
1. Introduction
In recent decades, proxy techniques and model experiments have been applied to explore the evolution of South-
ern Ocean circulation from the late Eocene pattern of two gyres (the subtropical and subpolar gyres) to the 
modern Antarctic Circumpolar Current (ACC) (D. J. Hill et al., 2013; Sauermilch et al., 2021; Scher et al., 2015; 
Sijp & England, 2004; Stickley et al., 2004). The modern ACC is characterized by a circumpolar pathway pene-
trating both Tasman Gateway (TG) and Drake Passage (DP), with a volume transport through the DP of 137 Sv 
(Meredith et  al.,  2011, 1  Sv  =  10 6  m 3s −1), or around 173  Sv if the near-bottom flow is included (Donohue 
et al., 2016). There are several common factors that might have played a role in the development of the modern 
ACC—the opening and deepening of ocean gateways, changes in the wind forcing, and changes in buoyancy 
forcing. In previous studies, the opening and the deepening of ocean gateways (Baatsen et al., 2020; D. J. Hill 
et al., 2013; Sijp et al., 2011), the change in strength and location of wind stress (Sauermilch et al., 2021; Scher 
et al., 2015; Xing et al., 2022), and the declining of atmospheric CO2 (Goldner et al., 2014; Ladant et al., 2014; 
Lefebvre et al., 2012) have been shown to have critical roles in the development of the proto-ACC and the transi-
tion of the early Southern Ocean toward its modern circulation. Nevertheless, all the studies obtain a DP transport 
of the proto-ACC not exceeding 90 Sv, even with a deep TG (1,500 m; DP transport of 12.5 Sv) (Sauermilch 
et  al., 2021) and/or strong wind stress (maximum wind stress of 0.2 N m −2; DP transport of 44.8 Sv) (Xing 
et al., 2022), or modern pCO2 (280 ppm; DP transport of 89 Sv) (Lefebvre et al., 2012). Hence, these so-called 
proto-ACCs are quite different from the realistic modern ACC regarding DP transport. This raises the question of 
what drives the increase of the ACC's transport through DP toward its modern value.

Abstract From the Eocene (∼50 million years ago) to today, Southern Ocean circulation has evolved from 
the existence of two ocean gyres to the dominance of the Antarctic Circumpolar Current (ACC). It has generally 
been thought that the opening of Southern Ocean gateways in the late Eocene, in addition to the alignment of 
westerly winds with these gateways or the presence of the Antarctic ice sheet, was a sufficient requirement 
for the transition to an ACC of similar strength to its modern equivalent. Nevertheless, models representing 
these changes produce a much weaker ACC. Here we show, using an eddying ocean model, that the missing 
ingredient in the transition to a modern ACC is deep convection around the Antarctic continent. This deep 
convection is caused by cold temperatures and high salinities due to sea-ice production around the Antarctic 
continent, leading to both the formation of Antarctic Bottom Water and a modern-strength ACC.

Plain Language Summary The evolution of ocean circulation from the early Southern Ocean 
around 50 million years ago to today has seen much debate over the past decades. The main characteristic of the 
modern Southern Ocean is the prevalence of the Antarctic Circumpolar Current (ACC), the world's strongest 
current. In the past it has been thought that the deepening of ocean gateways, and changes in the strength and 
location of winds, led to an ACC of similar strength to its modern equivalent. Nevertheless, ocean models 
simulating these changes typically reproduce an ACC with less than a third of the modern ACC's strength. 
Here we show that the missing ingredient in the transition to a modern ACC is deep convection around the 
Antarctic continent. Deep convection is due to a combination of cooling and increase in salinity by sea ice 
formation which allows for water at the ocean surface to become denser than the water below, leading to the 
mixing of the water column to great depths. This deep convection allows for the ocean to be energized, leading 
to a modern-strength Antarctic Circumpolar Current. A cool climate around the Antarctic continent is therefore 
crucial for the development of a modern-strength Antarctic Circumpolar Current.

XING ET AL.

