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Abstract. The early Cenozoic opening of the Tasmanian
Gateway (TG) and Drake Passage (DP), alongside the syn-
ergistic action of the westerly winds, led to a Southern
Ocean transition from large, subpolar gyres to the onset
of the Antarctic Circumpolar Current (ACC). However, the
impact of the changing latitudinal position and strength of
the wind stress in altering the early Southern Ocean circu-
lation has been poorly addressed. Here, we use an eddy-
permitting ocean model (0.25°) with realistic late Eocene
paleo-bathymetry to investigate the sensitivity of the South-
ern Ocean to paleo-latitudinal migrations (relative to the
gateways) and strengthening of the wind stress. We find that
southward wind stress shifts of 5 or 10°, with a shallow TG
(300 m), lead to dominance of subtropical waters in the high
latitudes and further warming of the Antarctic coast (in-
crease by 2 °C). Southward migrations of wind stress with a
deep TG (1500 m) cause the shrinking of the subpolar gyres
and cooling of the surface waters in the Southern Ocean (de-
crease by 3-4°C). With a 1500 m deep TG and maximum
westerly winds aligning with both the TG and DP, we ob-
serve a proto-ACC with a transport of ~47.9 Sv. This im-
pedes the meridional transport of warm subtropical waters to
the Antarctic coast, thus laying a foundation for thermal iso-
lation of the Antarctic. Intriguingly, proto-ACC flow through
the TG is much more sensitive to strengthened wind stress
compared to the DP. We suggest that topographic form stress
can balance surface wind stress at depth to support the proto-
ACC while the sensitivity of the transport is likely associ-

ated with the momentum budget between wind stress and
near-surface topographic form stress driven by the subtropi-
cal gyres. In summary, this study proposes that the cooling of
Eocene Southern Ocean is a consequence of a combination
of gateway deepening and the alignment of maximum wind
stress with both gateways.

1 Introduction

The present Southern Ocean is the only ocean basin with-
out continental barriers blocking zonal connections at all lat-
itudes. This allows for the connection of the Pacific, Atlantic
and Indian ocean basins by the circulation of the Antarctic
Circumpolar Current (ACC). The ACC has a volume trans-
port of 127.741Sv (1 Sv=10°m?s~!, Chidichimo et al.,
2014) to 137 &7 Sv at Drake Passage (DP) (Meredith et al.,
2011), 141 £ 13 Sv from in situ and satellite observations
(Koenig et al., 2014), or 173.3£10.7Sv when the near-
bottom flow is included (Donohue et al., 2016). Both to-
day and in the geological past, two main Southern Ocean
gateways remain crucial for unblocked circumpolar flow: the
Tasmanian Gateway (TG, between Tasmania, Australia, and
Cape Adare, Antarctica) and DP (between Cape Horn and the
Antarctic Peninsula). The opening (widening and/or deepen-
ing) of these two key gateways has long been hypothesised
to initiate the onset of the ACC (Kennett, 1977).
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1.1 Evolution of Eocene Southern Ocean: gateways
deepening

The initial formation of the TG was the outcome of continen-
tal motion between Australia and Antarctica. This slow sep-
aration, over millions of years, enabled a gradual widening
and deepening of the TG. A shallow TG first allowed a sea-
water connection from the Pacific Ocean to the Indian Ocean
from 50 to 49 Ma (Bijl et al., 2013). As Australia moved far-
ther north, oceanic crust formed south of Tasmania (Royer
and Rollet, 1997), with the South Tasman Rise finally clear-
ing the Antarctic continent by 35—32 Ma. A rapid subsidence,
forming a deep TG at 35-32 Ma, has been proposed based on
interpretations of sediments to the east and south of Tasmania
(Stickley et al., 2004). However, more recent work has sug-
gested that the subsidence history of the TG remains unclear
(e.g. Scher et al., 2015), with a lack of evidence for rapid
subsidence of the East Tasman Plateau. In contrast, the evo-
lution of the DP remains widely debated. Analyses of mag-
netic anomalies in the Scotia Sea and adjacent regions show
an initial DP opening from as early as the early Eocene at
about 50 Ma (e.g. Scher and Martin, 2006; Livermore et al.,
2007; van de Lagemaat et al., 2021). A gradual deepening
of the DP was inferred from the early Oligocene (Kennett,
1977) to the late Oligocene (26 Ma) for an intermediate wa-
ter exchange (Barker and Thomas, 2004).

