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ABSTRACT: The export of Antarctic Bottom Water (AABW) supplies the bottom cell of the global overturning circulation and plays a
key role in regulating climate. This AABW outflow must cross, and is therefore mediated by, the Antarctic Circumpolar Current (ACC).
Previous studies present widely-varying conceptions of the role of the ACC in directing AABW across the Southern Ocean, suggesting
either that AABW may be zonally recirculated by the ACC, or that AABW may flow northward within deep western boundary currents
(DWBC) against bathymetry. In this study the authors investigate how the forcing and geometry of the ACC influences the transport and
transformation of AABW using a suite of process-oriented model simulations. The model exhibits a strong dependence on the elevation of
bathymetry relative to AABW layer thickness: higher meridional ridges suppress zonal AABW exchange, increase the strength of flow in
the DWBC, and reduce the meridional variation in AABW density across the ACC. Furthermore, the transport and transformation vary
with density within the AABW layer, with denser varieties of AABW being less efficiently transported between basins. These findings
indicate that changes in the thickness of the AABW layer, for example due to changes in Antarctic shelf processes, and tectonic changes in

the sea floor shape may alter the pathways and transformation of AABW across the ACC.

SIGNIFICANCE STATEMENT: The ocean plays an
out-sized role in the movement of heat and trace gases
around the Earth, and the northward export of dense
Antarctic Bottom Water is a crucial component of this
climate-regulating process. This study aims to understand
what sets the pathways of Antarctic Bottom Water as it trav-
els northward across the Antarctic Circumpolar Current,
and thus what controls its partitioning between the At-
lantic, Indian and Pacific basins. Our results highlight the
importance of seafloor elevation relative to the thickness
of the Antarctic Bottom Water layer for directing the flow
northward versus between basins. This study motivates
future investigation of long-term changes in Antarctic Bot-
tom Water properties and their consequences for its global
distribution.

1. Introduction

The global circulation of Antarctic Bottom Water
(AABW) is often quantified via transport streamfunction in
a two-dimensional, latitude/depth space (e.g. Lumpkin and
Speer 2007). However, its formation, northward flow, and
distribution between the Atlantic, Indian, and Pacific basins
are fundamentally three-dimensional processes. AABW is
formed in a handful of distinct sites around the Antarctic
coast, notably the southern Weddell Sea (Nicholls et al.
2009), the western Ross Sea (Gordon et al. 2004), along

Corresponding  author: Email:

crschmid @uw.edu

Carlyn R. Schmidgall.

the Adélie coast (Rintoul 1985; Williams et al. 2010), and
in Prydz Bay (Ohshima et al. 2013). The net export of
AABW is also asymmetrically distributed between the ma-
jor ocean basins (Johnson 2008): ~ 4 Sv flows northward
into the Atlantic, in contrast with ~ 12Sv and ~ 14 Sv en-
tering the Indian and Pacific, respectively (Talley 2013). A
consequence of this asymmetry is that the AABW-driven
cell of the global overturning circulation is concentrated
in the Indo-Pacific, with the Atlantic being dominated by
the North Atlantic Deep Water-driven cell (Lumpkin and
Speer 2007; Talley 2013). Figure 1 illustrates the complex-
ity of these three-dimensional connections via climatolog-
ical maps of the depth of the 28.2 kg m~> neutral density
surface, an approximate upper bound for the AABW layer,
and of the seafloor oxygen concentration in the Southern
Ocean.

The connectivity between Antarctic shelf sources of
AABW and the major ocean basins dictates the response
of the global overturning circulation to localized changes
in AABW formation. Such changes might arise, for ex-
ample, in response to major glacier calving events (Snow
et al. 2018), due to variability in the density and export
rates of dense shelf waters (Purkey and Johnson 2013;
Abrahamsen et al. 2019), due to anthropogenically-driven
shutdown of one or more of the current dense water forma-
tion sites (Hellmer et al. 2012, 2017), or due to variability
in the formation of deep waters via open-ocean convection
(De Lavergne et al. 2014). Significant shifts in the three-
dimensional structure of the global overturning circulation
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Figure 1. Observations of quantities indicating AABW spread across the Southern Ocean and into the abyssal ocean basins. (a) Statistical mean
depth of the 28.2 kg m™> neutral density surface on a 1/4° grid and (b) statistical mean seafloor dissolved oxygen concentrations in the Southern
Ocean on a 1° grid. Data taken from World Ocean Atlas 2018 (Garcia et al. 2018; Locarnini et al. 2019) with neutral density computed following
Jackett and McDougall (1997). Solid black contours indicate Southern Ocean frontal locations: from south to north, the southern ACC Front
(sACCF), Polar Front (PF), and Subantarctic Front (SAF) from Orsi et al. (1995).

have also been associated with major climate shifts, such
as the transition between glacial and inter-glacial periods
(Ferrari et al. 2014; Thompson et al. 2016).

All northward flow of AABW that reaches the north-
ern basins must cross the Antarctic Circumpolar Current
(ACC). This suggests that the ACC plays a key role in
mediating connections between AABW shelf sources and
the northern basins. Previous model-based studies have
attempted to quantify the pathways of AABW across the
ACC, but have produced conflicting results. For example,
van Sebille et al. (2013) deployed Lagrangian particles at
the ocean surface around Antarctica and tracked those that
flowed northward in the AABW layer. They found that
water parcels in the AABW layer underwent at least one
full circuit around the Antarctic continent as they traversed
the ACC, and therefore that the ACC served to “blend”
all AABW sources together before they reached the north-
ern basins. In contrast, Kusahara et al. (2017) deployed
nine different passive tracer concentrations in dense water
formation sites in a regional ocean/sea ice model. By track-
ing these tracers, they inferred that shelf-sourced AABW
crosses the ACC in a series of deep western boundary
currents, or “conduits”, supported by major bathymetric
features. Recent modeling work by Solodoch et al. (2022)
demonstrates the importance of these “conduits” in deter-
mining the fate of AABW sourced from different locations
around the Antarctic continental margins. By deploying
tracers at four major AABW formation sites in a global

ocean/sea-ice model, they found that AABW formed in
the Weddell Sea and Prydz Bay is blended together before
export mainly to the Atlantic and Indian Oceans, whereas
AABW originating in the Ross Sea and Adelie Land is
exported primarily to the Pacific Ocean. Measurements of
AABW in the ACC are too sparse to distinguish between
these “conduit” and “blender” paradigms. For example,
observational tracer-based methods can effectively track
the global spread of AABW as a whole, but have not yet
been able to distinguish between waters sourced from dif-
ferent sectors of the Antarctic continental shelf (Orsi et al.
1999; Johnson 2008; Cimoli et al. 2023).

Figure 2 illustrates two extreme conceptual descriptions
of the ACC’s role in mediating northward transport of
AABW, based on these previous studies. Around major
bathymetric features, sketched here as a simple meridional
ridge, the ACC is deflected north following contours of
planetary potential vorticity (f/H), and forms a meander
that is offset slightly to the east of the ridge (Hallberg and
Gnanadesikan 2001; Viebahn and Eden 2012; Thompson
and Naveira Garabato 2014). Panel (a) illustrates the “con-
duit” conception (e.g. Kusahara et al. 2017), in which the
AABW outflow forms a deep western boundary current,
with no zonal exchange across the ridge. In this con-
figuration bathymetric features separate different varieties
of AABW, directing them toward different ocean basins.
Panel (b) shows another extreme, in which AABW is trans-
ported over the ridge and “blended” between different sec-



tors of the ACC as it travels northward (e.g. van Sebille
et al. 2013). In this configuration the northward flow may
be expected to be less localized: for example, in the limit
of a completely flat sea floor the transport would be evenly
distributed in longitude and carried by mesoscale eddies
(Abernathey et al. 2011; Stewart and Thompson 2013). In
this study we will show that the height of topographic ob-
stacles plays an important role in shifting the ACC between
the two regimes sketched in figure 2.

This study aims to elucidate the dynamics of AABW
pathways across the Southern Ocean, and identify key con-
trols on its meridional vs. inter-basin transports. Previous
theoretical studies on this topic have typically adopted a
zonally-averaged description of the dynamics (e.g. Ito and
Marshall 2008; Nikurashin and Vallis 2011, 2012; Stew-
art et al. 2014; Thompson et al. 2016; Chang and Jansen
2021), and thus have not specifically considered merid-
ional vs. inter-basin transports of AABW. However, these
studies provide important insights that guide our approach.
For example, due to the incropping of isopycnals at the sea
floor, the northward transport of AABW is intrinsically
linked to the rate of diapycnal upwelling (Ito and Marshall
2008; Broadbridge et al. 2016). In the following sections
we therefore give due attention to both the transport and
transformation of AABW in the ACC, and their relation-
ship with one another.

Building on these previous findings, in this study we
investigate dynamical controls on meridional vs. inter-
basin transport of AABW using a suite of eddy-resolving
process-oriented simulations of an idealized sector of the
Southern Ocean. In section 2 we describe the model con-
figuration, rationalize the suite of experiments, and discuss
diagnostics of the meridional and inter-basin transports of
AABW. In section 3 we quantify the sensitivity of merid-
ional and inter-basin transports, integrated across the entire
AABW layer, and identify key controls on the ratio of these
transports. In section 4 we examine the density depen-
dence of the meridional vs. inter-basin transports within
the AABW layer, and link these to the rates of transforma-
tion of AABW. In section 5 we summarize our key findings
and discuss their implications.

