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Key Points:11

• Antarctic Bottom Water (AABW) export pathways across the Southern Ocean12

are investigated in a high-resolution (0.1◦) numerical model.13

• Weddell- and Prydz-sourced AABW tracers blend together before crossing the South-14

ern Ocean, as do Ross- and Adelie-sourced AABW tracers.15

• Weddell/Prydz-sourced (Ross/Adelie-sourced) AABW tracers primarily supply16

the Atlantic and Indian Oceans (Pacific Ocean).17

Corresponding author: Aviv Solodoch, asolodoch@atmos.ucla.edu
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Abstract18

Antarctic Bottom Water (AABW), which fills the global ocean abyss, is derived from19

dense water that forms in several distinct Antarctic shelf regions. Previous modeling stud-20

ies have reached conflicting conclusions regarding export pathways of AABW across the21

Southern Ocean and the degree to which AABW originating from distinct source regions22

are blended during their export. This study addresses these questions using passive tracer23

deployments in a 61-year global high-resolution (0.1◦) ocean/sea-ice simulation. Two dis-24

tinct export “conduits” are identified: Weddell Sea- and Prydz Bay-sourced AABW are25

blended together and exported mainly to the Atlantic and Indian Oceans, while Ross Sea-26

and Adelie Land-sourced AABW are exported mainly to the Pacific Ocean. Northward27

transport of each tracer occurs almost exclusively (>90%) within a single conduit. These28

findings imply that regional changes in AABW production may impact the three-dimensional29

structure of the global overturning circulation.30

Plain Language Summary31

Cooling, ice formation, and mixing near Antarctica create dense ocean waters, known32

as Antarctic Bottom Water (AABW). Due to their high density, these waters sink and33

propagate northward to fill the deepest parts of the Southern, Indian, Pacific, and At-34

lantic Oceans. Hence AABW export has a significant and near-global impact on deep-35

ocean circulation and the distribution of physical properties (e.g., salinity, temperature,36

dissolved oxygen). However, AABW transport pathways are only partially understood.37

Here we investigate the transport pathways of AABW from its four principal formation38

regions, using a state-of-the-art numerical simulation of Earth‘s oceans. We find that the39

export occurs via two distinct pathways (“conduits”). The geographical boundaries be-40

tween these conduits occur near seafloor ridges, and little AABW exchange occurs across41

them. Circulation pathways within each conduit blend together AABW formed in two42

of the four main formation regions, and export them to different oceans. Identification43

of these pathways elucidates the origin of observed trends in AABW properties, and helps44

to predict where these changes may propagate in the coming decades.45

1 Introduction46

Antarctic Bottom Water (AABW) is the densest watermass in the global ocean.47

It is produced by a series of processes, which begins with the creation of Dense Shelf Wa-48

ter (DSW) over Antarctic continental shelves, and culminates with entrainment of Mod-49

ified Circumpolar Deep Water as the dense waters cascade down the continental mar-50

gins (Jacobs, 2004). AABW and its lighter derivatives (herein referred to colloquially51

as AABW - see SI text S3) are exported northward to the Atlantic, Indian, and Pacific52

Oceans within the abyssal cell of the Meridional Overturning Circulation (MOC) (Talley,53

2013). AABW fills 30-40% of the ocean volume (Johnson, 2008), and hence affects strat-54

ification, circulation, and mixing rates globally (e.g., see discussion in Zhang et al. (2020)).55

Moreover, AABW formation and export ventilates the abyssal ocean with dissolved oxy-56

gen (Hotinski et al., 2001; Gordon, 2009). Finally, AABW represents a vast reservoir of57

CO2, which may affect climate significantly over centennial or longer time scales (Skinner58

et al., 2010; Rae et al., 2018). Despite these global impacts, the pathways of AABW ex-59

port are not well understood, partially due to the logistical and technological challenges60

of observing the depths of the remote Southern Ocean.61

AABW forms in several distinct coastal sites, which complicates the ability to track62

the export of a single AABW water mass (Orsi et al., 1999; Jacobs, 2004; Johnson, 2008).63

The shelf water component of AABW is sourced mainly from water formed in the Ross64

Sea, Weddell Sea, Prydz Bay, and Adelie Land (Purkey et al., 2018). This study addresses65

whether these different source waters blend within the Southern Ocean, before reaching66

the northern basins and thus export uniform AABW properties, or if each source feeds67
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different conduits northwards across the Southern Ocean, with minimal blending with68

other AABW source waters. Here we refer to these two limits as “blender” or “conduit”69

paradigms, respectively, of AABW export from the Southern Ocean. Resolution of whether70

AABW export is closer to the blender or the conduit limit will provide insight into the71

ocean’s evolution in a warming climate. Trends in AABW properties (salinity, temper-72

ature, and thickness) that have been observed in recent decades, are not uniformly dis-73

tributed spatially. In the Southern Ocean (Purkey et al., 2018), it is not yet possible to74

determine with confidence which AABW formation regions are responsible for these trends.75

Likewise, the blender/conduit question has a direct bearing on past (Adkins, 2013) and76

future evolution of AABW properties, and the time scales over which these changes oc-77

cur. Finally, improved information about the governing transport processes may help78

focus observational efforts in locations where the majority of AABW export occurs.79

Observational constraints on AABW export pathways are limited (Purkey et al.,80

2018), and numerical models have produced contrasting results. Van Sebille et al. (2013)81

calculated offline 500-year particle pathways in the Southern Ocean to track AABW ex-82

port, using three years of velocity output from an ocean and sea-ice state estimate, the83