The role of the opening and deepening and/or widening
of the Southern Ocean gateways in altering ocean circulation
and Antarctic climate has been widely discussed (Kennett,
1977; Huber et al., 2004; Stickley et al., 2004; Lyle et al.,
2007; Bijl et al., 2013; Sauermilch et al., 2021). Huber et al.
(2004) reconstruct the Eocene circulation of the Southern
Ocean and find that the East Australian Current (EAC) flows
poleward in the mid-latitude Pacific. It is then deflected east-
ward from the north-eastern margin of Australia, rather than
reaching high latitudes. Thus, Huber et al. (2004) propose
that insufficient warm water from the subtropics reached high
latitudes to keep Antarctica warm prior to Eocene—Oligocene
(E-O) transition. However, this hypothesis is at odds with
some recent modelling efforts (Hutchinson et al., 2018; Baat-
sen et al., 2020; Sauermilch et al., 2021).

Recently, Sauermilch et al. (2021) used eddy-permitting
model simulations with realistic paleo-bathymetry to revisit
the role of gateway opening on the ocean heat transport to
the Antarctic coast. With only one gateway open (or both
closed), they simulate proto-Ross and proto-Weddell gyres
in the subpolar Pacific and Indo-Atlantic, respectively. In all
simulations, the subpolar gyres penetrate to high latitudes
along the eastern boundary of the Pacific and Atlantic basins,
continuing to flow westward along the Antarctic coast be-
fore turning northward back to the mid-latitudes. In the case
of the proto-Ross Gyre, subtropical waters extend along the
Antarctic coast to finally merge with the EAC. These new
results contrast with the results of Huber et al. (2004) by
showing that substantial heat transport from the subtropics
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to Antarctica is enabled by the subpolar gyres (Sauermilch
et al., 2021), which is also consistent with the subpolar-
gyre-driven warming around Antarctica in the model study
of Viebahn et al. (2016) using present-day bathymetry.

1.2 Inception of proto-ACC: relative position of
gateways and wind stress

The opening and/or deepening of the Southern Ocean gate-
ways is expected to stimulate the inception of a weak proto-
ACC in the early Southern Ocean (Sauermilch et al., 2021).
However, it is probable that these conditions cannot be
solely responsible for a strong modern-type ACC. Sijp et al.
(2011) show that a deeply opened TG (1300m) and an
opened DP (1100 m) allow a strong throughflow from the
Austral-Antarctic Gulf to reduce the western boundary cur-
rent of the proto-Ross Sea gyre. Furthermore, under condi-
tions when one gateway is already deep (> 1000 m), deep-
ening of the second gateway (e.g. subsiding from 300 to
600 or 1500 m) results in Southern Ocean gyres that grad-
ually weaken and shrink (Sauermilch et al., 2021). When
the subpolar gyres weaken to a strength of 10 Sv, the model
forms an eastward proto-ACC. However, with late Eocene
paleo-bathymetry (TG depth: 1500 m; DP depth: 1000 m)
and paleo-forcing conditions, the strength of the proto-ACC
is only about 15 %-18 % of the modern ACC’s net trans-
port (Sauermilch et al., 2021). Hill et al. (2013) simulate
a 44 Sv volume transport across the DP at 32 Ma, while a
strong proto-ACC (transport of > 90 Sv) is established only
after 26 Ma; however, Baatsen et al. (2020) simulate a 45 Sv
TG transport with 38 Ma geography reconstruction and shal-
low TG. Hence, the tectonically controlled morphology of
the Southern Ocean gateways before or during the E-O tran-
sition are probably not sufficient to allow a modern-day,
strong eastward flow (Hill et al., 2013; Sauermilch et al.,
2021). In addition, continental separation between the South
Tasman Rise and Cape Adare around 35-32 Ma means that
there is suddenly an oceanic crustal pathway through the TG,
which was likely at least 2500 m deep (Parsons and Sclater,
1977). This depth of the crust is enough to allow vigorous
flow through the TG (Sauermilch et al., 2021). However, the
marine sedimentary neodymium isotope record reveals that
deep, eastward (ACC-type) flow in the TG region did not oc-
cur until ~ 30-29 Ma (Scher et al., 2015).