2. Methods
a. Model configuration and experiments

Our aim is to construct an idealized model that cap-
tures the key features of AABW circulation in the South-
ern Ocean. This approach provides a clear view of the
physics, unobstructed by the complexities of the full ge-
ometry and water mass structure that are present in nature.
The model domain, illustrated in figure 3(a), is a 4000 km-
long, 2500 km-wide, 4000 m-deep re-entrant channel with
a 500 m-deep Antarctic continental shelf along its south-
ern margin, separated by a 150 km-wide continental slope
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that is centered at y = 300km. This setup extends con-
figurations used by Stewart and Thompson (2012, 2013)
and Stewart and Hogg (2017) by including a 200 km-wide
continental barrier, extending from the northern bound-
ary down to y = 1500km. The “continent” is connected
to the continental slope via a 3000 m-deep, ~400 km-wide
meridional ridge. In some experiments we superpose addi-
tional Gaussian topographic bumps throughout the model
domain, with a typical wavelength of 200 km. The pattern
of bumps is set randomly for each experiment. The re-
sulting geometry is similar to those used by Morrison and
Hogg (2013) and Wilson et al. (2022), and allows quan-
tification of zonal exchange between “basins” (i.e. across
the ridge) while avoiding direct interaction between the
zonal throughflow and the northern boundary. The model
domain may be thought of as an idealization of the region
around Drake Passage or around other major bathymetric
obstacles in the path of the ACC, such as Kerguelen Plateau
or Macquarie Ridge.

We simulate the state and circulation of the ocean by
solving the Boussinesq primitive equations (e.g. Vallis
2006) using the MIT general circulation model (MITgcm,
Marshall et al. 1997b,a). We simplify the thermodynam-
ics by eliminating the dependence of density on salinity,
and relating density to potential temperature via a linear
equation of state with a thermal expansion coefficient of
a=15x10"*°C"!. The model is forced by idealized,
time-invariant latitudinal profiles of surface buoyancy flux
(figure 3(b)) and zonal wind stress (figure 3(c)), motivated
by observed conditions in the Southern Ocean (Large and
Yeager 2009). Specifically, we impose a downward sur-
face heat flux south of y = 1500km, with a maximum
of I0Wm™2 at y = 800km, and an upward surface heat
flux north of y = 1500km, with a maximum of 10Wm™2
at y = 1950km. The wind stress is eastward over most
of the model domain (y > 500km), with a maximum of
0.15Nm™2 at y =1600km, and is directed westward over
the Antarctic continental shelf and slope (y < 500km), with
a maximum amplitude of 0.075Nm™2 at y = 225km.

On the Antarctic continental shelf, dense water is formed
viarestoring toward a potential temperature of —1°C within
100km of the southern boundary (see figure 3(d)). Within
100km of the northern boundary we restore the potential
temperature toward a profile that varies exponentially from
12°C at the surface to 0°C at the sea floor, with an e-folding
scale of 1000m. The northern boundary is closed, such
that meridional velocity is gradually set to zero across the
100km sponge layer. To allow transformation of AABW as
it crosses the ACC, we impose a spatially-varying vertical
diffusivity « that decreases upward from the sea floor with
an exponential decay scale of 300 m, and a maximum value
of 1073 m?/ s (Mashayek et al. 2017). Additionally, we seta
minimum background vertical diffusivity of 5x 107°m?/s
throughout the model domain. The bottom-enhanced dif-
fusivity profile and the background diffusivity are shown
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Figure 2. Schematic of the “conduit” and “blender” conceptualizations of the ACC’s role in mediating AABW export. Where the ACC encounters
major bathymetric features, it forms a standing meander, characterized by anomalously low sea surface height (SSH) and cyclonic flow around the
bathymetry. (a) For a relatively thin AABW layer or high bathymetric ridge, AABW crosses the ACC northward as a steady deep western boundary
current and this more direct path results in less cumulative transformation of AABW. (b) A relatively thick AABW layer or low bathymetric ridge
allows the ACC to drive an efficient zonal transfer of AABW between ocean basins, corresponding with enhanced cumulative transformation of
AABW layer as it is zonally recirculated.
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Figure 3. Configuration of a process-oriented model of AABW export across the ACC. (a) Three-dimensional rendering of the model domain,
showing the bathymetry (light brown surface), a snapshot of the top of the AABW layer (6 = 0°C, translucent blue), a concurrent snapshot of sea
surface temperature (colors), and time-mean sea surface height contours (dark gray lines). (b,c) Profiles of downward surface heat flux and eastward
wind stress applied at the sea surface. (d) Time- and zonal-mean zonal velocity (colors) and potential temperature (°C, contours), with regions of
stratification restoring highlighted at the meridional boundaries. (e) Profile of vertical diffusivity with elevation above sea floor.

in figure 3(e). Near-surface turbulent mixing and shear-
driven mixing in the subsurface are prescribed via the
K-Profile Parameterization (Large et al. 1994). We use
second order-moment Prather scheme to advect potential
temperature, which minimizes spurious diapycnal mixing
(Prather 1986; Hill et al. 2012).

The model equations are discretized into 70 vertical lev-
els with spacings ranging from ~ 10m at the surface to
~ 100m at 4000m depth. Simulations run with a coarser
horizontal spacings of ~ 10km were integrated until the
simulations reached a statistically steady state, which was
determined using domain-averaged annual snapshots of



potential temperature and typically achieved within 60—
100 model years. These coarse-resolution simulations
were used to spin-up the corresponding higher-resolution
runs with ~ Skm horizontal spacings, typically requiring
a further 40 years of integration. The high-resolution runs
can be considered eddy resolving, as the Rossby Radius
varies from ~ 16 —21km north of the continental slope.
All diagnostics discussed below are computed from the
higher-resolution runs, using a 20 year time-average of
integration in statistically steady state.

Figures 3(a) and 3(d) illustrate the simulated state
and circulation in the reference simulation, defined by the
model parameters listed in Table 1. The stratification and
zonal transport are qualitatively consistent with the ACC
in nature: the isopycnals shoal to the south across the
model domain, producing a surface-intensified eastward
flow (figure 3(d)). The associated time-mean sea surface
height contours, corresponding to streamlines of the sur-
face geostrophic flow, form a pronounced meander in the
lee of the ridge that qualitatively resembles those found in
the ACC (Orsi et al. 1995; Thompson and Naveira Gara-
bato 2014). Over the model’s Antarctic continental slope,
the imposed wind stress drives a westward Antarctic Slope
Current (Thompson et al. 2018). The buoyancy gradient
associated with dense water formation on the continental
shelf produces a deep westward flow over the continental
slope, associated with the down-slope flow of dense wa-
ter, and a relatively strong, near-surface eastward flow just
north of the slope. The meridional overturning circulation
is quantified and discussed in the following subsection.

For the reference case, the model simulates an ACC
transport of 120.3 Sv. This is comparable to observational
estimates, which range between 173.3Sv (Donohue et al.
2016) and 134 Sv (Whitworth and Peterson 1985). We par-
tition the ACC transport into its barotropic component by
diagnosing the bottom zonal velocity at each latitude and
longitude, integrating with depth and latitude, and then
averaging across the longitude band of Drake passage,
—1100km < x < —900km. The baroclinic component is
taken as the difference between to total ACC transport
and the barotropic component. For the reference case,
the model yields barotropic and baroclinic transports of
16.2Sv and 104.1 Sv, respectively. For cases with merid-
ional ridges < 500m, the barotropic transport contributes
a greater proportion of the total transport. Donohue et al.
(2016) found that barotropic transport accounts for roughly
26% of the total transport through Drake Passage, a similar
partitioning to that of the model configured with the 500m
ridge.

To investigate key controls on the transport and trans-
formation of AABW, we perform a total of 24 model
sensitivity experiments, listed in table 2. We selected
5 key sensitivity parameters, identified via italics in ta-
ble 1, based on previous studies: We vary the meridional
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ridge height (Hjgee) because it serves as a physical bar-
rier to zonal transport of AABW, and may be anticipated
to support deep meridional boundary currents (Fukamachi
et al. 2010; Kusahara et al. 2017; Stewart and Hogg 2017).
We vary the sea floor diffusivity (kmax) because bottom-
enhanced mixing has been shown to play a key role in trans-
formation of AABW (Mashayek et al. 2015; Yang et al.
2018). We vary the amplitude of the random bathymetric
bumps (Hyand) (c.f. Zhang and Nikurashin 2020; Jouanno
and Capet 2020), which have shown to produce higher ef-
fective diapycnal diffusivities far above the mean sea floor
depth (Mashayek et al. 2017), and thus may be expected to
contribute both to supporting geostrophic transport and to
enhanced transformation of AABW. We vary the surface
wind stress (Tmax) because, although we anticipate little
sensitivity of the zonal transport to winds (Munday et al.
2013; Marshall et al. 2017), changes in mesoscale eddy ac-
tivity in the lee of standing meanders may influence trans-
port of AABW (Meredith and Hogg 2006; Fukamachi et al.
2010; Thompson and Naveira Garabato 2014). Finally, we
vary the potential temperature of AABW on the continen-
tal shelf (Ogpeir) as a proxy for changes in buoyancy loss,
which in turn may be expected to influence the strength of
the overturning circulation and strength of the zonal baro-
clinic transport of the ACC (Morrison et al. 2011, 2015;
Howard et al. 2015; Behrens et al. 2016; Lynch-Stieglitz
et al. 2016).

b. Quantifying meridional vs. zonal transports of AABW

To visualize and quantify the transport of AABW in
depth/latitude space, we compute a series of overturning
streamfunctions, each capturing a component of the circu-
lation (see figure 4). For each experiment, the isopycnal
overturning streamfunction ¥ is computed by integrating
meridional transports within temperature layers (D66s and
Webb 1994; Wolfe 2014),

X,1

z=0
lI—‘(y,@):/ v'}{[é(x,y,z,t)—O] dz . ()

=1b

Here @ denotes a time average and zonal integral, 7 [e]
denotes the Heaviside step function, and z =7, (x,y) de-
notes the sea floor. To clarify the notation we distinguish
the potential temperature coordinate 6 from the spatially
and temporally varying potential temperature field 8 sim-
ulated by the model. In figure 4(a-b) we plot both ¥(y, 6)
and its counterpart in latitude/depth space, ¥(y, z), which
we relate via a remapping of each potential temperature
level to the time-/zonal-mean depth of the corresponding
isotherm (Nurser and Lee 2004; Sun et al. 2020).