Southern Ocean State Estimate (SOSE) (Mazloff et al., 2010). They found that AABW84

sources blended together effectively in the Southern Ocean before export to the north-85

ern basins, in support of the blender paradigm. In contrast, Kusahara et al. (2017) found86

little blending of AABW from different source regions in the Southern Ocean. Using a87

numerical ocean/sea-ice/ice-shelf model, they integrated online for 25-years nine trac-88

ers representing different AABW formation regions. Each tracer was associated with dif-89

ferent pathways, consistent with strong bathymetric steering.90

Here we address the blender vs conduit question over an intermediate, 61-year time91

scale, using a global ocean and sea-ice model (Kiss et al., 2020) at ∼ 2-4 times higher92

resolution than the aforementioned studies. The model includes online integration of four93

passive tracers in order to track the four main AABW source waters. The methodology94

is introduced in section 2. The results (section 3) show that two export “conduits” oc-95

cur, with horizontal (section 3.1) and vertical (section 3.2) blending between different96

tracers within, but not between, conduits. We further quantify (section 3.3) the export97

fractions of each source water to each ocean basin. In section 4 we provide a summary,98

compare our results to previous studies, and discuss potential implications.99

2 Methods100

We analyze a global ocean and sea-ice simulation, an updated version of the ACCESS-101

OM2-01 model presented in Kiss et al. (2020), integrated from 1958 to 2018 (the third102

model forcing cycle, see SI). The model has a horizontal resolution between ≈11.5 km103

near the equator, and 4 km near the Antarctic shelves. Configuration and integration104

details are given in the SI. Comparison with observations (SI sections S2, S6, and S7)105

confirms the fidelity of the model AABW-related circulation and properties; additional106

validation of the recent model version appears in Kiss et al. (2020) and Morrison et al.107

(2020).108

Four passive tracers representing distinct AABW source regions are integrated within109

the model. Each AABW tracer is linearly restored to a value of 1 in the surface grid cell110

within its corresponding Antarctic shelf region, and is destroyed at surface grid cells out-111

side of that shelf region (with time scales of 1000 seconds, and 1 day, respectively). Trac-112

ers evolve passively in the ocean interior via advection and diffusion. The four shelf re-113

gions chosen (figure 1) correspond to those in which observations have confirmed that114

intense DSW formation occurs: the Weddell Sea, Prydz Bay, Adelie Land, and Ross Sea115

shelves (Orsi et al., 1999; Purkey et al., 2018). Based on surface buoyancy fluxes (SI text116

S9, and table S1), these four regions capture about 90% of DSW formation on the Antarc-117

tic shelves in the model. Model AABW production rates in each region are given in ta-118
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ble S1. We refer to these model tracers as Weddell-, Prydz-, Adelie-, and Ross-sourced119

AABW. A snapshot of tracer concentration near the seafloor at the end of the model in-120

tegration period (2018-12-31) is shown in figure 1. Several distinct northward routes are121

evident from these distributions, as discussed in section 3. In the following analyses we122

examine the properties and transport of water of density σ2 ≥ 37.125 kg/m3, since that123

is approximately the upper bound of northward flow within the Southern Ocean abyssal124

MOC branch in the model (SI). Unless specified otherwise, presented concentrations are125

averaged vertically under this isopycnal, and temporally over the last model decade, 2009-126

2018.127

Figure 1. Snapshot of AABW tracer concentrations after 61 years of model integration (i.e.,

at model date 2018-12-31). Tracer concentrations are evaluated at the seafloor-adjacent model

cell, in regions where the density σ2 ≥ 37.125 kg/m3, i.e., within the density range of northward

flow of the Southern Ocean abyssal MOC branch: (a) Weddell Sea tracer, (b) Prydz Bay tracer,

(c) Ross Sea tracer, (d) Adelie Land tracer. To focus on the principal pathways, tracer values less

than 0.001 are not displayed, and the colormap is saturated at concentration 0.1. Tracer source

region masks are shown in red in each panel. Gray contours show the 1 and 3-km isobaths.

Acronyms in panel (c) denote Drake Passage (DP), the Mid-Atlantic-Ridge (MAR), Walvis Ridge

(WR), Southwest Indian Ridge (SWIR), Kerguelen Plateau (KP), Campbell Plateau (CP), and

the Pacific-Antarctic Ridge (PAR).
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3 Results128

Export pathways of AABW from the Southern Ocean are visually evident in the129

tracer distributions in figure 1, as well as in tracer evolution animations (SI). The main130

export routes occur within broad belts west of the Mid Atlantic Ridge in the Atlantic131

Ocean; west of the Southwest Indian Ridge, and west of the Kerguelen Plateau in the132

Indian Ocean; and east of the Campbell Plateau in the Pacific Ocean. Topographic fea-133

tures are identified in figure 1c. Northward AABW export in additional routes is lati-134

tudinally limited by bathymetry, e.g., by the Walvis Ridge in the South-East Atlantic135

(see figure S1, which extends further north). Prior to northward export, Prydz-sourced136

AABW joins Weddell-sourced AABW via westward advection along the continental slope.137

Upstream of their northward export to the Pacific, Adelie- and Ross-sourced AABW both138

populate a wide recirculation between the Pacific-Antarctic Ridge and Kerguelen Plateau139

(see section 3.1 as well), which in its offshore side advects both tracers eastward towards140

Campbell Plateau. These pathways are generally consistent with the available observa-141

tions (Orsi et al., 1999) (SI text S6). In summary, AABW export routes can be differ-142

entiated based on AABW origin: Weddell and Prydz AABW are exported together, mainly143

to the Atlantic and Indian Oceans, while Ross and Adelie AABW are exported mainly144

to the Pacific Ocean. Hence we identify that the model AABW export routes can be con-145

ceptually partitioned to two conduits, with each conduit transporting AABW sourced146

mainly from two locations, distinct from the other conduit.147

3.1 Horizontal blending of AABW source waters148

To test the degree of blending between tracers, and the locations where the blend-149

ing ensues, we examine a two-tracer metric (B(x, y), eq. 1, where x and y mark longi-150

tude and latitude, respectively), which attains near-zero values when the tracers values151

differ significantly, and approaches one when the tracer values are similar:152

B(x, y) =
2A1A2

A2
1 +A2

2

. (1)