Scher et al. (2015) propose that the relative latitudinal po-
sition of the westerly winds and Southern Ocean gateways
is another key factor in proto-ACC development. They com-
pare the relative location of the Oligocene TG to the position
of the polar front (the boundary between polar easterlies and
mid-latitude westerlies) and suggest that the delayed onset
of ACC-like flow is due to their misalignment. At around 30
Ma, the two align due to migration of the TG, and ACC-like
flow results (Scher et al., 2015).

Here, we test the hypothesis of Scher et al. (2015) in the
context of different possible tectonic scenarios for Southern

https://doi.org/10.5194/cp-18-2669-2022



Q. Xing et al.: The sensitivity of the Eocene—Oligocene Southern Ocean 2671

Ocean gateway opening. Moreover, we test whether the rel-
ative latitudinal position between the wind band and gate-
ways has an impact on inducing the inception of strong proto-
ACC.

1.3 Sensitivity of modern-day ACC: strength of wind
stress

In the present-day context, many studies have investigated
the insensitivity of ACC volume transport to varying wind
stress using eddy-rich models. This phenomenon is known
as “eddy saturation” (Straub, 1993; Hallberg and Gnanade-
sikan, 2001; Tansley and Marshall, 2001; Munday et al.,
2013). In this paradigm, increased wind stress leads to a more
energetic eddy field, which is then able to transmit the in-
creased momentum input vertically (Ward and Hogg, 2011;
Marshall et al.,, 2017). This process can take place with-
out steepening the mean isopycnals, and therefore the mean
transport does not increase.

The momentum balance of the modern Southern Ocean
is such that momentum input from the wind is balanced by
pressure differences across bottom bathymetry (Munk and
Palmén, 1951; Olbers, 1998, bottom form stress). Mesoscale
eddies link these two stresses via eddy form stresses, which
transfer momentum vertically (Johnson and Bryden, 1989;
Ward and Hogg, 2011). The emergence of eddy saturation is
closely linked to this momentum balance. In the late Eocene,
continents are present at the latitudes of the TG and DP.
This may be able alter the momentum balance by allowing
pressure differences across continents to balance wind stress
(Munday et al., 2015). Such a change could alter the sensi-
tivity of the proto-ACC to wind stress.

To investigate the impacts of wind stress, in the context
of ocean gateway opening, on the early Cenozoic South-
ern Ocean, we use an eddy-permitting ocean model (0.25°)
with realistic paleo-bathymetry for the Late Eocene (38 Ma).
We conduct sensitivity experiments with different TG depths
and wind stress locations and strengths. The details of the
ocean model, paleo-bathymetry and experiment designs are
described in Sect. 2. This study tests the role of relative
latitudinal position between gateways and wind stress, as
well as the strength of the wind stress, on the evolution of
Southern Ocean gyre patterns, sea surface temperature (SST)
variations and the inception of the proto-ACC, presented in
Sect. 3.1 and 3.2. A zonal momentum budget between to-
pographic form stress and wind stress, to investigate the dy-
namics behind the late Eocene Southern Ocean circulation,
is presented in Sect. 3.3. Some points about uncertainties our
model configuration and dynamics of the proto-ACC will be
discussed in Sect. 4. Some key messages of this study are
summarised in Sect. 5.
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2 Methods

