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ABSTRACT: We investigate the role of Southern Ocean topography and wind stress in the deep
and abyssal ocean overturning and water mass composition using a suite of idealized global ocean
circulation models. Specifically, we address how the presence of a meridional ridge in the vicinity
of Drake Passage and the formation of an associated Southern Ocean gyre influences the water mass
composition of the abyssal cell. Our experiments are carried out using a numerical representation
of the global ocean circulation in an idealized two-basin geometry under varying wind-stress and
Drake Passage ridge height. In the presence of a low Drake Passage ridge the overall strength of the
meridional overturning circulation is primarily influenced by wind stress, with a topographically-
induced weakening of the mid-depth cell and concurrent strengthening of the abyssal cell occurring
only after ridge height passes 2500m. Passive tracer experiments show that a strengthening mid-
depth cell leads to increased abyssal ventilation by North Atlantic water masses, as more North
Atlantic Deep Water (NADW) enters the Southern Ocean and then spreads into the Indo-Pacific.
We repeat our tracer experiments without restoring in the high-latitude Southern Ocean in order
to identify the origin of water masses that circulate through the Southern Ocean before sinking
into the abyss as Antarctic Bottom Water. Our results from these “exchange” tracer experiments
show that an increasing ridge height in Drake Passage and the concurrent gyre spin-up lead to
substantially decreased NADW-origin waters in the abyssal ocean, as more surface waters from

north of the ACC are transferred into the Antarctic Bottom Water formation region.
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SIGNIFICANCE STATEMENT: The objective of this study is to investigate how topographic
features in the Southern Ocean can affect the overall structure of Earth’s large-scale ocean circula-
tion and the distribution of water masses in the abyssal ocean. We focus on the Southern Ocean
because the region is of central importance to both exchange between the Atlantic and Indo-Pacific
ocean basins and for CO2 and heat uptake into the abyssal ocean. Our results indicate that Southern
Ocean topography plays a major role in the overall circulation by a) controlling the direct transfer
of abyssal waters from the Atlantic to the Indo-Pacific via its influence on the Atlantic meridional
overturning circulation, and b) controlling the coupling between the abyssal ocean and surface

waters north of the Antarctic Circumpolar Current via the Southern Ocean gyre.

1. Introduction

The meridional overturning circulation (MOC) is a large-scale ocean circulation pattern driven
by winds, buoyancy gradients, and vertical mixing that transports heat and tracers polewards and
facilitates heat and carbon transport into the deep and abyssal ocean (Toggweiler et al. 2006;
Anderson et al. 2009; Ito et al. 2010). Within the MOC, the Southern Ocean plays a central role
by facilitating the return of dense Atlantic and Indo-Pacific waters to the ocean surface via wind-
driven upwelling along the length of the Antarctic Circumpolar Current (ACC). The Southern
Ocean circulation governs the exchange of water masses between the Atlantic and Indo-Pacific
ocean basins (Talley 2013; Jones and Cessi 2016; Thompson et al. 2016; Ferrari et al. 2017) and
has particular importance in setting the strength of the adiabatic circulation of the mid-depth cell
(Toggweiler and Samuels 1995a; Vallis 2000; Wolfe and Cessi 2011), which in turn plays a critical
role in oceanic heat transport and the broader climate (Srokosz et al. 2012). However, despite the
Southern Ocean’s importance to Earth’s climate, our theoretical understanding of the structure of
its circulation remains largely limited to zonally-integrated theory. For example, the relationship
between submarine topography in the Southern Ocean and localized deep water upwelling has only
recently been characterized in GCMs (Tamsitt et al. 2017; Youngs and Flierl 2023) and the role
of Southern Ocean topography in the global MOC has only relatively recently become a focus of
theoretical research (Nadeau and Ferrari 2015; Kong and Jansen 2021; Youngs and Flierl 2023).

Here, we build upon these recent advancements and investigate the relationship between zonal
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topographic asymmetries in the Southern Ocean and the water mass composition of the abyssal
ocean from an idealized perspective.

In the zonally integrated picture of the two-cell MOC, zonal wind-stress forcing along the length
of the Southern Ocean channel drives an equator-ward transport of surface waters that is balanced
by deep water upwelling along tilted isopycnals in the Southern Ocean (Toggweiler and Samuels
1995a; Wolfe and Cessi 2011; Nikurashin and Vallis 2012). This wind-driven transport is partially
compensated by baroclinic eddies, which act to flatten the isopycnals and transport upwelled deep
waters poleward (Marshall and Radko 2003). The residual circulation that results from these two
processes governs the pathway of tracers as they upwell adiabatically along isopycnals to the surface
of the Southern Ocean (Walin 1982; Gnanadesikan 1999; Nikurashin and Vallis 2012; Marshall
and Speer 2012). The upwelling deep water, commonly referred to as Circumpolar Deep Water
(CDW), consists of both former North Atlantic Deep Water (NADW) that forms due to buoyancy
loss in the North Atlantic as well deep waters from the Indo-Pacific return branch of the abyssal
cell (Lumpkin and Speer 2007; Marshall and Speer 2012).

Once upwelled CDW reaches the surface of the Southern Ocean it travels either southward
towards the bottom water formation regions off the coast of Antarctica, entering the abyssal cell,
or northwards to close the upper branch of the mid-depth cell (Talley 2013). Ferrari et al. (2014)
suggests that the sign of the yearly-averaged buoyancy flux over the deep water upwelling regions
determines the direction of this surface flow, with surface flow directed poleward in regions of net
negative surface buoyancy flux and equatorward in regions of net positive buoyancy flux, with the
horizontal extent of the two regions largely determined by the quasi-permenant (summer) sea ice
extent around Antarctica. In the current climate, a large proportion of mid-depth NADW is thus
thought to upwell to the south of the positive-negative buoyancy flux transition and flow into the
abyssal cell, leading to a configuration referred to as the “figure eight” circulation by Talley (2013)
and Ferrari et al. (2014) whereby the mid-depth cell exchanges its densest water masses with the
lightest water masses of the abyssal cell in the Southern Ocean (Lumpkin and Speer 2007; Talley
2013). CDW sourced from the Indo-Pacific abyssal circulation is thought to upwell in regions of
both positive and negative buoyancy restoring and is thus split between the bottom water formation
regions in the South and the surface and intermediate waters to the north of the ACC (Talley 2013;
Cessi 2019).