Here A1 and A2 are (2009-2018) time-averaged concentrations of two different tracers153

within the AABW layer (see section 2). Sharp gradients in B may be interpreted as re-154

gions where blending occurs. Following westward advection of Prydz-sourced AABW along155

the continental slope, this water mass joins and blends with Weddell-sourced AABW near156

the Weddell Sea southern and western shelf break regions, and possibly in the central157

Weddell Gyre, as can be seen from the locations of high B gradient in figure 2a. Values158

close to B = 1, indicating almost complete blending, occur everywhere downstream in159

the northward and eastward pathways (section 3). Ross-sourced AABW blends with Adelie-160

sourced AABW (figure 2b) as both are advected westward along the continental slope161

and return in the eastward recirculation (figure 1). However, AABW located east of New162

Zealand has values of B that are slightly lower than in the recirculation to the west. This163

suggests that some Ross-sourced AABW is exported directly northward without first re-164

circulating between the Pacific-Antarctic Ridge and the Kerguelen Plateau. Very little165

Adelie-sourced AABW crosses the Pacific-Antarctic Ridge eastward, and hence this re-166

gion is dominated by Ross-sourced AABW (see figure 1 as well). Examination of the met-167

ric B between all other tracer pairs (SI figure S4) shows very little blending between them.168

To complement the local metric B and to test the visually identified pathways, we169

examine longitudinal correlations CTC between pairs of (2009-2018) time-averaged AABW170

tracer concentrations, as a function of latitude φ:171

CTC(φ) =
〈A′1A′2〉√
〈A′21 〉〈A′22 〉

, (2)

where angled brackets denote zonal-means, and primes denote deviations from zonal means.172

This metric measures the similarity between zonal distributions of different tracers. The173

–5–



manuscript submitted to Geophysical Research Letters

Figure 2. The horizontal blending metric B (Eq. (1)) for (a) the Weddell and Prydz tracers

and (b) the Ross and Adelie tracers. Tracer values lower than 0.001 are masked. Tracer masks

and bathymetry are shown as in figure 1. Zonal-correlation metrics (Eq. (2)) between (c) tracer

concentrations and (d) tracer transports, for different tracer pairs. The quantity plotted is C|C|,
where C is the relevant correlation (CTC or CTT ). Tracer concentrations and isopycnal trans-

ports are evaluated within the AABW layer σ2 ≥ 37.125 kg/m3, and averaged in time over the

last model decade. Note different ordinate ranges are used in panels (c) and (d).

quantity shown in figure 2c is CTC |CTC |, which reveals both the magnitude, i.e., the common-174

variance C2
TC , and the correlation sign.175

There are high positive correlations CTC between Weddell- and Prydz-sourced AABW,176

with C2
TC greater than 0.75 north of 60◦S (figure 2c), showing they take similar path-177

ways north of this latitude. The correlation between Ross- and Adelie-sourced AABW178

is positive and similarly high, but at a larger meridional distance from Antarctica (≈ 55◦S).179

In contrast, correlations between tracers from different “conduits”, e.g., Weddell vs Ross,180

are negative, i.e., Weddell AABW concentrations tend to be higher (lower) than aver-181

age where Ross AABW concentrations are lower (higher) than average, consistent with182

these AABW varieties having different northward pathways.183

To complement the concentration correlations, we quantify zonal correlations be-184

tween meridional tracer transports (SI text S4), CTT (figure 2d). The correlation CTT185

–6–



manuscript submitted to Geophysical Research Letters

is calculated according to (2), with tracer transport Fi (defined in SI equation S4) re-186

placing tracer concentration Ai. Again, correlations are high within the Weddell-Prydz187

pair and within the Ross-Adelie pair, with C2
TT > 0.8. Tracer transport correlations188

within other AABW pairs are lower, with C2
TT < 0.2 except within a narrow band around189

45◦S. The higher correlation near 45◦S appears to be due to the presence of a large (∼190

20 Sv) recirculation of AABW in the Argentine Basin. The recirculation strength is of191

similar magnitude to the total abyssal MOC cell in the model and in observations (SI192

text S2). The Deep Western Boundary Current (DWBC) and the adjacent recirculation193

cause higher local correlation in transports for all tracer pairs at this latitude. The re-194

circulation is likely the model manifestation of the Zapiola Anticyclone, which in obser-195

vations has a large-magnitude (∼10cm s−1) near-bottom horizontal velocity signature196

and a 100 Sv total top-to-bottom horizontal transport magnitude (Weatherly, 1993; Saun-197

ders & King, 1995). Another narrow correlation peak occurs between Prydz and Adelie198

tracers around 70◦S. Both Prydz and Adelie tracers are formed strictly north of 70◦S,199

and reach further south mainly within the Weddell Sea.200

Thus tracer concentration and tracer transport correlations, as well as the blend-201

ing metric B, also support that AABW is exported predominantly within two distinct202

horizontal pathways or conduits. Longitude-depth tracer distributions (e.g., SI figure S10)203

are consistent with the horizontal maps shown here, and also show high similarity in the204

vertical concentration profile of different tracers within each pathway, motivating an ex-205

amination of tracer-density profiles in the next subsection.206

3.2 Vertical blending of AABW source waters207

In this section we examine the density-profiles of the AABW tracers (figure 3), in208

order to deduce the degree of vertical blending of AABW tracers with distinct sources209

that occurs during export. Density-concentration profiles of the identified tracer pairs210

are more similar to each other than to other tracers. Between Drake Passage and the211