© 2023. The Authors.
This is an open access article under 
the terms of the Creative Commons 
Attribution-NonCommercial-NoDerivs 
License, which permits use and 
distribution in any medium, provided the 
original work is properly cited, the use is 
non-commercial and no modifications or 
adaptations are made.

Deep Convection as the Key to the Transition From Eocene to 
Modern Antarctic Circumpolar Current
Qianjiang Xing1  , Andreas Klocker2  , David Munday3  , and Joanne Whittaker1 

1Institute for Marine and Antarctic Studies, University of Tasmania, Hobart, Australia, 2NORCE Norwegian Research Centre, 
Bjerknes Centre for Climate Research, Bergen, Norway, 3British Antarctic Survey, Cambridge, UK

Key Points:
•  Deep convection is able to drive a 

strong Antarctic Circumpolar Current 
(ACC)

•  Surface cooling and sea ice formation 
are crucial drivers of this deep 
convection

•  ACC similar to a rim current around 
convective sites, energizing ocean 
circulation

Supporting Information:
Supporting Information may be found in 
the online version of this article.

Correspondence to:
Q. Xing,
qianjiang.xing@utas.edu.au

Citation:
Xing, Q., Klocker, A., Munday, D., & 
Whittaker, J. (2023). Deep convection 
as the key to the transition from Eocene 
to modern Antarctic Circumpolar 
Current. Geophysical Research Letters, 
50, e2023GL104847. https://doi.
org/10.1029/2023GL104847

Received 19 JUN 2023
Accepted 4 DEC 2023

Author Contributions:
Conceptualization: Andreas Klocker, 
David Munday, Joanne Whittaker
Formal analysis: Qianjiang Xing
Funding acquisition: Andreas Klocker, 
David Munday, Joanne Whittaker
Investigation: Qianjiang Xing, Andreas 
Klocker, David Munday, Joanne 
Whittaker
Methodology: Andreas Klocker, David 
Munday, Joanne Whittaker
Project Administration: Andreas 
Klocker, David Munday, Joanne 
Whittaker
Supervision: Andreas Klocker, David 
Munday, Joanne Whittaker
Visualization: Qianjiang Xing

10.1029/2023GL104847
RESEARCH LETTER

1 of 11

http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://orcid.org/0000-0001-8697-206X
https://orcid.org/0000-0002-2038-7922
https://orcid.org/0000-0003-1920-708X
https://orcid.org/0000-0002-3170-3935
https://doi.org/10.1029/2023GL104847
https://doi.org/10.1029/2023GL104847
https://doi.org/10.1029/2023GL104847
https://doi.org/10.1029/2023GL104847
https://doi.org/10.1029/2023GL104847
http://crossmark.crossref.org/dialog/?doi=10.1029%2F2023GL104847&domain=pdf&date_stamp=2023-12-19


Geophysical Research Letters

XING ET AL.

10.1029/2023GL104847

2 of 11

In the traditional paradigm, the Southern Ocean's strong westerly surface winds are considered to be a promi-
nent driver of the ACC (Allison et al., 2010; Gnanadesikan, 1999), although surface buoyancy forcing has been 
recognised as of importance (Hogg, 2010). The westerly winds drive a northward Ekman transport, which acts to 
steepen isopycnal surfaces across the Southern Ocean (J. Marshall & Radko, 2003). This produces a meridional 
gradient in density, which varies with depth, and consequently leads to an eastward ACC via thermal wind shear 
(Vallis, 2017). Despite this focus on surface wind stress as a driver of the ACC, eddying model simulations show 
that its circumpolar volume transport is insensitive to changes in wind forcing (Hallberg & Gnanadesikan, 2001; 
Tansley & Marshall, 2001), potentially to the limit of no wind (D. R. Munday et al., 2013, 2015). This contrasts 
to the response of models that must parameterize eddies due to their resolution (McDermott, 1996; Toggweiler 
& Samuels, 1995, 1998). Note that recent parameterizations that keep track of eddy energy are able to partially 
replicate this behavior (Mak et al., 2018).

