, there is
the WW (density range of 27.4-27.6 kg m ) occupying roughly 200-400 m
depth range and having a tighter property distribution. This water mass is
locally produced by winter time convection and hence is saltier and colder
than the AASW. Finally, the deepest layer near the Denman Glacier,
400-600 m, is occupied by relatively warm and salty mCDW (density
greater than 27.6 kg m ). Overall, the water mass properties, including the
mCDW, over the shelf in the reference model are consistent with the limited
observations in the region™ (Supplementary Note 2).

To characterise the water mass composition over the shelf and quantify
changes in response to seafloor roughness we use a volumetric TS diagram,
that is, we compute water mass volumes for a range of temperature and
salinity bins. We show the difference between the volumetric diagrams
computed for each simulation (Fig. 4b) and integrate volumes for the three
major water masses defined by their potential density ranges. In the Bed-
Machine simulation, most of the volume in our control region is occupied by
AASW and WW, 31% and 62%, respectively. The mCDW accounts for a
smaller fraction, 7%. In response to seafloor roughness, the volume of
mCDW reduces to 1% in the SRTM15 simulation in the control region.
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Fig. 4 | Water mass properties. a Temperature-

salinity (TS) diagram from the BedMachine simu-
lations. The colour shows depth and contours show
potential density in (kg m ) referenced to 0 m
depth. b Difference between the volumetric TS
diagrams for the SRTM15 and BedMachine simu-
lations. Positive (negative) values correspond to the
volume increase (decrease) in the

SRTM15 simulation. ¢ Time-averaged temperature
difference at 400 m depth in (°C) between the
SRTM15 and BedMachine simulation. Positive
(negative) values correspond to the temperature

Temperature, (°C)

increase (decrease) in the SRTM15 simulation. 33
(black) Ice shelf boundary and coastline and (thick
grey) 1000 m isobath.
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This change is compensated by a 7% increase in the volume of the WW.
Changes in the volume of the AASW between simulations are negligible,
1%, as this water mass is largely controlled by surface processes and hence is
insensitive to seafloor roughness. The main impact of seafloor roughness is
at depth, where mCDW and WW are found.

This difference in properties at depth between the two simulations is
not restricted to our control region, but affects the entire continental shelf.
The shelf temperature at 400 m depth decreases by up to 0.1-0.2 °C over the
shelfand under the ice shelfand by up to 1 °C at the shelf break (Fig. 4c). The
strongest cooling occurs at the shelf break at 105-107°E and west of roughly
100°E, both regions characterised by large changes in the mean ASC posi-
tion indicated by positive and negative anomalies in the MKE difference
between the simulations (Fig. 3g) caused likely by difference in large-scale
bathymetry between the two bathymetry products. However, our additional
simulation with synthetic small-scale roughness over the shelf (Supple-
mentary Note 4), shows a similar decrease in the shelf temperature by
0.1-0.2 °C over most of the shelf, confirming that the impact on temperature
over the shelf can be attributed to seafloor roughness.

Ocean heat transports and distribution over the shelf

Changes in the circulation and water masses in response to seafloor
roughness have an impact on heat transport and heat distribution over the
shelf. To quantify how much of this heat is available and can be supplied to
the ice shelf cavity by the ocean circulation, we estimate the divergence of the
ocean heat transport over the continental shelf. Integrated over the entire
continental shelf, a net convergence of heat would result from intrusions of
CDW. These intrusions can cross the shelf break locally or remotely and be
advected into the domain through the lateral boundaries. Once on the shelf,
the spatial distribution of the divergence is controlled by the combined effect
of transformation of CDW by mixing and its advection by the shelf circu-
lation, including the AACC and eddies. Our results from the BedMachine
simulation show that there is an overall convergence (i.e., negative heat flux
divergence) of the ocean heat transport on the shelf (Fig. 5a), implying
warming of the shelf waters by the ocean heat fluxes due to horizontal
advection. This warming can be balanced locally by the air-sea fluxes as well
as sea ice and ice shelf melting. The heat flux convergence is strongest along

the path of the AACC near the coast and along the ice front with magnitudes
of up to 50-60 W m™>. The heat convergence is more spread in regions of
strong EKE, directly opposite to the Denman ice front and is generally weak
along the outer portion of the continental shelf near the shelf break. In the
SRTM15 simulation, the heat convergence over the shelf is generally
reduced (Fig. 5b) by up to 20 W m ™ near the coast and ice shelf in the
western half of the domain, and increased by as much in the outer portion of
the shelf along the shelf break and in Vincennes Bay (Fig. 5¢). Moreover,
there is a reduction of the heat flux convergence under most parts of the ice
shelf. Thus, the results show that there is a redistribution—a shift to the outer
and upstream portion of the shelf—of the heat flux convergence in response
to seafloor roughness. This change in the ocean heat distribution over the
shelf is consistent with the changes of the AACC, generally leading to
reduced westward heat advection over the shelf as discussed above.

