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High-frequency fluctuations in Antarctic Bottom Water1

transport driven by Southern Ocean winds2

Andrew L. Stewart1, Xiaoyang Chi1, Aviv Solodoch1 and Andrew McC. Hogg2
3

1Department of Atmospheric and Oceanic Sciences, University of California, Los Angeles, California, USA4
2Research School of Earth Sciences & Australian Research Council Centre of Excellence for Climate5

Extremes, Australian National University, Canberra, Australia6

Key Points:7

• Variations in Southern Ocean winds drive large fluctuations in northward flow of8

Antarctic Bottom Water (AABW) in an ocean state estimate9

• AABW fluctuations are driven directly by topographic form stress, which responds10

to wind fluctuations over a time scale of a few days11

• Over multi-year time scales, interfacial form stress adjusts to wind fluctuations,12

suppressing fluctuations in AABW transport13

Corresponding author: Andrew L. Stewart, astewart@atmos.ucla.edu

–1–



manuscript submitted to Geophysical Research Letters

Abstract14

Northward flow of Antarctic Bottom Water (AABW) across the Southern Ocean com-15

prises a key component of the global overturning circulation. Yet AABW transport re-16

mains poorly constrained by observations and state estimates, and there is presently no17

means of directly monitoring any component of the Southern Ocean overturning. How-18

ever, AABW flow is dynamically linked to Southern Ocean surface circulation via the19

zonal momentum balance, offering potential routes to indirect monitoring of the trans-20

port. Exploiting this dynamical link, this study shows that wind stress fluctuations drive21

large AABW transport fluctuations on time scales shorter than ∼2 years, which com-22

prise almost all of the transport variance. This connection occurs due to differing time23

scales on which topographic and interfacial form stresses respond to wind variability, likely24

associated with differences in barotropic vs. baroclinic Rossby wave propagation. These25

findings imply that AABW transport variability can largely be reconstructed from the26

surface wind stress alone.27

Plain Language Summary28

Antarctic Bottom Water (AABW) is the densest major body of water in the world29

ocean, flowing out from Antarctica and filling over 1/3 of the global subsurface. AABW30

has several key functions in the climate system, particularly for climate variability over31

centuries to millennia. However, current observing and simulation technologies produce32

a wide range of estimates of the rate at which AABW is injected into the global ocean.33

This study shows that the rate at which AABW flows northward across the Southern34

Ocean can be indirectly inferred, and thus monitored, from knowledge of the forces ap-35

plied by winds to the ocean surface, which are more accurately estimated by current ob-36

serving and simulation technologies. These wind forces produce relatively large fluctu-37

ations of AABW flow in the Southern Ocean on time scales shorter than approximately38

2 years. Future measurements of AABW flow across the Southern Ocean must be made39

at sufficiently high frequency to resolve these fluctuations in order to avoid distortions.40

1 Introduction41

The formation and northward export of Antarctic Bottom Water (AABW) sup-42

plies the deepest branch of the global meridional overturning circulation (MOC) (Lumpkin43

& Speer, 2007; Talley, 2013). This export ventilates the global abyss, with AABW com-44

prising over 1/3 of the volume of the sub-surface ocean (Gebbie & Huybers, 2011). In45

addition to supplying oxygen (Orsi et al., 2001; Gordon, 2009), AABW serves as a reser-46

voir of carbon dioxide many times larger than the atmosphere’s (Russell et al., 2006; Skin-47

ner et al., 2010). The spread of AABW is therefore arguably the most climatically im-48

portant branch of the MOC on centennial to millennial timescales (Marshall & Speer,49

2012).50

Despite the global importance of AABW export, there are currently no direct mea-51

surements of its total meridional transport in the Southern Ocean. In contrast, deep ocean52

transports in the Atlantic basin are sampled by the RAPID (Johns et al., 2011), OSNAP53

(Schiermeier, 2013) and SAMBA (Ansorge et al., 2014) arrays, with additional arrays54

in preparation (Frajka-Williams et al., 2019). Estimates of AABW transport have been55

derived from inverse model calculations, but the available measurements permit only the56

multi-decadal mean transports to be estimated (Sloyan & Rintoul, 2001; Lumpkin & Speer,57