In order to identify the contributions of wind-driven Ek-
man transport, standing waves and transient eddies to the
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Figure 4. Decomposition of the meridional overturning circulation in the reference simulation. (a) Isopycnal overturning streamfunction
(colors), calculated by integrating meridional fluxes within temperature surfaces and mapping approximately to y/z space, overlaid with time-
/zonal-mean potential temperature (°C, contours). (b) Isopycnal overturning streamfunction (colors), plotted in potential temperature space across
the 6 < 1°C layer, with AABW dynamically-defined potential temperature bound 0pmax = 0°C (dashed line), and AABW transport-weighted potential
temperature ®aapw (y) (solid line). (c, d) Mean and eddy overturning streamfunctions mapped to y/z space (colors) overlaid with and time-/zonal-
mean potential temperature (contours). (e, f) Eulerian mean and standing wave overturning streamfunctions mapped to y/z space (colors) overlaid

with time-/zonal-mean potential temperature (contours).

simulated overturning, we decompose the isopycnal over-
turning streamfunction. The mean component ¥ is com-
puted by integrating time-averaged meridional transports
within time-averaged potential temperature layers (see e.g.

Stewart and Thompson 2013; Wolfe 2014),

X

Zzovtfﬂ[ﬁ’(x, y,z)—H] dz . @

Y7 (y,0) =

U

We then calculate the eddy component W¢ via the differ-
ence between the isopycnal and mean overturning stream-

functions,

Te(}’,g):\y(}’ﬁ)_q’m()’ﬁ)- (3)

We further decompose the mean component by computing

the Eulerian mean circulation W7,

> calculated by integrat-



Param. Value Description Ridge Random Max. Max. sea Shelf AABW
Lr 4000 km Zonal domain size height  topog. wind ﬂ.O(.)r difftu- AABW  temp.
Ly 2500 km Meridional domain size amp. stress stvity temp. bound
H 4000 m Maximum ocean depth Hrigge  Hrana T . K”;‘" ] Oshelr Omax
Xridge -1000 km Zonal position of ridge/northern conti- _ ™ m Nm~ m s °C °C
nent 1000 0 0.15 0.001 -1 0
Wiidge 400 km Zonal width of ridge 0 0 0.15 0.001 -1 0
Hiigge 1000 m Ridge height 250 0 0.15 0.001 -1 0
Yeont 1500 km Southernmost limit of northern conti- 500 0 0.15 0.001 -1 0
nent 750 0 0.15 0.001 -1 0
Weont 200 km Zonal width of northern continent 1250 0 0.15 0.001 -1 0
Wnics 100 km Width of northern continental slope 1500 0 0.15 0.001 -1 0
Wacs 75 km Antarctic continental slope half-width 2000 0 0.15 0.001 -1 0
Yacs 300 km Latitude of Antarctic continental slope 1000 50 0.15 0.001 -1 0.05
Hhelf 500 m Continental shelf depth 1000 100 0.15 0.001 -1 0.1
Lgpelf 100 km Width of Antarctic continental shelf 1000 0 0.1 0.001 -1 0
Liang 200 km Random topography horizontal length- 1000 0 0.2 0.001 -1 0
scale 1000 0 0.15 0.0001 -1 0
Hiang Om Random  topography  root-mean- 1000 0 0.15 0.0003 -1 0
square height 1000 0 0.15  0.003 -1 0.15
Lsponge 100 km Width of sponge layers 1000 0 0.15 0.01 -1 05
Tsponge 7 days Sponge restoring time scale 1000 0 0.15 0.001 -0.75 0
Oshelf -1°C Temperature of AABW on continental 1000 0 0.15 0.001 0.5 0.1
. shelf 0 50 015 0.001 1 0.05
TACC 0.15Nm , Max. wm.d stress over ACC . 0 100 0.15 0.001 1 0.2
Tslope 0.075 Nm™ IS\;I;;; wind stress over continental 500 50 0.15 0.001 1 0.05
Ywind 1600 km Latitude of ACC wind stress max. :gg 100 gis 0.001 _i 015
o —1.32x10™* 57! Reference Coriolis parameter 500 g 0' 2 ggg ) ) 1 g
B 9.63 x 1072 Meridional gradient of Coriolis param- - : -
m!g! eter Table 2. List of model parameter combinations used in the experi-
@ 1.5% 1074 °C-! Thermal expansion coefficient ments, as well as the dynamically-defined AABW potential temperature
- 1.1%10-3 ms-! Linear bottom drag coefficient bounda'ry }lsed in our an.alysis. The reference case is listed first. Bold
P . . . values indicate perturbations from reference parameters.
Ap 12 m~s Horizontal eddy viscosity
Ay 3%107* m2s~! Vertical eddy viscosity
Aygrid 0.1 Grid dependent biharmonic viscosity
Kb 3% 10_2 mis_l Background vertical diffusivity between the total mean and Eulerian mean components,
Kmax 1x1073 m?s7! Sea floor vertical diffusivity
Ax, Ay  52km Horizontal grid spacing m m m
A, ’ 10.5-103.8 m Vertical grid spacing Fsw (7.0) =97 (y.0) = Ppy (v.6). ©)
As 313s Time step

Table 1. List of key model configuration parameters used in the
reference simulation. Parameters that are varied between experiments
are indicated by italics.

ing zonally-averaged velocity across the domain,

P (:2) =/

z/=0
Vx,t dZ’. (4)
z’=z

where 7z’ denotes a variable of integration. Note that we
compute ¥, in latitude/depth space and then remap to
potential temperature space to obtain Wg,,. We then define
the “standing wave” streamfunction Wg}, as the difference

This component of the streamfunction quantifies the isopy-
cnal transport associated with deviations of the time-mean
flow from the zonal-/time-mean flow, which is also re-
ferred to as the “standing eddy” component of the flow or
the “standing meanders” (Bischoff and Thompson 2014,
Thompson and Naveira Garabato 2014).

Figure 4 shows features of the overturning circulation for
the reference case simulation. From figure 4 (a), we can see
the isopycnal overturning circulation of the reference case
is characterized by northward flow along the continental
shelf and across the sea floor, representing the export of
AABW from its formation sites to abyssal ocean basins.
For much of the mid-depth range, the flow is southward,
with a northward flow near the surface in the northern por-
tion of the domain. This two-cell circulation pattern is
qualitatively consistent with observations and modeling of
the Southern Ocean overturning, although the upper cell
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is somewhat shallower than observations (Lumpkin and
Speer 2007; Marshall and Speer 2012; Talley 2013; Cessi
2019). The unrealistically shallow upper cell is likely
a consequence of the fixed pattern of surface buoyancy
fluxes and relatively small isopycnal slopes (Marshall and
Radko 2003). However, the shallow upper cell does not
significantly affect our analysis of the overturning circu-
lation as the focus of our study is the export of AABW.
The strength of the lower cell is approximately 4 Sv, with
localized peaks of 5-6 Sv. This agrees closely with the
inverse model estimate of Lumpkin and Speer (2007), who
estimated 4.9 +2.5 Sv of northward bottom water export in
the Atlantic sector of the Southern Ocean at 62°S. Crudely
scaling up the AABW export in the 4,000 km-long chan-
nel based on the ~20,000 length of a latitude circle in the
Southern ocean yields ~20 Sv, which falls in the middle of
the range of previous estimates of the abyssal overturning
cell strength (Cessi 2019).

The lower cell in the model is subdivided into two
distinct recirculations: one sub-cell extending along the
seafloor from the continental shelf to the middle of the
domain (~ y = 1400km), with an overlying sub-cell occu-
pying the northern portion of the abyss (see figure 4 (a,b)).
In the southern sub-cell, AABW is upwelled, and AABW
downwells in the northern sub-cell. This feature is consis-
tent with the bottom-intensified mixing in this model and
its impact on the advective-diffusive balance (Munk 1966;
Wunsch and Ferrari 2004; Ferrari et al. 2016) which drives
entrainment into the AABW layer and thus necessitates an
overturning structure with downwelling into the northern
portion of the lower cell. Although there is inconclusive
observational evidence to determine if such an AABW re-
circulation exists in nature, evidence of such a two-cell
abyssal structure is present in prior modeling and reanaly-
sis studies (Lumpkin and Speer 2007; Newsom et al. 2016;
Cessi 2019; Kiss et al. 2019). Consequences of the two-
cell abyssal circulation pattern on AABW transformation
are discussed in further detail in section 4(b).

Figures 4(c—d) show that the overturning is primar-
ily supported by the time-mean flow, with the exception
of the continental shelf/slope and the core of the ACC,
where the eddy-driven overturning also contributes sub-
stantially. The time-mean overturning results from a
near-compensation between the Eulerian-mean overturn-
ing, which closely resembles the wind-driven Ekman trans-
port, and an opposing contribution from standing waves
(figure 4(e—f)). Note that computing the streamfunctions
via integration along mean streamlines, rather than merid-
ians, would likely place greater emphasis on the transient
eddy overturning (Marshall and Radko 2003; Abernathey
and Cessi 2014).

To analyze lateral circulation of AABW, we must first
define the AABW layer. A commonly-used observational
definition is that AABW consists of density classes that lie

deeper than the Drake Passage, i.e. those that are not cir-
cumpolar (Talley 2011). This definition is unsuitable for
the model used in this study because our experiments in-
clude cases in which the ACC is completely unobstructed
by bathymetry. An alternative would be to use the 0°C
isotherm as an upper bound for the AABW layer. In the
model configuration, waters colder than 0°C can only exist
in the interior at depth due to the buoyancy on the continen-
tal shelf, and at the surface within 100km of the southern
boundary (c.f. Stewart and Thompson 2013). However,
in some experiments the northward-flowing waters reach
temperatures greater than 0°C by the time they reach the
northern boundary. We therefore define a potential tem-
perature bound for the AABW layer by selecting the tem-
perature level coinciding with the minimum value of the
isopycnal overturning streamfunction at the southern edge
of the northern sponge later (y = 2400km). This defi-
nition corresponds to the temperature at the top of the
northward-flowing AABW layer at the northern point of
the domain. For most cases, this yields a potential tem-
perature bound O« = 0°C, with cases having varied to-
pography or higher diffusivities having higher potential
temperature boundaries. See table 2 for a complete list
of dynamically-defined potential temperature bounds used
for each experiment, and figure 4(b) for a visualization of
Omax- Unless otherwise noted, the "AABW layer" refers to
all water within and below the density layer specified by
the dynamically-defined potential temperature bound for
each specific model run.