4
Accepted for publication in Journal of Physical Oceanography. DOI 10.1175/JPO-D-23-0253.1.



Recent studies point towards the importance of topographic zonal asymmetries for water mass
pathways in the Southern Ocean, although it remains unclear how these zonal asymmetries affect
our theoretical picture of the global MOC. Both outcropping and submarine topographic features
are present in the Southern Ocean, which are associated with large-scale standing meanders in
the ACC (Thompson and Garabato 2014), gyres (Nadeau and Ferrari 2015; Patmore et al. 2019),
and AABW export (Stewart and Hogg 2017; Schmidgall et al. 2023). Topographically-induced
standing meanders and gyres are thought to carry a significant amount of surface water towards
bottom water formation regions (Schroder and Fahrbach 1999; Reeve et al. 2019) and have been
shown to facilitate a large portion of southward oceanic heat transport in idealized, eddy-resolving
models (Wilson et al. 2022; Xing et al. 2023). Studies such as Tamsitt et al. (2017) and Youngs
and Flierl (2023) further suggest that deep water upwelling in the Southern Ocean is highly
localized near submarine topography, a fact that is obscured in the zonally integrated view and
largely ignored in zonally symmetric theory. How these zonal topographic asymmetries affect our
idealized theoretical view of the global overturning circulation and water mass properties remains
unclear.

A deeper understanding of the role of zonal topographic asymmetries in the Southern Ocean’s
circulation has implications for our understanding of past climates. The tectonic opening of the
Tasmanian Gateway and Drake Passage and the concurrent formation of the ACC are thought to
have played a key role in the dramatic global cooling experienced during the early Cenozoic and the
glaciation of Antarctica (Kennett 1977; Zachos et al. 2001), although the role of these topographic
changes relative to atmospheric CO, drawdown during the Eocene-Oligocene transition is uncertain
(Goldner et al. 2014; Anagnostou et al. 2016; Toumoulin et al. 2020). The unblocking of the
Southern Ocean and rise of the ACC have also more directly been linked to the formation and
strengthening of the mid depth cell in the Atlantic (Toggweiler and Bjornsson 2000; Sijp and
England 2004), reduced southward heat transport by subpolar gyres and subsequent Southern
Ocean cooling (Sauermilch et al. 2021), and to Antarctic Bottom Water formation (Kennedy et al.
2015), although the exact mechanisms at play can be difficult to extract from complex coupled
climate models. Thus in this study we attempt to isolate the effect of changing Southern Ocean
topography on the global ocean circulation by considering the effect of changing Drake Passage

ridge heights in a highly simplified setting.
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Here we investigate the influence of Southern Ocean topography on the global ocean circulation
in an idealized two-basin ocean model, paying particular attention to the effect of Southern Ocean
topography on the strengths of the overturning cells and on the water mass composition of the
abyssal ocean. For simplicity we limit our study to modifying the height of a meridional ridge in
the vicinity of Drake Passage and measuring its effects on the large-scale circulation under various
wind stress forcings. We employ passive tracers in a setup similar to that of Jones and Abernathey
(2019) (see also Haine and Hall 2002; Primeau 2005) to characterize the response of the deep
ocean water mass composition to changes in topography and wind stress. Finally, we introduce
“exchange” tracers which are not subject to restoring at the surface of the Southern Ocean, allowing
us to identify the origin of the upwelled deep waters and surface waters that supply bottom water
formation at the surface south of the ACC.

Our results indicate that the addition of a meridional ridge in Drake Passage can significantly alter
the structure of the large-scale ocean circulation by weakening the mid-depth cell and by spinning
up a Southern Ocean gyre. Furthermore, our tracer experiments indicate that such circulation shifts
can have a large impact on the water mass composition of the abyssal ocean, leading to decreased
direct transfer of NADW between the Atlantic and Indo-Pacific and increased entrainment of

surface tracers southwards across the ACC into the AABW formation sites.

2. Methods

a. Model setup and experiments

We employ an idealized, ocean-only GCM to simulate the response of an Earth-like MOC to
changes in Southern Ocean topography and wind stress forcing. We use the Massachusetts Institute
of Technology General Circulation Model (MITgecm) (Marshall et al. 1997) with a horizontal
domain that consists of a spherical sector extending from 70°S to 70°N in the meridional and
210 in the zonal directions, with a horizontal resolution of 2°x2¢ (equivalent to a meridional grid
spacing of ~ 200km and a zonal grid spacing that ranges from ~ 80km at the northern and southern
ends of the domain to ~ 220km at the equator). Our models are thus not eddy resolving and rely
on parameterizations to capture the effects of mesoscale eddies, a tradeoff that is discussed further
in the limitations section. The vertical domain is 4000 m deep and consists of 40 vertical levels of

varying thickness, from 37 meters at the surface to 159 meters at the bottom.
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Fic. 1. Simulation setup. a) Vertical diffusivity profile used for tracer and buoyancy diffusion. b) Meridional,
zonally symmetric zonal wind stress profile, including modified wind stress forcings over the Southern Ocean.
¢) Meridional, zonally symmetric surface temperature restoring profile in °C. d) Surface regions corresponding
to surface restoring fields for ventilation tracers “NADW”, “AABW”, and “SW” (reflecting ‘“North Atlantic Deep
Water,” “Antarctic Bottom Water,” and “Surface Water” ventilation tracers, see methods). Ventilation tracers
are restored to 1 at the surface in regions labeled here and zero elsewhere. e) Surface regions corresponding to
surface restoring fields for exchange tracers “NADW®*” and “SW*” (reflecting “North Atlantic Deep Water”’and
“Surface Water” exchange tracers, see methods). Exchange tracers are restored to 1 over the labeled regions
shown, are not restored over the grey-shaded area in the Southern Ocean, and are restored to zero elsewhere.

Dashed white lines near the southern end of the domain show the location of the Southern Ocean ridge.

We apply a simplified, Earth-like topography consisting of a reentrant channel along the southern
end of the domain extending from 68°S to 56°S, and two ocean basins to the north: a narrow ocean
basin extending to 68°N, and a wide basin to 50°N (for brevity we refer to these basins as the
“Southern,” “Atlantic,” and “Indo-Pacific” Oceans, respectively). The basins are separated by along
continent of 4° zonal width centered at 0° E extending from 56°S to 68° N representing the Americas
and a short continent of 4° zonal width centered at 60° E extending from 36°S to 68° N representing
Africa / Eurasia. This topographic setup is based on studies such as Jones and Abernathey (2019),
Baker et al. (2020), and Nadeau and Jansen (2020), all of which successfully recreate an Earth-like
two-cell MOC. For simplicity, we limit additional Southern Ocean topography to a meridional
ridge of 4° zonal width of varying heights centered at 0° E and spanning across Drake Passage.