Kerguelen Plateau (figure 3a), Weddell and Prydz tracers have higher-density centers212

of mass (are “bottom-heavy”) and have order of magnitude higher concentrations than213

the Ross and Adelie tracers. In contrast, between the Kerguelen Plateau and the Pacific-214

Antarctic Ridge (figure 3b), the Ross and Adelie tracers are the more bottom-heavy and215

abundant pair. Between the Pacific-Antarctic Ridge and Drake Passage (figure 3c), the216

Ross tracer dominates, while other tracers have lower concentrations and peak at lower217

densities, consistent with figure 2b. The lighter densities and lower concentrations re-218

flect either more mixing along (longer) pathways to a region, or inefficient transport of219

denser water across the basin topographic boundaries (e.g., Princess Elizabeth Trough220

south of Kerguelen Plateau, or the Pacific-Antarctic Ridge).221

The tracer-density distributions become more similar at greater meridional distances222

from their formation regions ((figure 3) panels d-f), especially for the identified tracer223

pairs: the density-profile shapes of the Weddell-Prydz or the Ross-Adelie tracer pair be-224

come virtually indistinguishable at 30◦S. The growing similarities in vertical profiles sug-225

gest a statistical similarity in the histories of vertical mixing within each conduit. These226

results are consistent with vertical homogenization of AABW sourced from different shelf227

regions within individual conduits, but relatively little vertical homogenization elsewhere.228

3.3 Connectivity between AABW shelf sources and ocean basins229

Model tracer distributions (sections 3 and 3.2) show that different Antarctic source230

regions can have very different distributions of AABW export to northward basins. Here231

we quantitatively assess the connectivity (figure 4) between the AABW tracer source re-232

gions and destination regions (the Atlantic, Indian, and Pacific oceans), via a connec-233

tivity matrix methodology, after Van Sebille et al. (2013). For each tracer we compute234

the partitioning of the total northward transport, occurring at 30◦S, between the differ-235

–7–



manuscript submitted to Geophysical Research Letters

Figure 3. Tracer concentration profiles in density space, averaged across 0.5 degree of lat-

itude, and across the longitude range of individual ocean basins: (a-c) 58◦S segments between

Drake passage (DP), Kerguelen Plateau (KP), and the Pacific-Antarctic Ridge (PAR); (d-f)

Atlantic, Indian, and Pacific Oceans at 30◦S. To highlight vertical structure rather than peak

values, each profile is multiplied by a constant factor (given in each panel) such that its maximal

value is identical to that of the tracer with largest maximum in the same region. Segments a-f

locations (exact longitudes given in the SI, text S5) are shown in the top panel, along with the

tracer masks.

ent ocean basins (“export”, green-colored pie charts). Additionally, for each ocean basin236

(Atlantic, Indian, or Pacific), we compute the relative contribution of the total north-237

ward tracer transport, occurring at 30◦S, from different individual tracers (“import”, red-238

colored pie charts). Tracer transports within the AABW layer (calculated as explained239

in SI section 4) are integrated zonally within each basin.240

We now quantify the degree to which model AABW pathways through the South-241

ern Ocean can be grouped into two pairs, i.e., conduits. Total AABW tracer “import”242

(volume flux, reddish pie charts) to the Atlantic and Indian Oceans is dominated by Wed-243

dell (58%) and Prydz (34%) AABW tracers. In contrast, import into the Pacific is dom-244

inated by Ross (68%) and Adelie (30%) AABW tracers. Export (greenish pie charts) of245
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Weddell AABW and of Prydz AABW is principally into the Atlantic Ocean, with a sec-246

ondary export contribution to the Indian Ocean, and a very small fraction (3 and 6 %,247

respectively) into the Pacific Ocean. Exports of Ross AABW and Adelie AABW are sim-248

ilar to each other and different from the Weddell-Prydz pair, with over 90% exported249

into the Pacific, and less than 2% into the Atlantic. Total export and import fractions,250

summed over all source regions or destination basins, respectively, are shown in the in-251

sets of figure 4. The largest AABW tracer import is from the Ross Sea (40%), with other252

areas contributing fractions close to 20% each. Total export is mainly to the Pacific Ocean253

(57%), and secondarily to the Atlantic Ocean (37%), with only 5% reaching the Indian254

at 30◦S.255

4 Summary and discussion256

Based on a high-resolution numerical model analysis, we show that the export of257

AABW through the Southern Ocean is accomplished via a combination of the blender258

and conduit paradigms (Van Sebille et al., 2013; Kusahara et al., 2017). AABW export259

pathways are guided by prominent topographic features, and manifest in some regions260

as DWBCs, or by flow through topographic gaps in rift zones (figures 1 and 2(a-b)). Two261

separate conduits are identified, which are separated by Drake Passage on one side, and262

by Kerguelen Plateau on the other side. However, AABW formed at different regions263

that lie along the same conduit route are blended and exported together. Specifically,264

AABW formed in Prydz Bay travels westward along the continental margin, and joins265

the northward pathways taken by the AABW formed in the Weddell Sea, i.e., principally266

along the Scotia Arc, or through gaps in it, into the Atlantic Ocean. Smaller fractions267

of the Weddell-Prydz pair are recirculated eastwards from the Weddell Sea, and exported268

into the East Atlantic and the West Indian Ocean. Observational studies indeed suggest269

that a significant fraction of AABW in the Weddell Sea is sourced from east of the Wed-270

dell basin, possibly from the Prydz Bay region (Meredith et al., 2000; Hoppema et al.,271

2001; Jullion et al., 2014). In contrast to the Weddell-Prydz pair, AABW formed in Adelie272

