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Abstract
Almost all heat reaching the bases of Antarctica’s ice shelves originates from warm Circumpolar Deep Water in the open Southern Ocean. This study quantifies the roles of
mean and transient flows in transporting heat across almost the entire Antarctic continental
slope and shelf using an ocean/sea ice model run at eddy- and tide-resolving (1/48 degree) horizontal resolution. Heat transfer by transient flows is approximately attributed
to eddies and tides via a decomposition into time scales shorter than and longer than one
day, respectively. It is shown that eddies transfer heat across the continental slope (ocean
depths greater than 1500 meters), but tides produce a stronger shoreward heat flux across
the shelf break (ocean depths between 500 meters and 1000 meters). However, the tidal
heat fluxes are approximately compensated by mean flows, leaving the eddy heat flux to
balance the net shoreward heat transport. The eddy-driven cross-slope overturning circulation is too weak to account for the eddy heat flux. This suggests that isopycnal eddy
stirring is the principal mechanism of shoreward heat transport around Antarctica, though
likely modulated by tides and surface forcing.

1 Introduction
Oceanic heat transport toward Antarctica plays a significant role in the near-Antarctic
and global climate systems. Basal melting of marine-terminating glaciers in West Antarctica has accelerated in recent decades [Jenkins et al., 2016], and has been projected to contribute substantially to sea level rise during the 21th Century [DeConto and Pollard, 2016].
There is also evidence that historically “cold” ice shelves may be melting [Silvano et al.,
2017] or likely to experience rapid melt in coming decades [Hellmer et al., 2012, 2017].
These changes may be felt globally via their impact on the thermodynamics of Antarctic Bottom Water (AABW) formation [Naveira Garabato et al., 2016], which ventilates a
large fraction of the abyssal ocean and exerts substantial influence over large-scale ocean
circulation and climate on millennial time scales [Orsi et al., 2001; Ferrari et al., 2014].
In recent decades, AABW has globally exhibited thinning, warming and freshening, likely
related to processes occurring at its formation sites on the Antarctic shelf [Purkey and
Johnson, 2013; Schmidtko et al., 2014].
Oceanic melting of the Antarctic ice sheet results predominantly from intrusions of
Circumpolar Deep Water (CDW) [Rignot and Jacobs, 2002], a water mass that occupies
the mid-depth ocean close to the Antarctic continent [Orsi et al., 1995], and to a lesser
extent from warm summer surface waters [e.g. Arzeno et al., 2014; Zhou et al., 2014] and
salty, near-freezing waters sourced from coastal polynyas [e.g. Nicholls et al., 2009]. The
Antarctic continental slope inhibits southward transport of CDW by geostrophic mean
flows, instead supporting a sharp Antarctic Slope Front (ASF), coinciding with the westward Antarctic Slope Current (ASC), along most of the continental shelf break [see Fig. 1
and Jacobs, 1991; Whitworth et al., 1998]. The along-slope geostrophic flows of the ASC
and the Antarctic Coastal Current facilitate water mass transport between sectors of the
Antarctic margins [e.g. Graham et al., 2013; Nakayama et al., 2014], but the strong crossslope potential vorticity gradient implies that alternative physical mechanisms are necessary to support CDW transport across the ASF [Thompson et al., 2014].
Recent studies emphasize the role of small-scale processes, notably mesocale eddies and tides, in facilitating heat transfer across the continental shelf/slope. For example,
while the Antarctic shelf have long been known to support relatively strong tidal ellipses
and mixing [e.g. MacAyeal, 1984; Foldvik et al., 1990; Robertson, 2001], studies demonstrating that tidal fluctuations can substantially enhance cross-slope exchange have only
materialized in the last decade [e.g. Padman et al., 2009; Wang et al., 2013; Mack et al.,
2017]. Mesoscale eddies can transfer CDW onto the shelf when isopycnals connect the
shelf waters to the open ocean, for example in regions where the ASF is absent [e.g. Martinson and McKee, 2012; Nakayama et al., 2014; Graham et al., 2016; Couto et al., 2017]
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or where AABW descends the continental slope [e.g. Thompson et al., 2014; Stewart and
Thompson, 2015a]. Eddies can also support intrusions of CDW along the ocean bed in
regions where there is a pronounced ASF [Nøst et al., 2011; Hattermann et al., 2014].
Despite the significance of the ASF for the near-Antarctic and global ocean circulation, our understanding of the dynamics underlying circum-Antarctic cross-slope exchanges
lag far behind that of the broader Southern Ocean [Heywood et al., 2016; Dinniman et al.,
2016]. Taking in situ measurements near Antarctica is logistically difficult, though substantial advances have been made via campaigns like AnSlope [e.g. Gordon et al., 2004,
2009], and the small Rossby radius of deformation [Hallberg, 2013] requires models to
use horizontal grid spacings on the order of 1 km in order to adequately resolve CDW
transport by mesoscale eddies [St-Laurent et al., 2013; Stewart and Thompson, 2015b]
and baroclinic tides [Padman et al., 2009]. Previous modeling studies have therefore either focused on localized regions [e.g. Hattermann et al., 2014; Graham et al., 2016], or
have employed coarser-resolution circum-Antarctic configurations with no representation
of these small-scale processes [e.g. Dinniman et al., 2016; Schodlok et al., 2016]. Consequently, the continental-scale transport of heat onto the Antarctic shelf remains poorly
constrained. In this study we take a first look at circum-Antarctic shoreward heat fluxes
due to high-frequency processes using an ocean/sea ice simulation run at 1/48◦ horizontal
grid spacing that encompasses the entire Antarctic margins.