Based on experiments with turbulence-resolving direct numerical simulations (Barkan et  al.,  2013; Gayen & 
Griffiths, 2022; Klocker et al., 2023; Sohail et al., 2019; Xing et al., 2023), it has been suggested that rotating 
horizontal convection may play a role in the ACC's formation. Rotating horizontal convection is driven by surface 
buoyancy loss and gain (Gayen & Griffiths, 2022; Hughes & Griffiths, 2008) with deep convection taking place 
at the boundary where buoyancy is lost. This ties the formation of the ACC to the presence of such convection 
and thus the formation of deep and bottom waters. In a simple reduced gravity model of the ACC, the initiation of 
deep water formation leads to the acceleration of the ACC and a large increase in its circumpolar zonal transport 
(D. R. Munday et al., 2022). In addition, two model studies propose that the presence of ice sheets and brine 
rejection from sea-ice formation can lead to acceleration of the ACC via thermal wind shear (Ladant et al., 2014; 
Lefebvre et al., 2012).

The modeling studies discussed above mostly use varying degrees of idealization, whether in domain geometry or 
in the equations that govern the evolution of the circulation. Lefebvre et al. (2012) and Ladant et al. (2014) both 
use a realistic geometry, but coarse resolution models in which eddies are parameterized. Our motivation in this 
study is therefore to test these ideas in an eddying model simulation using a realistic late Eocene bathymetry to 
see if the change from Eocene to modern surface buoyancy forcing can explain the evolution of the ACC from its 
weak state in the late Eocene to its modern state with a transport similar to that observed in observations.

2. Methods
The ocean model configuration used in this study is based on an ocean-only configuration of the MIT general 
circulation model (J. Marshall, Adcroft, et al., 1997; J. Marshall, Hill, et al., 1997), and is identical to that used 
by Sauermilch et al. (2021) and Xing et al. (2022). The model has 1/4° horizontal grid spacing (i.e., mesoscale 
eddy-permitting), 50 unevenly spaced vertical levels, and a circumpolar domain with latitude range between 84°S 
and 25°S. A 300 km sponge layer is used at the northern boundary of the model, restoring the temperature and 
salinity to a fixed vertical profile with a timescale of 10 days. These temperature and salinity profiles are temporal 
and zonal mean values taken from a coupled atmosphere–ocean model representing the late Eocene (Hutchinson 
et al., 2018), and are shown in Figure S1 in Supporting Information S1. Using such boundary conditions assumes 
that processes in the northern hemisphere, such as deepwater formation in the North Atlantic, are constant for 
all experiments. This setup therefore allows us to focus entirely on the dynamics in the Southern Ocean. We also 
apply zero meridional velocities at the northern boundary to maintain volume conservation in our model domain.

Antarctic ice sheet and sea-ice formation are excluded in our model configuration due to computational expense 
and complexity. However, their impacts in accelerating the ACC will be implicitly felt in our simulations due 
to using the modern surface buoyancy forcing. The model domain, late Eocene bathymetry, and applied zonally 
averaged paleo-wind stress are shown in Figure 1. We refer to Sauermilch et al. (2021) and Xing et al. (2022) for 
more details about this model configuration and paleo-bathymetric reconstruction.

This study uses four sets of surface buoyancy forcing, created following the three steps below, to test its role in 
the sensitivity of the proto-ACC:

•  The late Eocene surface buoyancy forcing (paleo_SBF) is derived from sea surface temperature (SST) 
and salinity (SSS) distributions of a coupled late Eocene (38  Ma) atmosphere–ocean model (Hutchinson 
et al., 2018), shown in Figures 1b and 1c.
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•  The modern surface buoyancy forcing (modern_SBF) is derived from SST and SSS distributions of 
Monthly Isopycnal and Mixed-layer Ocean Climatology (MIMOC) (Johnson et al., 2012). MIMOC records 
three-dimensional global monthly ocean property distributions within 80°S to 90°N at 0.5° lateral grid spac-
ing. Note that MIMOC only covers the domain with a southernmost latitude of 80°S. To match the applied 
ocean model domain, we extend eight grid boxes to 84°S using the southernmost data points.