Next, we integrate the heat convergence over the continental shelf
region defined by the 1000 m isobath and east and west boundaries at
90°E and 114°E. The total heat flux into the region is 3.62 TW, consisting
of 0.87, 1.07, and 1.68 TW supplied by the mean, seasonal and eddy
components of the circulation respectively (Table 1). While these values
depend on where exactly we place the lateral boundaries for the inte-
gration, given that the ocean heat fluxes and air-sea fluxes balancing
them vary along the shelf, how they change in response to seafloor
roughness does not. In the SRTM15 simulation, the total heat flux into
the shelf region drops to 3.45 TW with 1.01, 1.18, and 1.26 TW supplied
by the mean, seasonal and eddy components, respectively. The response
of the heat fluxes is consistent with the changes in the components of the
circulation discussed above: the EKE is reduced along the shelf break,
while the mean and seasonal circulation components of the ASC are
increased in the SRTM15 simulation. Integrating the heat convergence
for the ice cavity alone, defined as the region between the coastline and
the ice shelf boundary we find 0.33 TW, consisting of 0.03, 0.14, and 0.16
TW supplied by the mean, seasonal and eddy components, respectively.
In the SRTM15 simulation, the net heat convergence below the ice shelf
reduces to 0.29 TW, consisting of 0.13 and 0.16 TW supplied by the
seasonal and eddy circulation components and the mean circulation
component making a negligible contribution.
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Fig. 5 | Ocean heat flux divergence. Divergence of a 50
time-averaged, vertically-integrated total ocean heat
fluxes in (W m ™) from (a) the BedMachine simu- —
o
lation and (b) the SRTM15 simulation. Negative 0o E
divergence corresponds to convergence (source) of 2
ocean heat fluxes. ¢ Difference in magnitude of the
energy convergence in (W m™?) between the
SRTM15 and BedMachine simulations. (thin black) -50
Ice shelf boundary and (thick black) 1000 m isobath.
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In summary, there is an overall convergence of the ocean heat fluxes
over the continental shelf balanced by the local sinks of heat. Seafloor
roughness makes an impact on the total heat transport across the shelf,
reducing it by 0.17 TW, and affects the partitioning between the mean,
seasonal, and eddy heat flux components. It also redistributes heat over the
shelf: it results in a stronger heat flux convergence closer to the shelf break
and upstream of the ice shelf and a weaker heat flux convergence near the
coast and ice shelf front and to the west of the ice shelf. Within the cavity
changes are more subtle. The total heat flux into the ice shelf cavities drops
by 0.04 TW, or 12%, from 0.33 TW in the BedMachine simulation to 0.29
TW in the SRTM15 simulation.

Ice shelf melt rates

The decrease in the total ocean heat flux into the ice shelf cavities is balanced
by a reduction in the heat consumption due to ice melting, and hence a
reduction in melt rates. In the BedMachine simulation, melt rates (Fig. 6a)
vary from 0 to 1 myr " in the interior of the ice shelf to up to 4-5myr ™" at

Table 1| Ocean heat fluxes

Region Heat BedMachine SRTM15 Difference (TW)/
flux (W) (W) percentage
Whole THF 3.62 3.45 —0.17 (5%)
S MHF 0.87 1.01 0.14 (16%)
SHF 1.07 1.18 0.11 (10%)
EHF 1.68 1.26 —0.42 (25%)
Ice Shelf THF 0.33 0.29 —0.04 (12%)
MHF 0.03 0 —0.03 (100%)
SHF 0.14 0.13 —0.01 (7%)
EHF 0.16 0.16 0

Mean heat fluxes (MHF), seasonal heat fluxes (SHF), eddy heat fluxes (EHF) and total heat fluxes
(THF) integrated for the whole shelf and the ice shelf boundaries in the BedMachine and SRTM15
simulations. Positive flux value corresponds to heat convergence in the region. Difference is
computed as SRTM15 minus BedMachine; percentage is computed with respect to the reference
(BedMachine) simulations.

