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Abstract Ocean warming near the Antarctic ice shelves has critical implications for future ice sheet mass
loss and global sea level rise. A global climate model with an eddying ocean is used to quantify the mecha-
nisms contributing to ocean warming on the Antarctic continental shelf in an idealized 2xCO2 experiment.
The results indicate that relatively large warm anomalies occur both in the upper 100 m and at depths
above the shelf floor, which are controlled by different mechanisms. The near-surface ocean warming is pri-
marily a response to enhanced onshore advective heat transport across the shelf break. The deep shelf
warming is initiated by onshore intrusions of relatively warm Circumpolar Deep Water (CDW), in density
classes that access the shelf, as well as the reduction of the vertical mixing of heat. CO2-induced shelf fresh-
ening influences both warming mechanisms. The shelf freshening slows vertical mixing by limiting gravita-
tional instabilities and the upward diffusion of heat associated with CDW, resulting in the buildup of heat at
depth. Meanwhile, freshening near the shelf break enhances the lateral density gradient of the Antarctic
Slope Front (ASF) and disconnect isopycnals between the shelf and CDW, making cross-ASF heat exchange
more difficult. However, at several locations along the ASF, the cross-ASF heat transport is less inhibited and
heat can move onshore. Once onshore, lateral and vertical heat advection work to disperse the heat anoma-
lies across the shelf region. Understanding the inhomogeneous Antarctic shelf warming will lead to better
projections of future ice sheet mass loss.

1. Introduction

The Antarctic ice sheet is the largest ice reservoir on Earth and the largest potential contributor to global
sea level rise (Bamber et al., 2009; Lythe et al., 2001; Shepherd et al., 2004). Recent studies using observa-
tions and numerical models indicate that the ice sheet is losing mass at an increasing rate, contributing to
present and future projections of global sea level rise (e.g., DeConto & Pollard, 2016; Pritchard et al., 2012;
Rignot et al., 2008; Timmermann & Hellmer, 2013). Most of the land-based ice mass loss is a result of the
melting or calving of ice shelves buttressing the ice sheet (Depoorter et al., 2013). Ice shelf basal melt mainly
results from intrusion of relatively warm and saline Circumpolar Deep Water (CDW) onto the continental
shelf (e.g., Cook et al., 2016; Jenkins et al., 2016; Obase et al., 2017; Rignot & Jacobs, 2002). Typically, CDW is
characterized by temperatures about 38C–48C above the seawater freezing point (Whitworth et al., 1998).
Where CDW is able to approach the ice shelves from below, it efficiently melts ice shelves, reducing their
buttressing effect for the inland ice streams and prompts accelerated land-to-sea ice motion (Dupont &
Alley, 2005). Some of the most vulnerable ice shelves are located along the coast of the Antarctic Peninsula
and in the Bellingshausen and Amundsen Seas (e.g., Christie et al., 2016; Jacobs et al., 1996; Martinson et al.,
2008; Payne et al., 2004) and near the Totten Glacier on the Sabrina Coast in East Antarctica (Greenbaum
et al., 2015).

Usually, CDW is kept off the Antarctic shelf break and from the cold shelf waters by the Antarctic Slope Front
(ASF). However, the ASF is largely absent near the shelf break of the western Antarctic Peninsula and in the
Bellingshausen and Amundsen Seas (Gill, 1973; Jacobs, 1991). The ASF is associated with steep isopycnals
which tilt down toward the continental slope and limit cross-shelf-break heat transport, thereby serving as a
natural barrier between CDW and the Antarctic ice shelves (Whitworth et al., 1998). The steep tilt of isopyc-
nals, mainly resulting from Ekman downwelling from the coastal Easterlies, can create lateral density
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gradients across the ASF. Along the continental slope, some isopycnals link CDW to the shelf (see Stewart &
Thompson, 2016, Figure 2). This connection of isopycnals provides a key pathway for heat exchange across
the shelf break.

Recent observations and model-based studies suggest that mesoscale eddies contribute significantly to
onshore heat transport across the ASF (e.g., Hattermann et al., 2014; Nøst et al., 2011; Stewart & Thompson,
2015). Occurring preferentially along isopycnals, this eddy heat transport is sensitive to local topographic
and isopycnals slopes (for details, see Isachsen, 2011). For example, a shallow continental shelf break or
steep continental slope can reduce cross-ASF connecting isopycnals and therefore restrict heat exchange
across the ASF (Hattermann et al., 2014). Conversely, projected weakening of the coastal Easterly wind stress
may lead to a flattening and shoaling of the isopycnals crossing the ASF, resulting in enhanced cross-ASF
eddy heat transport (Spence et al., 2014). Furthermore, studies show that increasing freshwater input from
ice sheet basal melting into the shelf waters (Nøst et al., 2011) or increasing the shelf salinity from polynya
brine rejection (Stewart & Thompson, 2015, 2016) can enhance cross-ASF onshore eddy heat transport.
Through seemingly opposite forcings, these studies both show increased available potential energy on the
shelf which is released through more onshore eddy heat transport.

Previous modeling studies have investigated the mechanisms driving heat transport toward Antarctica’s ice
shelves (e.g., Dinniman et al., 2011; Hattermann et al., 2014; Nøst et al., 2011; Stewart & Thompson, 2015,
2016; St-Laurent et al., 2013). These studies use fine-resolution ocean models and are conducted at regional
scales or with an idealized model domain. Therefore, results from sensitivity experiments may lack feed-
backs otherwise represented in fully coupled global climate models. On the other hand, previous projec-
tions of the ocean warming around the Antarctic ice sheet employed global coupled climate models with
�18 resolution for the ocean model (Yin et al., 2011). Climate models at this resolution represent large-scale
features well but are unable to properly capture the narrow ASF, Antarctic Slope Current, and other impor-
tant shelf and coastal processes near the Antarctic ice sheet (supporting information Figure S3a; Heuze
et al., 2013). Recently, the advent of fine-resolution global ocean-sea ice models and fully coupled climate
models have allowed the investigation of ocean warming along the Antarctic coasts (Spence et al., 2017)
and further study the role of eddies in water mass transformation and overturning circulation off Antarctica
(Newsom et al., 2016).

Here we use a 0.18 horizontal resolution fully coupled global climate model with an active mesoscale eddy-
ing ocean component to study ocean warming of the Antarctic continental shelf in an idealized doubling of
CO2 (2xCO2) experiment. The model’s representation of dynamic feedbacks between the eddying ocean
and other climate components allows for a comprehensive analysis of the decadal response of the Antarctic
shelf region to CO2 forcing. Aiming for a detailed heat budget analysis, we quantify the ocean advective
heat transport across the ASF and its decomposition into mean and eddy components. We compare this
heat transport with surface heat fluxes, vertical heat advection, and vertical mixing of heat in both the con-
trol run and the CO2 experiment. We find a strong relationship between CO2-forced shelf freshening and
the location and magnitude of positive temperature anomalies. We show that shelf freshening strengthens
the ASF and reduces vertical mixing of heat. Through these changes, shelf freshening becomes an impor-
tant mechanism for controlling onshore heat transport and the spatial distribution and magnitude of posi-
tive temperature anomalies on the shelf. Our analyses contribute new understanding to the causes of
Antarctic shelf ocean warming. The paper is organized as follows: section 2 describes the model and experi-
ment, section 3 presents the simulation results and the underlying mechanisms, section 4 includes our dis-
cussion, and section 5 contains our conclusions.

2. Model and Methods

2.1. Model and Simulations
In the present study, we use the GFDL CM2.6 global coupled climate model (Delworth et al., 2012; Griffies
et al., 2015). The ocean component is based on the Modular Ocean Model Version 5 (MOM5; Griffies, 2012).
MOM5 utilizes the z* vertical coordinate and has 50 vertical levels, increasing from a thickness of 10 m near
the surface to 210 m at depth. The atmospheric model has a horizontal resolution of about 50 km with 32
vertical levels. CM2.6 employs a dynamical sea ice model with three vertical layers, one snow and two ice,
plus five ice thickness classifications (Delworth et al., 2006). The model neither resolves ice shelf cavities nor
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is coupled to a dynamic ice sheet model. However, surface runoff and calving are included and fluctuate to
maintain mass balance on the Antarctic continent. For a detailed description of CM2.6, the reader is referred
to Delworth et al. (2012) and Griffies et al. (2015).