Figure 1.

Snapshot of the LLC_4320 simulation, with overlays and labels indicating our regional division

of the Antarctic margins. The colors correspond to potential temperature (θ) on simulation date October 9th ,
2012 at a depth of 230 m, or at the ocean bed in regions shallower than 230 m.
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2 Model description and analysis
We derive estimates of shoreward heat transfer from a global ocean/sea ice simulation, which we refer to as LLC_4320. This simulation has been described previously
[Rocha et al., 2016], but we discuss salient properties of the model configuration here to
achieve a self-contained presentation. Fig. 1 illustrates the near-Antarctic portion of the
simulation via a snapshot of potential temperature at 230 m depth, or at the ocean bed
where the bathymetry is shallower than 230 m. Further information about the model configuration is given in Supporting Information (SI) text S1 [Arthern et al., 2006; Daru and
Tenaud, 2004; Fox-Kemper and Menemenlis, 2008; Jackett and Mcdougall, 1995; Jourdain
et al., 2017; Millan et al., 2017].
The LLC_4320 simulation was conducted using the MIT general circulation model
[Marshall et al., 1997a,b] on a global Latitude-Longitude-Cap (LLC) grid [Forget et al.,
2015] with 1/48◦ horizontal grid spacing and 90 vertical levels. The horizontal grid spacing is less than 1 km over the entire Antarctic continental shelf and slope, with the exception of the tip of the Antarctic Peninsula, which is sufficient to simulate shoreward heat
transfer by eddies [St-Laurent et al., 2013; Stewart and Thompson, 2015b]. The model includes the 16 largest-amplitude tidal components globally and partially resolves the internal wave spectrum [Rocha et al., 2016] and thus cross-slope excursions associated with
baroclinic tides [Padman et al., 2009]. The LLC_4320 simulation is not directly constrained by observational data, but is a high-resolution continuation of the ECCO2 0.14◦
reanalysis product. The simulation spans September 2011–October 2012, and derives
surface fluxes from ECMWF 1/6◦ operational analysis [ECMWF, 2011] combined with
an annual climatology of continental runoff [Fekete et al., 2002]. An identically configured simulation was run using 1/24◦ horizontal grid spacing, spanning January 2011 –
April 2013, and is referred to as LLC_2160. We reproduced all results derived from the
LLC_4320 simulation using the LLC_2160 to evaluate the robustness of our findings and
their sensitivity to the model grid spacing.
In the open ocean individual eddies have turnover time scales on the order of weeks–
months [Smith and Vallis, 2001], so the duration of the LLC_4320 simulation would be
too short to quantify eddy heat fluxes locally [Flierl and McWilliams, 1977]. However,
over the Antarctic continental slope the small (< 5 km) Rossby radius results in an eddy
turnover time on the order of days [e.g. Stewart and Thompson, 2016], which reduces the
sampling duration required to achieve converged statistics. Temporal sampling issues can
be offset via spatial averaging; for example, we compute cross-slope heat fluxes and model
properties (Figs. 2–4) using averages along sectors of the Antarctic continental slope.
However, local estimates of statistical quantities like eddy kinetic energy (Fig. 3) appear
to be robust over the continental shelf and slope, exhibiting only small (10–20%) quantitative changes when the analysis is performed over one year (using LLC_4320) or two years
(using LLC_2160; see SI Figs. S5–S7).
A central aim of this paper is to determine the relative contributions of mean flows,
eddies and tides to shoreward heat transport. To perform this attribution we decompose
advective heat fluxes by exploiting the separation of time scales between these flows, posing a linear decomposition of the model output variables into mean, eddy and tidal components. For example the potential temperature θ is decomposed as
θ = θ m + θ e + θ t,