Land and in the Ross Sea are exported mainly into the Pacific Ocean. This export oc-273

curs principally east of the Campbell Plateau, either after recirculation in the Australian-274

Antarctic Basin, or through a more direct path northwards for some Ross-sourced AABW275

water. Observations of AABW in the Australian-Antarctic Basin suggest it is composed276

of similar fractions of AABW formed in Adelie Land and in the Ross Sea (Thomas et277

al., 2020).278

The numerical configuration used here has several limitations. The horizontal res-279

olution is not sufficient to resolve the Rossby radius of deformation near the Antarctic280

continental shelves, which may suppress instabilities and lateral mixing. However, AABW281

tracer distributions and model circulation patterns, including DWBCs, generally com-282

pare favourably with observations, supporting the deep pathway interpretations presented283

in this study (SI text S6). Several biases are identified, including that DWBC volume284

fluxes are lower than observed in some cases, and that AABW transport into the Indian285

Ocean is on the low end of predictions from inverse models (SI text S2). The Antarc-286

tic Circumpolar Current (ACC) zonal transport and the magnitude of Southern Ocean287

surface eddy kinetic energy (EKE) are lower than in observations, by ∼15% and 40%,288

respectively. In the future it would be useful to assess the degree to which model biases289

in ACC zonal transport and in upper ocean EKE affect the AABW pathways, blending,290

and vertical mixing. Additionally, an ice-shelf model is not employed, and hence Ice Shelf291

Water is not formed in the model, which may impact AABW formation rates. However,292

using an ocean/sea-ice/ice-shelf coupled model, Kusahara et al. (2017) found AABW ex-293

port pathways those presented here.294

Kusahara et al. (2017) performed a 25-year online integration of nine different AABW-295

like tracers initialized in different Antarctic continental shelf regions, and found each tracer296

was exported across the Southern Ocean in different pathways, consistent with topographic297
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Figure 4. Pie charts showing connectivity between the four AABW source regions and each

of the three northern basins. For each source region, a green-colored pie chart shows the distri-

bution of its tracer transport northward into different ocean basins at 30◦S (Atlantic, Pacific,

and Indian). For each ocean basin at 30◦S, a red-colored pie chart shows the percentage of north-

ward tracer transport arriving from each source region. Percentages are rounded and appear

with greater precision in tables S2-S3. To avoid visual clutter, the smallest percentage in each

pie chart is not displayed. The left (right) inset shows the percentages of all tracer transports

arriving into individual ocean basins (from individual formation regions). The blue (brown)

shading shows the sum of concentrations of Weddell and Prydz (Ross and Adelie) tracers in the

AABW layer. The greater of the two sums is shown at each point. Arrows show schematically

the AABW export pathways, based on figures 1-2. Acronyms are as in figure 1.

steering. In fact, a close comparison with the tracer maps in Kusahara et al. (2017) sug-298

gests that these different routes do merge, or are in the process of merging over time,299

largely in accordance to the present findings, i.e., to the same two conduits. We also note300

that the simulated transient tracer (CFC-11) distribution in a 0.1 degree resolution model301

by Sasai et al. (2004) is consistent with the results that the Kerguelen Plateau is a di-302

viding line across which there is relatively little exchange of AABW.303

In contrast to the present results, Van Sebille et al. (2013) found that over a 500-304

year particle tracking period, AABW formed in different Antarctic regions is blended305
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so effectively as to appear in almost the same proportions in all basins north of the South-306

ern Ocean. A possible bias which may have affected the degree of blending in Van Se-307

bille et al. (2013) was that particles were advected using model velocities recycled ev-308

ery 3 years. Particles could change their densities abruptly at cycle transitions due to309

a drift in Southern Ocean AABW densities (Mazloff et al., 2010). We also note that AABW310

particle formation in Van Sebille et al. (2013) appears to have occurred in the open ocean311

in addition to the Antarctic shelves. The presented connectivity matrix (figure 4) is not312

directly comparable with that in Van Sebille et al. (2013), due to the shorter time scale313

considered here: 61 years. In Van Sebille et al. (2013), only ∼18% of the particles were314

exported past 31◦S within the first 60 years, but in the present model a decrease in the315

rate of change of tracer export fluxes in the last model decades (SI figure S2) suggests316

that AABW pathways and blending may not change drastically over longer time scales.317

However, it is not possible to distinguish this decrease from interdecadal oscillations with318

confidence. Diagnosing centennial scale AABW-pathways from a high-resolution model319

is computationally expensive, and remains to be addressed.320

The present investigation of AABW export pathways over decadal time scales is321

similar to the time scale over which anthropogenic climate change has occurred. Over322

the last few decades AABW has generally warmed, freshened, and decreased in thick-323

ness (Purkey et al., 2018). AABW thickness and salinity trends in the Southern Ocean324

have spatial patterns that are similar to the model tracer distributions in figure 4: large325

relative differences in freshening occur across the Kerguelen Plateau, with relatively smaller326

variations within the regions to each west or east. Likewise, differences in the decrease327

of AABW thickness between the regions north of Adelie Land and north of the Ross Sea328

are less than 20%, while the average of the decrease in AABW thickness in these two re-329

gions is 50% higher compared with the regions west of Kerguelen Plateau. This suggests330

that the spatial pattern of AABW property changes may be explained by advection of331

source water changes along the conduits identified in the present study, and that these332

changes may propagate in coming decades further downstream along the model conduits333

identified here, e.g., changes in Prydz-sourced AABW may affect water masses mainly334

in the Atlantic Ocean. It remains to be seen how such downstream changes in AABW335

properties would influence the global three dimensional overturning circulation in return.336