To visualize circulation pathways within the AABW
layer, we calculate a horizontal AABW quasi-
streamfunction Xaapw. Under the assumption that the
isopycnal heave and diapycnal velocity are negligibly
small, the horizontal transport integrated over the AABW
layer is approximately non-divergent:

z=0
up H [emax - 9(x,y,z,t)] dz,

(6)
where uj, = (u,v) denotes the horizontal velocity vector.
We can then define a transport streamfunction for the flow
within this layer that approximately satisfies

V.U ~0, U=

Z=1b

U' ~ -V xXanpws = Xansw(Th) z‘/O U -
Ty
(7
The rightmost expression in (7) defines the quasi-
streamfunction at a given horizontal location x;, via a line
integral from a reference horizontal location :c(;l, with 7
denoting a unit vector normal to the path of integration.
While X aapw is calculated and plotted as an analog to a
barotropic streamfunction, some caution is required in in-
terpreting its streamlines. First, X aapw is non-periodic,
exhibiting a zonal jump from one boundary of the re-
entrant domain to the other. This is primarily due to the
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Figure 5. Visualization of AABW circulation patterns and pathways for the reference simulation, where Op,x = 0°C. The AABW quasi-
streamfunction X oapw (colors) with bathymetry (contours) with spacing of 500 m. The flow moves such that smaller values of X oapw are on the
left. Black lines and arrows indicate boundaries and directions of positive transport for our two-box model, discussed in section 4.

net northward transport within the AABW layer, which
is balanced by southward flow in overlying layers. This
net northward transport requires that X sopw increase from
west to east across the domain, resulting in a “step” in the
quasi-streamline transport at the zonal boundary; e.g., if
the net meridional transport at a given latitude is ¥, then
a quasi-streamline X oapw = X exiting through the eastern
boundary will re-enter from the western boundary as the
quasi-streamline X aapw = X0+ Po.

As stated in (6), the quasi-streamfunction must be de-
fined across a layer with zero isopycnal transport diver-
gence to be mathematically well-defined. Isopycnal heave
makes a negligible contribution to the transport diver-
gence; for the reference case, the isopycnal heave inte-
grated from 500km < y < 2300km is 2.2% of the value of
net northward transport in the AABW layer (not shown).
Diapycnal transport, however, contributes more substan-
tially to the non-divergence of the AABW flow. From
500km < y < 2300km, the diapycnal transport is about
44% of the value of net northward transport for the ref-
erence case, so the diapycnal transport is non-negligible
at the scale of the whole domain. Therefore, tracing flow
pathways from one zonal boundary to the other is likely
to incur substantial errors. However, in this study we pri-
marily use the quasi-streamfunction within 500km of the

meridional ridge, for the purposes of flow visualization and
zonal transport calculation. Although there is a region of
high diapycnal downwelling through the isotherm 6y, in
the lee of the topography (magnitude up to 107 m/s, not
shown), the downwelling in the re-entrant channel is less
significant. In this region the diapycnal velocity is typically
just a few percent of the net throughflow (not shown), so
tracing flow pathways along streamlines of X' Aspw across
the ridge incurs relatively small errors. To minimize these
errors, we have selected an integration scheme for X xapw
to avoid areas of high diapycnal velocity in the northern
and southern sponge regions. We compute Xaapw Us-
ing (7), defining X oapw = 0 along the northern boundary
and along the margins of the northern continent. We first
compute X sapw at all latitudes within the longitude band
900km < x < 1100km by integrating southward from the
continental margin. We then integrate directly eastward
(westward) to compute X aapw at all latitudes within the
longitude range x > 1100km (x < 900km).

In figure 5 we illustrate the typical horizontal circula-
tion patterns within the AABW layer in the model via the
AABW quasi-streamfunction for the reference simulation.
Note that X aapw is non-periodic, exhibiting a jump at
the zonal boundaries of the model domain, due to the net
northward transport within the AABW layer. The AABW
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circulation is dominated by gyres: a cyclonic circulation
centered at approximately y = 1000km, qualitatively re-
sembling the subpolar gyres in the Ross and Weddell Seas
(Orsi et al. 1993; Wilson et al. 2022), and an anticyclonic
circulation centered at approximately y = 2000km, cor-
responding to a subtropical gyre (Pedlosky 1990). The
western edge of the southern gyre consists of a northward-
flowing deep western boundary current (DWBC) along the
eastern side of the ridge, analogous to the deep AABW
boundary currents identified in previous studies (Fuka-
machi et al. 2010; Kusahara et al. 2017; Foppert et al.
2021). Some of the quasi-streamlines from the DWBC
appear to extend to the northern boundary, suggesting that
this comprises a major pathway for the northward export
of AABW.

In addition to the northward flow in the DWBC,
the quasi-streamlines crossing the meridional ridge (x =
—1000km) indicate that there is some inter-basin exchange
of AABW (c.f. van Sebille et al. 2013). For the refer-
ence case simulation, there is approximately 2 Sv of inter-
basin AABW exchange across the meridional ridge, using
the O °C isotherm as the upper boundary for the AABW
layer. Previous estimates of AABW transport between
basins vary widely: for example, AABW may be defined
as water masses too deep to cross Drake Passage (Tal-
ley 2011). In contrast Cessi (2019) computed a transport
of 18.9 Sv through Drake Passage at potential densities
greater than 37.52 kg/m? (referenced to 2100 dbar).

3. Controls on meridional vs. zonal transport of AABW

In this section, we outline the controls on the “bulk”
transport of AABW, i.e. integrated across the entire
AABW layer. In section 4 we examine how these trans-
ports vary as a function of density within the AABW layer,
and relate them to water mass transformation.

a. Overturning circulation

We first examine the strength of the zonally-integrated
overturning circulation, as this provides a necessary refer-
ence point for the “inter-basin” transport. In figure 6(a, c,
e, g), we visualize the strength and structure of the over-
turning circulation for a range of experiments with varying
ridge height, which we find to be a key control on this
circulation. Each simulation exhibits a similar circulation
structure, with a shallow clockwise upper cell overlying a
counter-clockwise lower cell extending through the major-
ity of the ocean’s interior to the seafloor. The upper cell
becomes more shallow for cases with higher ridges, with
the lower cell occupying a greater volume. The strength of
the overturning circulation in the lower cell is only slightly
enhanced from the No Ridge case to the Hijgge = 250 m
case, shown in figures 6(a) and 6(c), respectively. However,
this strength significantly increases from the cases with
Hjgge < 250m compared to the cases with Hyjgge > 1000m,

shown in figures 6(a, c) and 6(e, g), respectively, with the
Hyjgge = 2000 m case displaying the strongest overturning
circulation in the lower cell.

The structure of the two sub-cell abyssal circulation is
also modulated by the height of the ridge. For higher
ridges, the northern sub-cell occupies a greater latitu-
dinal extent of the domain; in the Hygee = 2000 m
case, the northern sub-cell almost entirely subsumes the
southern sub-cell. The latitudinal extent of the sub-cells
is also affected by magnitude of the the diapycnal dif-
fusivity (not shown) with higher diffusivity associated
with an expanded, stronger southern sub-cell and a con-
tracted, weaker northern sub-cell, which is explained by
the advective-diffusive balance.

In figure 7, we examine the sensitivity of diagnostics of
the abyssal overturning circulation strength and isopycnal
structure across the entire suite of experiments. We plot
each diagnostic as a function of ridge height, because we
find that the ridge height explains most of the variation
between experiments. T he dependencies upon other pa-
rameters are indicated via differing marker styles. Figure
7 (a) surveys the sensitivity of AABW meridional export,
and is defined using a min-max method following Stewart
and Thompson (2013) as

max
Lgponge <y <Ly —Lsponge

WasBw = {ngn {‘P}} . 8)
By first finding the minima (i.e., the most negative val-
ues) of the streamfunction in potential temperature space,
we obtain the greatest northward transport at each lati-
tude. Then, by taking the maximum (i.e., the least nega-
tive value) of these minima, we obtain the magnitude of
northward transport that crosses the entire specified lat-
itude band. In this way, this diagnostic approximately
quantifies the transport associated with the greatest contin-
uous streamline from the southern boundary to the northern
boundary. AABW export values for the suite of simula-
tions range from 2.5Sv to 7.2 Sv, with the reference case
yielding a value of 4.1 Sv. We find that AABW meridional
export scales approximately linearly with ridge height in
the model, with other parameter perturbations producing
relatively small changes. From the case with Hyjgee = Om
t0 Hiigge = 2000m, the model displays nearly a three-fold
increase in the magnitude of AABW export. Therefore,
across the parameter space explored here, the height of the
meridional ridge exerts the strongest control on the abyssal
overturning strength.

The export of AABW is closely linked to the slope of
isopycnals across the ACC (e.g. Ito and Marshall 2008;
Nikurashin and Vallis 2011; Stewart and Thompson 2013).
Furthermore, in section 3b we show that the thickness of
the AABW layer in the ACC plays a key role in determining
its inter-basin transport. Thus, to elucidate the sensitivity
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of the overturning circulation to the ridge height, in fig- We then compute the AABW isopycnal slope, saasw, as
ure 7(b) we plot the sensitivity of the isopycnal slope of

the meridional gradient of haapw, averaged across the
AABW layer to the model control parameters. We define

the AABW layer thickness below 6 = 6. as latitude band of the ACC, i.e.
2=0 AT
hassw = / H [Omax—0(x,y,2,0)] dz. (9) SAABW = — (10)
z=1p Ay
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where A denotes meridional differences between y =
500km and y = 1500km. In figures 6(a,c,e,g), the 0°C
isotherm visualizes the slope of this isopycnal for each
simulation. Consistent with observations of AABW vol-
umes across the global ocean, the thickness of the AABW
layer decreases from south to north in the model (John-
son 2008). Cases with low or no meridional ridge exhibit
steeper AABW isopycnal slopes than cases with higher
meridional ridges. This aligns with the findings of Stew-
art and Hogg (2017), who found that a meridional bump,
blocking only a portion of the reentrant ACC channel, was
associated with steeper isopycnal slopes when compared
to cases with a meridional ridge. Cases with higher ran-
dom topography are associated with further steepening of
AABW isopycnal slopes.