The ocean component of CM2.6 has a horizontal resolution of 0.18 using a Mercator projection, which yields
roughly 4–6 km grid spacing along the ASF. Notably, no mesoscale eddy transport parameterization is used;
however, we make use of a mixed layer submesoscale eddy parameterization (Fox-Kemper et al., 2011). Fur-
thermore, overflow processes are not parameterized. Lastly, tides are not represented in CM2.6, though
studies show tides play a role in the structure of the ASF (e.g., Flexas et al., 2015).

CM2.6 exhibits a rich eddy field along a well-defined ASF as well as high eddy kinetic energy along the Ant-
arctic Slope Current (Delworth et al., 2012). It should be noted that an ocean grid size of about 1 km is nec-
essary to resolve the full mesoscale eddy field near the Antarctic shelf, as the baroclinic Rossby deformation
radius is about 4 km (Hallberg, 2013; Stewart & Thompson, 2015; St-Laurent et al., 2013). Thus, the horizontal
resolution of CM2.6 likely underrepresents mesoscale eddy activity near the ASF. The reduced mesoscale
eddy activity near the shelf break may explain the strong ASF in CM2.6 when compared to the World Ocean
Circulation Experiment (WOCE) transects (supporting information Figure S4; Sparrow et al., 2011). With
insufficient mesoscale eddy activity, the ASF isopycnals remain steep and limit exchanges of heat and salt
across the shelf break (Isachsen, 2011; Stewart & Thompson, 2015). This model characteristic leads to a cold
temperature bias on the western Antarctic Peninsula shelf (678S) where the strong ASF prevents CDW from
reaching the shelf in CM2.6 (supporting information Figure S4). In section 4, we discuss potential caveats to
our results regarding this model bias. Nonetheless, the model’s fine-scale bathymetry and rich eddy field
allow for a reasonable representation of the Antarctic shelves and associated circulation.

A 200 year control simulation is carried out with CM2.6 under 1860-preindustrial conditions. An idealized 2xCO2

experiment branches from the control simulation at model year 121, wherein the atmospheric CO2 concentra-
tion increases by 1% per year until year 200. A CO2 doubling is reached after 70 years (�570 ppm). The CO2 con-
centration is roughly equivalent to RCP6.0 at year 2080 or RCP8.5 at year 2055 (Meinshausen et al., 2011; van
Vuuren et al., 2011). For simplification, year 1 hereinafter refers to the first year of the 2xCO2 experiment.

2.2. Analysis Regions and Time Period
In this study, the Antarctic shelf region is defined as the ocean region shoreward of the 1000 m isobath (Fig-
ure 1a, black contour). In addition to closely following the Antarctic Slope Current (supporting information
Figure S3b), the 1,000 m isobath closely follows the barotropic transport (supporting information Figure
S3c). In the absence of friction, large-scale barotropic flow is constrained to follow contours of constant
planetary geostrophic potential vorticity, f/h, with f the Coriolis parameter and h the bottom depth. Given
that the flow on the Antarctic continental shelf has a nontrivial barotropic component, the topography
strongly constrains the flow (e.g., Rintoul et al., 2013). Consequently, the time mean depth integrated flow
closely follows isobaths (since f does not change much around the continent). Given that volume transport
across the 1,000 m isobath is minimal (see section 2.3), the depth integrated heat transport across the
1,000 m isobath is roughly independent of the chosen reference temperature. We note that during the sum-
mer season, the depth integrated flow deviates from the 1,000 m isobath near the western Antarctic Penin-
sula. Significant flows can navigate the complex fjords and islands of the peninsula in the absence of sea
ice, with friction breaking the constraints of potential vorticity conservation. Nonetheless, we choose a rigid
definition of the ASF, the 1,000 m isobath, given that the ASF is well constrained by bathymetry and closely
follows the Antarctic Slope Current.

Along the circumpolar 1,000 m isobath, we define the ASF ‘‘wall’’ as a virtual line extending vertically from
the surface to the seafloor. To study spatial variability of ocean warming, we divide the Antarctic shelf
region into six subdomains: western Peninsula, Weddell Sea, western East Antarctica, eastern East Antarc-
tica, Ross Sea, and Amundsen and Bellingshausen Seas (Figure 1a). We perform a detailed heat budget anal-
ysis for the whole shelf region as well as for the six subdomains.

To evaluate the climate response to increased atmospheric CO2, we compute the difference between
annual mean model output of the control and CO2-forced simulations over a 19 year period (years 62–80,
with this period referring to years after the CO2-forced simulation splits from the control). Starting at year
62, a strong polynya develops in the Weddell Sea, north of our Weddell Sea subdomain, in both the control
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and CO2-forced simulations of CM2.6 (Dufour et al., 2017). Taking the difference between the two simula-
tions allows us to remove most effects of the formation of the polynya on cross-ASF heat transport near the
Weddell Sea shelf break (see supporting information Text and supporting information Figures S1 and S2
illustrating the minimal effect of the polynyas).

2.3. Heat and Volume Transport Across the ASF
Meridional and zonal advective fluxes of temperature and volume are integrated along the discretized front
of the ASF ‘‘wall’’ (see Dufour et al., 2015, Appendix B). The transport is calculated at each model level (0–
1,000 m depth) and each latitude-longitude coordinate along the 1,000 m isobath contour (denoted by ‘‘S’’):

U5 q0

ð
S

C u � n̂ dl dz; (1)

where U is the tracer transport, q0 is the reference density (1,035 kg m23), C is the tracer concentration, u is
the horizontal velocity vector, n̂ is the normal vector along the ‘‘wall’’ pointing shoreward, dl are the line

x10-3 kg m-3 km-1

Figure 1. CO2-forced Antarctic shelf region warming, freshening, dynamic sea level change, and lateral density gradient
change for 0–1,000 m, averaged during years 62–80 (8C, psu, cm, x1023 kg m23 km21). (a) The 0–1,000 m mean tempera-
ture anomalies with listed volume-averaged temperature anomalies for the Antarctic shelf region and each subdomain
(clockwise from the top: western East-Antarctic, eastern East Antarctic, Ross Sea, Amundsen and Bellingshausen Seas,
western Antarctic Peninsula, and Weddell Sea), (b) salinity anomalies, (c) dynamic sea level change (global mean change
is removed), and (d), lateral density gradient change. The lateral density gradient is the magnitude of the x and y centered
derivative for each grid cell. Thin black contour is the 1,000 m isobath and location of the ASF ‘‘wall.’’ Thick black lines
denote boundary between subdomains.
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segments along the ‘‘wall,’’ and dz is the model grid cell thickness. The tracer concentration, C is set to unity
to compute volume transport in Sv.

Ocean temperature in 8C becomes negative near Antarctica. We thus choose to reference temperature to
the seawater freezing point calculated from the thermodynamic equation of seawater, 2010 (TEOS-10; IOC
et al., 2010). Using the freezing point as a reference temperature ensures that volume and heat transport
are in the same direction, and it provides a measure of the melt potential for the water reaching the ice
shelves. This melt potential heat transport arises by setting

C5 Cp h2hfð Þ; (2)

where Cp 5 3,992.1 J kg21 K21 is the seawater heat capacity and hf is the seawater freezing temperature. In
the ocean, the freezing temperature is a function of salinity and pressure, with this dependence of impor-
tance to determine the ability of seawater to melt the ice shelf. However, C is not a conservative quantity
when the melting temperature is a function of pressure. Hence, as an approximation, we use a constant
freezing temperature hf 5 22.698C, which is the minimum freezing temperature found at the ASF ‘‘wall’’ in
our simulations. Additionally, we did not save the quantity h2hfð Þ during model integrations. Thus, while
serving its primary role of ensuring that the volume and heat transports are in the same direction, our use
of the minimum freezing temperature in equation (2) provides an upper bound to the true melting heat
potential.

Following the methods described in Griffies et al. (2015) and Dufour et al. (2015), we decompose the total
volume and heat transport into its time mean and transient eddy component for years 62–80. In the CM2.6
simulations, we saved the monthly mean of the zonal and meridional advective fluxes (Utotal) which are
accumulated at each model time step. The time mean component (Umean) is calculated offline based on the
19 year monthly climatology of ocean velocity, temperature, and ocean layer thickness. The eddy compo-
nent is the difference between the total component and mean component.