θm = θ

t,e

,

t

θe = θ − θ

t,e

,

t

θt = θ − θ ,

where θ m , θ e , and θ t denote the mean, eddy and tidal components respectviely. We define
• t as an average over each consecutive day, and • e as an average over all of the days in
the simulation. By definition the high-frequency tidal component vanishes under the shortt
timescale average, θ t = 0, and the lower-frequency eddy component vanishes under the
e
long-timescale average, θ e = 0. This allows quadratic products, for example the advective
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heat flux vector F θ , to be decomposed into mean, eddy and tidal components as well:
F θ = F e + F t + F m = uθ

t,e

,

F m = u t,e θ

t,e

,

e

F e = ue θe ,

F t = ut θt

t,e

.

(2)

While this is a mathematically exact and conservative decomposition, it is not phenomenologically exact. For example, tidal cross-slope transport can vary substantially over
each spring/neap cycle [e.g. Padman et al., 2009], while the “eddy” component includes
all variability occurring on longer time scales, including seasonal variations and changes
driven by atmospheric synoptic-scale variability. Additionally, diurnal variation in the
ocean surface forcing will project onto the “tide” component. While nonlinear interaction between these phenomena precludes an exact decomposition [e.g. Rocha et al., 2016;
Ardhuin et al., 2017], a closer approximation might be achieved using harmonic analysis
to isolate the tidal variability [e.g. Foreman and Henry, 1989] and by separating the seasonal cycle from the eddies [e.g. Dufour et al., 2015]. These approaches were found to
be impractical due to the very large volume of model output, which is provided as hourly
snapshots and occupies several petabytes of storage space; even simply time-averaging the
circum-Antarctic model output requires the use of hundreds of compute cores for several
days, even after the process has been optimized for computational efficiency. However, our
decomposition (1) is supported by qualitative and quantitative differences between the diagnosed “eddy” and “tidal” components of the flow, e.g. in their relative kinetic energies
(Fig. 3(d–e)). Furthermore, spectral analysis of the potential temperature, salinity, and kinetic energy demonstrate that daily averaging effectively removes high-frequency variability associated with the tides (see SI Fig. S2). Also for reasons of computational efficiency,
the heat flux terms in (2) were computed using 6-hourly snapshots of the model state.
We selected this frequency based on a convergence study that shows that using higherfrequency output data yields essentially no difference in the eddy/tidal kinetic energy and
cross-isobath heat flux (see SI Fig. S3).

3 Shoreward heat transport across the Antarctic Slope Front
We first quantify shoreward heat transport by mean flows, eddies and tides around
the entire Antarctic continent. There is pronounced spatial heterogeneity in the shelf water masses [Whitworth et al., 1998], so we divide the Antarctic margins into eight regions,
shown in Fig. 1. The results are not qualitatively sensitive to changes in the boundaries
of these sectors, as evidenced by the similarity in the cross-slope heat fluxes shown in
Fig. 2. For the sake of completeness, Fig. 2 includes results from the Amundsen and
Bellingshausen sectors. Herein, however, we do not discuss these results further because
the model’s bathymetric product [Smith and Sandwell, 1997] lacks measurements in these
sectors (see SI Fig. S1), leading to computed heat fluxes that are expected to diverge qualitatively from those occuring in the real ocean.
Calculation of shoreward heat flux is hindered by the convoluted shape of the Antarctic continental slope and coastline, so we transform the model output data to a coordinate
system that follows isobaths in each sector of the Antarctic margins. For example, for the
total advective heat flux F θ we define the total offshore flux as
"
1
∇ · F θ dA ,
(3)
f θ (h0 ) = hF θ ih0 =
L
h<h 0
where h is the ocean depth, z = −h0 is a selected isobath, and dA denotes an infinitesimal
area. For presentation purposes we convert the total offshore heat flux to a heat flux per
unit along-shelf distance by dividing by a length L that approximately measures the length
of the continental shelf break in each sector (see SI Table S1). We also present the heat
fluxes as functions of a quasi-offshore coordinate y? via
"
1
y? (h0 ) =
1 dA .
L
h<h 0
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Figure 2.