To interpret the sensitivity of the AABW export and
isopycnal slope to bathymetric perturbations, we quantify
the efficiency of both standing waves/meanders and tran-
sient eddies (see figure 4) in transporting AABW north-
ward across the ACC. Specifically, we define bulk trans-
port diffusivities for the standing wave and transient eddy
components of the flow as the ratio of the meridionally-
averaged northward transport below 6 = 6.« to the isopy-
cnal thickness gradient:

m 1 y=1500km
SW T L esaanwAy /y:500km Fswlo=g,,, & (D

and
e L y=1500km » ) N
LysaapwAy -/y=500km l0=6ps Ay (12)

Figure 7(c,d) shows the sensitivity of these diffusivities
to the model control parameters. The transient eddy
diffusivity is largely insensitive to the ridge height, re-
maining close to K¢ = 1000m?/s across all of the model
simulations, except for the No Ridge case where K¢ is
roughly ~60% greater. This indicates the importance of
eddies in the northward transport of AABW for cases lack-
ing a meridional barrier. In contrast, the standing wave
transport diffusivity increases approximately linearly with
the ridge height, increasing the combined transport dif-
fusivity (Kgy, +K*) by a factor of ~5 from No Ridge to
Hiigge = 2000m. Thus the dramatic increase in standing
wave transport efficiency appears to be primarily respon-
sible for the increase in net AABW export and reduction
in AABW isopycnal slope (figures 7(a-b)). In contrast,
the inclusion of random topography reduces the transport
diffusivities by as much as a factor of 2, leading to substan-
tially (~50%) steeper AABW isopycnal slopes and slightly
(~10-20%) reduced AABW export. This is consistent
with the finding of Jouanno and Capet (2020) that random
topography suppresses the mesoscale eddy field, which
in turn may be expected to reduce the effective transport

diffusivity due to standing waves (Abernathey and Cessi
2014) by reducing buoyancy transport in both the eddy
and standing wave components of the flow.

b. Horizontal AABW circulation and inter-basin exchange

We now discuss the “inter-basin” transport of AABW,
i.e. transport of AABW across the meridional ridge, using
the meridional transport of AABW as a reference point
for each of the simulations. Figure 6(b,d,f,;h) shows the
AABW quasi-streamfunction for each run. The overall
structure of horizontal circulation visually exhibits sub-
stantial changes in response to variations in the ridge
height. In the No Ridge case shown in figure 6(b), zon-
ally re-entrant quasi-streamlines occupy the majority of
the ACC latitude band, supporting a relatively large flux
(= 60Sv) of AABW between basins. Note the northward
meander of the reentrant quasi-streamlines in the lee of the
topography (located approximately at x = —=500km), indi-
cating a northward excursion of the ACC, as well as a gyre
recirculation in the northern portion of the basin (located
approximately at y > 1500km). Introducing even a 250 m-
high ridge (figure 6(d)) changes this structure dramatically:
though the model still exhibits re-entrant quasi-streamlines
which transport AABW between basins, the magnitude of
this exchange is greatly reduced (< 15Sv) and the quasi-
streamlines follow a much more exaggerated northward
meander in the lee of the topography. Furthermore, a gyre
recirculation of AABW appears in the latitude band of the
ACC, situated in the lee of the ridge (Wilson et al. 2022).
Further increasing the ridge height to Hyjgge = 1000m (fig-
ure 6(f)) reduces the inter-basin exchange to < 0.5Sv and
strengthens the AABW recirculation in the latitudes of the
ACC. As in Patmore et al. (2019), the strength of this
subpolar gyre is strongly influenced by the height of the
meridional ridge, supporting a DWBC along the lee side
of the ridge and topography that provides a direct north-
ward route for AABW. Raising the ridge to Hyjgge = 2000m
shuts down the inter-basin exchange entirely. The DWBC
strengthens further compared to the Hjgge = 1000 m case,
with almost all of the AABW being exported directly north-
ward via this route (c.f. figure 7(c—d)).

We quantify the magnitude of inter-basin transport in
each model run, Taapw, as the transport associated with all
quasi-streamlines of y aapw that cross the meridional ridge.
We define this quantity in a manner similar to Yaapw in
(8), namely using a min-max method to to compute Txpw
as

TA ABW = min
Xridge _VVridge [25x SXridge"’VVridge /2

{myax {XAABW}} .
13)
Here, we solve for the greatest horizontal transport at each
longitude, and then take the minimum of these values to
obtain the horizontal transport that crosses the entire zonal

extent of the meridional ridge. This method approximately
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yields the greatest continuous quasi-streamline from one
side of the ridge to the other. To compare the inter-basin
transport between the model simulations, we normalize
it by the northward export of AABW, defining the bulk
AABW “transport ratio” as:

i TaaBw

Rl oy = SDABW.
AABW .
WaaBw

(14)
This ratio quantifies the fraction of the AABW that is trans-
ported across the ridge (i.e. between “basins”) as it crosses
the ACC. The transport ratio can also be conceptualized
as the approximate number of “loops” around the model
ACC completed by the average parcel of AABW as it flows
northward. In other words, Rf\ Apw quantifies how close
the simulated flow lies to the “conduit” and “blender” ex-
tremes depicted in figure 2.

Figure 8(a,b,c,d) shows the sensitivity of the AABW
transport ratio to several of the model control parame-
ters, selected because they exhibit the strongest influence
on this transport, and to the total zonal transport of the
ACC across the ridge. We include only the key sensitivi-
ties of the AABW transport ratio here; the transport ratio
did not display any notable dependence on wind stress or

AABW shelf temperature. The strongest dependency of
the AABW transport ratio was upon ridge height, shown
in figure 8(a). As indicated by our qualitative discussion
of AABW circulation patterns and ridge height, higher
ridges are associated with a restriction of inter-basin ex-
change, yielding lower transport ratios. For low ridge cases
(< 250m) we find that the AABW transport ratio scales ap-
proximately linearly with overall ACC transport, as shown
in figure 8(b). This suggests that AABW is largely pas-
sively advected over the ridge by the deep-reaching flow of
the ACC.

Varying the maximum seafloor diffusivity (figure 8(c))
leads to a modest increase in the transport ratio, from ~0.21
to ~0.65 as kmax increases from 1074 to 107 2m2s~!. A
possible mechanism for this dependence is that higher dif-
fusivities mix the AABW layer across a greater vertical
extent in the water column, rendering it more likely to
be transported across the meridional ridge. Varying the
height of the random topographic bumps (figure 8(d)) gen-
erally leads to modest changes in the transport ratio. The
strongest sensitivity to random topography occurs when
the meridional ridge height is zero, with higher random
topography being associated with lower AABW transport
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ratios. This is likely because the random topography is as-
sociated with a reduction in total ACC transport, and thus
impedes the zonal advection of AABW by the ACC.

The strong dependence of the AABW transport ratio on
the ridge height and ACC transport (figure 8(a—d)) suggest
that AABW is passively advected over the ridge by the
deep-reaching component of the ACC flow. To test this
hypothesis, we formulate a simplified equation for the inter-
basin AABW transport, relating Taapw to the ridge height,

AABW layer thickness, and bottom velocity in the ACC:

— Hiigge,0)) Lacc.
(15)
Here Lacc = 1000km is the meridional width of the
ACC over the ridge, and up, denotes the ACC’s zonal
velocity at the sea floor, averaged across the longitude
band of Drake passage, —1100km < x < —-900km. We
define the AABW layer thickness, haapw, as the ele-

—x,y,t 3 X,Y,t
TAABW ~ Upor " (max(haapw



vation of the On.x isopycnal. To estimate Taapw Via
(15) we compute the average the sea floor velocity and
AABW layer thickness within the latitude band of the ACC
(500km < y < 1500km). For cases where the height of
the meridional ridge exceeds the thickness of the AABW
layer (and thus max(hAAwa,y,t - Hridgeao) =0), Taagw is
predicted to be zero. To compare the diagnosed AABW
transport ratio with that predicted by (15), we divide by the
diagnosed AABW export, ¥ aapw:

— .yt —x,
Upor " max(haaBw

ot
"~ Hiidge,0)) Lacc

1

Raaw ~ e

(16)
We could alternatively have posed a scaling for Yapw,
e.g. assuming a linear dependence of Waapw On Hrigge, as
suggested by figure 4(a). However, it is unclear whether
such a relationship would generalize if the AABW forma-
tion processes on the continental shelf were more realisti-
cally represented, e.g. including both restoring and fixed
buoyancy fluxes (Stewart et al. 2014).

Figure 8(e) evaluates our simplified equation (15)
against the diagnosed AABW transport ratio. The simpli-
fied equation holds well for high AABW transport ratios
(i.e. for relatively low ridges with relatively large ACC
transports) but under-predicts the transport ratio for in-
termediate ridge heights of 750m < Hjgge < 1000m. This
indicates that AABW is indeed passively advected between
“basins” for ridge heights satisfying Hyjgge << haapw, and
is consistently obstructed for Hyjgge > haapw. However,
for Hyjgge ~ haapw the dynamics of the inter-basin trans-
port are more complicated than the passive advection over
the ridge assumed in (15).

4. Density-Resolved AABW Transport and Transfor-
mation

Thus far, we have examined metrics that describe the
AABW as a single, bulk layer, without taking into account
any density-dependent structure which may be present. In
the reference simulation, for example, we have defined the
AABW layer to encompass the waters extending from -
1°C, the reference imposed AABW formation temperature
on the shelf, to 0°C, the dynamically-defined potential tem-
perature bound for this model run. This range of densities
encompasses roughly the deepest 1000m of the domain
for the reference case. It is possible that different den-
sity classes within the AABW layer are subject to varying
degrees of inter-basin exchange: for example, we might ex-
pect the densest AABW to be more likely to cross the ACC
via “conduits” (see figure 2 and Kusahara et al. (2017)). In
this section we take a density-resolved view of the merid-
ional vs. zonal transport of AABW, utilizing the water mass
transformation framework (Groeskamp et al. 2019).
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a. Density-resolved transport diagnostics

To examine relevant transports as a function of den-
sity, we define a two-box budget across the model domain,
with zonal and meridional boundaries chosen to highlight
the distinct circulation regimes in different regions of the
domain. We note that our definition is one of many ap-
proaches which could have been taken; for example, similar
analysis could be carried out by defining boundaries using
dynamical features of the flow, such as streamlines.