We use a linear, temperature-only equation of state such that buoyancy is given by b = ga6, where
g =9.81m/s? is gravitational acceleration, @ =2-10"*K~! is the thermal expansion coefficient

and @ is potential temperature. Temperature and passive tracers are advected using the Prather
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(1986) second-order moments advection scheme. The unresolved eddy-induced advection is
parameterized via the Gent and Mcwilliams (1990) (GM) scheme and isopycnal and diapycnal
mixing is parameterized via a rotated diffusivity tensor, following Redi (1982). The along-isopycnal
diffusivity and GM coefficient are spatially constant 1000m?/s, while the vertical diffusivity
increases with depth to simulate enhanced deep and abyssal ocean mixing due to turbulent wave
breaking (Figure 1a). We force the model with zonally uniform wind stress and temperature
restoring fields, both broadly based on observations (Figure 1bc) and similar to the temperature
and wind-stress forcing fields used in Jones and Cessi (2016) and Nadeau and Jansen (2020). The
surface temperature restoring time is 30 days across all models.

We configure all models using the setup described above but with varying wind stress maximums
over the Southern Ocean (Figure 1b) and ridge heights in Drake Passage (Figure 1de). We test
three different wind stress cases: a low wind case with Southern Ocean wind stress maximum of
71=0.1N/ m?, a medium wind stress maximum of 7, = 0.2N / m?, and a high wind stress maximum
of 73 = 0.3N/m?. We test our model’s response to each of these wind stress cases under 6 different
Drake Passage ridge heights (Om, 1000m, 2000m, 2500m, 3000m, 3500m), for a total of 18 model
setups. All models are spun up from rest for at least 12,000 years until equilibrium (when temporal
variations in both tracer and temperature fields are negligible) has been reached. All simulations
have deep/bottom water formation (defined as deep convection reaching depths > 1km) in two
regions: the North Atlantic north of 64°N and the Southern Ocean south of 66°S between 0°E and
10°E.

b. Passive tracers

In addition to temperature, we employ five passive tracers to track the pathways of water masses
through the global circulation. We apply three “ventilation™ tracers that track the pathways of
water that originates at the surface of the North Atlantic (which broadly captures the production
of North Atlantic Deep Water, and is hereafter referred to as “NADW?”), in the Southern Ocean in
the latitude range of Drake Passage (which broadly captures the production of Antarctic Bottom

Water, and is hereafter referred to as “AABW”)I, and over the remainder of the global ocean,

INote that the restoring fields for “NADW” and “AABW” presented here encompass much larger horizontal domains than the actual deep water
formation sites occupy in our models. Despite this, we have found that the abyssal Indo-Pacific ventilation tracer concentrations for AABW and
NADW are generally unchanged if the restoring is applied over more restrictive areas, and choose the above restoring fields for easy comparison
with the “exchange” tracers.
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including the entire Indo-Pacific and the northern Southern Ocean (for simplicity we refer to this
water mass as “surface water,” or “SW”). Each ventilation tracer is restored to 1 over different
regions of the ocean surface and zero everywhere else (Figure 1d). Similar to the setup used in
Jones and Abernathey (2019) the restoring fields for NADW, SW, and AABW are non-overlapping
and together cover the entire ocean surface. The restoring time for passive tracers at the surface is
5.8 days.

We introduce additional “exchange” tracers (hereafter referred to as NADW* and SW*) which
allow us to separate AABW into contributions from former NADW versus other lower latitude
sources. The restoring fields of NADW* and SW* mirror those of the ventilation NADW and
SW tracers but with no restoring applied in the latitudes of Drake Passage (Figure 1e). Removing
the surface restoring condition in the Southern Ocean allows NADW* and SW* tracers to surface
along the upwelling branch of the Southern Ocean MOC and reenter the abyssal ocean via the
abyssal water formation regions off the coast of Antarctica. The concentration of NADW?* in the
abyssal ocean therefore describes both NADW that reaches the abyssal ocean via internal pathways
and any NADW that upwells in the Southern Ocean and renters the abyssal ocean via deep water
formation regions.

The exchange tracer concentration in the abyssal Indo-Pacific measures the relative importance
of the advective pathway of former NADW into the abyssal cell versus diffusive ventilation in the
Indo-Pacific. In the perfect “figure 8” limit (Ferrari et al. 2017; Nadeau and Jansen 2020), where
NADW is entirely transformed into AABW around Antarctica (where NADW* is not restored in
our models) we would expect the abyssal Indo-Pacific to be mostly NADW* with any abyssal SW*
concentration the result of downwards diffusion in the Indo-Pacific, a process that is expected to be
less efficient than the advective pathway. If, by contrast, all NADW that enters the Southern Ocean
returns northward in the Atlantic, thereby creating two separate overturning cells, the exchange
tracer in the abyssal Indo-Pacific would only be ventilated by diffusion and thus be dominated by
SW,

We note that both the ventilation and exchange tracer concentrations should each sum up to 1
in each grid cell. However in practice we find that ventilation tracers experience some degree of

loss such that their sum is slightly less than 1 within the abyssal ocean (See Figure 5 in Section
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4). The exact source of this discrepancy is difficult to verify, and may be the result of incomplete

equilibration, surface restoring, and/or numerical inaccuracies.

c. Circulation response to wind stress and topographic forcing

We characterize the strength of the ACC using the barotropic streamfunction given by:

y=68°N 0
Wi (x.y) = / / T(x. v, 2)dzdy, (1)
y=y -H

where H is the ocean depth, u(x,y,z) is the time averaged local eulerian velocity in the zonal
direction taken over the last 50 years of our simulations (although we note that due to the non-
eddy resolving resolution and time-constant boundary conditions there is no significant temporal
variability in our simulations once equilibrated). The addition of a meridional ridge in the vicinity
of Drake Passage forces a subpolar gyre south of the ACC and to the east of Drake Passage in a
geographically similar location to the Weddell Gyre?. As in Patmore et al. (2019) we define the

strength of the ACC as the net barotropic transport across Drake Passage:

Yace =Wt (OOE, 6805), 2)

and define the strength of the subpolar Southern Ocean gyre as the difference between the maximum

. . . . =540
barotropic stream function in the latitude band of Drake Passage, max|1,//b,(x, y)|§ :28{,2, and the
ACC transport:

y=54°5
lpgyre = max |wbt (X, y) y=68°8 Yace- (3)

Note that here and throughout our study we focus on the effects of the subpolar gyre that forms
to the south of the ACC. Gyre circulations to the north of the ACC, such as the Southern Ocean
“supergyre” (Ridgway and Dunn 2007; Speich et al. 2007), may also affect the inter-basin exchange

but are not explored here.