Ueddy5 Utotal2 Umean: (3)

Thus, the eddy component includes mesoscale eddies and other features contributing to interannual fluctu-
ations of heat and volume transport across the ASF, while the time mean component captures the climato-
logical monthly cycle over the 19 years.

2.4. Analysis Methods for Heat Budget
For the entire Antarctic shelf region ocean, the heat budget is primarily composed of surface heat fluxes
and ocean advective heat transport across the ASF (Griffies, 2012):

@t

X
k

Cphq0dz
� �

5 2r �
X

k
Cpq0uhdz1 Cpq0Fdz
� �� �

1 Q; (4)

where net heat tendency on the left-hand side equals the sum of two terms on the right: the convergence
of resolved and parameterized ocean heat transport (Cpq0uhdz and Cpq0Fdz, respectively), and the net sur-
face heat flux (Q).

The convergence of ocean heat transport is the sum of the convergence of resolved lateral and vertical
advective fluxes and the convergence of advective fluxes from the submesoscale eddy parameterization
(Fox-Kemper et al., 2011). The net downward surface heat flux (Q) is the sum of

radiative fluxes 5 Qs1 Ql ; (5)

turbulent fluxes 5 Qh1 Qe1 Qmc1 Qmp; (6)

mass heat fluxes5 Qc1 Qr1 Qpme; (7)

where Qs is shortwave radiation, Ql is longwave radiation, Qh is sensible heat, Qe is latent heat of evapora-
tion, Qmc is heat to melt calved ice, Qmp is heat to melt frozen precipitation, Qc is heat flux at ocean surface
from calving ice, Qr is heat flux at ocean surface from runoff, and Qpme is heat flux from precipitation minus
evaporation transfer of water across the ocean surface.
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Several terms work to redistribute heat in the vertical but vanish when integrated over the full water col-
umn, including vertical advection, penetrative heating from shortwave radiation, vertical diffusion, and the
nonlocal heat redistribution from the KPP boundary layer parameterization (Large et al., 1994). The sum of
the latter two terms measures the net vertical mixing of heat within a water column. Lastly, other negligible
terms are not included in the equations above but are kept as part of our analysis to ensure heat budgets
close to within computational roundoff.

3. Results

3.1. Antarctic Shelf Region Warming and Freshening
The volume-averaged ocean temperature of the Antarctic shelf region increases by 0.568C in CM2.6 during
years 62–80 of the 2xCO2 experiment compared to the control simulation (Figure 1a). The warming in the
six subdomains ranges from 0.368C to 0.988C, with the Ross Sea exhibiting the largest warming magnitude
and the Weddell Sea the smallest. Furthermore, the spatial variation of the 0–1,000 m temperature anoma-
lies closely resembles the warm anomalies at depth rather than near the surface. Near the surface, tempera-
ture anomalies are more spatially uniform except for larger warming near the western Antarctic Peninsula
and Bellingshausen Sea (supporting information Figure S5).

Meanwhile, the Antarctic shelf region freshens during the 2xCO2 experiment (Figure 1b). The shelf region
freshening is mainly caused by increased precipitation, sea ice melt, and increased runoff/calving (sup-
porting information Figure S6). The salinity anomalies penetrate downward with time and can reach
depths greater than 500 m, most notably in the Weddell Sea (Figure 1b and supporting information Fig-
ure S5). The freshening anomaly reduces the volume-averaged salinity of the 0–1,000 m shelf region by
0.14 psu. As a response to the ocean warming and freshening, the dynamic sea level in the shelf region
rises by up to 20 cm (Figure 1c). The halosteric component is the largest contributor to this dynamic sea
level rise.

Figure 2 illustrates the transient warming pattern as a function of depth. In each subdomain, the
surface warming gradually penetrates downward to �100 m by year 80. By contrast, the deep warm-
ing begins near the shelf floor and shows a general upward propagation with time. The onset of
the temperature anomalies varies by subdomain. In general, the upper and deeper temperature
anomalies remain positive after year �30 and �45, respectively. In the following sections, we will
investigate the mechanisms behind the different warming patterns at different depths and across the
subdomains.

Figure 2. Model layer mean potential temperature anomalies at depth for CO2-forced (years 1–80) minus years 62–80
average of the control simulation for each subdomain. Top 100 m is enlarged to show details. Listed are the volume-
averaged temperature anomalies for years 62–80 for the top 100 m and the 100–1,000 m depth range.
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3.2. The 0–100 m Warming and Heat Budget
For the 0–100 m depth range, the volume-averaged Antarctic shelf region temperature increases by 0.338C.
The western Peninsula and Amundsen and Bellingshausen Seas (ASBS) subdomains simulate the largest
warming, with each warming by �0.568C (Figure 2). In contrast, the other four subdomains only warm by
�0.258C. The temperature increase over the shelf region results from a heating of 10.4 TW (Figure 3a, equa-
tion (4)). Net surface heating, ocean lateral and vertical advective heating, and vertical mixing of heat regu-
late temperature anomalies in the top 100 m.
3.2.1. The 0–100 m Antarctic Shelf Region Net Surface Heat Flux
The net surface heat flux consists of multiple heat fluxes between the ocean and atmosphere as well as
heat exchanges between the surface ocean and sea ice, calving, runoff, and precipitation, among other
terms (equations (5)–(7)). All of the major surface boundary heat fluxes are enhanced under CO2 forcing
(Figure 3b). Due to a near-surface atmospheric warming of 2.88C over the Antarctic shelf region and surface
ocean warming, sea ice extent in the Antarctic shelf region substantially decreases during the austral sum-
mer and early autumn (supporting information Figure S7). Thus, more shortwave radiation penetrates into
the ocean. This positive feedback works to extend the sea ice minimum season. The more expansive ice-
free region permits more evaporative cooling and a larger ocean-to-atmosphere heat flux via longwave
radiation and sensible heat loss. Additionally, there are small increases in ocean heat loss due to melting
calved ice and frozen precipitation. The net response of the air-sea heat exchange is an increase in surface
ocean heat loss (6.1 TW, or by 25%). Note, the surface heat flux anomalies show clear spatial variations. For
example, the western Peninsula and Ross Sea subdomains show reduced ocean-to-atmosphere heat flux.

Figure 3. Major heat budget terms integrated over the (a, b) 0–100 m and (c) 100–1,000 m depth range for the Antarctic
shelf region (TW). Years 62–80 averages of CM2.6 control (black), CO2-forced (red), and CO2-forced minus control (num-
bers in parentheses). Positive values reflect heat moving into the shelf region. The net surface heat flux is further divided
into its major contributors (Figure 3b). Heat advection refers to the three-dimensional convergence of heat by resolved
advection. Vertical mixing is the heat convergence due to vertical diffusion and the nonlocal tendency related to the KPP
boundary layer parameterization (see section 3.3.2).
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3.2.2. The 0–100 m Antarctic Shelf Region Advective Heat Transport
The convergence of the three-dimensional ocean advective heat flux at 0–100 m increases by 7.1 TW (or by
50%) in CM2.6 during years 62–80 of the 2xCO2 experiment compared with the control simulation (Figure
3a). This advective heating works to offset the extra surface heat loss. To assess this increase in heat conver-
gence, we calculate the cross-ASF lateral and vertical heat transport referenced to the minimum freezing
point (see section 2.3).

In the control simulation, cross-ASF total volume and heat transport at 0–100 m is shoreward, largely due to
the annual mean coastal Easterly wind stress (south of �658S, Figure 4) and resultant shoreward Ekman
transport. Note, the control simulated zonal mean Easterly wind stress is strong relative to the time aver-
aged (1981–2010) NCEP/NCAR and ERA-Interim reanalyses (Figure 4c; Dee et al., 2011; Kalnay et al., 1996).
With CO2 forcing, however, the CM2.6 zonal mean Easterly wind stress is more similar to the reanalyses.