2007; Naveira Garabato et al., 2016). While multi-decadal changes in the properties and58

transport of AABW have been inferred from hydrographic measurements (Purkey & John-59

son, 2010, 2012, 2013), there remain insufficient direct measurements to monitor vari-60

ability in AABW export.61
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While the vastness of the Southern Ocean hinders direct measurements of AABW62

transport, the unique dynamics of the Antarctic Circumpolar Current (ACC) might al-63

low the transport to be inferred indirectly (Stewart & Hogg, 2017). Specifically, in the64

absence of zonal continental boundaries, the ACC must establish pressure gradients, and65

thus geostrophic flows, at the sea floor in order to balance the inputs of momentum and66

vorticity by the wind (Munk & Palmén, 1951; Rintoul et al., 2001). Consequently the67

ACC is strongly steered by major bathymetric features along its path (Hughes & De Cuevas,68

2001; Hughes, 2005), around which it forms “standing meanders” (A. F. Thompson &69

Naveira Garabato, 2014). The export of AABW across the ACC also occurs adjacent70

to these bathymetric features in a series of abyssal boundary currents (Fukamachi et al.,71

2010; Purkey et al., 2017), establishing a direct connection between the two circulations.72

The connection between AABW transport and ACC circulation is made explicit73

via the isopycnal zonal momentum balance (Mazloff et al., 2013), which is sketched in74

Fig. 1(a). Surface momentum input by the wind stress (WS) is primarily extracted from75

the ocean via topographic form stress (TFS) (Munk & Palmén, 1951; Masich et al., 2015).76

In the interior, zonal momentum is transferred downward through successively denser77

isopycnal layers via interfacial form stress (IFS) (Ward & Hogg, 2011; Masich et al., 2018).78

These form stresses support the northward flow of AABW, which induces a westward79

Coriolis force and thus requires a net eastward force due to the form stresses in order80

to satisfy geostrophic balance (Howard et al., 2015; Stewart & Hogg, 2017).81

In this study we use this isopycnal momentum balance to identify a dynamical con-82

nection between high-frequency wind fluctuations (occurring over periods shorter than83

a few years) and variability in the northward flow of AABW. We hypothesize that such84

a connection should exist due to the vast difference in the time scales associated with85

the establishment of IFS vs. TFS, which are set by the propagation time scales of baro-86

clinic and barotropic Rossby waves, respectively (Ward & Hogg, 2011). We use a dynam-87

ically self-consistent ocean state estimate to examine the relationships between WS, IFS,88

TFS and the northward flow of AABW over a range of different time scales (see Sec. 2).89

A key finding is that AABW transport closely tracks variations in the WS over time scales90

longer than a few days and shorter than a few years, which may allow a large fraction91

of the AABW transport variability to be reconstructed dynamically from the WS (see92

Sec. 3). This finding has implications for direct estimates of the abyssal overturning cir-93

culation in the Southern Ocean, and offers a potential approach to indirectly inferring94

the strength of this circulation (see Sec. 4).95

2 Isopycnal overturning in the ECCOV4r4 global ocean state estimate96

We diagnose overturning circulation variability in the Estimating the Climate and97

Circulation of the Ocean state estimate, Version 4, Release 4 (ECCOV4r4) (Forget et98

al., 2015; Fukumori et al., 2021). This product estimates the global ocean and sea ice99

state from 1992 to 2017 on an approximately 1◦ horizontal grid with 50 vertical levels.100

ECCO simulates the ocean and sea ice state using the MIT general circulation model101

(Marshall, Adcroft, et al., 1997; Marshall, Hill, et al., 1997), constrained by a range of102

in situ and remote measurements. ECCOV4r4 carries two key advantages for this study:103

First, the estimated ocean state is dynamically self-consistent, i.e. no spurious nudging104

of the ocean state toward observations occurs during the model integration. Second, the105

model state is provided as daily averages, allowing variability in the ocean state and cir-106

culation to be quantified over a wide range of time scales. This range of time scales is107

necessary to capture the adjustment of the ACC momentum balance to changes in wind108

forcing, as shown in Sec. 3.109

We compute the overturning circulation using potential density referenced to 2000 db110