2We note that while the subpolar gyre generated in our simulations shares features with the real Weddell and Ross Gyres, it represents a
significant simplification of the gyre dynamics in the real southern Ocean. In particular, the Weddell gyre is associated with an outcropping ridge
to the east and both the Weddell and Ross gyres are associated with a submarine zonal barrier to the north. Furthermore, the specifics of the ocean
circulation simulated in the vicinity of Southern Ocean topography may depend on the model setup, with some idealized models producing a pair
of counter-rotating gyres on either side of the westerly circumpolar jet (Wilson et al. 2022). Exploring the effects of additional topographic features
and different model configurations on the circulation is left for future study.
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We quantify the response of the global overturning circulation to changes in Southern Ocean
topography and wind forcing using the isopycnal MOC, ¢ (y, b), which gives a useful representation
of the material transport pathways of the deep and abyssal ocean (Nurser and Lee 2004; Ferrari

and Ferreira 2011):

X1 0 _
w3, ) = / / (B, 2 2) 47 (5,9, )V H (B =B (x, v, 1)) ddz, @)
X0 -H

where y denotes latitude, xo and x; give the zonal extent of the ocean basin, H is the ocean
depth, v(x,y, z,t) and V" (x, y, z) are the time averaged local meridional velocity and eddy transport
velocity due to the GM scheme, respectively, H is the heavyside step function, b’ is any given
buoyancy level, and b(x, y, z) is the time averaged local buoyancy. We define the strength of the
mid depth cell as the the maximum strength of ¢ (y, b") between b = 0.002m /s> and b = 0.019m/ s>

integrated over the southern end of the Atlantic basin (36°5):

b'=0.019m /s>

58°E 50 _
/ / (V(x,36°S,2) +V"(x,36°S,2))H (b’ — b(x,36°S,z))dxdz . (5
20F -H b'=0.002m /52

Y = max

Note that we choose this definition rather than using the maximum mid-depth cell strength in the
North Atlantic because it is most relevant to the transport of NADW into the abyssal Indo-Pacific,
discussed in Section 4. Either metric can be used to characterize the magnitude of the mid-depth
cell strength and we note that the two metrics are highly correlated (R? = 0.99). We define the
strength of the abyssal cell, i;,, using the minimum value of the streamfunction in the Indo-Pacific

(north of 36°S) between the buoyancy levels of b = 0.0004m /s> and b = 0.005m /s*:

y=50°Nb’=0.005m /s>

208°E 0 B
min / / (Bt 2) 47 (5,9, )V H (B = B(x,v,2))dxd
6 -H

20F

Yip = min .
b’=0.0004m /s%

(6)

y=36°S§
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FiG. 2. Ocean circulation states for various topographic configurations in our models for (from left to right)
the no ridge case, 2000 meter ridge case, and 3000 meter ridge cases, under 0.2N /m? Southern Ocean maximum
wind stress. a-c) barotropic stream functions. d-f) isopycnal overturning stream functions for the Atlantic (north
of 36°S) and Southern Ocean (south of 36°S). Here the y-axis is stretched to the average z-space height of
the corresponding isotherms in the Atlantic Ocean. g-j) as in d-f) but showing the Indo-Pacific overturning
streamfunction north of 36°S. Contour intervals are 10Sv for the barotropic stream functions (a-c) and 2Sv for

the isopycnal meridional stream functions (d-j).

3. Results: ocean circulation

a. Barotropic circulation

The Southern Ocean’s barotropic circulation is highly sensitive to both wind stress and ridge

height (Figure 2a-c, Figure 3ab). The flat bottom cases exhibit a strong ACC, ranging from 228Sv
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for 0.1N/m? wind stress to 665Sv for 0.3 N/m? wind stress. As found in previous work (e.g.
Nadeau and Ferrari 2015), the strength of the ACC shows a rapid weakening once even a modest
(1000m) ridge is introduced, dropping to 93Sv for 0.1N/m? wind stress and 193Sv for 0.3N /m?>
wind stress. ACC strength falls off further as ridge height increases beyond 1000m, reaching as
little as 31Sv for the 3500m ridge case (Figure 3a). Although ACC strength generally increases
under larger wind stresses, this relationship weakens as ridge height increases and becomes mostly
flat for the 3500m ridge height case (c.f. Kong and Jansen 2021; Shakespeare and Hogg 2012).
Here it is worth noting that our model’s coarse resolution does not explicitly resolve transient
eddies and necessitates the use of a constant background GM diffusivity, which has been shown
previously to lead to an overrepresentation of ACC sensitivity to wind stress (Mak et al. 2018;
Kong and Jansen 2021), although the presence of topography has been found to significantly reduce
the sensitivity of the ACC transport to mesoscale eddy representation (and hence resolution) as
standing meanders modulate the effective eddy diffusivity (Kong and Jansen 2021; Stewart et al.
2023). The results of Kong and Jansen (2021) suggest that the response of the ACC transport
to wind stress changes may be overestimated by almost an order of magnitude compared to eddy
resolving simulations in the limit of a flat bottom. In the presence of significant topography the
difference between eddy resolving and coarse resolution simulations was found to be substantially
reduced (but still present), with the sensitivity to wind stress changes enhanced by up to a factor of
two in coarse resolution simulations.

A Southern Ocean ridge is required for Southern Ocean gyre formation in our models. No
subpolar gyre forms in the flat bottom Southern Ocean cases, while a subpolar gyre extending
from the coast of Antarctica to the southern edge of the ACC forms in the lee of Drake Passage
following the introduction of a 1000m ridge (Figure 2a-c). Consistent with results from previous
studies (Nadeau and Ferrari 2015; Patmore et al. 2019), the Southern Ocean gyre strengthens in
response to both increasing ridge height and wind stress (Figure 3b). The Southern Ocean gyre
shows a strong dependance on both wind stress and ridge height, ranging in strength from 12Sv in
the 1000m, 0.1N/m? case to 119Sv in the 3500m, 0.3N/m? case, a range that encompasses values
similar to observational (Dotto et al. 2018; Reeve et al. 2019) and model-derived (Mazloff et al.

2010; Wang 2013) estimates of the strengths of the Ross and Weddell subpolar gyres.
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Fic. 3. Bivariate plots of MOC response to various wind-stress and ridge height configurations as functions of
ridge height (in x) and wind stress (in y). a) Maximum barotropic ACC transport at Drake Passage. b) Southern
Ocean gyre transport. ¢) Maximum mid-depth cell strength at 36°S. d) Maximum abyssal cell strength north of

36°S. Circular markers denote the wind stress / ridge height combinations used in this study.