Depth-integrated offshore heat flux in each of the Antarctic sectors illustrated in Fig. 1. In each

panel the heat flux is decomposed into components due to mean flows, eddies, and tides, as described in the
text. In each panel the ordinate is given both in bathymetric coordinates (upper axis) and in a pseudo-offshore
coordinate system that approximates true distance from the Antarctic coast (lower axis). In panels (g) and (h)
we indicate heat flux magnitudes using dashed lines because the lack of high-resolution bathymetric data in
these sectors [Smith and Sandwell, 1997] has likely distorted the results.

The resulting heat fluxes and their cross-slope profiles are quantitatively sensitive to the
method of estimating L, so we avoid direct comparisons between offshore heat fluxes per
unit length in different sectors. Note that f θ includes both heat fluxes across the isobath
z = −h0 and heat flux convergence across the boundaries of the sector, the latter being
almost entirely due to along-shelf/slope mean circulation, rather than eddies or tides. In
SI Fig. S4 we decompose the total heat flux into components due to cross-isobath fluxes
and along-shelf/slope convergence. Note also that the sea floor depth does not always vary
monotonically from the coast to the deep ocean; local maxima/minima of sea floor depth
may make a contribution to the heat flux computed using (3). We have partly ameliorated
this issue by choosing the sectors shown in Fig. 1 to avoid shallower areas and seamounts
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offshore of the continental slope, like Maud Rise and Kerguelen Plateau, but the crossisobath heat flux close to the coast on the continental shelf may include contributions associated with small islands and seamounts.
Fig. 2 shows the depth-integrated cross-isobath heat fluxes in all eight sectors of
the Antarctic continental shelf and slope, decomposed into mean, eddy and tidal components. The heat flux profiles are qualitatively consistent between sectors that have a strong
ASF (Weddell, Maud, Amery, East Antarctica and Ross). Shoreward heat flux is typically
dominated by eddies over the continental slope (h & 1500 m) and by tides across the
continental shelf break 500 m . h . 1000 m. However, the tidal shoreward heat flux
is largely compensated by a mean offshore heat flux; in the Maud, Amery, East Antarctica and Weddell sectors, the mean and tidal heat fluxes across the 500 m isobath differ by
less than 10%, 3%, 9% and 13% respectively. This results in close agreement between the
shoreward eddy heat flux and the net heat flux in all of these sectors. On the continental slope the mean heat flux becomes negative due to zonal convergence (see SI Fig. S4),
i.e. warmer water is carried in through each sector’s eastern boundary than is carried out
through the western boundary. Over the West Antarctic Peninsula (WAP) the tidal heat
flux is relatively weak due to low tidal amplitudes in this sector [e.g. Lyard et al., 2006],
so the dominant balance is between shoreward eddy heat flux and offshore mean heat flux.
In this sector the total heat flux f θ is positive due to alongshore heat flux divergence (see
SI Fig. S4); southward flow carries colder water into the WAP sector at its northern edge
and warmer water out at its southern edge.

4 Localization of heat transport across the shelf break
We now examine how shoreward heat fluxes are locally distributed, both as a function of depth and a function of along-slope distance. Due to the qualitative similiarity between the processes governing cross-isobath heat transport in different sectors of Antarctic
margins (Fig. 2), we focus on the combined Amery/East Antarctica sector, where the nearzonal coastline facilitates interpretation of heat flux localization. Additionally, intrusion
of CDW and relatively high basal melt rates have been diagnosed beneath some of the ice
shelves in this region [Rintoul et al., 2016; Silvano et al., 2017]. Fig. 3(a–b) illustrates this
sector via the time-averaged model barotropic streamfunction and potential temperature at
230 m depth. The circulation is dominated by the westward ASC, which closely follows
isobaths, leading to shoreward excursion in coastal troughs. The ASC is associated with
an O(3◦ C) change in potential temperature across the 100–200 km wide continental slope,
within which the ASF is characterized by a temperature change of approximately O(2◦ C)
over less than 50 km [e.g. Meijers et al., 2010]. Fig. 4(a–b) shows contributions to the heat
budget in this sector.
We first derive an approximate measure of cross-isobath heat flux localization by extending the method described in §3. Fig. 3(c) shows the heat flux f θ across h = 500 m,
which typically lies close to the shelf break and the isobath across which shoreward tidal
heat fluxes are maximal, computed in running zonal windows that are 3◦ wide in longitude and plotted every 0.25◦ . This serves to smooth out small-scale zonal variations in
the heat fluxes, and so likely underestimates their most extreme fluctuations. In these relatively short zonal windows there is substantial compensation between the offshore/shoreward
cross-isobath mean heat flux and zonal heat flux convergence/divergence, which individually exhibit larger fluctuations than those shown in Fig. 3(c) (not shown). In contrast, the
eddy and tidal components of this localized heat flux accurately quantify flux across isobaths. Local heat fluxes across other isobaths exhibit qualitatively similar zonal localization.
Fig. 3(c) shows that the mean/tidal heat flux compensation found in each sector of
the Antarctic margins (Fig. 2) also holds as a function of along-slope distance (Pearson’s
correlation coefficient r = −0.86). In contrast, though the integrated eddy and total heat
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Figure 3.