A monitoring system for Southern Ocean AABW export is presently not available other337

than in the Atlantic sector (Kersale et al., 2020), unlike the situation for North Atlantic338

Deep Water export for example (McCarthy et al., 2020). However, the identified path-339

ways suggest that it may be sufficient to monitor AABW export at several limited sec-340

tions along the western regions of the Atlantic, Indian, and Pacific Antarctic sectors.341

In summary, we analyze results from a high-resolution model to clarify the multi-342

decadal pathways and blending of AABW in the Southern Ocean, and show that AABW343

from each of the four main source regions is exported principally in one of two conduits.344

Weddell- and Prydz-sourced AABW are exported mainly to the Atlantic and Indian Oceans,345

while Ross- and Adelie-sourced AABW are exported mainly to the Pacific ocean. Knowl-346

edge of the connectivity patterns will aid in the attribution of trends in AABW prop-347

erties to specific source regions, and for understanding of the future evolution of the global348

AABW distribution. These results therefore have wide implications, given the impact349

of AABW on global stratification and circulation patterns (Johnson, 2008; Zhang et al.,350

2020), paleoclimate (Skinner et al., 2010; Rae et al., 2018), and ocean biogeochemistry351

(Hotinski et al., 2001; Gordon, 2009).352

Acknowledgments353

We thank two anonymous reviewers, which have provided helpful feedback and advice.354

We also kindly thank Fukamachi Yasushi, of the Institute of Low Temperature Science,355

Hokkaido University, for sharing their observational data of velocity and temperature356

–11–



manuscript submitted to Geophysical Research Letters

at the Kerguelen Plateau (Fukamachi et al., 2010) (compared with model data in SI text357

S6).358

This work depended on the COSIMA consortium (www.cosima.org.au) which pro-359

vides the ACCESS-OM2 suite of models. The numerical simulations and analyses were360

performed with the resources of the National Computational Infrastructure (Canberra,361

Australia), which is supported by the Australian Government. AS and ALS were par-362

tially supported by the National Science Foundation (NSF) under Grant Number OPP-363

2023244, and by the National Aeronautics and Space Administration ROSES Physical364

Oceanography program under grant number 80NSSC19K1192. AKM was supported by365

the Australian Research Council (ARC) DECRA Fellowship DE170100184. AEK was366

funded by ARC grant LP160100073 and the Australian Government’s Australian Antarc-367

tic Science Grant Program. AFT was partially supported by NSF grant OCE-2023259.368

Open Research369

The model source code is available from https://github.com/COSIMA/access-om2370

and model configuration files are available from https://github.com/COSIMA/01deg371

jra55 iaf/tree/01deg jra55v140 iaf cycle3. Output data is publicly available from372

http://dx.doi.org/10.25914/608097cb3433f.373

Reprocessed altimetric sea surface height data (SEALEVEL GLO PHY L4 REP374

OBSERVATIONS 008 047) distributed by Copernicus Marine Service (https://reso-375

urces.marine.copernicus.eu/products) was used in model validation as well, as was data376

from the World Ocean Data (Locarnini et al., 2018; Zweng et al., 2019) (SI text S6).377

References378

Adkins, J. F. (2013). The role of deep ocean circulation in setting glacial climates.379

Paleoceanography , 28 (3), 539–561.380

Fukamachi, Y., Rintoul, S., Church, J., Aoki, S., Sokolov, S., Rosenberg, M., &381

Wakatsuchi, M. (2010). Strong export of Antarctic Bottom Water east of the382

Kerguelen plateau. Nature Geoscience, 3 (5), 327–331.383

Gordon, A. L. (2009). Bottom water formation. Ocean Currents, 263 , 269.384

Hoppema, M., Klatt, O., Roether, W., Fahrbach, E., Bulsiewicz, K., Rodehacke, C.,385

& Rohardt, G. (2001). Prominent renewal of Weddell Sea Deep Water from a386

remote source. Journal of Marine Research, 59 (2), 257–279.387

Hotinski, R. M., Bice, K. L., Kump, L. R., Najjar, R. G., & Arthur, M. A. (2001).388

Ocean stagnation and end-Permian anoxia. Geology , 29 (1), 7–10.389

Jacobs, S. S. (2004). Bottom water production and its links with the thermohaline390

circulation. Antarctic Science, 16 (4), 427–437.391

Johnson, G. C. (2008). Quantifying Antarctic bottom water and North Atlantic392

deep water volumes. Journal of Geophysical Research: Oceans, 113 (C5).393

Jullion, L., Garabato, A. C. N., Bacon, S., Meredith, M. P., Brown, P. J., Torres-394

Valdés, S., . . . others (2014). The contribution of the Weddell Gyre to the395

lower limb of the Global Overturning Circulation. Journal of Geophysical396

Research: Oceans, 119 (6), 3357–3377.397

Kersale, M., Meinen, C. S., Perez, R. C., Le Henaff, M., Valla, D., Lamont, T., . . .398

others (2020). Highly variable upper and abyssal overturning cells in the south399

atlantic. Science advances, 6 (32), eaba7573.400

Kiss, A. E., Hogg, A. M., Hannah, N., Boeira Dias, F., Brassington, G. B., Cham-401

berlain, M. A., . . . others (2020). ACCESS-OM2 v1. 0: A global ocean–sea ice402

model at three resolutions. Geoscientific Model Development , 13 (2), 401–442.403

Kusahara, K., Williams, G. D., Tamura, T., Massom, R., & Hasumi, H. (2017).404

Dense shelf water spreading from Antarctic coastal polynyas to the deep405

–12–



manuscript submitted to Geophysical Research Letters

Southern Ocean: A regional circumpolar model study. Journal of Geophys-406

ical Research: Oceans, 122 (8), 6238–6253.407

Locarnini, M., Mishonov, A., Baranova, O., Boyer, T., Zweng, M., Garcia, H., . . .408

others (2018). World ocean atlas 2018, volume 1: Temperature.409

Mazloff, M. R., Heimbach, P., & Wunsch, C. (2010). An eddy-permitting Southern410