In the control simulation, the cross-ASF shoreward volume transport is 6.1 Sv, which is primarily driven by
the time mean component (supporting information Figure S8). In response to the CO2 forcing, the peak
Westerly wind stress shifts southward (by �18 latitude) and the subpolar low deepens (by �1–3 hPa) caus-
ing the coastal Easterly wind stress to weaken (Figures 4b–4d). The weakening leads to a small reduction of
the cross-ASF total onshore volume transport for 0–100 m. Meanwhile, the ocean temperature increases in

Figure 4. Years 62–80 average sea level pressure (slp, hPa) and surface wind stress to the ocean (N m22). (a) Control slp
with wind stress vectors. (b) CO2-forced minus control slp with wind stress anomaly vectors. (c) Zonal mean wind stress
over the ocean, asterisk denotes location of maximum Westerly wind stress. Average of years 1981–2010 are used for the
ERA-Interim (https://www.ecmwf.int/en/research/climate-reanalysis/era-interim) and NCEP/NCAR reanalyses (https://www.
esrl.noaa.gov/psd/data/gridded/data.ncep.reanalysis.derived.surfaceflux.html). (d) Along-ASF wind stress. Negative values
for the control and CO2 experiment refer to Easterly wind stress. Positive values for the CO2-forced minus control (gray)
entail a weakening of the Easterly wind stress.
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the 0–100 m layer under CO2 forcing (Figure 2 and supporting information Figure S5). Despite the
decreased shoreward volume transport in the upper 100 m, the near-surface warming causes shoreward
heat transport to increase by 10.4 TW or by 27% (Figures 5a and 5e). This onshore total heat transport
anomaly is driven by the time mean component and contributes to near-surface warming in the Antarctic
shelf region.

Vertical advective heat divergence in the upper 100 m represents a downward movement of heat through
the 100 m layer (Figures 6 and 7a). With CO2 forcing, this vertical divergence increases by 3.8 TW or by 16%. In
sum, the magnitude of the cross-ASF heat transport a nomaly is larger than the downward vertical heat trans-
port anomaly, resulting in a net advective heat convergence in the top 100 m of 6.6 TW (an increase of 44%).

Figure 5. Years 62–80 average cross-ASF advective heat transport for three depth ranges for the Antarctic shelf region in
the control simulation (black) and CO2-forced (red, TW). (a–c) They chart the sum of transports for the three components
and three depth ranges. Listed are the values of the CO2-forced minus control simulation. (d) Shelf bathymetry from 0 to
1,000 m and the general route of the westward coastal current (blue arrows). (e–g) They graph the cumulative sum of
transports from 908E westward (to agree with the direction of the coastal current). The heat transports are referenced to
the minimum freezing temperature and decomposed into the time mean and eddy components (see section 2.3). Positive
(negative) transports are onshore (offshore) across the ASF ‘‘wall.’’ Gray dotted lines through the right column figures
mark the boundaries of the subdomains.
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Figure 6. Depth profiles of years 62–80 average vertical advective heat convergence at each model depth layer (TW). For the
control (black) and CO2-forced (red) results, positive (negative) values indicate a convergence (divergence) of vertical trans-
port at that depth level (closed circles mark the midpoint of a depth level). Note, divergence near the surface represents the
downward transport of heat from the surface and divergence near 1,000 m represents upward transport of heat associated
with CDW. In general, these transports cause convergence in the intermediate depths. The x axes range differs for each row.
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3.2.3. The 0–100 m Spatial Variation of Shelf Region Warming
Figure 3a shows the increase in convergence of ocean heat advection for the upper 100 m (7.1 TW, note
the heat transport values in the previous section are referenced to the freezing point and thus will not agree

Figure 7. Schematic of the heat budget and temperature anomalies for the Antarctic shelf region and subdomains for
the depth ranges of interest (TW, 8C). (a) A generalized cross-shelf section showing the movement of heat anomalies for
the Antarctic shelf region (note, the 0–100 m depth range is exaggerated to better show details). (b) For 0–100 m, cross-
ASF and cross-subdomain boundaries heat transport anomalies (arrows), vertical advective heat transports through the
100 m layer (vertical arrows), surface heat flux anomalies (shading), and mean temperature change (stippling for >0.48C
and the text lists the numerical temperature change). (c) For 100–700 m, symbol references are similar to (Figure 7b)
except the plus signs refer to vertical advective heat convergence and the shading refers to changes to the upward verti-
cal mixing through the 100 m layer. (d) For 700–1,000 m, symbol references are similar to (Figure 7b) except vertical
arrows refer to vertical advective heat transports through the 700 m layer and shading refers changes to the upward verti-
cal mixing through the 700 m layer. Note, the cross-subdomain boundary heat transport anomalies are negligible at 700–
1,000 m and are not included in the schematic.
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with this number, see section 2.3). This increase is partially compensated by a net cooling by the surface
boundary fluxes (–6.1 TW) and reduced upward vertical heat mixing through the 100 m layer from below
(–0.6 TW, the details of the vertical mixing of heat are discussed in section 3.3.2). Thus, a net heating of
10.4 TW remains and leads to 0–100 m warm anomalies across the Antarctic shelf region.

CM2.6 simulates a strong, narrow, predominately zonal and westward current around the entire Antarctic
shelf break (supporting information Figure S9). This circumpolar current, as well as the ASF, differs from
observations near the western Antarctic Peninsula and into the ASBS region. Here observations show a
weaker ASF and more eastward/northward flow influenced by the nearby Antarctic Circumpolar Current
and surface Westerly wind stress (Jacobs, 1991; Whitworth et al., 1998). As noted in section 2.1, the simu-
lated ASF strength may be influenced by the incomplete resolution of mesoscale eddies at these latitudes
which leads to reduced eddy induced transport and larger horizontal density gradients in the pycnocline.
Nevertheless, the westward currents along the shelf break and above the shelf drive heat exchange through
the lateral boundaries of the six subdomains (Figure 7b).

The lateral heat transports between subdomains are significant, with their magnitude equivalent to advec-
tive heat transports across the ASF ‘‘wall’’ and through vertical advection. Furthermore, the lateral heat
transports between subdomains increase in the 2xCO2 experiment (Figure 7b). This increase is due to both
increased ocean heat content and volume transport of the westward shelf and shelf break currents. The
ocean freshening on the shelf enhances the dynamic sea level gradient across the shelf break (Figure 1c).
Thus, the geostrophic component of the shelf break current accelerates, which increases westward volume
transport (supporting information Figure S9). This strengthening of the current offsets any weakening of
the coastal current due to decreased Easterly wind stress (Figure 4).

In response to CO2 forcing, the largest 0–100 m cross-ASF heat transport increase occurs in the Weddell Sea
(Figure 7b). However, this subdomain does not simulate the largest warming. Instead, most of this heat is
moved across the boundary between the Weddell Sea and the western Peninsula subdomain. This large
upstream lateral boundary heat exchange and net downward surface boundary heat flux anomaly drives
the relatively large warming of the western Peninsula surface ocean (0.598C, Figures 2 and 7b). Despite the
large warming, there is excess heat which moves downstream into the ASBS subdomain. This exchange
contributes to the relatively large temperature anomaly at 0–100 m in the ASBS subdomain (0.538C,
Figure 2). This ASBS heating from the western Peninsula is partially compensated by an offshore cross-ASF
heat transport anomaly (Figure 7b). Note, vertical advection and vertical mixing of heat play a secondary
role in the western Peninsula and ASBS 0–100 m heat budget.

The four remaining subdomains simulate a more modest 0–100 m warming due to a more balanced heat
budget (�0.258C, Figure 2). In general, these four subdomains simulate increased cross-ASF heat transport
and heat transport from the upstream subdomain (Figure 7b). This relative heating is compensated by
more heat loss to the atmosphere, less upward mixing of heat from below the 100 m layer, and more heat
loss through the downstream subdomain boundary. The one significant exception to this generalization
occurs in the western East Antarctica subdomain. There, a relatively large onshore cross-ASF heat is com-
pensated by increased divergence of vertical heat advection which moves the excess heat downward
through the 100 m depth level (Figures 6 and 7b).