Along-coast localization of heat fluxes in the combined Amery/East Antarctica sector. (a)

Barotropic streamfunction. (b) Time-mean potential temperature at 230 m depth. (c) Offshore heat fluxes as
a function of longitude, decomposed into mean, eddy and tidal components (see text for details). (d,e) Eddy
kinetic energy and tidal kinetic energy, respectively. In panels (a–b) and (d–e) the black contours indicate the
ocean depth in meters. In panels (a), (b), (d) and (e) the white dashed box indicates the test region used to
verify our analysis techniques in Supporting Information Figs. S2 and S3.

fluxes match closely, locally they are weakly related (r = 0.31). A tempting interpretation is that tides draw heat out of the slope current and transfer it shoreward, leading
to a series of decreases in the temperature of the current as it flows westward along isobaths. However, Fig. 4(a) shows that the net along-isobath heat flux convergence on this
isobath is negligible; below we show that the tidal heat fluxes are in fact countered by a
mean overturning circulation. In Fig. 3(c–e) the cross-isobath heat fluxes are compared
against the eddy and tidal components of the kinetic energy (EKE and TKE, respectively),
computed analogously to (1). The EKE is elevated in a narrow strip along the core of the
ASF and north of the continental slope in the ACC, but is not substantially localized as a
function of along-slope distance. In contrast, TKE is elevated along the shelf break, particularly in the vicinity of a number of bathymetric features (note the logarithmic color bar
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in Fig. 3(e)). These regions of elevated TKE coincide with the “hot spots” of shoreward
tidal heat transport shown in Fig. 3(c).
We now examine how the shoreward heat flux is distributed in the vertical, and in
particular the roles of mean, eddy and tidal overturning circulations in transferring heat
across isobaths. We first define an along-isobath averaging operator for scalar quantities,
for example potential temperature:
"
1 d
θ dA.
hθih0 =
L dy?
h<h 0
Here we have used the same notation for the averaging operator h•ih0 as in (3) to simplify
the presentation, with the understanding that this operation follows (3) for vector quantities
and (5) for scalar quantities. We then construct approximate mean, eddy and tidal overturning streamfunctions using the Transformed Eulerian Mean (TEM) formalism [Plumb
and Ferrari, 2005; Wolfe, 2014],


D
t,e
eE
Z 0D
u
b
t t
u e be
E
h
h
 t,e  0 ,
u t,e
dz 0 +  t,e  0 +
ψ(h0 ) =
h0
∂z b
|z
{z
} ∂z b
h0
h
| {z } | {z 0}
ψmean
ψeddy
ψtide
where b is the buoyancy and ∂z denotes a vertical derivative. Equation (6) differs from the
usual TEM only in that the transient lateral buoyancy flux has been decomposed exactly
into eddy and tidal components following (2). In practice we compute buoyancy fluctuations and mean buoyancy gradient using locally-referenced potential density [McIntosh and
McDougall, 1996; Stewart and Thompson, 2015a].
D t,e E
and surfaceFig. 4(c) shows the along-isobath mean potential temperature θ
h0
referenced potential density. Our averaging operator (5) captures the structure of the ASF,
though the front is somewhat smoother than in individual transects [see e.g. Meijers et al.,
2010] because the flow deviates slightly across isobaths as it traverses this sector. Fig. 4(d–
f) shows the mean, eddy and tidal overturning streamfunctions computed via (6), with red
colors corresponding to clockwise flow along streamlines and blue colors corresponding
to counter-clockwise flow. Consistent with Fig. 4(b), the eddy- and tidally-driven circulations transfer deeper, warmer water toward the coast and shallower, colder water offshore,
leading to a net shoreward heat flux. The mean overturning circulation directly opposes
the eddy and tidal overturning circulations, and therefore transfers heat offshore. Note that
further offshore, the mean streamfunction includes a component associated with changes
in the vertical structure of the along-isobath volume transports passing through the zonal
boundaries of this sector (see Fig. 4(a)).
The strength of the mean circulation across the shelf break greatly exceeds the shoreward Ekman transport due to the easterly winds [see e.g. Stewart and Thompson, 2012;
Spence et al., 2014].
The
D
E strength of the Ekman overturning circulation can be estimated
as ψEkman = − τx t,e /( ρ0 f ), where τx is the zonal wind stress, f is the Coriolis pah0
rameter,D and Eρ0 is a reference density for the ocean [Marshall and Radko, 2003]. Combining τx t,e
≈ −0.07 N m−2 at the shelf break with f ≈ −1.3 × 10−4 rad s−1 and
h0
ρ0 = 1027 kg m−3 , we estimate that the wind-driven mean overturning circulation in the
Amery/East Antarctica sector is 2.2 Sv, less than half of the diagnosed mean overturning circulation of 4.6 Sv across the shelf break. Geostrophic mean flows are unlikely to
contribute to the mean overturning circulation because they are strongly constrained to follow isobaths (see Fig. 3(a)); the net cross-isobath volume flux is only 0.1 Sv in this sector.
This suggests that the cross-isobath mean overturning over the shelf and slope is primarily
due to eddy/tidal momentum flux convergence. However, we are unable to distinguish the
drivers of the mean overturning circulation based on the evidence presented here. A quantitative evaluation of these drivers will likely require a separate analysis of the vorticity
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Figure 4.