•  Based on late Eocene and modern surface buoyancy forcing, we derive another two paleo-modern mixed 
buoyancy forcing (paleo_T_modern_S and modern_T_paleo_S). The mixed forcing, for example, modern_T_
paleo_S, is composed of one modern forcing, for example, modern SST, and one late Eocene forcing, for 
example, paleo SSS.

We interpolate all surface buoyancy forcing on to the 1/4° grid. Temporal and zonal means of the sea surface 
temperatures (SST) and salinities (SSS) of these four forcing sets (shown in Figure 1) are then used to restore 
surface ocean values with a time scale of 10 days. Only the first forcing set, paleo_SBF, is fully consistent with 
the forcing at the northern boundary.

Figure 1. (a) High-resolution (0.25°) reconstructed bathymetry of the late Eocene (38 Ma) Southern Ocean. The black curve 
and blue arrows show the applied zonal mean wind stress throughout the domain. Peak westerly wind is at about 53°S and has 
a strength of around 0.1 N m −2. (b, c) Comparisons of late Eocene (black) and modern (red) sea surface temperature restoring 
(b) and sea surface salinity restoring (c). Blue and yellow rectangles in panel b and panel c indicate the latitude range of the 
TG and DP.
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As shown in Figure 1, modern SST has a similar meridional gradient to the late Eocene SST, but absolute values 
are around 10°C colder with freezing temperatures close to the Antarctic coast. Late Eocene and modern SSS 
have similar values to the north of 60°S, but south of 60°S modern SSS remains around 34 PSU due to sea ice 
formation, while late Eocene SSS in this area is fresh due to runoff from the continent. The applied modern 
surface buoyancy forcing (modern_SBF) shows low temperatures and high salinities typical of modern high 
latitudes, which will give a higher density than the Eocene forcing, leading to destabilizing surface buoyancy 
forcing and hence convection.

In total six experiments are considered, as shown in detail in Table  1. The two model simulations of Xing 
et al.  (2022) with 300 and 1,500 m TG (DP depth: 1,000 m) and late Eocene surface buoyancy forcing have 
been run for 145 model years to reach equilibrium (300_paleo_SBF and 1500_paleo_SBF). Based on these 
two control experiments, we conduct four sensitivity experiments (300_modern_SBF, 1500_paleo_T_modern_S, 
1500_modern_T_paleo_S, and 1500_modern_SBF) where we apply a mixture of late Eocene and modern surface 
buoyancy forcing, that is, modern_T_paleo_S, or a pure modern surface buoyancy forcing (modern_SBF) (see 
details in Table 1). All sensitivity simulations are run for 145 model years to reach equilibrium (see Figure S2 in 
Supporting Information S1) and the final 15 years are used to analyze results.

Note that, despite the use of a realistic paleobathymetry, the simulations shown here are semi-idealized. One the 
one hand, the northern boundary condition acts to keep all processes north of the domain, such as the formation 
of North Atlantic deep water, constant, allowing us to focus on the role of convection around Antarctica. On 
the  other hand, this domain can therefore not simulate the interaction between deepwater formation in the south 
and in the north. This domain also allows a spinup of eddying, and hence computationally expensive, simulations 
which would be over an order of magnitude more expensive if the domain were global. The representation of 
eddies is crucial since the ACC strength is a balance between processes that steepen isopycnals, for example, 
convection or wind stress, and eddies flattening them (Johnson & Bryden, 1989; D. Marshall, 1997; J. Marshall 
& Radko, 2003; Klocker et al., 2023). Parameterized eddies might therefore produce misleading results. These 
idealized experiments therefore allow for simulations in which eddies are partially resolved, which has been 
shown to be crucial to correctly simulate ACC dynamics (Hallberg & Gnanadesikan, 2001, 2006; D. R. Munday 
et al., 2013; Straub, 1993; Tansley & Marshall, 2001), and allow to isolate the effect of convection along the 
Antarctic coast, but come with the caveat that changes in the Southern Ocean cannot interact with the dynamics 
in the northern hemisphere. Given these pros and cons, the results of our simulations should be seen as comple-
mentary to previous work using coarse-resolution simulations of a global coupled ocean-atmosphere system, such 
as those by Ladant et al. (2014) and Lefebvre et al. (2012).