the edge. The Shackleton Ice Shelf and Denman Glacier are characterised by
relatively high melt rates, whereas the Scott Glacier has low melt rates. These
estimates are generally consistent with satellite estimates and previous
modelling studies'*"*”* (Supplementary Note 2). Integrated over the entire
ice shelf, the BedMachine simulation melts 30 Gt yr’l, which is somewhat
lower but generally consistent with recent satellite-based estimate of
54.6 + 7.2 Gtyr~" for the Denman region'’. The difference may be attributed
to the uncertainty in the under-ice bathymetry" or discharge of subglacial
melt water, a process not represented in the model™. In the
SRTM15 simulation, melt rates reduce by up to 1 myr~" especially in the
western part of the ice shelf around the Shackleton Ice Shelf (Fig. 6b, c),
consistent with the reduction of the ocean heat flux convergence in that
region. This reduction in melt rates amounts to a total meltwater discharge
decrease of 4 Gt yr " in the SRTM15 simulation. An additional simulation
with synthetic small-scale roughness over the shelf having the same spectral
variance as in SRTM15 shows qualitatively similar changes in the local melt
rates and a total meltwater discharge decrease of 2.5 Gt yr ' (Supplementary
Note 4). Increasing the variance of the synthetic roughness by a factor of
two, as suggested by multi-beam soundings collected in the Vincennes Bay
(Supplementary Note 1), leads to a stronger impact with a total meltwater
discharge decrease of up to 8.3 Gt yr .

Discussion
We explore the impact of seafloor roughness over the shelf on the ocean
circulation, water mass properties, and glacial melt rates in the Denman
region of Antarctica using a high-resolution regional model. Two simula-
tions are carried out with two publicly available bathymetry products which
differ primarily in their representation of small-scale bathymetry (seafloor
roughness) in the region. Seafloor roughness is ubiquitous in the ocean and
is dominated by O(10 km) scales”. While the impact of seafloor roughness
can generally depend on the model resolution, we expect our results to hold
qualitatively and quantitatively as long as these scales are resolved by
the model.

We show that seafloor roughness makes an impact on the local ocean
circulation, suppressing the mean AACC and eddies over the shelf and
intensifying the ASC along the continental slope. As a result, the presence of
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CDW over the shelf is reduced. Previous studies for the Southern Ocean
show that it is the topographic form stress arising from seafloor roughness
that impacts the large-scale motions such as currents and eddies™’". Some of
the topographic form stress is associated with the lee wave generation”,
while some can be associated with Rossby waves and other non-radiating
motions generated by topographic features™. Internal tides have also been
suggested to modulate lee waves and their impacts”’, in addition to driving
tidal mixing in the interior’®. With the resolution we use, 1.4 km in the
horizontal and O(10 m) in the vertical, our model resolves the 10-100 km
seafloor roughness scales well and thus is capable of resolving the dominant
lee waves and internal tides generated by them. Hence, the model generally
captures the dominant flow-topography interaction processes modifying
the large-scale flows. Some of the processes, such as diapycnal mixing, may
require additional parameterisations to relate the resolved velocity shears to
turbulent mixing’>". Disentangling the lee wave and internal tide effects
over the continental shelf at the Antarctic margins is outside the scope of our
study and will be addressed in future studies.

Our results suggest that unlike the ASC, the AACC does not act as a
barrier, but instead facilitates heat transport. Changes in the properties and
circulation over the continental shelf result in changes in heat transport
towards the ice cavity. We find a stronger heat flux convergence (warming)
at the outer part of the shelf and upstream of the ice shelf and weaker heat
flux convergence (cooling) at the ice shelf front and west of the ice shelf. In
turn, this leads to a reduction in ice shelf meltwater discharge of 4 Gtyr " in
response to seafloor roughness. This meltwater reduction corresponds to a
14% change, and is comparable to the uncertainty in satellite-derived
meltwater estimates for the Shackleton Ice Shelf/Denman Glacier
system'®'®. Available observations in Vincennes Bay suggest that SRTM15
underestimates the seafloor roughness over the shelf, implying that its
impact on the circulation and ice shelf melting is also underestimated. Our
additional simulation with synthetic roughness matching the observations
shows up to 8.4 Gt yr™", or 28%, reduction in the total meltwater discharge
(Supplementary Note 3 and 4).

Small-scale seafloor roughness that is absent in ocean and climate
models can have a significant impact on the ocean circulation in the Ant-
arctic margin, with effects on the heat transport towards ice shelf cavities,

and ice sheet melting. Ocean thermal forcing is expected to increase under
future climate®. Ice sheet melt rate parameterisations®' and observations®
suggest the melt rate response to temperature changes is non-linear,
implying a strong sensitivity of basal melting to climate change in models'’.
Our study shows that seafloor roughness damps the ocean circulation over
the continental shelf, reduces the CDW access to the ice shelf cavity, and
suppresses melting. The suppressed melting, and hence meltwater pro-
duction, further reduces the CDW access to the ice shelf cavity, suggesting
that seafloor roughness can potentially reduce the model sensitivity to
thermal forcing. Therefore, including the effect of seafloor roughness in
climate models could potentially lead to a reduction in the spread of ice sheet
melt rate estimates and sea level rise projections. In addition to potential
improvements in coupled climate models, our results also have implications
for high-resolution global and regional ocean models: resolved, or para-
meterised, small-scale seafloor roughness can improve the shelf circulation
and water mass properties in those models. Finally, direct observations of
the bathymetry around the Antarctic margins will be needed to account for
seafloor roughness in high-resolution ocean models and guide the devel-
opment of parameterisations for coupled climate models.