(a,b) Offshore heat fluxes in the combined Amery/East Antarctica section (see Fig. 1). (c) Time-

and longshore-averaged potential temperature (colors) and potential density (black contours). (d–f) Approximations to the mean, eddy and tidal components of the overturning streamfunction, respectively. In panel
(a) we decompose the total heat flux (purple) into components due to true cross-isobath heat fluxes (light
blue) and due to zonal advective convergence (green). The total heat flux is also compared to the surface heat
flux integrated from the coast (dark red); mismatch between the total heat flux and surface heat flux curves
indicates a time tendency in the ocean heat content. In panel (b) we decompose the cross-isobath component
of the heat flux into mean, eddy and tidal components. The dashed lines show estimates of the heat fluxes,
constructed by combining the time- and longshore-averaged temperature with the overturning streamfunctions
shown in panels (d–f).

budget, as the momentum budget is complicated by the large variations in bathymetry and
mean flow orientation.
The dashed lines in Fig. 4(b) indicate estimated cross-isobath heat fluxes calculated
by combiningD the Estreamfunctions defined in (6) with the along-isobath mean potential
t,e
temperature θ
shown in Fig. 4(c), e.g.
h0

f ψ (h0 ) =

Z

0

D t,e E
− θ

−h 0
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This approach makes use of approximate overturning streamfunctions (6) and does not
take into account along-shore variations in the components of the cross-isobath transport nor the thermohaline structure of the front. Despite this, the estimated cross-isobath
mean and tidal heat fluxes are within ∼ 25% of the heat fluxes diagnosed directly via (3).
In contrast, the eddy heat fluxes estimates from the overturning circulation are approximately zero, and do not explain the shoreward eddy heat transport. This suggests that the
cross-isobath eddy heat flux is due to eddy stirring of heat along density surfaces [e.g.
Stewart and Thompson, 2016] or along the ocean bed [Nøst et al., 2011], rather than the
ageostrophic eddy-driven overturning circulation. Similar results are found in the Maud,
Weddell, Ross and even WAP sectors.