3. Results
3.1. Changes in Temperature, Salinity, and Zonal Velocity

We show meridional sections of temperature, salinity, and zonal velocity across the central Pacific (150°W) 
for the three experiments 300_paleo_SBF (Figure 2 Row A1-3), 1500_paleo_SBF (Figure 2 Row C1-3), and 

Experiments TG depths (m) Temperature/Salt forcing DP transport (Sv) EKE (m 4 s −2)

300_paleo_SBF 300 Paleo/Paleo 2.8 3.3*10 11

300_Modern_SBF 300 Modern/Modern −0.5 35.4*10 11

1500_paleo_SBF 1500 Paleo/Paleo 13.8 3.5*10 11

1500_paleo_T_modern_S 1500 Paleo/Modern 17.4 6.1*10 11

1500_modern_T_paleo_S 1500 Modern/Paleo 70.3 31.4*10 11

1500_modern_SBF 1500 Modern/Modern 139.2 42.5*10 11

Note. The column “Experiments” gives names for each case. The columns “Temperature/Salt forcing” show the applied 
surface buoyancy forcing (Paleo or Modern) for each case. For example, 1500_modern_T_paleo_S indicates the experiment 
with 1,500  m  TG, modern surface temperature forcing, and late Eocene (paleo) surface salt forcing. The column “DP 
transport (Sv)” and “EKE (m 4 s −2)” give the ACC transport through the DP and horizontal integrated surface eddy kinetic 
energy, respectively. Note that the DP depth is set to a constant of 1,000 m for all experiments.

Table 1 
Overview of Sensitivity Experiments
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1500_paleo_T_modern_S (Figure 2 Row D1-3). We find that these experiments show bowl-shaped isotherms 
and isohalines in the latitudes of 70°S to 60°S and 45°S to 30°S, associated with subpolar and subtropical gyres 
in the upper ocean. These concentrated isotherms and isohalines in the upper ocean show strong near-surface 
stratification, restricting vertical movement of surface water. The westward (blue) and eastward (red) jets, also 
confined to the upper ocean, indicate the location and boundaries of subpolar and subtropical gyres. These jets 
are due to thermal wind concentrating vertical shear into the top ∼1,000 m.

In experiments 300_modern_SBF (Figures 2B1 and B2), 1500_modern_T_paleo_S (Figures 2E1 and E2), and 
1500_modern_SBF (Figures 2F1 and F2), the hydrographic distributions of temperature and salinity show strong 
meridional gradients from 25°S to 80°S. High temperature and salinity occur in the upper ocean from 25°S to 
55°S. These are similar to observations of the modern Southern Ocean (Talley, 1996). However, these simu-
lations typically all show a full-depth column of fresher water (about 34 PSU) at high latitudes relative to low 

Figure 2. Pacific meridional sections (150°W) of temperature (Column 1), salinity (Column 2), and zonal velocity (Column 3) for 300_paleo_SBF (Row A1-3), 300_
modern_SBF (Row B1-3),1500_paleo_SBF (Row C1-3), 1500_paleo_T_modern_S (Row D1-3), 1500_modern_T_paleo_S (Row E1-3), and 1500_modern_SBF (Row 
F1-3). Blue curves in panels of Column 1 indicate mixed layer depth at 150°W.
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latitudes, which is inconsistent with observations that show such fresher water only confined to the surface. This 
could be due to either the absence of seasonal surface forcing, or the absence of North Atlantic Deep Water 
moving toward the southern high latitudes. Despite the differences of these simulations compared to the modern 
ocean, which we do not try to exactly reproduce in our idealized simulations, these simulations show the typical 
steep isopycnals across the Southern Ocean, associated with a strong ACC.