2.1 Ocean model configuration

We briefly describe the ocean model configuration and paleo-
bathymetry reconstruction here and refer to Sauermilch et al.
(2021) for further details. The ocean model configuration
is based on an ocean-only model with no sea ice using the
MIT general circulation model (MITgecm) (Marshall et al.,
1997a, b). The model domain is circumpolar and covers
the latitude range between 84 and 25° S (see Fig. D1). The
model has 1/4° horizontal grid spacing and 50 unevenly
spaced vertical levels. The model uses a non-linear equa-
tion of state, a seventh-order advection scheme (Daru and
Tenaud, 2004) and the K-profile parameterisation (Large
et al., 1994). Linear bottom drag is included with a coef-
ficient of 0.0011 ms~!. Sea surface temperature (SST) and
sea surface salinity (SSS) are restored to values for the late
Eocene derived from the time and zonal mean of a coupled
atmosphere—ocean model (Hutchinson et al., 2018). We use a
300 km sponge layer on the northern boundary of the model
and set the restoring time scale to 10d. Uncertainties in this
model configuration are discussed in Sect. 4.

2.2 Paleo-bathymetry reconstruction

The applied bathymetry is reconstructed to 38Ma
(Hochmuth et al., 2020) for the southern part of the
domain (> 40°S) and extended to 25° S with the Baatsen
et al. (2016) reconstruction grid (see Fig. D1). The grid is
reconstructed using the plate tectonic model of Matthews
et al. (2016) in a paleomagnetic reference frame (Torsvik
et al., 2008; van Hinsbergen et al., 2015). The southern grid
is reconstructed using the sediment “backstrippping” method
by Steckler and Watts (1978). This method allows for the
preservation of detailed, high-resolution seafloor features
and slope gradients from the present-day ETOPO (Weather-
all et al., 2015) and projection to the paleo seafloor, which
was not previously possible with bathymetry reconstruction
method (Baatsen et al., 2016). Details on the bathymetric
reconstruction can be found in Hochmuth et al. (2020) and
Sauermilch et al. (2021).

Recently, it has been demonstrated that seafloor slope
gradients > 10~% (mm™") have a significant impact on the
subsurface eddy velocities and ocean circulation (LaCasce,
2017; Lacasce et al., 2019). The higher than typical horizon-
tal resolution allows the model to represent these potentially
important slopes with improved accuracy. Furthermore, the
bathymetric reconstruction allows us to recreate realistic con-
tinental slope regions around the continent—ocean transitions
(Hochmuth et al., 2020; Sauermilch et al., 2021). The gate-
way depths (TG and DP) for the sensitivity tests have been
manually adjusted in the paleo-bathymetry grids by Sauer-
milch et al. (2021) with the depth values referring to the shal-
lowest part of each gateway (see Fig. D1).

Clim. Past, 18, 2669-2693, 2022
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Figure 1. (a) Zonal mean wind stresses used in all simulations. The black curve (max 53° S) is the revised version from Sauermilch et al.
(2021). The maximum westerly of max 53° S has a strength of about 0.1 Nm~2 and is located at about 53°S. Red (max 48°S), blue
(max 58° S) and green (max 63° S) curves indicate the shifts of the max 53° S curve 5° to the north, 5° to the south and 10° to the south,
respectively. Relative positions of continents (at 38, 30, 28 Ma, and present day) versus peak wind stresses for (b) the Tasmania Gateway
and (c) the Drake Passage. Coloured dashed lines in (b) and (c) show latitudinal positions of the maximum westerly in four wind stress
conditions. Dark orange and grey areas show paleo-continental and modern continental coastlines, respectively. Light orange and light grey
areas represent paleo and modern continent-ocean-boundary, respectively. These reconstructions use the rotation model by Matthews et al.
(2016) with the paleomagnetic reference frame (van Hinsbergen et al., 2015).