(σ2) as the vertical coordinate, as this has been shown to more accurately capture South-111

ern Ocean transport pathways than averaging in geopotential coordinates (Döös & Webb,112

–3–



manuscript submitted to Geophysical Research Letters

Figure 1. (a) Schematic of the Southern Ocean’s zonal momentum balance and its rela-

tionship with northward flow of Antarctic Bottom Water (TAABW). The brown shaded area

corresponds to a section of the ECCOV4r4 bathymetry along 58◦S, while the dark blue shaded

area corresponds to the upper boundary of the AABW layer (defined as σ2 = 37.1 kg/m3 in our

analysis) along the same latitude circle. The wind stress (WS) imparts zonal momentum upon

the ocean surface layer, which is extracted by topographic form stress (TFS) at the sea floor.

Interfacial form stress (IFS) at each isopycnal interface acts to transfer zonal momentum down-

ward. The northward flow of AABW is approximately geostrophic, and is therefore in balance

with the form stress convergence, i.e. IFS−TFS. (b) In a multi-annual average, the mean TFS

balances the WS. Meanwhile, the IFS must exceed TFS in order to support the mean northward

flow of AABW across the Southern Ocean. (c) Response to WS fluctuations over short periods

(from days to several years). The TFS adjusts to changes in WS over a period of a few days,

whereas IFS requires several years. Thus, high-frequency wind fluctuations translate directly to

fluctuations in form stress convergence in the AABW layer, with commensurate fluctuations in

the northward transport of AABW.

1994; Cessi, 2019). Specifically, we define the overturning streamfunction ψ as113

ψ(φ, σ2, t) =

∮ ∫ z=0

z=ησ

v(x, φ, z, t) dzdx, (1)114

where x denotes zonal distance, φ denotes latitude, z denotes elevation, t denotes time,115

and ησ denotes the elevation of each σ2 surface. Here the meridional velocity v = vr+116

ve is the sum of the resolved flow, vr, plus the parameterized eddy-induced transport,117

ve (Gent & McWilliams, 1990). Thus, the overturning streamfunction can correspond-118

ingly be written as a sum of resolved plus eddy-induced components, ψ = ψr+ψe (Marshall119

& Radko, 2003), which are discussed further in the Supporting Information.120
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Figure 2. Isopycnal overturning circulation in the ECCOV4r4 global ocean state estimate

(Forget et al., 2015), and its variability in the Southern Ocean. (a) Overturning streamfunction

ψ, averaged over 1992–2017 and remapped to latitude/depth space as described in Section 2.

The circulation follows streamlines in the directions indicated by the black arrows. Gray con-

tours show potential density surfaces (σ2 = 35.5, 36.5, 36.99, 37.07 and 37.16 kg/m3) that are

approximately aligned with the boundaries and cores of the upper and lower overturning cells

in the subtropics. (b) Southern Ocean overturning streamfunction ψ in latitude/density space.

(c,d) First two empirical orthogonal functions (EOFs) of ψ, computed using daily variations ψ

from 1992 to 2017 between 40◦S and 80◦S. In panels (a–d) the white dashed line indicates the

isopycnal (σ2 = 37.1 kg/m3) and latitude range (50–60◦S) that we use to define the northward

transport of Antarctic Bottom Water, TAABW. (e) Cumulative variance in spectral space of

TAABW, and of the first three principal components of ψ.