All three experiments show extremely steep isotherms and isohalines in the latitudes of 70°S to 40°S, those south 
of 60°S even extend to the ocean floor, indicating full-depth weak stratification accompanied by deep convection, 
as shown by the deep mixed layers south of 60°S (blue curves in Figure 2 and details in Section 3.2). These mixed 
layers will cause temperature and salinity to be strongly mixed in the vertical. As a result of the steep isopycnals, 
the zonal velocities south of 40°S become much stronger and reach the bottom in all three experiments. These 
deep-reaching velocities are associated with a strong thermal-wind driven current, which is baroclinically unsta-
ble and able to generate energetic eddy fields, shown in Figure 3. Note that the polar region (south of 70°S) of the 
experiment 1500_modern_T_paleo_S sustains high stratification of the polar water in the shallow ocean due to 
the low local SSS restoring (around 31–33 [PSU]).

3.2. Deep Convection Energizes Southern Ocean Circulation

To investigate the dynamics driving changes in simulated Southern Ocean properties, we show the mixed layer 
depth (Figure 2, blue curves in the left column), surface eddy kinetic energy (EKE) (Figure 3, red color and 
Table 1) and depth-integrated stream function (Figure 3, contours). From Figure 2, we can see that experiments 
300_paleo_SBF (Figure 2A1), 1500_paleo_SBF (Figure 2C1), and 1500_paleo_T_modern_S (Figure 2D1) lead 
to shallow mixed layer depth in the latitudes of 40°S to 60°S. These shallow mixed layers are consistent with 
strong stratification in the upper ocean. These three experiments also share a similar distribution of low eddy 
activity (Figures 3a, 3c, and 3e) with the exception of regions with enhanced EKE that occur along the boundary 
between the subtropical and subpolar gyres. These low EKE fields are consistent with the locally flat isotherms, 

Figure 3. Spatial distribution of ocean surface eddy kinetic energy (EKE) [m 2 s −2]. Green (ranges between −50 and 0 Sv) and blue (ranges between −300 and 0 Sv) 
contours show depth-integrated stream function of subtropical gyres, orange (ranges between 0 and 50 Sv) and yellow (ranges between 0 and 300 Sv) contours indicate 
depth-integrated stream function of subpolar gyres.
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isohalines, and weak zonal velocities (Figure 2Row A,C,D). The subtropical and subpolar gyres in these experi-
ments have strengths of around −50 to 50 Sv.

In contrast, in experiments 300_modern_SBF (Figure 2B1), 1500_modern_T_paleo_S (Figure 2E1), and 1500_
modern_SBF (Figure 2F1), mixed layer depths in most areas of the Southern Ocean are deeper than 1000 m. 
Those in the latitudes south of 60°S even reach the ocean floor (about 4,500 m). The full-depth mixed layers 
imply vigorous deep convection occurring in these regions, which are closely associated with the extremely weak 
stratification and deep-reaching zonal jets (Figure 2). For experiment 1500_modern_T_paleo_S, the mixed layer 
is very shallow south of 70°S (Figure 2E1) due to much lower late Eocene salinity near Antarctica. This is asso-
ciated with low EKE in the same regions.

Two experiments, 1500_modern_T_paleo_S and 1500_modern_SBF, using deep TG and modern SST, show 
similar high EKE fields along the eastern coast of Australia, the northern and eastern coast of New Zealand, the 
northern part of Drake Passage, the eastern coast of South America, and Agulhas region (see Figures 3d and 3f). 
The large overlap between high EKE field, deep mixed layers (Figure S1 in Supporting Information S1), and steep 
isotherms and isohalines (Figure 2) in both experiments implies that the full-depth deep convection homogenizes 
the water column and raises its center of mass, which leads to steep isopycnals. Baroclinic instability draws on 
the increased available potential energy and releases it in the form of EKE (Gayen & Griffiths, 2022). These 
simulated high EKE regions emerge in different areas, but are of similar strength, to observations of the modern 
Southern Ocean (Le Traon et al., 1998) and model simulations (Bernard et al., 2006; Delworth et al., 2012; Kiss 
et al., 2020; D. R. Munday et al., 2021). In addition, Figure 3 shows a high positional consistency between high 
EKE regions and streamlines of gyres boundary, with the subtropical and subpolar gyre enhanced to around −300 
to 300 Sv.