3.3. The 100–1,000 m Warming and Heat Budget
For the 100–1,000 m depth range, the volume-averaged Antarctic shelf region temperature increases by
0.598C. The Ross Sea shows the largest warming (1.078C, Figure 2). Except for the eastern East Antarctica
subdomain, which warms by 0.718C, the Ross Sea warming is more than double that of any of the other sub-
domains. From 100 to 1,000 m, the heat budget consists of lateral and vertical heat advection and the verti-
cal mixing of heat. However, the heat budget is not balanced at these depths and leads to a local heating
anomaly of 11.9 TW (or by 140%), driving the deep temperatures anomalies (Figure 3c).
3.3.1. The 100–1,000 m Antarctic Shelf Region Advective Heat Transport
With CO2 forcing, the total three-dimensional convergence of ocean heat advection at 100–1,000 m
increases by 1.2 TW (or by 10%, Figure 3c). To assess this increase in the Antarctic shelf region heat conver-
gence, we calculate the cross-ASF and vertical heat transport referenced to the minimum freezing point
(see section 2.3). Additionally, we make the calculations for both the 100–700 and 700–1,000 m ranges
because the cross-ASF total heat transport reverses from offshore to onshore at �700 m (Figures 5b and
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5c), and, the vertical heat transport changes from divergent at deep depths to convergent at intermediate
depths (Figure 6).

The cross-ASF eddy heat transport component and mean heat transport component work in opposite direc-
tions at 100–700 m, unlike the 0–100 m layer wherein both the time mean and eddy components are both
onshore (Figures 5b and 5f). For the control simulation, the onshore eddy heat transport is 22.5 TW which is
countered by an offshore mean heat transport of 41.0 TW. With CO2 forcing, the onshore eddy heat trans-
port moderately increases by 2.4 TW (or by 11%). However, the 100–700 m offshore mean heat transport
increases more significantly by 21.6 TW (or by 50%), resulting in a total offshore heat transport through the
ASF from 100 to 700 m (Figures 5b and 7a).

In the control simulation at 700–1,000 m, CM2.6 simulates a total onshore heat advection of 5.3 TW which is
primarily a result of the eddy component (Figures 5c and 5g). However, under CO2 forcing the mean flow
becomes dominant. The mean component increases by 19.3 TW from �0 TW whereas the eddy component
decreases by 2.8 TW (or by 50%). The switch of the dominant onshore transport from eddy to mean flow at
700–1,000 m in the 2xCO2 experiment is discussed in section 4.1. In sum, under CO2 forcing, the 700–
1,000 m total onshore heat transport increases by 16.5 TW (or by 300%), primarily due to its time mean
component (Figures 5c and 5g).

Vertical advective heat transport in the Antarctic shelf region works to disperse the onshore cross-ASF heat
anomalies at 700–1,000 m into the above water. This upward heat flux initiates vertical advective heat diver-
gence at 700–1,000 m and convergence of vertical advective heat at 100–700 m (Figure 6). With the addi-
tion of downward heat advection from 0 to 100 m, the redistribution of heat in the vertical works to spread
positive temperature anomalies near the surface and at deep depths to the intermediate depths (Figure 2).
Furthermore, as a response to the vertical heat convergence at 100–700 m, some of the excess heat at the
intermediate depths is transported laterally offshore through the ASF (Figure 7a).
3.3.2. The 100–1,000 m Antarctic Shelf Region Vertical Mixing of Heat
Previous studies show surface freshening in the Southern Ocean can lead to reduced vertical mixing of heat
by gravitational instability between the surface and warmer waters below. For example, reduced vertical
mixing of heat can result in sea ice expansion (Bintanja et al., 2013), slow abyssal overturning (Morrison
et al., 2015), or both (Aiken & England, 2008). Here we focus on freshwater forcing and the response of verti-
cal mixing of heat on the continental shelf rather than in the broader domain of the Southern Ocean and
large-scale overturning circulation. We hypothesize that surface freshening can restrict upward mixing of
heat, thus confining warm waters to the deep layers. To evaluate this hypothesis, we look for a covarying
relationship between the Antarctic shelf region warming at depth and the surface freshening, and examine
the response of mixing of heat to CO2 forcing.

Correlations between the time series of the 0–100 m salinity anomalies and the 100–1,000 m temperature
anomalies for each subdomain show the shallow freshening anomalies precede the deeper warm tempera-
ture anomalies by 1–3 years (Figure 8, line graphs). The correlation of the detrended time series is significant,
�0.70 for the Weddell Sea, eastern and western East Antarctica, and the Ross Sea. The correlation is lower
(�0.35) for the ASBS and western Peninsula subdomains, yet is still significant at 99% confidence. Salinity and
temperature anomalies covary with time as well as by the magnitude of the anomalies (Figure 8, shaded
plots). Next, we investigate the mechanism for this correlation by looking at vertical mixing of heat.

Vertical mixing in CM2.6 occurs at the subgrid scale and is thus parameterized. We define vertical mixing as
the sum of vertical diffusion and the nonlocal tendency related to the KPP boundary layer parameterization
(Large et al., 1994). The KPP parameterization includes a nonlocal transport that aims to account for such
processes as boundary layer eddies whose transport may be unrelated to the local vertical gradient of the
mean field. Vertical mixing is sensitive to changes in the vertical temperature gradient and vertical diffusiv-
ity (which is sensitive to salinity forcing), as well as buoyancy and mechanical forcing at the surface. Figure
9 shows the depth profile of cumulative sum of the vertical mixing for each Antarctic shelf region subdo-
main, summed from the bottom upward. A positive (negative) value entails upward (downward) transport
of heat.

Given the vertical mixing parameterization, the CO2-forced shelf freshening reduces vertical diffusivity (sup-
porting information Figure S10) and increases vertical stratification. As a result, upward mixing of heat
decreases especially between 100 and 200 m. Indeed, a reduced vertical mixing anomaly near �100 m
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occurs in all subdomains except in eastern East Antarctica (Figures 7c and 9), resulting in a total reduction
of upward heat mixing through the 100 m level for the Antarctic shelf region at 0.6 TW (or by 6%, Figure
3c). This 0.6 TW reduction of upward heat mixing explains 32% of the net heating anomaly from 100 to
1,000 m (Figure 3c). These results suggest that the CO2-induced freshening reduces the upward mixing of
excess shelf heat and contributes to warm temperature anomalies at 100–1,000 m.

Negative anomalies of the vertical mixing of heat are also present at greater depths, which are distinguish-
able from the anomalies near 100 m (Figure 9). As indicated by the difference between the control and CO2

runs, the freshening anomalies (Figure 10, see contours) fill the shelf and alter the isopycnals (Figure 11, see
contours), often down to the depth of the shelf break. These freshening anomalies reduce diffusivity and
vertical mixing even at deep depths (700–1,000 m). This reduction of vertical mixing limits upward move-
ment of heat at the same depth where there is increased cross-ASF onshore heat transport (Figures 5c, 7a,
and 9). The combination of reduced upward mixing of heat and increased cross-ASF onshore heat transport
hastens the buildup of positive heat anomalies at 700–1,000 m depths. As these heat anomalies build, they
can only be dispersed from 700 to 1,000 m by vertical heat advection, as lateral heat transport between sub-
domains at these depths are negligible (Figures 7a and 7d).
3.3.3. The 100–1,000 m Spatial Variation of Shelf Region Warming
The 100–1,000 m increase in heat convergence by the three-dimensional advective field (1.2 TW) and by
reduced upward mixing of heat (0.6 TW), results in a net heating of 1.9 TW and an Antarctic shelf region
warming of 0.598C at these depths (Figure 3c). The subdomain temperature anomalies at these depths are
controlled by these two processes, as well as lateral heat transports across the subdomain boundaries. Here
we present important features of each subdomain’s heat budget and introduce another mechanism in
which shelf freshening controls shelf warming.