Methods

Regional model configuration

Our high-resolution regional model of the Shackleton Ice Shelf/Denman
Glacier region is based on the Massachusetts Institute of Technology general
circulation model (MITgcm)*. The model domain covers the region of
90-114°E and 60-67°S (Fig. 1). The model is configured with a 1/40°
resolution in longitude and 1/80° resolution in latitude, corresponding to
roughly 1.4 km. In the vertical, the model has 160 vertical levels ranging
from 3 m vertical resolution at the surface to 100 m in the deep Southern
Ocean; 100 vertical levels are used in the top 1km to represent the con-
tinental shelf. The model has dynamic and thermodynamic sea ice
components*. 4°-wide sponge layers are added at the eastern, western, and
northern boundaries. Within the sponge layers the ocean and sea ice model
fields are restored to monthly-mean fields from the 1990-91 repeat-year
ACCESS-OM2-01 run”. The restoring time scale decreases from 3 months
to 10 days within the sponge layers. The atmospheric forcing is derived from

Fig. 6 | Ice shelf melt rate. Time-averaged ice shelf a 3
melt rate in (m yr ') from (a) the BedMachine 65°S 2
simulation and (b) the SRTM15 simulation. ¢ The 1 =
difference of the ice shelf melt rate in (m yr ") 0 §
between the SRTM15 and BedMachine simulations. 66°S . ;’
2
67°S -3
96°E 98°E 100°E 102°E 104°E
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the Japanese 55-year atmospheric reanalysis (JRA55v1.3)* and applied
3-hourly. Tides are forced by applying TPXO9v4 barotropic tide velocities
(https://www.tpxo.net/global/tpxo9-atlas) for 10 tidal constituents at the
boundaries. The model has a thermodynamic ice shelf component®. Ice
shelf freezing and melting is parameterised using the so-called three-
equation ice shelf thermodynamics model**”". The ice shelf geometry is
generated using BedMachine Antarctica. The simulations are carried out
with a quadratic bottom drag (2 x 10~ drag coefficient) free-slip bottom
boundary condition, a K-profile parameterisation, and Smagorinsky hor-
izontal viscosity parameterisation for sub-grid scale processes.

We carry out and analyse two simulations configured using the sea-
floor bathymetry from BedMachine Antarctica and SRTM15. Bathymetry
from BedMachine Antarctica is used in both simulations in a box region
around the ice shelf (94.5-104°E, 64.8-67°S) to ensure that the geometry of
the ice shelf cavities is identical in the two simulations. Our model only
includes the Shackleton/Denman ice shelf and other cavities within the
domain are not included. Both simulations are run for 10 years with
the models reaching equilibrium after the first 5 years. The last 5 years of the
model outputs are used for analysis. The regional model produces the large-
scale ocean state consistent with its ‘parent’ model, ACCESS-OM2-01,
which was previously validated in the Southern Ocean and for sea ice in
Antarctica”. Shelf water properties also agree well with available float
observations in the Denman region (Supplementary Note 2).

Decomposition of kinetic energy and heat fluxes

We decompose the total kinetic energy and heat fluxes into three compo-
nents: mean, seasonal, and eddy components. The mean kinetic energy
(MKE) is computed as

1
MKE = 30, 12 0

where u,, and v,, are the time mean velocities computed as averages
over the last 5 years of the simulation outputs, and py is reference density of
1026 kg m . The seasonal kinetic energy (SKE) is computed as

1
SKE = 5 po(us? +72), @

where u, and v, are seasonal (monthly) velocity variability computed from
monthly averaged velocities, uonenty ad Vysonsny» saved as model diag-
nostics

and v

u s = Vmonthly — Vm- (3)

s = Umonthly — Um>
SKE is computed for each month and then averaged over the last 5 years of
the simulations. Finally, the eddy kinetic energy (EKE) is computed by
subtracting MKE and SKE from the total kinetic energy (KE) saved as a
model diagnostic,

EKE = KE — MKE — SKE, (4)

and also averaged over the last 5 years of the simulations. The heat flux
components are computed in a similar way by using velocity and potential
temperature model outputs.

Data availability

MITgcm model setup and data that support figures are available at https://
doi.org/10.5281/zenodo.10819731. Full model outputs are available upon
request to the corresponding author.

Code availability
MATLAB script that supports figures is available at https://doi.org/10.5281/
zenodo.10819731.
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