5 Discussion
In this study we have used the first ocean/sea ice model capable of resolving circumAntarctic mean flows, eddies and tides to quantify the relative contributions of these processes to shoreward heat transport. We have emphasized the sectors of the Antarctic margins that host a strong ASF (around 75% of the continental slope), in which eddies support heat transfer across the continental slope, but are surpassed by tidal fluxes across the
shelf break (Fig. 2). The tidal heat transfer is confined to “hot spots” in the vicinity of
a few bathymetric features along the shelf break, but is locally compensated by offshore
mean heat fluxes (Fig. 3). This results in a close agreement between the shoreward eddy
heat flux and the total shoreward heat flux (Fig. 2). We linked the opposing mean/tidal
heat fluxes to compensating mean and tidally-driven overturning circulations across the
shelf break (Fig. 4), but found that the eddy-driven overturning circulation could not explain the shoreward eddy flux. Taken together, these results indicate that eddy stirring
along isopycnals or along the ocean bed is the mechanism that transfers heat across most
of the ASF [Nøst et al., 2011; Stewart and Thompson, 2016], but that the ASF’s structure
and overturning circulation are strongly modulated by tides [Flexas et al., 2015]. However,
there remains some uncertainty as to the exact mechanism of eddy heat transport due to
our approximate construction of the overturning circulation in equation (6).
While the LLC_4320 and LLC_2160 simulations offer a unique circum-Antarctic
insight into the role of high-frequency processes in facilitating shoreward heat flux, they
carry several caveats. We have not discussed cross-isobath heat fluxes diagnosed from
the Bellingshausen and Amundsen Seas because the model’s bathymetric product lacks
high-resolution measurements in those sectors [Smith and Sandwell, 1997]. Specifically,
the continental shelf and slope are smooth, lacking features such as troughs that have been
shown to be critical in guiding CDW onto the continental shelf [e.g. Thoma et al., 2008;
St-Laurent et al., 2013]. While troughs efficiently steer the slope current shoreward, the
relatively small cross-isobath heat fluxes diagnosed within the troughs suggests that they
do not efficiently draw heat across isobaths (Fig. 3(a–b)). However, some of the troughs
extend far into the ice shelf cavities [e.g. Nicholls et al., 2009; Hattermann et al., 2014],
in which cases inflowing CDW need not ascend to depths much shallower than the shelf
break in order to reach the bases of the ice shelves. The LLC_4320 and LLC_2160 simulations cannot reproduce this mechanism because they do not include ice shelf cavities.
However, waters reaching these troughs must still cross the continental slope and shelf
break, and so their route from the open ocean can still be captured using our bathymetric
coordinate transformation (3).
Another key caveat of the LLC_4320 and LLC_2160 simulations is their short durations of one and two years, respectively. As discussed in §2, the quantitative similarity
between results derived from these simulations suggests that their durations are sufficiently
long to derive converged eddy/tidal statistics. However, the model state is drifting, as evidenced by the mismatch between the diagnosed net shoreward heat fluxes and the integrated surface heat fluxes toward the bottom of the continental slope in Fig. 4(a) and SI
Fig. S4. Quantitative changes in the heat fluxes should therefore be expected if the model
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integration were continued for longer, potentially adjusting over thousands of years as the
global overturning circulation adjusted to the surface boundary conditions [Hirst et al.,
2000]. However, it is not clear that such an equilibrated state would provide a more realistic representation of the stratification and thus the eddy/tidal heat fluxes. The model’s
short duration also implies that it under-samples the inter-annual variability in the atmospheric circulation, which responds to global modes of atmospheric variability like the El
Niño Southern Oscillation and the Southern Annular Mode [Langlais et al., 2015], and to
which the ASF has been shown to be sensitive [Stewart and Thompson, 2013; Nøst et al.,
2011]. Longer simulations will be required to adequately sample these modes of variability, and also to allow “eddy” variability to be separated from seasonal variability, which
also projects onto cross-slope water mass exchanges and heat transport [Wang et al., 2012;
Su et al., 2014; Zhou et al., 2014].
Though longer simulations at similar resolution would permit a greatly expanded
range of science questions to be addressed, the consistency of our key findings between
sectors of the Antarctic margins suggests that the relative roles of mean flows, eddies and
tides are unlikely to change. These finding raise further questions regarding the dynamical roles of eddies and tides in shaping the ASF and cross-slope exchanges. For example,
approximate compensation between the mean and tidal overturning streamfunctions (see
Fig. 4) might be expected to result from a tidal “Stokes drift” opposed by a tidally-driven
rectified mean flow, leading to a relatively small cross-isobath tidal residual flow [Robinson, 1981, 1983]. However, our scaling analysis in §4 suggests that almost 50% of the
mean overturning circulation may be due attributed to wind-driven Ekman transport. It is
therefore unclear why there should be such a close compensation between the mean and
tidal cross-isobath heat fluxes (Figs. 2–4). Similarly, while our results collectively suggest
that eddy stirring of potential temperature dominates the overall shoreward heat flux, the
two simulations analyzed here offer limited insight into the sensitivity of this heat flux to
ongoing changes in stratification [e.g. Schmidtko et al., 2014] or atmospheric conditions
[e.g. Spence et al., 2014]. Additional process-oriented modeling of the ASF will likely be
required to achieve a complete characterization of these phenomena.
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Text S1. Additional information regarding the model configuration
In this section we provide additional information regarding the model configuration
that is relevant to the analysis described in the main text.
The model uses 90-level geopotential vertical grid with spacings ranging from 1 m
at the surface to 480 m at depths of 7000 m. The standard MITgcm second-order AdamsBashforth scheme was used to step the model forward in time, using a time step of 25 s.
The Boussinesq momentum equations were discretized in vector-invariant form [Marshall
et al., 1997a,b], while a seventh-order monotonicity-preserving scheme was used to advect potential temperature, salinity, sea ice concentration and sea ice thickness [Daru and
Tenaud, 2004]. Density is determined using the equation of state of Jackett and Mcdougall
[1995].
Grid-scale energy and enstrophy are controlled using biharmonic Leith and modified Leith viscosities [Fox-Kemper and Menemenlis, 2008], both set to dimensionless
values of 2. Vertical momentum redistribution is provided by a Laplacian viscosity of
5.66×10−4 m s−2 , and a small background vertical Laplacian diffusivity of 5.44×10−7 m s−2
is used for potential temperature and salinity. Momentum is exchanged at the air-sea ice,
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sea ice-ocean, and ocean-sea floor interfaces using bulk quadratic drag laws with dimensionless coefficients of 1.2 × 10−3 , 5.5 × 10−3 and 2.1 × 10−3 respectively.
The model bathymetry is derived from Smith and Sandwell [1997]. This product
omits recent high-resolution measurements, and linearly interpolates between depth measurements over the continental slope and an assumed depth of zero at the coastline, leading to a representation of the continental shelf that differs qualitatively from reality [e.g.
Millan et al., 2017]. We therefore omit discussion of shoreward heat transport in these
sectors in the main text. The model bathymetry also omits the cavities under Antarctica’s
floating ice shelves, so we cannot directly determine the relative roles of eddies and tides
in transporting heat to the base of the ice.
In the absence of an explicit representation of ice shelf melt, the model imposes
a prescribed Antarctic freshwater input of totaling 72 mSv. This input is approximately
equal to the total continental accumulation [e.g. Arthern et al., 2006], and is distributed
uniformly around the coastline. This approach omits the spatial hetergeneity in meltwater release and calving around Antarctica and so could lead to deviations in the stratification of the model ASF from that of the real ocean [e.g. Hattermann et al., 2014; Jourdain
et al., 2017], particularly if this data-unconstrained model integration were continued for
longer.
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Figure S1.