Fig. 2(a) shows the time-averaged global overturning streamfunction, remapped to121

geopotential coordinates via the zonal/vertical cross-sectional areas above each isopy-122

cnal and geopotential surface (Nurser & Lee, 2004; Sun et al., 2020). The overturning123

circulation is very similar to the previous releases of ECCO, which accurately captures124

–5–



manuscript submitted to Geophysical Research Letters

the strength of the upper branch of the circulation. The strength of the abyssal (AABW-125

driven) branch varies substantially among previous observationally-constrained estimates,126

with ECCOV4r4 lying toward the low end of this range (Cessi, 2019).127

Figs. 2(b–d) show the time-averaged streamfunction and its principal modes of vari-128

ability in the Southern Ocean, the latter being quantified via the first two Empirical Or-129

thogonal Functions (EOFs) south of 40◦S (Weare & Nasstrom, 1982). The EOFs reveal130

that variability in the streamfunction has a structure that occupies the full water col-131

umn depth, with transports concentrated in the surface and bottom density classes. This132

structure indicates that fluctuations in meridional Ekman transport are balanced by ap-133

proximately isopycnal return flows in the deepest density classes, suggesting the variabil-134

ity in wind stress is associated with variability in isopycnal transport of AABW. Fur-135

thermore, the magnitudes of the EOFs demonstrate that this variability in the overturn-136

ing circulation is comparable in magnitude to its mean strength (the corresponding Prin-137

cipal Components (PCs) have each been normalized to have standard deviations of 1).138

We quantify variability in meridional transport of AABW via139

TAABW(t) =
〈
ψ|σ2=37.1 kgm−3

〉
, (2)140

where 〈•〉 denotes an average from 60◦S to 50◦S. The σ2 = 37.1 kg m−3 density surface141

approximately tracks the maximum of the zonally-integrated abyssal overturning stream-142

function in the Southern Ocean; this density surface and the meridional averaging win-143

dow are indicated in Figs. 2(a–d)). In Fig. 2(e) we quantify the variability in TAABW and144

the first two principal components of the Southern Ocean streamfunction via the cumu-145

lative spectral variance. The variability in all of these time series is strongly skewed to-146

ward high frequencies, with approximately 90% of the variance occuring on periods shorter147

than 1 year.148

As discussed in Sec. 1, meridional transport of AABW is closely tied to the zonal149

momentum balance (see Fig. 1(a)). We quantify the zonally-integrated wind stress as150

WS(φ, t) =

∮
τ (x) dx, (3)151

where τ (x) denotes the zonal component of the ocean surface stress reported by ECCOV4r4.152

The interfacial form stress across each σ2 surface is153

IFS(φ, σ2, t) =

∮
p|z=ησ

∂ησ
∂x

dx, (4)154

where p is the pressure, and the topographic form stress is155

TFS(φ, t) =

∮
p|z=ηb

∂ηb
∂x

dx, (5)156

where ηb is the elevation of the ocean bottom. Like the overturning streamfunction, the157

IFS has both resolved (RIFS) and eddy (EIFS) components, with IFS = RIFS+EIFS.158

We compute the RIFS and the TFS following Masich et al. (2015, 2018) and Stewart and159

Hogg (2017), while (EIFS) is inferred from the eddy-induced overturning streamfunc-160

tion (Gent et al., 1995), as discussed in the Supporting Information.161

In isopycnal coordinates, the geostrophic relation implies that the northward flow162

in isopycnal layers is proportional to the form stress divergence (Mazloff et al., 2013).163

Over the entire AABW layer, this implies164

|f |ρ0TAABW = IFSAABW − 〈TFS〉 . (6)165

Here f is the Coriolis parameter, ρ0 = 1029 kg m−3 is the reference density, and we de-166

fine IFSAABW as the interfacial form stress at the top of the AABW layer,167

IFSAABW(t) =
〈

IFS|σ2=37.1 kgm−3

〉
. (7)168
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In Sec. 3 (see Fig. 3(b)) and the Supporting Information we verify that Eqn. (6) holds169

to a very close approximation, despite the resolved components of TAABW and IFS be-170

ing calculated independently of one another.171

3 Time scales of AABW transport response to wind fluctuations172

We now examine the relationship between wind stress and AABW transport in the173

Southern Ocean, and link these relationships to interfacial and topographic form stresses.174

In Figs. 3 we quantify these relationships over a range of different time scales by apply-175

ing running averages of various window lengths to 〈WS〉, TAABW, IFSAABW and 〈TFS〉.176