Figure 8. Temporal correlation between the 0–100 m salinity anomalies (freshening is blue, psu) and the 100–1,000 m
temperature anomalies (8C). The anomalies are calculated as the difference between each of the 80 years of the
CO2-forced simulation and the years 62–80 control average. For each subdomain, the top figure is the time series of the
0–100 m salinity anomalies (blue line, right y axis; note inverted scale) and the 100–1,000 m temperature anomalies
(red line, left y axis). Listed is the detrended correlation between the two time series, with the best correlation occurring
when the temperature anomaly lags the salinity anomaly by 1–3 years (temperature anomaly time series are shifted
according to lag). All correlations are significant at 99% confidence. The middle and bottom figures show the 0–100 m
salinity anomalies versus depth and time and the 100–1,000 m temperature anomalies versus depth and time, respectively.
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The Weddell Sea shows an onshore cross-ASF heat transport anomaly at 700–1,000 m (Figures 5g and 7d).
The onshore cross-ASF heat transport anomaly is driven by a large CO2-forced time mean component at
700–1,000 m depths located between �208W and 458W in the Weddell Sea subdomain (Figure 5g). Unlike
the control, the CO2-forced onshore spike is not compensated by an offshore heat transport just west of
�458W; rather, the heat remains onshore of the ASF ‘‘wall.’’ Yet, the heat does not penetrate coastward onto
the shelf nor significantly warm the waters above the shelf floor (Figures 1a and 11). Instead, the heat
anomalies and subsequent warming shoreward of the ASF ‘‘wall’’ are restricted to the shelf slope. We find
shelf freshening to be the cause of this restriction.

Unlike the large fresh anomalies in the other subdomains, the comparatively large anomalies (greater than
0.20 psu) are found along the full length of the ASF in the Weddell Sea subdomain and reach the shelf slope
(Figures 1b and 10 and supporting information Figure S5). As a response to the freshening, the lateral den-
sity gradient increases and the isopycnals steepen at the ASF and at the Weddell Sea shelf slope (Figures 10
and 11). At depths 700–1,000 m, this response disconnects isopycnals between the Weddell Sea shelf and
CDW making it difficult for heat to reach the shelf floor and spread across the subdomain. In turn, the 700–
1,000 m cross-ASF onshore heat transport anomaly and subsequent warming is confined to the region
between the shelf break and ASF ‘‘wall’’ (Figure 11). Unable to penetrate coastward, much of this heat is
advected upward before moving downstream at intermediate depths to the western Peninsula subdomain
(Figures 6 and 7c and 7d). Note, the heat transports across lateral boundaries at 700–1,000 m are negligible,
therefore, the heat does not move downstream until reaching intermediate depths.

In contrast to the widespread and deep freshening anomalies in the Weddell Sea subdomain, the other sub-
domains include locations where the 0–100 m freshening anomaly near the shelf break and ASF ‘‘wall’’ is
less pronounced (less than 0.20 psu, supporting information Figure S5). At these locations, the freshening

Figure 9. Depth profiles of vertical mixing of heat (sum of vertical diffusion and the nonlocal tendency related to the KPP
boundary layer parameterization) for each subdomain (TW). Results are from the control simulation (black), CO2-forced
(red), and CO2-forced minus control (blue) averaged from years 62 to 80. These profiles result from cumulatively summing
the heat mixing tendencies from 1,000 m to the surface. A positive value corresponds to a net upward transport of heat
for a given depth, as referenced to a zero transport at the ocean bottom. Yellow highlights denote depths where the ver-
tical heat transport is smaller in the CO2-forced simulation than the control.
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effect on the cross-ASF density gradient and steepening of the isopycnals near the shelf break is less abrupt
than what occurs in the Weddell Sea subdomain (Figures 1d, 10, and 11). We select five locations, one for
each of the other subdomains, to compare with the Weddell Sea location. At these locations, weaker fresh-
ening anomalies at 0–100 m lead to weaker anomalies the shelf break and ASF ‘‘wall’’ (Figure 10 and sup-
porting information Figure S5).

We note that the years 62–80 mean freshening anomalies at �200–1,000 m (Figure 10 and supporting infor-
mation Figure S5), result from both descending freshening anomalies from the surface and, the positive
salinity anomalies associated with relatively salty CDW reaching the shelf during these years. Therefore, the
spatial coherence between freshening anomalies and warm anomalies in Figures 1a and 1b (particularly at
200–1,000 m depth, supporting information Figure S5), is largely driven by CDW intrusions, which reduce
the local freshening. However, time series, rather than the time mean anomalies, show 0–100 m salinity
anomalies lead 100–1,000 m temperature anomalies, suggesting freshwater may reach the shelf break and
strengthen the lateral density gradient of the ASF before CDW intrusions occur (Figure 8). Conversely, where
0–100 m salinity anomalies are weak near the shelf break (e.g., Ross Sea, supporting information Figure S5),
the ASF does not strengthen as much and results in the region being more susceptible to CDW intrusions
and positive temperature anomalies at depth. Our ongoing work, regarding the Antarctic shelf region fresh-
water budget and the timing of freshwater anomalies at the shelf break, will lead to increased understand-
ing of freshening effects on cross-ASF heat transport.

The Ross Sea offers a good example of cross-ASF heat transport penetrating the shelf and driving large tem-
perature anomalies at depth. From 100 to 1,000 m, the Ross Sea warms by 1.078C (Figures 1a and 2). This
anomaly is primarily driven by increased 700–1,000 m onshore cross-ASF mean heat transport and a reduc-
tion of upward vertical mixing of heat at depth (Figure 7d). Similar to the Weddell Sea subdomain, CO2-
forced onshore cross-ASF mean transport from 700 to 1,000 m also spikes in the Ross Sea subdomain

Figure 10. Cross-shelf transects of the lateral potential density (referenced to the surface) gradient (31023 kg m23 km21, shaded) with contours of constant salin-
ity (psu, black lines) for locations in each of the subdomains for years 62–80. The control figures have 0.1 psu contour levels with the 34.4 psu contour level in thick
black. The CO2-forced minus control figures have 0.05 psu contour levels. Dotted lines entail a reduction of salinity and the solid thick line is the 0 psu contour,
where no salinity change occurs. The small yellow ticks on the x axes mark the top and bottom of the ASF ‘‘wall.’’ The transect locations are the same as in Figures
11 and 12. Note, the Prydz Bay cross-shelf profile is located in the western East Antarctica region and the cross-shelf profile near the Totten Glacier is located in
the eastern East Antarctica region. The map insert shows the exact location and length of each transect plotted over shelf bathymetry.
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(Figure 5g, between �1658W and 1788W). Without an offshore transport to west of �1788W to balance the
onshore transport (as in the control simulation), this heat anomaly remains shoreward of the ASF ‘‘wall.’’

The Ross Sea subdomain freshening near the shelf break and corresponding lateral density gradient
increase at the ASF ‘‘wall’’ is much weaker compared to that of the Weddell Sea subdomain (Figures 1b and
1d). Therefore, the isopycnal structure is less restrictive of heat associated with CDW crossing into the sub-
domain (Figure 11). Once on the shelf floor, the heat is advected laterally and vertically, warming most of
the subdomain (Figures 1a, 6, and 11). Additionally, heat further accumulates at depths greater than 100 m
because the vertical mixing of heat decreases at depths �625 to 1,000 m and again at the 100 m layer (Fig-
ure 9). As a consequence, upward mixing of heat slows and less heat at depth is moved into the surface
layer by this mechanism. Hence, without a large downstream heat transport anomaly to the eastern East
Antarctica subdomain (Figures 7c and 7d) or a cross-ASF offshore heat transport anomaly at 100–700 m
(Figure 7c), the Ross Sea subdomain experiences a large convergence of heat and warming from 100 to
1,000 m.

From 100 to 1,000 m, the eastern and western East Antarctica subdomains warm by 0.718C and 0.538C,
respectively. Here we focus on a location near the Totten Glacier (eastern East Antarctica) and a location
within the Prydz Bay (western East Antarctica). Both locations warm by �18C above the shelf floor (Figure
11). This warming from 700 to 1,000 m benefits from a deep shelf break and shelf floor. At these depths,
cross-ASF onshore heat transport can occur below the depth of the large freshening anomalies and large
increases in the ASF lateral density gradient without being blocked or constrained by the continental slope
(Figures 10 and 11). Over time, heat flows across the shelf floor and its movement upward is influenced by
vertical mixing and vertical advective transport. Upward vertical mixing below �600 m is slowed in both
subdomains by the local freshening, helping to build up heat and temperature anomalies at depth (Figure
9). Meanwhile, the upward vertical advective transport moves heat to intermediate depths, helping to dis-
perse the heat and warm the waters above (Figures 2 and 6). At 100–700 m, some of the heat is moved
downstream to other subdomains or is transported offshore through the ASF (Figure 7c).