The close relationship between the strength of the ACC / the Southern Ocean gyre and Southern
Ocean submarine topography is well documented in the literature and is a consequence of the
topographic form stress (Munk and Palmén 1951; Olbers 1998; Nadeau and Ferrari 2015; Patmore
etal. 2019). As ridge height increases, the ACC slows and a Southern Ocean gyre forms in the lee
of the meridional ridge (Abernathey and Cessi 2014), as topographic-form drag replaces bottom
friction as the momentum sink balancing surface wind stress (Thompson and Garabato 2014;

Patmore et al. 2019).

b. MOC
Our simulations successfully recreate the two-cell MOC structure observed in the real ocean (e.g.

Lumpkin and Speer 2007; Cessi 2019), with a mid-depth cell largely confined to the narrow, active
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basin (c.f. Jones and Cessi 2016) and an AABW-fed abyssal cell that dominates the Indo-Pacific
sector. The isopycnal MOC under medium wind forcing (75 = 0.2N/m?) for the Om, 2000m, and
3000m ridge cases is shown in Figure 2d-i. Overall, the response of the overturning circulation
to changes in topography and wind-stress is similar to that found by previous targeted studies of
the overturning in the Southern Ocean (Toggweiler and Samuels 1995b; Abernathey et al. 2011;
Kong and Jansen 2021; de Boer et al. 2022), and in single-basin models such as Chang and Jansen
(2021).

The strength of the mid-depth cell at the northern end of the Southern Ocean, ¥, is largely
insensitive to ridge heights between Om to 2000m (Figure 3c) and is instead primarily a function
of the maximum wind stress over the Southern Ocean, ranging from 7.7Sv in the 2000m ridge case
under low wind stress to around 13.8Sv for high wind stress in the flat-bottom case. Mid-depth
cell strength falls off as ridge heights pass 2500m, reaching a minimum of 1.6Sv for the 3500m
ridge case under low wind stress. An eventual fall off of the mid-depth cell strength may be
expected as the topography approaches the limit of a closed Drake Passage where no or only a
substantially weakened cross-equatorial mid-depth cell is expected (Bryan 1986; Toggweiler and
Samuels 1995a). In our models, the onset of a substantial decline at a ridge height of 2500m is
associated with the intrusion of the ridge into the depth range of the mid-depth cell in the Southern
Ocean, when mid depth cell isopycnals begin to intersect with the ridge at the northern end of
Drake Passage (not shown).

The strength of the abyssal cell, y;,,, varies between about 9.4 and 10.9Sv across our simulations
with ridge heights < 3000m, increasing only weakly with increasing topographic height and wind
stress (Figure 3d). The abyssal cell increases to 13.3Sv for the 3500m ridge case under high wind
stress (c.f. Xing et al. 2023). The muted abyssal cell response over medium and low ridge heights
is consistent with similar studies such as Bishop et al. (2016) and Chang and Jansen (2021), who
find that the abyssal cell in the northern basins is largely dependent on the buoyancy boundary
conditions over the Southern Ocean and the vertical diapycnal diffusivity in the abyss, both of
which are held constant in our study. Here we note that our metric for abyssal cell strength does
not capture the response of the Southern Ocean channel’s maximum abyssal circulation or the net
northward AABW export, both of which have been shown to be more sensitive to Southern Ocean

topography (Chang and Jansen 2021; Schmidgall et al. 2023).
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4. Results: water mass tracers

a. Tracer concentrations

Zonally-averaged time-mean tracer concentration fields in the Indo-Pacific and Southern Ocean
for the middle (7;) wind stress case and for three different ridge heights (0Omz,2000m,3000m) are
shown in Figure 4. NADW tracer enters the Southern Ocean at depth, visible here as the maximum
in NADW concentration between 1000m-1500m in the northern Southern Ocean (Figure 4a-c),
and either travels into the mid-depth Indo-Pacific via zonal exchange (Nadeau and Jansen 2020) or
upwells directly to the surface of the Southern Ocean, with isopycnal mixing likely contributing
to a decline in NADW concentration as it approaches the Southern Ocean surface (Jones and
Abernathey 2019). The concentration of NADW ventilation tracer that reaches the abyssal Indo-
Pacific (below 2000m) ranges from 4-17% (Figure 5), indicating that relatively little NADW is able
to enter the Indo-Pacific directly at depth. The concentration of NADW ventilation tracer in the
abyssal Indo-Pacific generally trends downwards with decreasing wind stress and higher bottom
topography (Figure 5).

AABW makes up the primary component of the abyssal Indo-Pacific in all cases, with average
abyssal concentrations ranging from 68% (in the Om ridge, T3 wind-stress forcing case) to 93% (in
the 3500m ridge, 71 wind-stress forcing case). AABW concentrations in the abyssal Indo-Pacific
are fairly uniform (Figure 4g-1), and generally increase with ridge height and decrease with wind
stress (Figure 5). Finally, SW tracer is generally limited primarily to the thermocline of the Indo-
Pacific and northern Southern Ocean and falls off quickly with depth (Figure 4d-f), with mean
abyssal SW concentrations in the abyssal Indo-Pacific ranging from 10% for the Om ridge, high
wind stress case, to < 1% for the 3500m ridge, low wind stress case.

NADW ventilation of the abyssal Indo-Pacific is highly correlated with the strength of the mid-
depth cell at the southern end of the Atlantic (Figure 6a), which measures the volume of NADW
that makes it into the Southern Ocean. SW concentration in the abyssal Indo-Pacific falls off with
increasing ridge height and decreasing wind stress and is highly correlated with i, s (Figure 6b),
the net rate of subduction by the upper branch of the mid-depth cell in the Southern Ocean. We

diagnose Y, ¢ as the maximum stream function at the bottom of the surface layer in the Southern
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FiG. 4. Zonally averaged tracer concentrations over the Southern Ocean (south of 36°S) and Indo-Pacific
(north of 36°S) for NADW (a-c), SW (d-f), AABW (g-i), and NADW#* (j-1) for Om, (left), 2000m (center) and
3000m (right) topograpgy and with 7 = 0.2N/m? wind stress. Vertical dashed lines at 54°S and 35°S give
the northern latitudinal extent of “Drake Passage® (i.e., the southern tip of the long continent) and the latitude
of “Cape Horn” (i.e., the southern tip of the short continent), respectively. The solid white line indicates the

isopycnal corresponding to the minimum buoyancy outcrop in the Southern Ocean, bso,,,,,, -

Ocean north of Drake Passage:

W sur f = Max |gl/(y,bsmi,,)|§:5405’ @
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Fic. 5. Horizontally-averaged time-mean ventilation and exchange tracer concentrations in the abyssal Indo-
Pacific below 2000m. Ventilation tracer concentrations are given by SW (Surface Water, solid purple), AABW
(Antarctic Bottom Water, solid light blue), and NADW (North Atlantic Deep Water, solid red). Exchange tracers
are shown using hatched bars and are plotted adjacent to the ventilation tracer concentrations for each run.
Exchange tracers are given by SW* (exchange Surface Water, purple with black hatches) and NADW* (exchange
North Atlantic Deep Water, red with black hatches). Notice that NADW* includes NADW as well as the part of
AABW that is sourced from former NADW* (and similarly for SW¥*).

where b . is the bottom of the surface layer defined as the minimum buoyancy in the top grid

Smin
level at each latitude in the Southern Ocean (Figure 4).