The two-box budget is visualised in figure 5 with solid
black lines as boundaries, and white arrows indicating the
direction of positive transport across each boundary. For
the box centered around the ACC, we have set the zonal
boundaries extending from just beyond the northern edge of
the shelf (y = ysoun = 500km) to the southern extent of the
topography (y = ymia = 1500km). This encompasses the
latitude band of the ACC, which lacks meridional bound-
aries and thus allows zonal recirculation, while avoiding
the westward flows along the southern continental shelf and
slope. We have also set a meridional boundary along the
spine of the meridional ridge (x = —1000km), indicated by
the dashed vertical line in figure 5. The second box in our
two-box budget includes the northern basin of the model
domain, where zonal flow is obstructed by the ‘continent’
centered at x = —1000km. For most of the simulations, an
anticyclonic gyre circulation develops here. For the gyre
box, we have set the zonal boundaries extending from the
southern extent of the topography (y = ymid) to just south
of the northern sponge layer (y = ynorth = 2300km) to avoid
artificial effects from the restoring layer.

Across each of these zonal boundaries (solid lines in
figure 5), we calculate the zonally-integrated meridional
transport as a function of potential temperature. We first
define a 6-dependent analogue of the volume transport
integrated over the AABW layer (Eq. 6),

z=0
ngf up H[0-0(x,y,z,1)] dz. 17

=1b

For our calculation of the isopycnal transport across the
southernmost boundary, Tslouth, we calculate the net north-
ward transport below each isotherm 6:

1

Tl (6) = y{ Vo dx, (18)
Y=Ysouth

Similarly, to calculate T, and T" .
. i orth
Y = Ynorth 10 (18), respectively.

For our calculation of the zonal exchange in the ACC
box of our two box budget, we take a similar approach as
adopted in section 3. For each density level, we define
a quasi-streamfunction with an upper bound of integra-
tion corresponding to the specified potential temperature

we set y = Ymig and
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bound,

Lh
Xo(@n) = / Ty A, (19)
@xr

h

where the paths of integration in (19) are defined as de-
scribed in section 2. Similar to our definition of the AABW
quasi-streamfunction (7), these quasi-streamfunctions ap-
proximate the horizontal circulation below each isotherm
0. To determine the magnitude of inter-basin exchange
which occurs below this specified isotherm, we employ
a min-max method on each quasi-streamfunction, which
quantifies the range of quasi-streamlines that entirely cross
the ridge:

min

Toschange (0) =
exchange Xridge _VVridge /2 <x SXridge"'vvridge /2

—
(20)
Note that this is analogous to (13).
Lastly, we calculate diapycnal transports through each
isopycnal surface bounded by our boxes. For example,

for the diapycnal transport through ACC box, TXCC, we

calculate
d Ymid S
Trcc(6) =7§dx/ dywg'.

Ysouth

2y

Here @' is the time-averaged diapycnal velocity, which we
calculate as the divergence of the isopycnal velocity,
@5 ~-V-Uy . 22)
Eq. (22) holds under a sufficiently long time-average, such
that the temporal drift in the elevation of the isotherm 6
contributes negligibly to the volume budget. We calculate
the diapycnal transport through gyre box, Tg‘;re, similarly.
Note that our two-box budget approximately conserves
volume. That s, for a specified density level, the difference
between isopycnal transports at two meridional transects is
nearly equal to the diapycnal transport between them, with
small variations due to isopycnal heaving of the layer. In
particular,

T (0) = Tia(6) Tgcc(g)’ (23)
and
Tlilid (6) - Triorth (0) = T{g’/re (6). 24
This further implies
Tsiouth (9) - Triorth (0) ~ T;\lCC (9) + Tgtg/re (9) . (25)

These quantities enable us to define a pair of relevant
transport ratios as a function of density. For our analy-
sis in section 3, we defined a transport ratio for a bulk
AABW layer by scaling the magnitude of the inter-basin

AABW exchange, Taapw by the magnitude of the over-
turning AABW export, Yaapw. Similarly, we define a
density resolved version of the transport ratio as:
Telxchange

Ti

mid

R(9) = (26)

This allows us to examine, for each simulation, how the
degree of dense water exchange across the ridge varies
with density.

To examine the extent of diapycnal transformation ex-
perienced by different densities across the domain, we de-
fine a transformation ratio by scaling the total diapycnal
transport by the isopycnal transport at the southernmost
boundary of the two box model. We define transformation
ratio as: 4 J

RY() = TACC‘+ Toyre .

1
south

27

A transformation ratio of R = 1 indicates that all waters
beneath that density class are entrained into lighter densi-
ties. A transformation ratio R? < 0 indicates creation of
water beneath that density class, and R4 =—1 represents
a diapycnal transport into the layer that is equal in magni-
tude to the northward isopycnal transport at the southern

boundary of the two box model, T? ..

b. Density-resolved transport sensitivity

Figure 9 shows density-resolved transports and transport
ratios for a selection of experiments with varying sea floor
diffusivity and ridge height. We selected these experiments
because variations in the diffusivity and ridge height lead
to much larger changes in density-resolved transport diag-
nostics than do variations in the other model control pa-
rameters. In all panels, the reference case is represented by
a solid black line, which we will examine first. Figure 9(a)
shows the inter-basin zonal exchange as a function of den-
sity. For the reference case, the potential temperature level
of the first nonzero zonal exchange is -0.45°C, meaning all
waters beneath this isopycnal are not exchanged between
basins. The zonal exchange is a monotonically increas-
ing function of density, indicating that the zonal transport
beneath the 1°C isopycnal is eastward. Figures 9(b), (c),
and (d) show the meridional transport as a function of den-
sity across the southern, middle, and northern boundaries,
respectively. For the reference case, we can see that the
density structure of the meridional transport takes a sim-
ilar form at each latitude: transport in the densest layers
nearest the seafloor is northward, with the overlying waters
flowing southward. The depth-integrated maximum north-
ward transport from the seafloor is located at progressively
warmer potential temperature levels, occurring at -0.70°C
at the southern boundary, -0.15°C at the middle boundary,
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Figure 9. Density-resolved transports and transport ratios for selected simulations, as a function of potential temperature (°C). (a) Zonal
inter-basin exchange, calculated via (20). (b), (c), (d) Isopycnal transport (Sv) across the southern, middle, and northern meridional boundaries
of our two box budget. (e), (f) Diapycnal transport (Sv) across the upper isopycnal surface of the box ACC and gyre boxes (see figure 5). (g)
Transformation ratio (-), calculated via (27). (h) Transport ratio (-), calculated via (26).

and -0.05°C at the northern boundary, which is consis-
tent with the gradual warming of AABW as it progresses
northward.

Figures 9(e) and (f) show the diapycnal transport as a
function of density in the ACC and gyre boxes, respec-
tively. The density dependence of the diapycnal transport
is qualitatively similar across both boxes in the reference
simulation. The densest waters near the seafloor have a

positive diapycnal transport that increases with density, in-
dicating upwelling across the isopycnal and destruction of
denser waters below. Above the potential temperature level
of the maximum diapycnal upwelling, diapycnal transport
decreases with density, indicating creation of waters in this
density range. At sufficiently low densities the diapycnal
velocity switches sign, indicating downwelling or entrain-
ment into denser layers, until it reaches a maximum di-
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apycnal downwelling at 6 ~ 0°C. The destruction of dense
waters occurs over a somewhat lower temperature range
in the ACC box (-0.85°C < 6 < —0.7°C) compared with
the gyre box, (-0.8°C < 6 < —0.55°C), which is consis-
tent with observed abyssal two sub-cell circulation in the
model. For the reference case, the boundary between the
southern and northern abyssal sub-cells nearly aligns with
Ymid» and thus T (Tg,.) is representative of diapycnal
transport in the southern (northern) sub-cell. As visualized
in figure 6(e), the southern sub-cell occupies a narrower
vertical extent in the domain, corresponding to a diapy-
cnal transport, T/fcc’ that is compressed towards a lower
temperature range.

Figures 9(g) and (h) show the transformation ratio and
the transport ratio, respectively, as a function of density.
For the reference case, we see that the transformation ra-
tio for the densest of waters along the seafloor is equal
to 1, indicating that all waters that enter the boxes at the
southern boundary beneath that isopycnal are upwelled or
entrained into lighter density classes; that is, none of this
water escapes through the northern boundary of the boxes.
The transformation ratio decreases with density from the
seafloor, indicating relatively less upwelling, reaching a
minimum value at 8 = —0.05°C. This potential tempera-
ture level corresponds to the greatest degree of entrainment
into the layer (figures 9(g—h)); above this level, the trans-
formation ratio increases back towards 0. The profile of
the transport ratio for the reference case is a monotonically
increasing function of density, indicating that the densest
classes of water are exchanged the least and the lighter wa-
ters are exchanged more readily between basins and over
the ridge. Thus, the shielding effect of the meridional ridge
is most effective for the densest classes of bottom water.

For cases with varying ridge height, the model exhibits
several key differences relative to the reference case. In
particular, the overall magnitude of isopycnal transports
is modulated by ridge height. Figure 9(a) shows that
inter-basin exchanges are larger for smaller ridges, with the
250m ridge case having more exchange than the 1000m
reference case, and considerably more exchange than the
2000m ridge case. Furthermore, there is non-zero inter-
basin exchange for 8 > —0.750°C in the 250 m ridge case,
contrasting sharply with the 2000m ridge case, in which
there is zero inter-basin exchange for 6 < 0°C. Figures 9(b),
(c), and (d) show that the meridional isopycnal transports
increase with the ridge height, and that the transport shifts
to lighter densities. This is consistent with the strengthen-
ing of the model’s overturning circulation and reduction of
the isopycnal slope with ridge height, as discussed previ-
ously in section 3.