Figure 11. Cross-shelf transects of potential temperature (8C, shaded) with isopycnal contours of potential density referenced to the surface (kg m23, black lines)
for locations in each of the subdomains for years 62–80. The control figures have 0.5 kg m23 isopycnal contour levels with the 27.6 kg m23 contour level in thick
black. The CO2-forced minus control figures have 0.2 kg m23 isopycnal contour levels. Dotted lines entail a reduction of potential density and the solid thick line is
the 0 kg m23 contour, where no density change occurs. The small yellow ticks on the x-axes marks the top and bottom of the ASF ‘‘wall.’’ The transect locations
are the same as in Figures 10 and 12.
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The chosen locations in the western Peninsula and ASBS also show increased warming at depth (Figure 11).
Similar to the eastern and western East Antarctica subdomains, the relatively deep shelf break and shelf
floor allows cross-ASF onshore heat transport to occur below the depth of the large freshening anomalies
and strong lateral density gradients (Figure 10). However, the correlation between surface freshening and
deep shelf warming is about 50% less for the western Peninsula and ASBS when compared to the other
subdomains (Figure 8). We attribute the weaker correlation to the influence of large lateral heat transport
anomalies, which mask the surface freshening and deep warming relationship. The western Peninsula sub-
domain is supplied with relatively large heat transports from the Weddell Sea subdomain from the surface
to 700 m and transports much heat downstream to the ASBS subdomain (Figures 7b and 7c). Besides
receiving a large heat anomaly from the western Peninsula, ASBS also transports much heat offshore
through the ASF at 100–700 m. These large lateral fluxes control much of the heat budget, so the relation-
ship between freshening and deep warming is somewhat muddled in the western Peninsula and ASBS sub-
domains. Nonetheless, the surface freshening does reduce vertical mixing of heat below 100 m and works
to accumulate heat anomalies at depth (Figures 2 and 9). The overall 100–1,000 m warming response is
0.448C and 0.428C for the western Peninsula and ASBS subdomain, respectively.

4. Discussion

4.1. Role of Freshening in the Warming of the Antarctic Shelf Region
CO2 forcing significantly warms and freshens the Antarctic shelf region. We find the surface freshening can
work to both prevent and enhance heat convergence at depth, making shelf freshening a possible control
of the location, magnitude, and timing of deep shelf warming (Figures 1a and 1b and 8 and supporting
information Figure S5). Shelf freshening slows upward vertical mixing at depth, acting as a freshwater-cap
to build positive temperature anomalies at depth. By contrast, shelf freshening also works to strengthen the
lateral density gradient and steepen the isopycnals associated with the ASF. This process limits cross-ASF
connecting isopycnals and cross-ASF heat transport (Isachsen, 2011; Stewart & Thompson, 2015). Therefore,
along the ASF where surface freshening anomalies are large and eventually reach depths below the shelf
break, deep cross-ASF heat transport is prevented from entering the Antarctic shelf region or is confined to
the small region between the ASF and the shelf slope at deep depths. We note that the freshening anoma-
lies must develop before anomalous onshore heat transport begins to be most effective. A better under-
standing this temporal relationship at the ASF and its influence on the location of large temperature
anomalies on the shelf is part of ongoing research.

Nonetheless, there are many locations along the ASF ‘‘wall’’ where increased 700–1,000 m onshore heat
transport develops warm temperature anomalies above the shelf. However, the 700–1,000 m cross-ASF
onshore heat transport anomaly is not driven by the eddy component as shown by previous studies (e.g.,
Hattermann et al., 2014; Nøst et al., 2011; Stewart & Thompson, 2015). Instead, we find that the time mean
component brings excess heat across our defined ASF ‘‘wall.’’ Below we discuss this inconsistency with ear-
lier research and consider mechanisms that may initiate the onshore transport of heat and formation of
warm anomalies at depth in CM2.6.

4.2. Limitations of CM2.6 Regarding Cross-ASF Eddy Heat Transport
One reason for the minor role played by eddies in the cross-ASF heat transport could be that the model res-
olution of CM2.6 is not fine enough to fully capture eddy heat transport near the ASF. Along the Antarctic
shelf break, the model grid spacing ranges from 4 to 6 km. Previous studies show that refining the grid
spacing at the shelf break from >2 km to �1 km increases cross-ASF eddy transport (Årthun et al., 2013;
Stewart & Thompson, 2015). Additionally, an ocean grid resolution of �1 km better captures topographic
waves and onshore eddy heat transport triggered by the interaction of the Antarctic shelf break current
and troughs and canyons that cut into the shelf slope (e.g., Dinniman et al., 2011; Moffat et al., 2009; St-
Laurent et al., 2013). Furthermore, the increased mesoscale eddy activity at a 1 km ocean grid spacing
would increase lateral transport across the ASF and work to flatten the isopycnals locally. Such a flattening
would generate more isopycnals with slopes parallel to the continental slope, promoting more cross-ASF
eddy tracer transport and introducing new density classes with access to the shelf (Isachsen, 2011).

Another reason for the reduced eddy heat transport at 700–1,000 m in CM2.6 could be the absence of simu-
lated dense shelf water overflows. For example, in the Weddell Sea these overflows of Antarctic Bottom
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Water cascade down the continental slope and shoal nearby CDW (Orsi et al., 1999). The shoaling allows
additional CDW density classes to have access to the continental shelf (Stewart & Thompson, 2016). How-
ever, in CM2.6, the Weddell Sea overflows do not reach depths greater than �1,500 m (Dufour et al., 2017).
Instead, the dense saline waters on the shelf tend to mix with waters across the ASF at intermediate depths
and thus lose their water mass properties. This spurious diapycnal mixing is a well-known bias in level coor-
dinate ocean models (e.g., Danabasoglu et al., 2010; Winton et al., 1998). For our study, the absence of Ant-
arctic Bottom Water flowing along the shelf slope to the abyssal ocean eliminates a possible isopycnal
pathway for eddy heat transport between the CDW and shelf (Stewart & Thompson, 2016).

An alternative explanation to the reduced eddy heat transport at 700–1,000 m may reside with our defini-
tion and location of the ASF ‘‘wall.’’ The ASF ‘‘wall’’ is a vertical line from the surface to the 1,000 m isobath.
As such, the ASF ‘‘wall’’ does not fully capture the simulated ASF, which slopes down from near the surface
to the shelf break and whose position fluctuates with time (Figure 11, see contours in control figures). Con-
sequently, the ASF ‘‘wall’’ at greater depths tends to reside at or below the boundary between the shelf
waters and CDW. With CO2 forcing, this boundary shoals, placing more of the ASF ‘‘wall’’ below the simu-
lated ASF and well within the CDW (Figure 11 and supporting information Figure S11). Thus, the ASF ‘‘wall’’
is not recording the heat transport crossing the bottom of the simulated ASF as in the control simulation.
Instead, the ASF ‘‘wall’’ is recording the time mean component of CDW heat moving shoreward before
being transported through the missing segment of the simulated ASF.

Such a scenario causes the recorded onshore eddy heat transport to decrease and onshore mean heat
transport to increase at 700–1,000 m (Figure 5c). Furthermore, the anomalous onshore heat transport of the
time mean component at 700–1,000 m (19.3 TW, Figure 5c), provides an upper limit to the amount of heat
passing through the simulated ASF near the shelf slope that is missed by our ASF ‘‘wall’’ definition. This heat
transport through the simulated ASF likely has a large eddy component given that during the control simu-
lation, wherein the ASF ‘‘wall’’ coincides better with the simulated ASF at 700–1,000 m, the onshore heat
transport was exclusively by eddies (Figure 5c). Thus, our methods miss part of the 700–1,000 m onshore
eddy heat transport through the simulated ASF.

4.3. Proposed Mechanisms for Increased Onshore Heat Transport
This study focuses on CO2-forced changes to the Antarctic shelf region heat budget that lead to surface and
deep warming on the shelf. Here we expand on a few mechanisms that may initiate the movement of CDW
heat toward the shelves.