From 38 to 28 Ma, the TG rapidly widened and its paleo-
latitude changed from 58 to 53° S (Fig. 1b). Meanwhile, the
northward movement of DP is relatively slow, as its paleo-
latitude only moved to the north by 1-2° from 38 Ma (about
63°S) to 28 Ma (about 61° S) (Fig. 1b). In order to simulate
the consequences of the northward movement of the gate-
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ways relative to the wind stress, we adjust the wind stress’
paleolatitudes as the input boundary conditions and keep the
bathymetric reconstruction fixed. This approach is simpler
than changing the framework of the paleo-bathymetric re-
construction in order to adjust the gateways’ paleolatitudes.

https://doi.org/10.5194/cp-18-2669-2022
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2.3 Experimental design

The model simulations of Sauermilch et al. (2021) with a TG
(DP) depth of 300m (1000m) and 1500 m (1000 m) were
spun up for over 80 model years. We therefore initialise our
experiments from year 86 of Sauermilch et al. (2021). For
our reference experiment, we use a smoothed version of the
zonal wind stress used in the simulation of Sauermilch et al.
(2021). The revised zonally symmetric wind stress has a
maximum westerly wind of about 0.1 N m~2 located at 53° S
and maximum polar easterly wind of about 0.01 Nm~2 at
74° S (Fig. 1).

From Fig. 1, we see that the TG had about 5° northward
movement during the E-O transition. Results from Kennedy
etal. (2015) using E-O coupled atmosphere—ocean model in-
dicate that Antarctic ice sheet expansion can cause the shift
of westerly wind nearly 10° southward. As such, a 5° shift
in wind stress latitude can indirectly represent the movement
of the gateway and a 10° a change in the Antarctic ice sheet.
This allows us to test the hypothesis of Scher et al. (2015).
For our perturbation experiments, we shift the latitude of the
wind stress 5° to the north, 5° to the south and 10° to the
south (presented as max 48° S, max 58° S and max 63° S, re-
spectively; see Fig. 1a). We conduct eight experiments to test
the sensitivity of the Southern Ocean to varied TG depths
and wind stress latitudes (see details in Table 1). For exam-
ple, 1500_max_63° S means the case with 1500 m TG and
maximum westerly wind located at 63° S. Additionally, we
double the revised wind stress with the peak wind stress (t;;)
to about 0.2 N'm~2 and use this wind stress in another four
cases to test the sensitivity of ocean circulation to changing
wind stress (see details in Table 1). All simulations are run
for 60 years from the model year 86 of the simulations of
Sauermilch et al. (2021). In terms of circumpolar transport,
our simulations are well equilibrated (see a time series of
zonal transports in Appendix E). Considering the adjustment
period of the model due to applying the revised wind stress
and shifting or doubling the revised wind stress, we will fo-
cus on the final 15 years (model years 130-145) of all the
simulations to analyse results.

3 Results

3.1 Sensitivity of Southern Ocean gyres and sea
surface temperature to TG depth and wind stress
position

Before the inception of the ACC, the early Eocene South-
ern Ocean basins were dominated by wind-driven gyres that
were anti-clockwise for the subtropical gyres and clockwise
for the subpolar gyres (Huber et al., 2004; Huber and Nof,
2006; Hill et al., 2013; Hutchinson et al., 2018; Baatsen et al.,
2020; Sauermilch et al., 2021). Our control experiment, as
shown in Fig. 2c, has a similar circulation. When the TG is
300 m deep, migrations of the wind band adjust the bound-
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Table 1. Overview of sensitivity experiments. The “experiments”
column gives names for each case, e.g. for the 300_max_53° S case,
300 represents 300 m TG and max_53° S represents the maximum
westerly wind of 53° S. The“maximum westerly wind” column pro-
vides the strength and latitudinal position of maximum westerly
wind for each case.