The exchange tracer composition of the abyssal Indo-Pacific is broadly made up of similar parts
SW+* and NADW*, with weak spatial variations below the lower thermocline (~1000m) (Figure
4j-1). NADW* dominates the abyssal Indo-Pacific composition for the 0-2000m ridge cases (Figure
5). As ridge height increases past 2000m NADW* is gradually replaced by SW* in the abyssal
Indo-Pacific until, by 3500m, NADW* makes up only about 25% of the abyssal Indo-Pacific tracer
composition. The concentration of NADW* in the abyssal Indo-Pacific can be thought of as the
sum of ventilation NADW that enters the abyssal Indo-Pacific directly at depth and the NADW*-
derived AABW that is formed in the Southern Ocean. The proportion of AABW-derived NADW *
in the abyssal Indo-Pacific (i.e. (NADW*-NADW)/NADW?¥) is high, ranging from approximately
91% for the 3000m ridge, low wind stress case to approximately 76% for the Om ridge and 3500m
ridge height cases under high wind stress, indicating that most NADW upwells in the Southern
Ocean before making its way into the abyssal Indo-Pacific.

The decrease in abyssal Indo-Pacific NADW* concentrations with increasing ridge height is
somewhat correlated with mid-depth cell strength, but the mid-depth cell strength does not capture

the wind-stress-dependence of NADW* and the overall correlation is weaker than between venti-
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Fic. 6. a) Mean abyssal Indo-Pacific NADW concentrations vs mid-depth cell strength. b) Mean abyssal
Indo-Pacific SW concentrations vs i, r. ¢) Mean abyssal Indo-Pacific NADW?* concentration vs mid-depth
cell strength. d) Mean abyssal Indo-Pacific NADW* concentration vs gyre strength. The ridge height and wind

stress used in each run is given by marker color and shape, respectively (see legend).

lation NADW and mid-depth cell strength (Figure 6¢). In fact, much of the correlation between
NADW* in the abyssal Indo-Pacific and ¢, can be explained by the strong concurrent fall off
in both quantities in the 3500m ridge cases, suggesting that mid-depth cell strength alone is a
poor predictor for exchange tracer concentration for low to intermediate ridge heights. Abyssal
Indo-Pacific NADW* also exhibits a weak negative correlation with the strength of the Southern
Ocean gyre (Figure 6d). As will be discussed in the following subsection, the variations in NADW*
in the abyssal Indo-Pacific can be well described by the combined effect of the mid-depth cell and

gyre strengths.
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FiG. 7. Schematic illustrating our box model for the abyssal Indo-Pacific NADW* concentration, overlaid on
the zonally-averaged Cyapw+ for the 2000m, 7, = 0.2N/m? case. The white contour line in the upper ocean
denotes the buoyancy level corresponding to the minimum buoyancy outcrop in the Southern Ocean, above which
Cnapw- is close to zero. White wavy arrows denote diapycnal exchange transport between the surface layer
and the deep and abyssal ocean, and capture both vertical mixing in the ocean basin and horizontal mixing at
the surface of the Southern Ocean. Net transport of NADW into the Southern Ocean and Indo-Pacific, 44, is
shown by © and corresponds to a maximum in zonally-averaged Cy apw+ in the Southern Ocean. Note that the
Cnapw+ concentration in the abyssal ocean is fairly uniform throughout the deep and abyssal Southern Ocean
and Indo-Pacific. Thin red dashed lines give the northern latitude of Drake Passage and the southern tip of Africa

at 56°S and 3675, respectively.

b. A simple model describing exchange tracer transport

The response of abyssal Indo-Pacific NADW* concentration to increasing ridge height and wind
stress cannot be explained by any one transport process (Figure 6¢d). With that in mind, we build
a simple model based on conservation of tracer and mass that captures the variations in NADW*
in the abyssal Indo-Pacific. The model considers a single volume comprised of the abyssal Indo-

Pacific and Southern Ocean below the isopycnal bgp, . that outcrops at the northern end of the

min
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Southern Ocean channel region (Figure 4), such that there is no surface restoring of NADW* (or
SW#) within the volume. The concentration of abyssal Indo-Pacific NADW* (and thus SW*=1-
NADW*) in this volume is thus governed by two processes: 1) mixing across the upper bounding
isopycnal (both in the interior and at the surface of the Southern Ocean), which we characterize via
an exchange transport 7,,;,, and 2) an advective source of NADW from the Atlantic with a rate v,
(Figure 7). With T,,;, and 4 as the only two source terms that determine the ratio of NADW*
and SW* in the abyssal ocean, we can construct a budget for the concentration of NADW* (c.f.
Gebbie and Huybers 2010) in the abyssal Indo-Pacific ocean as:

YalCnapw:,, +TnixCnapw:

sur f
CNADw* — Sur 8
abyss watl +Tmix ’ ( )

where 4 1s the strength of the mid-depth cell transport into the Southern Ocean as defined
previously (Eq. 5), Cya bW, and Cyz pwr, . are the time-mean concentrations of exchange NADW

tracer in the incoming NADW and in the volume above by respectively, and CNADWgpyss 18

the time-mean concentration of NADW3= in the abyssal Indo-Pacific (here taken below 2000m).
Rearranging Eq. (8) and assuming the concentrations CNADWZ‘M,.f and CNADW;,Z are 0 and 1.
respectively, we can derive a simple expression to infer the strength of 7,;, from known quantities:

Ya(1=Cnapw:, )

—. )

Tix =
Cnabw:,
yss

We find that 7,,;, is closely correlated with the strength of the Southern Ocean gyre (Figure 8a).
As gyre strength increases the rate of the net diapycnal mixing transport increases as well, ranging
from 3.1Sv in the Om ridge cases where no gyre is present to 9.7Sv for the high wind stress,
3500m ridge case. A simple least-squares fit yields a linear scaling between T, and gy, Of
Tinix =0.052 - gyre +3.298v, which matches the results with an R? value of 0.79. We note that T},,;,
necessarily includes contributions from both horizontal surface mixing across the ACC, which we
expect to increase with the gyre strength, and interior diapycnal mixing, which is not expected to
change much across our simulations and likely explains the constant offset in the least square fit.