Of particular relevance to our results, Nøst et al. (2011) show shelf region freshening increases local
buoyancy and available potential energy on the shelf. The available potential energy is released through
increased eddy kinetic energy (EKE) which drives onshore cross-ASF eddy transport at depth. In CM2.6,
the shelf freshening leads to an increase in the cross-shelf dynamic sea level gradient and a correspond-
ing velocity increase of the westward coastal current (Figure 1c and supporting information Figure S9).
As a response to the faster current, EKE also increases near the ASF and down to the depth of the shelf
break (Figure 12). Accepting that our ASF ‘‘wall’’ misses part of the onshore eddy heat transport at 700–
1,000 m in the 2xCO2 experiment (see end of section 4.1), then it is possible that the increased EKE near
the shelf break is driving more onshore eddy heat transport at 700–1,000 m. This EKE-driven increase in
onshore eddy heat transport would agree with changes for both variables at 0–100 and 100–700 m (Fig-
ures 5e, 5f, and 12). However, despite increased EKE, the larger and deeper lateral density gradients from
the freshening can prevent excess heat from reaching the shelf floor by restricting and disconnecting
isopycnals between the shelf water and the CDW. Hence, there exists a balance between freshening
increasing EKE near the ASF, and freshening increasing the isopycnal barrier to onshore eddy heat
transport.

Next, we comment on two mechanisms that shoal isotherms near the shelf break and lead to increased
transport of warm CDW onto the Antarctic shelf (Spence et al., 2014, 2017). First, Spence et al. (2014) find
that weaker Easterly wind stress and related decrease of Ekman pumping shoals isotherms and isopycnals
near the shelf break, introducing new pathways for CDW to reach the shelf. A similar process is found in the
CM2.6 results. With CO2 forcing, the peak Westerly wind stress strengthens and shifts poleward by about 18,
while the coastal Easterly wind stress (658S–758S) weakens (Figure 4). These wind changes as well as a low-
pressure anomaly above the continent (Figure 4) agree with observations, reanalysis data, and climate
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model data of a recent trend toward a positive Southern Annular Mode index (e.g., Marshall, 2003; Swart &
Fyfe, 2012; Thompson & Solomon, 2002). The weakened Easterly wind stress reduces poleward Ekman trans-
port and associated downwelling in the shelf region (supporting information Figure S12). Therefore, the
shoaling of isotherms near the shelf break (Figure 11 and supporting information Figure S11) may be a
response to reduced Easterly wind stress as found by Spence et al. (2014). However, shelf freshening in
CM2.6 prevents the wind changes from shoaling the isopycnals at the ASF.

Second, Spence et al. (2017) identify a shelf wave mechanism that can shoal isotherms near the shelf
break and lead to shelf warming. The isotherms shoal due to a compensation between barotropic pres-
sure gradients and baroclinic adjustments through arrested bottom Ekman processes (e.g., MacCready &
Rhines, 1993; Wåhlin et al., 2012). To shoal warm isotherms, the shelf wave mechanism requires an anom-
alous sea level low next to the coast. As their study shows, this low sea level can be induced by weaken-
ing Easterly wind stress. However, in our simulations, coastal freshening dominates wind-driven changes
to the dynamic sea level. The large halosteric sea level rise leads to an anomalous positive dynamic sea
level near the coast (Figure 1c). In turn, arrested Ekman layer dynamics will act to deepen isotherms rather
than shoal them.

Thus, both Spence et al. (2014, 2017) demonstrate wind-driven mechanisms that shoal isotherms. In CM2.6,
the wind trends are weaker than those found in either Spence et al. (2014) or Spence et al. (2017). Nonethe-
less, isotherms do shoal with CO2 forcing (Figure 11 and supporting information Figure S11), which pro-
motes cross-ASF onshore transport of lighter density classes (supporting information Figure S13). However,
shelf freshening works against wind-forced isotherm shoaling by reversing the arrested Ekman layer
dynamics and works against onshore heat transport by increasing the lateral density gradient at the ASF.
These compensating effects from freshening is absent in Spence et al. (2014, 2017), possibly because pre-
cipitation and runoff were held constant in their experiments. Our results point to the importance of both
freshening and wind changes in determining the ability of warm CDW to cross the ASF front.

Figure 12. Cross-shelf depth transects of the logarithm of eddy kinetic energy (EKE, shaded and thick contour) and zonal current velocity (contours) for the control
simulation and 2xCO2 experiment (cm2 s22, cm s21). EKE is calculated using every fifth day, daily mean fields of zonal and meridional current velocities during a
three-year period from years 69 to 71, using methods based on Stevens and Killworth (1992). We add a the thick contour where EKE equals 1 cm2 s22 to assist
with comparison between the two simulations. The thin contours are zonal current velocity with intervals of 2 cm s21. Dotted thin contours entail westward zonal
flow. Note, the westward flow near the shelf break increases with CO2 forcing as does EKE. The small yellow ticks on the x axes mark the top and bottom of the
ASF ‘‘wall.’’ The transect locations are the same as in Figures 10 and 11.
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5. Conclusions

Using a global coupled climate model with an active mesoscale eddying ocean component, we investigated
the spatial and temporal characteristics of ocean warming and climate change near Antarctica caused by a
1% per year increase of the atmospheric CO2 concentration. We find that different mechanisms cause signif-
icant ocean warming in the upper 100 m (0.338C) as compared to the ocean warming at 100–1,000 m
(0.638C, Figure 7). The near-surface ocean warming is primarily a response to enhanced onshore advective
heat transport across the shelf break. Some of this heat is counteracted by a larger ocean-to-air heat flux
resulting from decreased sea ice coverage allowing for more interaction between the ocean and atmo-
sphere. Furthermore, excess heat in the 0–100 m layer can be transported downstream (westward) to other
areas of the shelf region, thereby contributing to local warming (Figure 7b).

Below 100 m, the deep ocean warming on the shelf is controlled by the cross-Antarctic Slope Front (ASF)
transport of warm Circumpolar Deep Water (CDW) and by large freshening anomalies supplied at the sur-
face and near the ASF. The deep temperature anomalies occur �1–3 years after the local salinity anomalies
suggesting a relationship between the two anomalies. The ocean freshening on the shelf limits vertical mix-
ing of heat, notably at �700–1,000 m depths where CDW enters the shelf region. This reduction in upward
heat mixing partially prevents heat that is associated with CDW from moving toward the ocean’s surface
and out of the water column (Figures 7c and 7d). Thus, helping the formation of warm anomalies at depth.
Additionally, freshening can increase and deepen the lateral density gradients associated with the ASF (Fig-
ures 1d and 10). Such enhancement of the ASF can work to prevent onshore heat transport associated with
the CDW. Lastly, the freshening enhancement of the ASF also suppresses onshore heat transport associated
with nearby increases in eddy kinetic energy and shoaling of isotherms (Figures 10–12). Therefore, CO2-
induced shelf freshening influences numerous heat transport mechanisms. Continued understanding of the
interaction between freshening and these mechanisms will help inform future shelf warming at depth.

The near-surface and deep warming both have implications for ice shelf basal melt. The onshore transport
of warm anomalies at the surface can enter an ice cavity near the surface and initiate shallow melting
(Jacobs et al., 1992; Jenkins et al., 2016). Additionally, the simulated presence of CDW and buildup of heat at
depth can reach the bottom of the ice shelves and initiate deep melting (Jacobs et al., 1992; Jenkins et al.,
2016). Rignot and Jacobs (2002) show that an ocean warming of 0.18C near the grounding line will increase
basal melt of ice shelves by 1 m yr21. Given the current observed and simulated ice shelf basal melt rates
range from 0 to 20 m yr21 (lowest rates in the Ross Sea, highest rates in the Amundsen and Bellingshausen
Seas), the CM2.6 shelf region volume average temperature anomaly of 0.568C would increase basal melt by
more than 25%, assuming these anomalies reached the ice-ocean interface (Rignot et al., 2013; Schodlok
et al., 2016).

Continued observations of temperature and salinity on the shelf and near the ocean-ice interface of Antarc-
tica will provide essential data to test the ability of eddying climate models to accurately represent this
region’s small and large-scale dynamics. Advances in climate and ice sheet modeling, such as coupling an
interactive ice sheet model with even finer resolution ocean models, will lead to more accurate projections
of shelf warming, ice shelf melting, and the global distribution of the associated sea level rise.
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