Note that the variance in these times series occurs primarily at high frequencies (see Fig. 2(e)),177

so applying a smoothing window of a given width ∆t tends to emphasize variability with178

periods close to ∆t.179

Fig. 3(a) shows that 〈TFS〉 is strongly correlated with surface winds at all time scales,180

with correlation coefficient r rising from ∼0.73 for a smoothing window of 1 day to r ≈181

1 for smoothing windows longer than 30 days. This indicates that the ACC approaches182

a balance between zonal wind stress and TFS on time scales shorter than 1 month, as183

is expected in equilibrium conditions (Munk & Palmén, 1951; Masich et al., 2015). In184

contrast, IFS is very weakly correlated with the wind variability, with 〈WS〉 typically ex-185

plaining just 10–20% of the variance in IFSAABW. This result is consistent with our hy-186

pothesis that IFS responds to wind stress variability on a longer, multi-annual time scale187

than TFS.188

The muted response of IFSAABW to wind variability suggests that wind-driven fluc-189

tuations of 〈TFS〉 should produce corresponding fluctuations of TAABW, via (6):190

|f |ρ0T ′AABW ≈ −〈TFS〉′ ≈ −〈WS〉′ . (8)191

Here primes ′ denote deviations from an average over the entire ECCOV4r4 integration192

period. Figs. 3(a) and (b) support this relationship: TAABW exhibits a correlation of ∼0.7193

with both 〈TFS〉 and 〈WS〉 at 1-day smoothing, rising to ∼0.85 at for a smoothing win-194

dow of one year. Fig. 3(b) also shows that Eqn. (6) holds (r & 0.9) for all smoothing195

windows, verifying that fluctuations in the northward flow of AABW are indeed geostrophic,196

whereas TAABW is essentially uncorrelated with IFSAABW on time scales shorter than197

∼3 years. However, on longer time scales TAABW becomes uncorrelated with the TFS,198

and exhibits a strong correlation with IFSAABW, rising to a maximum of r ≈ 0.87 for199

a smoothing time scale of approximately 10 years. This implies that multi-annual geostrophic200

AABW transport fluctuations are supported primarily by adjustments of the IFS.201

A further implication of Eqn. (8) is that it should be possible to reconstruct AABW202

transport variability solely from knowledge of the surface wind stress. In Fig. 3(c) we203

illustrate this reconstruction over the entire ECCOV4r4 state estimate, with a 30-day204

running-average smoothing applied to both the diagnosed and reconstructed T ′AABW. The205

Nash–Sutcliffe Efficiency (McCuen et al., 2006) of this reconstruction is 0.61.206

Above, we posit that the strong relationship between AABW meridional transport207

and zonal wind stress results from IFS and TFS responding to wind stress changes over208

widely differing time scales. To quantify these time scales, we use Climate Response Func-209

tions (CRFs) (Kostov et al., 2017; Hasselmann et al., 1993). Briefly, each CRF is com-210

puted by assuming that a time series, e.g., TAABW(t), is linearly related to the past his-211

tory of 〈WS〉(t),212

ρ0|f |TAABW(t) =

∫ τmax

0

dτ G(τ) · 〈WS〉(t− τ) + ε. (9)213

Here G(τ) is a Green’s function and ε denotes the error in this relation. We include the214

factor of ρ0|f | so that the Green’s function has units of s−1; this factor is not needed when215

–7–
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Figure 3. Time scales of the relationships between surface wind stress (WS), northward flow

of AABW (TAABW), interfacial form stress at the top of the AABW layer (IFSAABW), and to-

pographic form stresses (TFS). All quantities are first averaged between 50◦S and 60◦S, and are

then smoothed via a running average with varying temporal window lengths. (a) Correlations

of TAABW, TFS and IFSAABW with WS, quantified via Pearson’s correlation coefficient, r. (b)

Correlations of TFS, IFS and IFS−TFS with TAABW. In both panels (a) and (b) correlation

coefficients above the gray shaded region are statistically significant (p < 0.05). The statistical

significance threshold depends on the effective number of degrees of freedom in the smoothed

time series, which we estimate via the time scale over which the autocorrelation function decays

by a factor of e. (c) Time series of northward AABW transport anomalies, T ′AABW, as diag-

nosed directly from the ECCOV4r4 product and reconstructed from the surface wind stress via