Ocean state estimate. Journal of Physical Oceanography , 40 (5), 880–899.411

McCarthy, G. D., Brown, P. J., Flagg, C. N., Goni, G., Houpert, L., Hughes, C. W.,412

. . . others (2020). Sustainable observations of the AMOC: Methodology and413

technology. Reviews of Geophysics, 58 (1), e2019RG000654.414

Meredith, M. P., Locarnini, R. A., Van Scoy, K. A., Watson, A. J., Heywood, K. J.,415

& King, B. A. (2000). On the sources of Weddell Gyre Antarctic Bottom416

Water. Journal of Geophysical Research: Oceans, 105 (C1), 1093–1104.417

Morrison, A., Hogg, A. M., England, M. H., & Spence, P. (2020). Warm Circum-418

polar Deep Water transport toward Antarctica driven by local dense water419

export in canyons. Science advances, 6 (18), eaav2516.420

Orsi, A. H., Johnson, G. C., & Bullister, J. L. (1999). Circulation, mixing, and pro-421

duction of Antarctic Bottom Water. Progress in Oceanography , 43 (1), 55–109.422

Purkey, S. G., Smethie Jr, W. M., Gebbie, G., Gordon, A. L., Sonnerup, R. E.,423

Warner, M. J., & Bullister, J. L. (2018). A synoptic view of the ventilation424

and circulation of Antarctic Bottom Water from chlorofluorocarbons and natu-425

ral tracers. Annual review of marine science, 10 , 503–527.426

Rae, J. W., Burke, A., Robinson, L., Adkins, J. F., Chen, T., Cole, C., . . . others427

(2018). CO2 storage and release in the deep Southern Ocean on millennial to428

centennial timescales. Nature, 562 (7728), 569–573.429

Sasai, Y., Ishida, A., Yamanaka, Y., & Sasaki, H. (2004). Chlorofluorocarbons in430

a global ocean eddy-resolving OGCM: Pathway and formation of Antarctic431

Bottom Water. Geophysical research letters, 31 (12).432

Saunders, P. M., & King, B. A. (1995). Bottom currents derived from a shipborne433

adcp on woce cruise a11 in the south atlantic. Journal of Physical Oceanogra-434

phy , 25 (3), 329–347.435

Skinner, L. C., Fallon, S., Waelbroeck, C., Michel, E., & Barker, S. (2010). Venti-436

lation of the deep Southern Ocean and deglacial CO2 rise. Science, 328 (5982),437

1147–1151.438

Talley, L. D. (2013). Closure of the global overturning circulation through the In-439

dian, Pacific, and Southern Oceans: Schematics and transports. Oceanography ,440

26 (1), 80–97.441

Thomas, G., Purkey, S. G., Roemmich, D., Foppert, A., & Rintoul, S. R. (2020).442

Spatial Variability of Antarctic Bottom Water in the Australian Antarctic443

Basin From 2018–2020 Captured by Deep Argo. Geophysical Research Letters,444

47 (23), e2020GL089467.445

Van Sebille, E., Spence, P., Mazloff, M. R., England, M. H., Rintoul, S. R., &446

Saenko, O. A. (2013). Abyssal connections of Antarctic Bottom Water in447

a Southern Ocean state estimate. Geophysical Research Letters, 40 (10), 2177–448

2182.449

Weatherly, G. L. (1993). On deep-current and hydrographic observations from a450

mudwave region and elsewhere in the Argentine Basin. Deep Sea Research Part451

II: Topical Studies in Oceanography , 40 (4-5), 939–961.452

Zhang, H. J., Whalen, C., Kumar, N., & Purkey, S. G. (2020). Abyssal Stratification453

Change in the Southwest Pacific Basin.454

Zweng, M., Seidov, D., Boyer, T., Locarnini, M., Garcia, H., Mishonov, A., . . . oth-455

ers (2019). World ocean atlas 2018, volume 2: Salinity.456

Supporting References457

This section lists the SI references which do not appear in the references above.458

–13–



manuscript submitted to Geophysical Research Letters

Abernathey, R. P., Cerovecki, I., Holland, P. R., Newsom, E., Mazloff, M., Talley, L. D.459

(2016). Water-mass transformation by sea ice in the upper branch of the Southern Ocean460

overturning. Nature Geoscience, 9 (8), 596–601.461

Abrahamsen, E. P., Meijers, A. J., Polzin, K. L., Garabato, A. C. N., King, B. A., Fir-462

ing, Y. L., . . . others (2019). Stabilization of dense Antarctic water supply to the At-463

lantic Ocean overturning circulation. Nature Climate Change, 9 (10), 742–746.464

Cessi, P. (2019). The global overturning circulation. Annual review of marine science,465

11 , 249–270.466

De Lavergne, C., Madec, G., Le Sommer, J., Nurser, A. G., Naveira Garabato, A. C.467

(2016). On the consumption of Antarctic Bottom Water in the abyssal ocean. Journal468

of Physical Oceanography, 46 (2), 635–661.469

Donohue, K., Tracey, K., Watts, D., Chidichimo, M. P., Chereskin, T. (2016). Mean antarc-470

tic circumpolar current transport measured in drake passage. Geophysical Research Let-471

ters, 43 (22), 11–760.472

Dotto, T. S., Naveira Garabato, A., Bacon, S., Tsamados, M., Holland, P. R., Hooley,473