Figures 9(e) and (f) show that diapycnal transport is
largely insensitive to ridge height in both magnitude and
structure; with one exception being the diapycnal transport
in the ACC box for the 2000 m ridge case, which is shifted to
warmer isopycnals relative to the reference case and 250m

ridge case. From figure 6(g), the northern sub-cell almost
entirely subsumes the southern sub-cell in the 2000 m ridge
case, and thus T/fcc and ngyre are both computed within
the northern sub-cell, which occupies a greater vertical
extent in the domain, thus shifting the diapycnal transport
to warmer isopycnals. The strengthening of the abyssal
overturning with ridge height results in a slight variation
in the transformation ratio, shown in figure 9(g), for the
2000m ridge case relative to the other cases where ridge
height is the only varied parameter. The clearest difference
between the cases with varying ridge height can be seen
in the transport ratio, shown in figure 9(h). Relative to
the reference case, the 250 m ridge case has a significantly
higher transport ratio, indicating a greater degree of zonal
recirculation relative to meridional export of dense waters.
Meanwhile, the 2000m ridge case has a much smaller
transport ratio, implying that higher ridges shield dense
waters from recirculation most effectively. This aligns
with our bulk analysis, in which ridge height was also the
strongest predictor of AABW transport ratio (figure 8).

We now discuss the dependence of the density-resolved
transports on the diapycnal diffusivity. The structure of
the inter-basin exchange, shown in figure 9(a), is largely
unaffected by diffusivity. In contrast, figures 9(b), (c),
and (d) show that the temperatures at which the meridional
isopycnal transport takes place increases substantially with
the diffusivity. The diffusivity also strongly influences the
density structure of the diapycnal transports, shown in fig-
ures 9(e) and (f). For both the ACC box and the gyre
box, increasing the diffusivity leads to a larger maximum
diapycnal upwelling that occurs at lighter densities. This is
consistent with advective-diffusive balance, which requires
a greater diapycnal upwelling to balance the enhanced dif-
fusivity at the seafloor.

Figures 9(g) and (h) show that transport ratio is relatively
insensitive to the diffusivity, but the restructuring of the
diapycnal transports as functions of density leads to sub-
stantial changes in the transformation ratio. Increasing the
diffusivity qualitatively preserves the density dependence
of R?, but results in a transformation ratio of R? ~ 1 (all in-
flowing water being transformed via diapycnal upwelling)
at warmer temperatures. This sharpens the transition be-
tween R ~ 1 (at 8 = —0.85°C for kpax = 3 X 1074 m2s!
and at 6 ~ —0.4°C for kmax = 3% 103 m?s™) to R ~ —1,
which consistently occurs around 6 ~ 0°C. This sharp-
ening of the R? profile in density space corresponds to a
reduction in the density stratification of the AABW layer
as Kmax iNCreases.

c. Transformation of AABW

In the previous subsection, we examined isopycnal and
diapycnal transports as a function of density within a two
box budget defined across the model domain. This analy-
sis revealed that different density classes of AABW behave
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Figure 10. Sensitivity of transport-weighted potential temperature to model parameters. (a) AABW transport-weighted potential temperature
(°C) as a function of latitude. Line style indicates ridge height and diffusivity perturbations. The dashed vertical lines indicate the shelf break
(y =500km) and y = 2300km, the latitudes between which we calculate our sensitivity diagnostic. (b, c) Change in AABW transport-weighted
potential temperature (-), normalized by the difference between the dynamically-defined AABW potential temperature bound and imposed shelf
temperature, plotted as a function of ridge height and seafloor diffusivity, respectively.

differently, with denser bottom waters experiencing less
inter-basin exchange, more consistent northward export,
and stronger upwelling relative to lighter overlying wa-
ters. We now examine the simulated transformation using
a stricter definition of AABW as the northward-flowing
component of the abyssal waters. We elucidate the trans-
formation process by diagnosing changes in the mean po-
tential temperature of these northward-flowing waters.
We first define the magnitude of the northward compo-

nent of the AABW transport as

. _ —t
Yaapw () = Hnsl?‘z(c {‘7{ Vo dx} (28)

We then define the transport-weighted potential tempera-
ture as @aapw (), as

0*(y) g
/ —0do

—00

() g
—do
[ @

Here 6* is the top of the northward-flowing AABW layer,
defined such that W(y,6*(y)) = ¢x \gw(¥)- Figure 4(b)
illustrates the latitudinal dependence of @aapw in the ref-
erence simulation, and its relation to the isopycnal over-
turning streamfunction.

Figure 10(a) shows transport-weighted potential temper-
ature as a function of latitude for a selection of experiments.
In the reference case, ®apw increases nearly monotoni-
cally with latitude, corresponding to a steady warming of

Oanw(y) = (29)
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the northward-flowing water. This is due to the continuous
mixing of cold, dense waters with the warmer, light wa-
ters above along the pathway of the AABW. This mixing
is structured by the presence of the two sub-cell abyssal
overturning in the model, which controls the processes re-
lated to AABW density transformation. In the southern
abyssal sub-cell, this mixing is associated with the up-
welling of cold, dense water out of the northward-flowing
AABW layer (see figure 4(a)). In the northern abyssal
sub-cell, the mixing is associated with downwelling of the
warm, light waters into the northward flowing layer, which
leads to a more rapid change in ®sapw With latitude. The
strength of these sub-cells and the latitude that separates
them vary with both diffusivity magnitude (not shown)
and ridge height (figure 6). This overturning structure
contributes to setting the overall transformation of AABW
in the simulations.

Varying the ridge height has relatively little impact
on the latitudinal profile of @aapw, except in the lati-
tude range of the ACC, where ®aapw is roughly 0.1°C
warmer in the Hyjgge = 2000m case. Varying the diffusiv-
ity has a much more pronounced effect on the magnitude
of transport-weighted potential temperature: increasing
Kmax t0 3x 1073 m?s7! increases ®xapw by 0.15-0.2°C
throughout the model domain, while decreasing kpm,x to
3x10™*m?s™! decreases Oaapw by 0.15-0.2°C. These
trends are consistent with the overall warming of the deep
waters in the model domain as kp,x increases, due to in-
creased mixing of the abyssal waters with overlying waters.

However, the transformation of AABW is measured by
the change in ®sapw with latitude, rather than its average
over the model domain. In figures 10(b, c) we therefore
plot the sensitivity of the change in transport weighted
potential temperature, calculated between y = 500km and
y =2300km (dashed vertical lines in figure 10(a)). This
change in ®aapw is normalized by the difference be-
tween imposed AABW formation temperature on the shelf
(Osneir) and the dynamically-defined AABW potential tem-
perature bound (fyax)), i.e. by the overall change in
AABW temperature imposed by the northern and southern
boundary restoring. The normalized change in transport-
weighted potential temperature decreases with increasing
ridge height, and increases with increasing random topo-
graphic bump height. These sensitivities are consistent
with the bathymetric influences on the AABW isopycnal
slope shown in figures 6 and 7(b). A possible explanation
for this bathymetric influence on the transformation rate
is that increasing the ridge height and removing the topo-
graphic bumps allows for more efficient northward flow in
deep western boundary current ‘conduits’ (see figure 2).
This would decrease the time required for the average par-
cel of AABW to cross the domain, and thus reduce the
cumulative mixing of the AABW with the overlying wa-
ters. Figure 10 (c) shows that the normalized change

in transport-weighted potential temperature depends non-
monotonically on «max. This suggests that stronger di-
apycnal diffusion may have competing influences on the
AABW layer: while higher xna.x may be expected to in-
crease the rate mixing of AABW with overlying waters
and thus increase A®@aapw, it may also decrease the poten-
tial temperature stratification of the abyssal ocean (without
substantially changing the isopycnal slope, c.f. figure 7(b)),
and thus decrease A®OAapw.

5. Discussion
a. Summary of key results

The motivation for this study was to examine the funda-
mental mechanisms governing AABW transport and trans-
formation across the ACC. Formed in a handful of distinct
sites on the Antarctic continental shelf, all AABW that
reaches the northern ocean basins must first cross the ACC.
Our central aim was to understand what parameters and dy-
namical processes set the connectivity of AABW sources
between basins, the strength of AABW transport, and the
degree of its transformation. In light of conflicting findings
found in previous literature, we posed two extreme concep-
tions of the transfer of AABW across the ACC (figure 2):
in one, the ACC functions as a “blender”, redistributing
AABW zonally between different sectors of the ACC as it
makes its way northward; in the other, the ACC serves as a
“conduit” of AABW, by exporting it directly northward in
deep western boundary currents supported by bathymetric
features such as meridional ridges. We hypothesized that
the height of bathymetry, relative to the thickness of the
AABW layer, plays the determining role in this dynamical
transition.

To address this hypothesis, we developed a highly ide-
alized channel model, approximating a section of the ACC
through Drake Passage (figure 3). In section 3, we ex-
amined the transport of AABW in this model from a bulk
perspective, considering the behavior of all waters too cold
to have been sourced from the northern boundary (approx-
imately below 0°C for most model runs). The height of
the meridional ridge emerged as the key parameter in set-
ting the overturning circulation and horizontal circulation
within the AABW layer (figure 6). Though the pattern
of overturning remains qualitatively similar for cases with
varying ridge heights, we see an enhancement of overturn-
ing strength associated with higher ridges. The meridional
export of AABW scales approximately linearly with ridge
height (figure 7(a)), due to an increase in northward flow of
AABW in the DWBC. Higher ridges are associated with a
relaxation of abyssal AABW isopycnal slopes (figure 7(b)),
and therefore a reduction in baroclinic instability. Both the
increase in transport and reduction in isopycnal slope with
ridge height are consistent with the increased efficiency of
standing Rossby waves/meanders in transporting AABW
northward (figure 7(c)).