ρ0|f |T ′AABW ≈ −WS′. Both the diagnosed and reconstructed transports have been smoothed via

running 30-day averages.

computing CRFs for the TFS or IFS. The normalized response to a step change in 〈WS〉216

–8–



manuscript submitted to Geophysical Research Letters

Figure 4. Response of the northward transport of AABW (TAABW), topographic form stress,

and interfacial form stress at the top of the AABW layer to a step-change in wind stress, diag-

nosed via Climate Response Functions (Hasselmann et al., 1993; Kostov et al., 2017). Shaded

areas indicate one-standard deviation error bars (see Supporting Information). In the right-hand

panel a 30-day running average has been applied to each of the time series. Note that combining

the CRFs according to Eqn. (6), i.e. T̃AABW − R̃IFSAABW − ẼIFSAABW + T̃FS, yields a sum that

is very close to zero (omitted from this figure for clarity).

(occuring at a time denoted as τ = 0), T̃AABW(τ), may then be reconstructed as217

T̃AABW(τ) =

∫ τ

0

dτ † G(τ †). (10)218

where τ † is a dummy variable of integration. Further information on this calculation,219

including the discretization and error estimation procedure, are provided in the Support-220

ing Information.221

Fig. 4 shows the diagnosed responses of ρ0|f |TAABW, 〈TFS〉, RIFSAABW and EIFSAABW222

to a step change in wind stress. The TFS responds almost immediately: after just 1 day223

the TFS has adjusted to balance the change in wind stress. In contrast, resolved (RIFS)224

and eddy (EIFS) components of the IFS do not change substantially for several years,225

with their sum (IFS = RIFS + EIFS) balancing the wind stress from approximately 3226

years onward. While the EIFS adjusts steadily to the step change in wind over several227

years, the IFS appears to undergo a relatively rapid adjustment between τ ≈ 2 yr and228

τ ≈ 3 yr. The resulting change in downward momentum transfer is approximately equally229

distributed between RIFS and EIFS, with R̃IFSAABW ≈ 0.6 and ẼIFSAABW ≈ 0.5 at230

τ = 10 yr. Consistent with the isopycnal geostrophic balance (Eqn. (6)), the slow ad-231

–9–



manuscript submitted to Geophysical Research Letters

justment of the IFS results in an almost immediate adjustment of TAABW to a step change232

in wind (T̃AABW ≈ −1 for τ . 30 days). This response persists for a few years (T̃AABW .233

−0.5 for τ . 2 yr), before decaying toward zero between τ = 2 yr and τ = 3 yr. For234

τ & 4 yr, T̃AABW actually reverses sign, suggesting some over-compensation due to the235

adjustment of the IFS. However, it is not clear whether this transport anomaly is sta-236

tistically distinguishable from zero, based on the error bars in Fig. 4.237

Our correlation analysis (Fig. 3) and CRFs (Fig. 4) indicate that IFS responds to238

changes in wind stress on a much slower time scale (2–3 years) than TFS does (∼1 day).239

A possible dynamical interpretation of this difference is that the barotropic and baro-240

clinic responses are governed by the propagation speeds of barotropic and baroclinic Rossby241

waves, which differ by 2–3 orders of magnitude (Anderson & Gill, 1975; Ward & Hogg,242

2011). However, our results do not provide an explicit link to planetary wave dynam-243

ics, so we leave a specific investigation of the underlying dynamical mechanism for fur-244

ther study. We additionally note that these dynamics do not appear to be unique to the245

ACC core latitudes (60◦S–50◦S): similarly strong correlations between the surface wind246

stress and AABW transport are found throughout the Southern Ocean (latitudes south247

of 30◦S, see Supporting Information).248

4 Discussion and conclusions249

The major finding of this study is that fluctuations in Southern Ocean winds drive250

variability in meridional transport of AABW over time scales shorter than approximately251