The relatively small interior diapycnal mixing-driven transport is consistent with our ventilation
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Fic. 8. a) T,,,;x estimated from Eq. Eq. (9) vs the strength of the Southern Ocean gyre. b) Predicted abyssal
Indo-Pacific ocean NADW* concentrations derived from Eq. Eq. (10) vs the abyysal Indo-Pacific ocean NADW *
concentrations simulated by our numerical models. As in Figure 6, the ridge height and wind stress used in each

run is given by marker color and shape, respectively (see legend).

tracer results (Figure 4), which show very small SW ventilation tracer concentrations in the abyssal
Pacific and with the majority of SW* consisting of former AABW.

Applying the scaling for 7,,;x with gyre strengths to Eq. (8) gives us a predictive model for the
NADW?* concentration in the abyssal Indo-Pacific ocean as a function of the mid-depth cell and
gyre strength:

C . _ watl
NAPWabss = g +0.052  rgyre +3.298v

(10)

where the coeflicients are determined from the linear scaling derived from Eq. (9). We find that
Eq. (10) works well across all ridge cases and wind stress values, explaining about 95% of the
variance in Cpy4 DWsl, (Figure 8b).

In summary, NADW* concentrations in the abyssal Indo-Pacific ocean decrease with a higher
Drake Passage ridge and decreasing wind stress, a relationship that is primarily associated with the
weakening mid-depth cell and the strengthening of the Southern Ocean gyre. The net transport of
SW into the abyssal Indo-Pacific ocean that must balance NADW* injection by the mid-depth cell,

Tix, 18 highly correlated with the strength of the gyre south of the ACC. T,,;,’s strong dependance
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on the gyre circulation combined with the low concentration of ventilation SW in the abyssal ocean
suggests that horizontal transport at the surface of the Southern Ocean plays a large role in setting
the overall NADW* concentration, likely by exchanging NADW with surface waters north of the
ACC.

5. Discussion

a. Limitations

The idealized configuration used in this study has allowed us to explore the mechanistic role of
topographic barriers and wind stress in the Southern Ocean in affecting abyssal ocean water mass
pathways. However, although this approach allows for relatively clean sensitivity experiments,
care must be taken when interpreting our results in the context of the real ocean. In addition to the
idealized topography, our model lacks salinity, which can modulate the circulation response via
salt-advection feedbacks (e.g. Wolfe and Cessi 2014; Buckley and Marshall 2016; Ferreira et al.
2018), sea ice, which plays a key role in AABW formation (e.g. Ohshima et al. 2013; Jansen 2017),
and coupled interactions with the atmosphere, which would further modulate the ocean boundary
conditions. Our quantitative results are also specific to our model setup, as both basin width (Jones
and Cessi 2017; Nadeau and Jansen 2020) and the configuration of the narrow (“Atlantic””) basin
(Ragen et al. 2022) can affect the rate of NADW and NADW* transport into the Southern Ocean
via their influence on the strength and depth of the mid depth cell. The role of variations in the
continental configuration, sea ice, and coupling to the atmosphere should be explored in future
studies.

Our model’s coarse resolution moreover requires mesoscale eddy effects to be parameterized,
which is a major, but unfortunately unavoidable, limitation. Mesoscale eddies play an important
role for the transport of tracers and buoyancy in the Southern Ocean (Sauermilch et al. 2021; Xing
et al. 2023) and tend to be enhanced near topography (Abernathey and Cessi 2014; Patmore et al.
2019; Youngs et al. 2019; Wilson et al. 2022). Idealized studies of the Southern Ocean employing
eddy-resolving models, such as Kong and Jansen (2021) and Xing et al. (2023), generally confirm
that large standing meanders and gyres in the Southern Ocean play a dominant role in meridional
heat transport, and also reduce the sensitivity of the “effective diffusivity” (i.e. the combined

effect of standing and transient eddies) to the representation of mesoscale eddies, although some
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sensitivity to eddy representation clearly remains (Kong and Jansen 2021). Resolved mesoscale
eddies may also result in an enhancement of the Southern Ocean gyre strength (Sauermilch et al.
2021), an effect that could enhance the gyre-correlated mixing pathway we have identified in
this study. Higher resolution may have additional influence in the presence of more advanced
topography: Wilson et al. (2022), for example, found that a zonal ridge north of a subpolar gyre
in the Southern Ocean (broadly representative of the Pacific-Antarctic Ridge in the real ocean) can
reduce poleward heat transport by the gyre in an eddy-resolving simulation, although this effect
is partially compensated by an increased southward transport by transient eddies across the zonal
barrier.

In addition to our parameterization of mesoscale eddy effects, we use a constant vertical diffusivity
which means that we are missing the potential effects of enhanced diapycnal mixing near topography
(Mashayek et al. 2017). The effect of isopycnal and diapycnal mixing rates on abyssal watermass
composition has previously been investigated by Jones and Abernathey (2019), who find that
enhanced isopycnal mixing increases the AABW concentration relative to NADW in the abyssal
ocean, while increased diapycnal mixing leads to gradual replacement of NADW and AABW by
Indo-Pacific surface waters. We note that we generally find larger AABW concentrations and
smaller NADW concentrations in the abyssal ocean than those found by Jones and Abernathey
(2019) 3. We attribute this distinction to different choices in model configuration between our
two studies that influence the overall circulation — most notably, the setup employed by Jones
and Abernathey (2019) generates a substantially deeper mid-depth cell, which likely explains the
greater overall abundance of ventilation NADW in the abyssal ocean seen in their results.

Our limited resolution and simplified topographic setup also limits our ability to fully capture the
complex circulation of the subpolar Southern Ocean gyres and other regional circulation features.
Although the overall size of the gyre in our simulations (about 10 —20° in latitude and 20 — 50°in
longitude) is sufficiently large to be reasonably resolved in our model, the northward branch (which
is effectively a western boundary current) is likely affected by the limited resolution and almost
certainly affected by the details of the topography. The real Weddell Gyre, for example, is located
in the lee of the outcropping Antarctic Peninsula and its northernmost zonal extant occurs farther
to the east than in our simulations (Wunsch 2011). The real subpolar Southern Ocean moreover

consists of an interconnected system of multiple gyres (Sonnewald et al. 2023), the cumulative