The horizontal circulation within the AABW layer is
also strongly influenced by the ridge height, with inter-
basin AABW exchange completely quashed by sufficiently
high ridges (> 1250m). By computing a transport ratio
for AABW (equation 14) and examining its sensitivity to
model parameters, we found that the height of the merid-
ional ridge is key, with higher ridges associated with low
or zero values of the AABW transport ratio (figure 8). For
low ridge heights with large AABW transport ratios, the
AABW transport ratio varies linearly with the ACC trans-
port. We developed a simplified equation for inter-basin
AABW exchange based upon the notion that AABW is pas-
sively advected by sea floor flow in the ACC, and therefore
its magnitude is geometrically constrained by the elevation
of bathymetry relative to AABW layer thickness. This sim-
plified equation holds for cases with low meridional ridges
and large inter-basin exchanges, but under-predicts the ex-
change for cases with intermediate ridge heights (750 m
and 1000 m, see figure 8(e)). This suggests that more
complicated dynamics govern the inter-basin exchange of
AABW where the height of meridional obstacles is com-
parable to AABW layer thickness.

In section 4a—b we examined variations in meridional
vs. inter-basin transport across different density classes
within the AABW layer. Relative to lighter density classes,
denser AABW is exported northward more consistently,
exchanged over the ridge less readily, and transformed at
a proportionally higher rate (figure 9). This analysis indi-
cated that denser varieties of AABW have lower transport
ratios, implying that they are more effectively shielded by
the meridional ridge. In contrast, we found that the struc-
ture of the transformation ratio is strongly controlled by
imposed vertical diffusivity. Consistent with advective-
diffusive balance, this restructuring is primarily due to the
reduction in the abyssal ocean stratification and enhance-
ment of diapycnal transport as the diffusivity increases.

Our density-resolved analysis in section 4a-b revealed
that not all of the AABW within the “bulk” AABW layer is
northward-flowing. This motivated us to explore to inves-
tigate the transformation of the northward-flowing compo-
nent of AABW in section 4c. The overall transformation of
the northward-flowing AABW decreases with increasing
ridge height. This is consistent with the smaller abyssal
isopycnal slopes at higher ridge heights (figure 7(b)), and
suggests that the “conduit” established by the ridge allows
AABW to cross the ACC more rapidly, and thus subject to
less mixing with overlying waters.

b. Limitations

By examining a simplified model, this work furthers our
understanding of the fundamental mechanisms that give
rise to AABW transport and transformation in the ACC.
However, the highly idealized nature of the model also con-
strains the generalizability of these findings. The model
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geometry— including a rectangular domain and a rectangle
in place of the southern tip of South America— is heavily
simplified from the complex topography and bathymetry
present in nature. Notably, lacking an Antarctic Peninsula,
the model omits the subpolar gyres, which play a key role in
ACC dynamics and overturning circulation (Wilson et al.
2022). We do not explore the effect of varying the width of
the meridional ridge and continent, which has been shown
to modify the ACC’s barotropic transport and the structure
of the subpolar gyres (Patmore et al. 2019). For the refer-
ence case, we also use a completely smooth sea floor, ne-
glecting interactions of the AABW with rough topography
such as lee wave generation and mixing (Mashayek et al.
2017; Yang et al. 2018). The cases with random seafloor
topography partially address this, but do not resolve nor
parameterize the response of internal wave generation and
mixing to changes in the large-scale circulation. We do
not vary the width of the topographic bumps, which could
alter localized geostrophic transports. The model exhibits
a two sub-cell abyssal overturning structure, and although
this is consistent with the bottom-intensified mixing ap-
plied in these simulations, further observational evidence
is required to determine if this structure exists in nature.
The model also represents a simplified view of the thermo-
dynamics of the ACC system: we use a one-dimensional,
linear equation of state, which means the model neglects
any dynamics arising from salinity variations in the ACC,
and from nonlinearities in the equation of state (Groeskamp
et al. 2016).

Our handling of boundary conditions also presents
caveats to the study by producing some unrealistic struc-
ture in these simulations. By imposing a sponge layer
in the northern edge of the domain, we do not resolve
or parameterize any feedback processes from the northern
basins. It is possible that this could impact dynamics on
longer timescales, although recent research supports the
dynamical independence of the overturning circulation of
the Southern Ocean and that of the northern basins (Chang
and Jansen 2021). By imposing a sponge layer in the
southern edge of the domain, we neglect all processes con-
cerning the formation of AABW and its pathways into the
ACC. We endeavor to mitigate artificial effects by avoid-
ing the continental shelf region (y < 500km) in our anal-
ysis, and normalizing diagnostics (such as the change in
transport-weighted potential temperature) by the difference
between imposed shelf temperature and northern boundary
temperature. The adjustment of the meridional overturn-
ing circulation to localized AABW source changes, and its
associated timescales, poses an avenue for further investi-
gation.

Our findings are further constrained by the spatial reso-
lution of the model. The analysis presented in this study is
based on the high-resolution runs, with a horizontal grid
spacing of ~ 5km, which resolves mesoscale eddies in the
interior of the domain but neglects smaller-scale process
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that may affect AABW and ACC dynamics. The model
grid is insufficient to resolve the scales of baroclinic eddy
generation over the continental shelf. An important limi-
tation is the model’s inability to explicitly resolve AABW
interactions with lee wave driven mixing (Yang et al. 2021;
Broadbridge et al. 2016) and internal tides. This limitation
has the potential to affect the degree of AABW transfor-
mation exhibited in the model, given the particularly im-
portant role of lee waves and their associated mixing in
driving water mass transformation in the Southern Ocean
(Nikurashin and Ferrari 2013; de Lavergne et al. 2016).
The model is forced with time-invariant profiles of wind
stress and surface buoyancy flux, and we compute all di-
agnostics from a 20 year time-average of model output.
Therefore, we neglect all seasonal and sub-monthly vari-
ability in ACC and AABW dynamics in our experimen-
tal design and analysis, which limits the applicability of
our findings to nature. Measurements and modeling of
AABW formation indicate significant seasonal and sub-
monthly variations in formation and mixing (Budillon et al.
2011; Stewart 2022), which affects the thermodynamics of
AABW as it is exported across the ASF and ACC. Ad-
ditionally, on sub-monthly time scales the ACC transport
fluctuates by +50% of its mean value (Whitworth and Pe-
terson 1985), and the northward AABW transport may
exhibit sub-annual fluctuations that are comparable to the
multi-annual mean (Fukamachi et al. 2010; Stewart et al.
2021). The impact of this variability on inter-basin vs.
meridional transport of AABW remains unclear.

c. Avenues for future research

Our findings provide insight into the dynamics of
AABW in the ACC which are observed in the real ocean,
as well as in high-resolution models which are designed
to more closely mimic nature. Solodoch et al. (2022) de-
ploy passive tracers in a global ocean/sea-ice model to
examine the pathways of AABW sourced from different
locations around the Antarctic continental margins. This
study identifies two major “conduits” responsible for the
bulk of northward AABW export: Weddell Sea- and Prydz
Bay-sourced AABW is blended together and transported
into the Atlantic and Indian Oceans, whereas Ross Sea-
and Adelie Land-sourced AABW is blended and trans-
ported into the Pacific Ocean. Our findings suggest that
bathymetry plays a central role in this blending of AABW
sources and its subsequent export in two primary northward
conduits. This has broad implications for the global merid-
ional overturning circulation, which is sensitive to changes
in abyssal overturning in the Southern Ocean (Nadeau and
Jansen 2020). Further study of the dynamical controls on
the transport and transformation of AABW in the ACC,
such as additional high-resolution tracer model runs, is
required to translate our findings to the real ocean.

Out of the parameters explored in our study, bathymetry
exerts the strongest control over the dynamics of AABW
transport and transformation in the ACC. In particular,
the height of the meridional ridge relative to AABW
layer thickness controls the degree of inter-basin exchange,
which has implications for dynamics across a range of
timescales. On timescales of decades to millenia, changes
in the thickness of the AABW layer, for example due to
changes in Antarctic shelf processes, could alter the dy-
namics of AABW across the ACC. Under the most likely
climate change scenarios, AABW production is anticipated
to decline or cease as a result of freshwater input from
the melting of the Antarctic Ice Sheet (Lago and England
2019). The reduction of AABW formation would imply a
thinner AABW layer, which our results link to a reduction
in AABW inter-basin exchange and density transformation.
Observations have indicated that AABW has warmed and
freshened over the last several decades (Purkey et al. 2019)
with further changes in AABW density anticipated under
climate change. Similarly, the AABW has been demon-
strated to have been shallower, warmer, and fresher during
the Last Glacial Maximum (Skinner et al. 2010; Huang
et al. 2020). These changes in AABW layer thermody-
namics, from both inferred past and projected future cli-
mates, has implications for the strength of the meridional
overturning circulation in the Southern Ocean, as well as
its ability to trap heat in the abyss.

Our results align with research demonstrating that shifts
in the geometry of the Southern Ocean on geologic
timescales have drastically altered the routing and mix-
ing of AABW. The opening of Drake Passage, estimated
to have taken place approximately 30 million years ago
(Barker and Burrell 1977; Stickley et al. 2004), allowed for
the formation of the ACC, which serves as the dominant
feature of the Southern ocean circulation and therefore a
key mediator of global climate (Yang et al. 2014). This
geologic shift has been associated with a weakening of
the overturning circulation and a cooling of the Southern
Hemisphere (Sijp and England 2005), as well as strong
ocean/sea-ice and albedo feedbacks which maintain cool
ocean temperatures around the Antarctic continent con-
ducive the formation of glaciers and ice sheets (England
et al. 2017). The model results provide a dynamical inter-
pretation of previous research that demonstrates a strength-
ening of meridional overturning circulation, and subse-
quently AABW northward export, as a result of enhanced
meridional barriers to ACC flow.

In summary, our analysis of a process-oriented model
of the ACC has demonstrated that the height of merid-
ional barriers provides the strongest constraint on AABW
transport and transformation in the ACC. Though highly
idealized, the model accurately reproduces key features of
ACC circulation, and provides insight into the fundamen-
tal mechanisms governing the dynamics of AABW. These



results have implications for the meridional overturning cir-
culation as well as global climate, as it existed in the past
and is projected to exist in the future under anthropogenic
climate change.
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