2 years (Figs. 3(a) and 4). Fluctuations on these time scales account for almost all of252

the variability in the winds (Hell et al., 2021) and the export of AABW (Fig. 2(e)). Fur-253

thermore, the transport fluctuations are comparable to the mean meridional transport254

of AABW (Fig. 3(c)).255

The mechanism underlying this relationship is summarized schematically in Figs. 1(b)256

and (c). Over longer time scales (&3 years), our findings reproduce the momentum bal-257

ance of the Southern Ocean that has previously been reported under equilibrium con-258

ditions (Munk & Palmén, 1951; Masich et al., 2015). The surface wind stress is trans-259

ferred down to the sea floor by IFS and then removed by TFS, as shown in Fig. 4 and260

illustrated in Fig. 1(b). Northward flow of AABW occurs in the deepest density classes,261

and geostrophic balance (Eqn. (6)) requires that the IFS exceed the magnitude of the262

TFS to support this flow (see Fig. 3(b) and Supporting Information Fig. S1). On shorter263

time scales (.2 years), TFS continues to adjust to wind stress fluctuations, whereas IFS264

remains approximately constant (Fig. 1(c)). Thus, the fluctuating TFS induces AABW265

transport variations that are approximately equal and opposite to the wind-driven sur-266

face Ekman transport fluctuations (Eqn. (8)). These findings are qualitatively consis-267

tent with the differing time scales of barotropic vs. baroclinic respones due to the asso-268

ciated Rossby wave propagation speeds (Anderson & Gill, 1975; Ward & Hogg, 2011).269

On very short time scales (.15 days) the relationship between wind stress, TFS and AABW270

transport weakens slightly (Figs. 3 and 4), likely associated with the time scale of the271

ACC’s barotropic response to wind stress variability.272

A caveat to these findings is that the abyssal overturning circulation in ECCOV4r4273

is less well constrained than, e.g., the upper branch of the global overturning circulation274

(Cessi, 2019). However, the dynamical self-consistency of ECCOV4r4 gives us confidence275

that the mechanism underlying the high-frequency wind-driven fluctuations in AABW276

export is faithfully simulated in this product. Another caveat is that ECCOV4r4 param-277

eterizes the effects of mesoscale eddies, which might otherwise be expected to introduce278

additional AABW transport variability. This effect could potentially weaken the wind/AABW279

relationship on sub-annual time scales, although substantial cancellation of eddy-induced280

flows may be anticipated in a circumpolar integral. It is also unclear whether parame-281

terized eddies accurately capture the time scale over which eddy IFS adjusts to winds282

–10–
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(see Fig. 4), though we note that previous eddy-resolving model studies have found that283

the Southern Ocean eddies adjust to wind changes over a time scale of several years (Sinha284

& Abernathey, 2016). Repetition of our analysis in a model that permits or resolves mesoscale285

eddies may be necessary to address the contribution of eddies to AABW transport vari-286

ability.287

A key implication of our findings is that Southern Ocean abyssal overturning cir-288

culation variability may be at least partially monitored using surface zonal wind stress,289

which in turn might be inferred from reanalysis products or the Southern Annular Mode290

index (D. W. J. Thompson & Wallace, 2000). This study therefore contributes to on-291

going efforts to find methods of indirectly inferring global overturning circulation vari-292

ability (Frajka-Williams et al., 2019). Such efforts have thus far primarily focused on the293

Atlantic, though winds have been shown to drive deep-reaching overturning circulation294

variability in both the Atlantic and Indo-Pacific basins (Tandon et al., 2020). However,295

inference of AABW transport from wind fluctuations excludes longer-term variability,296

e.g. associated with variations in source water export and properties (Abrahamsen et297

al., 2019; Silvano et al., 2020). The relatively large wind-driven fluctuations in AABW298

transport may also explain the pronounced variability observed in direct measurements299

of AABW velocities (Fukamachi et al., 2010), though its contribution relative to mesoscale300

variability remains to be evaluated. Future observations of AABW transport in the South-301

ern Ocean should account for these high-frequency fluctuations so as to avoid aliasing,302

for example in inferences of transport trends.303
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