These experiments show consistently that deep convection energizes ocean circulation, with the horizontally 
integrated eddy kinetic energy (EKE) in all experiments with deep convection being approximately an order of 
magnitude larger than in the experiments without deep convection (Table 1). Deep convection therefore facili-
tates the conversion of potential energy, supplied by surface buoyancy forcing, into kinetic energy, as seen in the 
strength of the ACC and gyres, and the increase in EKE.

3.3. Changes in Proto-ACC: Strengthened Transport

The net zonal volume transports of the proto-ACC through both TG and DP, with shallow (300 m) and deep 
(1,500  m) TG and late Eocene surface buoyancy forcing have been calculated in Xing et  al.  (2022). With a 
300 m TG, a 2.8 Sv net eastward (positive) transport is allowed for both TG and DP throughflow (300_paleo_
SBF). Using modern surface buoyancy forcing instead (300_modern_SBF) results in an increase in eastward TG 
transport to 25.3 Sv, with a weak westward (negative) DP transport of 0.5 Sv. The weak DP transport is likely 
due to the compensation between enhanced subtropical and subpolar gyres across the DP (see streamfunction in 
Figure 3b). With a 1,500 m TG, Xing et al. (2022) has simulated 29.3 and 13.8 Sv for TG and DP transport with 
late Eocene bathymetry, wind stress, and surface buoyancy forcing (1500_paleo_SBF). The perturbation experi-
ment in this study, using modern SSS and paleo SST, only strengthens TG and DP transport to 30.9 and 17.4 Sv, 
respectively (1500_paleo_T_modern_S). All these weak transports, except ones in experiment 300_modern_SBF, 
are associated with strong stratification in the surface ocean and shallow mixed layer depth.

A sharp enhancement in proto-ACC transport relative to 1500_paleo_SBF occurs when using modern SST and 
paleo SSS (1500_modern_T_paleo_S) as TG and DP transport are intensified to 140.3 and 70.3 Sv, respectively. 
These enhanced transports are associated with weak stratification and deep convection in high southern latitudes. 
However, the DP transport is only strengthened to around half of modern ACC value, probably due to low surface 
salinity around Antarctica restricting local vertical convection. In 1500_modern_SBF, the simulated proto-ACC 
is further strengthened, with TG and DP transport of 223.1 and 139.2 Sv, respectively. These values are consist-
ent with observations and model estimates of TG transport (147 Sv (Rintoul et al., 2001) and 164 Sv (Mazloff 
et al., 2010)); and of DP transport (137 Sv (Meredith et al., 2011) and 155 Sv (Meijers et al., 2012)) (Figure 4). 
The DP transport is also estimated around 173 Sv when the near bottom flow is included (Donohue et al., 2016). 
Combining the weak stratification and full-depth mixed layer (Figures 2F1 and F2) in the mid-high latitudes of 
this experiment, the modern-type ACC can be obtained under the condition of a deep TG and deep convection 
triggered by modern surface buoyancy forcing, at least in terms of consistent gateway transports.
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4. Discussion and Conclusions
It has previously been proposed that the deepening of the Tasman Gateway (TG), and the alignment of the west-
erly winds with the TG, are vital prerequisites for the inception of a proto-ACC during the Eocene-Oligocene 
Transition (EOT) and its evolution to a modern-strength ACC (Sauermilch et al., 2021; Scher et al., 2015; Sijp 
et al., 2011; Xing et al., 2022). Nevertheless, model simulations taking into account these changes in bathyme-
try and winds do not produce an ACC with a transport comparable to its modern values (D. J. Hill et al., 2013; 
Sauermilch et  al., 2021; Xing et  al., 2022). Building on recent work which shows that a strong ACC can be 
generated by convection adjacent to the Antarctic continent (Klocker et al., 2023), we now test if convection could 
act as the main source of energy accelerating the ACC from its inception at the EOT to its modern strength. To 
this end, we use an eddying ocean model with realistic late Eocene bathymetry to run multiple simulations with 
surface buoyancy forcing that either allows or does not allow for convection to occur. These simulations include 
both a shallow (e.g., 300 m) and a deep (e.g., 1,500 m) TG, to test the effect of these changes on ACC transport.