30ur “AABW” restoring domain is roughly equivalent to the combined “Channel” tracer restoring fields in Jones and Abernathey (2019)
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effect of which is not explored here. Finally, the export of AABW and NADW* into the abyssal
Indo-Pacific and thus their overall concentrations in the abyssal ocean may also be influenced
by the specifics of Southern Ocean bottom topography (Solodoch et al. 2022). The empirical
relationship between abyssal cell composition, ¥/, and ¥gy,. given by Eq. (10) is thus likely to
look significantly different in the real ocean, and more work is needed to quantify the role of the

gyre and other aspects of the subpolar Southern Ocean circulation under more realistic topography.

b. Implications

Our results highlight the role of Southern Ocean topography in affecting the pathways of abyssal
water masses, an effect that is qualitatively consistent with previous studies. Specifically, the role
of the gyre in modulating the prevalence of former NADW versus surface waters in the abyssal
cell is broadly consistent with Talley (2013) and Reeve et al. (2019), who suggest that most of the
upwelled NADW that enters the ACC is fed into bottom water formation regions near the Weddell
and Ross Gyres along with entrained water masses that are able to cross the Subantarctic Front.
The limited amount of direct NADW ventilation in the abyssal Indo-Pacific is consistent with the
general picture of the modern day overturning circulation (i.e. Talley 2013; Lee et al. 2019), which
suggests that most NADW entering the SO upwells before making its way into the Indo-Pacific
as AABW. The strong relationship we observe between direct NADW ventilation in the abyssal
Indo-Pacific and the strength of the mid-depth cell is expected, given the necessity of NADW to
enter the Southern Ocean before it can make its way into the Indo-Pacific. The approximately linear
relationship between ventilation NADW in the abyssal Indo-Pacific and mid-depth cell strength
suggests that the proportion of NADW entering the Southern Ocean that makes it directly into
the abyssal Indo-Pacific is relatively constant, although we note that this proportionality is likely
to only hold for given rates of isopycnal and diapycnal mixing (c.f. Jones and Abernathey 2019).
The relative concentration of NADW in the abyssal Indo-Pacific is also expected to be sensitive
to the AABW formation rate (Li et al. 2023), which does not vary much across the simulations
considered here.

The role of the Southern Ocean gyre in diluting upwelling NADW and shifting AABW com-
position may have implications for the climate during the Last Glacial Maximum (LGM). During

the LGM the Southern Ocean is believed to have played a central role in reducing atmospheric
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CO; (Broecker 1991; Sigman et al. 2010), with an expansion of permanent sea ice around Antarc-
tica driving a shoaling of NADW, an isolation of the abyssal cell, and a subsequent reduction
in atmospheric CO, as upwelling deep water remained insulated from the atmosphere and thus
able to store carbon for a longer time (Stephens and Keeling 2000; Ferrari et al. 2014; Marzocchi
and Jansen 2019; Nadeau et al. 2019). Our results suggest that a gyre-driven exchange between
upwelling deep water and northern surface waters may alter the overall composition of the abyssal
cell, a processes which could damp the effect of increased sea ice cover on abyssal carbon storage.

Our results may also shed light on the effects of the opening of Drake Passage on global ocean
circulation and climate. Previous work has highlighted that the weakening of Southern Ocean
Gyres with the widening of Drake Passage reduced poleward heat transport (Sauermilch et al.
2021). Potential further work could employ similar tracer experiments to investigate the role
of the gyre in shaping interbasin exchange and the composition of AABW in past continental
configurations.

It is important to note that the surface mixing accomplished here by the Southern Ocean gyre
is not readily apparent in the zonally integrated MOC, which points to the limitations of relying
on zonally-integrated theory or diagnostics to describe the structure of the ocean’s large-scale
circulation. This is particularly important when attempting to account for the net exchange of
water masses between the mid-depth and abyssal cells. Previous work has suggested that the
overlap between the mid-depth and abyssal cells in potential density space provides a key metric
for the advective exchange between the mid-depth and abyssal cells (e.g. Ferrari et al. 2014; Nadeau
et al. 2019; Baker et al. 2020; Nadeau and Jansen 2020). While our exchange tracer results do not
directly measure the advective exchange between the mid-depth and abyssal cells, they suggest that
the net transfer of tracers between NADW and the abyssal Indo-Pacific may be more affected by the
overall strength of the mid-depth cell and the Southern Ocean gyres then by the overlap between

the two overturning cells.

6. Summary and conclusions

In this work we have investigated the effect of topography and wind-forcing in the Southern
Ocean on the composition of the abyssal ocean, using an idealized ocean GCM. As found in

previous studies, the introduction of Southern Ocean topography results in changes to the large-
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scale circulation, most notably a reduction in mid-depth cell strength and a gyre spin-up with
increasing ridge height. We characterized the effect of these circulation changes on the abyssal
ocean water mass composition in terms of ‘ventilation’ tracers that reflect the surface-origin of
abyssal water masses and ‘exchange’ tracers that are allowed to circulate through the high-latitude
Southern Ocean without being subject to surface restoring, thus allowing us to decompose AABW
into former NADW versus water from lower latitude sources. Our main findings are summarized

as follows:

* The mid depth cell is largely insensitive to Southern Ocean topography until the topographic
height begins to intersect with the lower NADW isopycnals, after which mid depth cell strength
drops substantially. The abyssal cell in the Indo-Pacific is largely insensitive to higher Drake

Passage ridges until the very high (3500m) ridge case is reached.

* In our two-basin configuration the concentration of NADW tracer that directly enters the
abyssal Indo-Pacific without contact with the surface is generally small (4-17%), indicating

that relatively little NADW directly makes its way into the abyssal Indo-Pacific at depth.

* A large portion of the abyssal Indo-Pacific (26%-76%) is composed of “exchange” NADW
(NADW#), indicating that a significant amount of NADW surfacing in the Southern Ocean en-
ters the abyssal cell as AABW, although this fraction shows significant sensitivity to Southern

Ocean topography and wind stress.

* Both the abyssal concentrations of NADW that reaches the abyssal Indo-Pacific directly and

of NADW* decrease with increasing ridge height and decreasing Southern Ocean wind stress.

* The changing abyssal concentrations of NADW and NADW* in the Indo-Pacific can be
explained primarily by the weakening of the mid-depth cell in the South Atlantic, whereby
less NADW makes it out of the Atlantic, and secondarily by the strengthening of the Southern
Ocean gyre,whereby upwelling NADW* is exchanged with thermocline and intermediate

waters from the northern basins.

Our results highlight the combined role of the mid-depth cell and the Southern Ocean gyre
circulation in controlling the transport of tracers into the abyssal Indo-Pacific, a finding that has

implications for both our conceptual picture of the current overturning circulation and for abyssal
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ocean tracers and carbon storage in past and future climates. However, more work is needed to

quantify the role of these mechanisms in more realistic model configurations and in the real ocean.
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