Model bathymetry [Smith and Sandwell, 1997] in the Amundsen and Bellinshausen Seas.

Depths greater than 2000m are excluded, and appear as a uniform blue area in this plot.

Sector name

Sector length L (km)

Definition

Weddell

2,792

Latitudinal distance from 72◦ S to 64◦ S
+ longitudinal distance from 55◦ W to 0◦ at 72◦ S

Maud

1,986

Longitudinal sector length at 70◦ S

Amery

1,556

Longitudinal sector length at 65◦ S

East Antarctica

2,690

Longitudinal sector length at 65◦ S

Ross

2,346

Longitudinal sector length at 72◦ S

WAP

1,041

Latitudinal sector length

Amundsen

1,726

Longitudinal sector length at 72◦ S

Bellingshausen

955

Longitudinal sector length at 70◦ S

Table S1. Along isobath “lengths” of our eight circum-Antarctic sectors and their definitions. These lengths
are arbitrary and are used to rescale the computed cross-isobath heat fluxes and coordinates to facilitate a
clearer presentation of the results.
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Figure S2.

(a,c,e) Temporal evolution and (b,d,f) tidally-filtered/unfiltered frequency spectra in a test region

within the Amery sector, indicated as a white box in Fig. 3 in the main text. (a,b) Volume-averaged potential
temperature, (c,d) volume-averaged salinity, and (e,f) volume-integrated kinetic energy.
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Figure S3.

Convergence of eddy/tidal statistics under refinement of the model output frequency in a test

region within the Amery sector, indicated as a white box in Fig. 3 in the main text. (a) Total eddy+tidal kinetic energy and (b) mean+eddy cross-isobath heat flux (see main text §3) in the test region as computed from
instantaneous model output across a range of output frequencies. In both cases sampling at frequencies higher
than 6-hourly leads to a negligible change in the result.
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Figure S4.

As Fig. 4(a) in the main text, but reproduced for all eight sectors of the Antarctic margins.
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Figure S5.

As Fig. 2 in the main text, but calculated from the LLC_2160 simulation.
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Figure S6.

As Fig. 2 in the main text, but calculated from the LLC_2160 simulation.
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Figure S7.

As Fig. 2 in the main text, but calculated from the LLC_2160 simulation.
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