If the TG remains shallow, changing from paleo temperature and salinity surface forcing to its modern equiva-
lent leads to the appearance of deep convection around the Antarctic continent. The appearance of convection 
increases the eddy kinetic energy (EKE) in the domain by almost an order of magnitude. This shows how convec-
tion acts as a process which allows for the conversion of potential energy, supplied by the surface buoyancy forc-
ing, to kinetic energy in the ocean. Despite this increase in EKE, the ACC transport for this simulation is close to 
zero, showing that deep convection itself is not sufficient to generate a modern-strength ACC. With a deep TG, 
the same change from paleo to modern surface forcing also allows for deep convection to occur, including an 
increase in EKE by about an order of magnitude. However, in the case of a deep gateway, the proto-ACC transport 
now increases to approximately match its modern value. In summary, for all bathymetric configurations, convec-
tion caused by destabilizing surface buoyancy forcing leads to a more baroclinically unstable ocean. This allows 
for the potential energy supplied by surface buoyancy forcing to be converted to kinetic energy. If, in addition, 
ocean gateways are deep, convection also leads to a strong ACC, with dynamics similar to rim currents observed 
around open-ocean deep convection (Send & Marshall, 1995).

The simulations with modern and paleo surface forcing, and combinations of modern/paleo temperature/salinity, 
seem to suggest that the temperature forcing has a much stronger impact on triggering convection than salinity. 
This result would, at first sight, argue against the role of increased sea-ice formation in generating convection and 
hence a strong ACC. This apparent contradiction is likely due to nonlinearities in the equation of state of seawater. 
These nonlinearities lead to a situation where in a warm ocean, such as the Eocene or the modern tropical and 

Figure 4. Net TG (red) and DP (blue) transport (Sv). Positive values indicate eastward transport, and negative values indicate 
westward transport. Left of the black vertical line: Modeled mean transports from this study. Right of the black vertical line: 
Observed transports from (Meredith et al., 2011; Rintoul & Sokolov, 2001), and modeled transport for the modern ACC from 
Mazloff et al. (2010) and Meijers et al. (2012). The modern observed DP transport including near bottom flow is 173 Sv 
(Donohue et al., 2016). Experiments with blue shading means that there is deep convection in the Southern Ocean.
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mid-latitude ocean, temperature has a dominant role in setting density. In contrast, in a cold ocean, such as the 
modern polar oceans, salinity is dominant in setting density (Roquet et al., 2022). That is, the colder the ocean 
gets, the more salinity becomes dominant in setting density, in particular in polar latitudes. These thermodynamic 
effects could have played an important role in the evolution between past warm and cold climates, but have seen 
little research efforts aimed at understanding these thermodynamic effects.

Our results are consistent with studies by Lefebvre et  al.  (2012) and Ladant et  al.  (2014), which both use a 
coarse-resolution ocean-atmosphere model to show the important role of cooling around the Antarctic continent, 
and the subsequent sea ice formation, for generating a strong ACC. The main difference to these previous studies 
is that in our study ocean eddies are partially resolved, whereas previously they were parameterized. Partially 
resolving eddies allows us to understand changes in eddy kinetic energy in the presence of convection, and to 
model a more realistic ACC transport. Despite these differences, all these studies, including ours, help to build 
up solid evidence for the crucial role of deep convection around the Antarctic continent in generating a strong 
ACC. This shows that the ACC can be a consequence of Antarctic cooling, rather than the Antarctic cooling 
being a consequence of a thermal barrier created by the ACC. Although there may well be a feedback in which 
the cooling generates an ACC, which then leads to further cooling, and so on. Nevertheless, the generation of a 
strong ACC can clearly have large consequences for the exchange of heat and carbon between the deep ocean and 
the atmosphere, and consequently play a crucial role for changes in the global climate system.

Data Availability Statement
Model simulation outputs used in this study is available at Xing (2023).
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