J., . . . Meredith, M. P. (2018). Variability of the Ross Gyre, Southern Ocean: drivers474

and responses revealed by satellite altimetry. Geophysical Research Letters, 45 (12), 6195–6204475

Fukamachi, Y., Rintoul, S., Church, J., Aoki, S., Sokolov, S., Rosenberg, M., Wakasuchi,476

M. (2010). Strong export of Antarctic Bottom Water east of the Kerguelen plateau. Na-477

ture Geoscience, 3 (5), 327–331.478

Ganachaud, A., Wunsch, C. (2000). Improved estimates of global ocean circulation, heat479

transport and mixing from hydrographic data. Nature, 408 (6811), 453–457.480

Gebbie, G., Huybers, P. (2011). How is the ocean filled? Geophysical Research Letters,481

38 (6).482

Gebbie, G., Huybers, P. (2012). The mean age of ocean waters inferred from radiocar-483

bon observations: Sensitivity to surface sources and accounting for mixing histories. Jour-484

nal of Physical Oceanography, 42 (2), 291–305485

Jackett, D. R., McDougall, T. J. (1997). A neutral density variable for the world’s oceans.486

Journal of Physical Oceanography, 27 (2), 237–263.487

Jackett, D. R., McDougall, T. J., Feistel, R., Wright, D. G., Griffies, S. M. (2006). Al-488

gorithms for density, potential temperature, conservative temperature, and the freezing489

temperature of seawater. Journal of Atmospheric and Oceanic Technology, 23 (12), 1709–1728.490

Johnson, G. C. (2008). Quantifying Antarctic bottom water and North Atlantic deep491

water volumes. Journal of Geophysical Research: Oceans, 113 (C5).492

Johnson, G. C., Purkey, S. G., Toole, J. M. (2008). Reduced Antarctic meridional over-493

turning circulation reaches the North Atlantic Ocean. Geophysical Research Letters, 35494

(22).495

Kunze, E. (2017). The internal-wave-driven meridional overturning circulation. Jour-496

nal of Physical Oceanography, 47 (11), 2673–2689.497

Large, W. G., Yeager, S. G. (2009). The global climatology of an interannually vary-498

ing air–sea flux data set. Climate dynamics, 33 (2-3), 341–364.499

–14–



manuscript submitted to Geophysical Research Letters

Lele, R., Purkey, S. G., Nash, J. D., MacKinnon, J. A., Thurnherr, A. M., Whalen, C.500

B., . . . Talley, L. D. (2021). Abyssal Heat Budget in the Southwest Pacific Basin. Jour-501

nal of Physical Oceanography.502

Locarnini, R. A., Mishonov, A. V., Antonov, J. I., Boyer, T. P., Garcia, H. E., Baranova,503

O. K., . . . Seidov, D. (2013). World Ocean Atlas 2013, Volume 1: Temperature (NOAA504

Atlas NESDIS No. 73). Retrieved from https://data.nodc.noaa.gov/woa/WOA13/DOC/505

woa13vol1.pdf506

Lumpkin, R., Speer, K. (2007). Global ocean meridional overturning. Journal of Phys-507

ical Oceanography, 37 (10), 2550–2562.508

Naveira Garabato, A. C., McDonagh, E. L., Stevens, D. P., Heywood, K. J., Sanders,509

R. J. (2002). On the export of Antarctic bottom water from the Weddell Sea. Deep Sea510

Research Part II: Topical Studies in Oceanography, 49 (21), 4715–4742.511

Neme, J., England, M. H., Hogg, A. M. (2021). Seasonal and Interannual Variability512

of the Weddell Gyre From a High-Resolution Global Ocean-Sea Ice Simulation During513

1958–2018. Journal of Geophysical Research: Oceans, 126 (11), e2021JC017662.514

Reeve, K. A., Boebel, O., Strass, V., Kanzow, T., Gerdes, R. (2019). Horizontal circu-515

lation and volume transports in the Weddell Gyre derived from Argo float data. Progress516

in Oceanography, 175 , 263–283.517

Reid, J. L. (1986). On the total geostrophic circulation of the South Pacific Ocean: Flow518

patterns, tracers and transports. Progress in Oceanography, 16 (1), 1–61.519

Talley, L. D. (2008). Freshwater transport estimates and the global overturning circu-520

lation: Shallow, deep and throughflow components. Progress in Oceanography, 78 (4),521

257–303522

Tsujino, H., Urakawa, S., Nakano, H., Small, R. J., Kim, W. M., Yeager, S. G., . . . oth-523

ers (2018). JRA-55 based surface dataset for driving ocean–sea-ice models (JRA55-do).524

Ocean Modelling, 130 , 79–139.525

Valla, D., Piola, A. R., Meinen, C. S., Campos, E. (2019). Abyssal transport variations526

in the southwest South Atlantic: First insights from a long-term observation array at 34.5527

S. Geophysical Research Letters, 46 (12), 6699–6705.528

Whitworth III, T., Nowlin Jr, W. D., Pillsbury, R. D., Moore, M. I., Weiss, R. F. (1991).529

Observations of the Antarctic Circumpolar Current and deep boundary current in the530

southwest Atlantic. Journal of Geophysical Research: Oceans, 96 (C8), 15105–15118.531

Xu, X., Chassignet, E. P., Firing, Y. L., Donohue, K. (2020). Antarctic Circumpolar532

Current transport through Drake Passage: What can we learn from comparing highres-533

olution model results to observations? Journal of Geophysical Research: Oceans, 125 (7),534

e2020JC016365.535

Zweng, M., Reagan, J., Antonov, J., Locarnini, R., Mishonov, A., Boyer, T., . . . Bid-536

dle, M. (2013). World ocean atlas 2013, volume 2: Salinity. NOAA Atlas NESDIS 74 .537

–15–