Experiments TG Maximum westerly
depths wind (strength;
(m) latitude)
300_max_48°S 300 0.1Nm~2;48°S
300_max_53°S 300 0.1Nm~2;53°S
300_max_58°S 300  0.1Nm~2;58°S
300_max_63°S 300 0.1Nm™2;63°S
1500_max_48° S 1500  0.1Nm~2;48°S
1500_max_53° S 1500  0.1Nm~2;53°S
1500_max_58° S 1500  0.1Nm~2;58°S
1500_max_63° S 1500  0.1Nm~2;63°S
300_max_53° S_dbw 300 02Nm~2;53°S
300_max_63° S_dbw 300 02Nm™2;63°S
1500_max_53° S_dbw 1500  02Nm~2;53°S

1500_max_63° S_dbw 1500 02Nm~2;63°S

aries of the gyres and slightly alter their spatial scale. For
example, when the maximum westerly wind peaks at 53° S,
the boundary between subtropical (red) and subpolar gyres
(blue) is also positioned at about 53° S. The positional align-
ment of maximum westerly wind and gyres boundary is con-
sistent with Sverdrup theory. As the latitude of the maxi-
mum westerly wind is shifted to 48, 58 and 63° S, the gyre’s
boundary accordingly varies its latitudinal position to 48, 58
and 63° S (Fig. 2). Meanwhile, the spatial scale of the sub-
polar gyre becomes about 30 % smaller for a wind shift from
48 to 63° S (Fig. 2a, ¢, e and g).

In the simulations of Sauermilch et al. (2021), deepening
of the TG to 1500 m results in the subtropical gyres grow-
ing and dominating the mid-latitudes of the Southern Ocean.
In contrast, the subpolar gyres weaken and shrink. An east-
ward circumpolar current, with a transport of about 20 Sy,
flows through DP (Sauermilch et al., 2021). Our simulations
indicate that southward migrations of the wind stress lead
to further shrinking of the subpolar gyres (Fig. 2f and h).
This change is most remarkable in the 1500_max_63° S case,
where the northernmost latitude of the subpolar gyres has
been restricted to latitudes poleward of 63°S. The subpo-
lar gyres shrink over 50 % in area, and the maximum trans-
port decreases to around 10 Sv. The deepening of the TG and
southward shifts of the wind stress gradually introduce more
circumpolar flow and the establishment of the proto-ACC.

The changes in gyre structure due to wind shifts also in-
duce significant changes in the modelled sea surface temper-
atures. When the TG is 300 m deep, Sauermilch et al. (2021)
show that the colder high-latitudinal waters (about 10-12 °C)
in the centres of the subpolar Pacific and Atlantic gyres are

Clim. Past, 18, 2669-2693, 2022
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Figure 2. The 15-model-year time-average Southern Ocean circulation patterns (annual mean and depth-integrated stream function) under
stepwise deepening of the Tasman Gateway from 300 m (a, c, e, g) to 1500 m (b, d, f, h) depth and wind stress meridional migrations (from
top to bottom). Red colours indicate anti-clockwise subtropical gyres, and blue colours show clockwise subpolar gyres. The latitudes of 7,
applied in four cases are 48° S (a, b), 53°S (c, d), 58°S (e, f) and 63° S (g, h), respectively. White contours and contour labels at high
positive or negative values (—70, —65, —60, 60, 65, 70 Sv) are used to highlight strong streamfunction.

enclosed by warmer subtropical surface waters (about 15—
17 °C). The subpolar clockwise gyres transport the subtrop-
ical waters to the Antarctic coast. We also present similar
temperature patterns with mean sea surface temperatures at
high latitudes (higher than 60° S) of about 15°C with the
shallow TG and maximum westerly wind at 53° S (Fig. 3c).
The sea surface temperatures with a shallow TG are sensitive
to further southward shifts of the westerly wind, as shown
in Fig. 3e and g. As the westerly wind moves southward,
the warm subtropical water gradually dominates the coast-
line of Antarctica, and the cold water occupies a smaller and
smaller area at the centre of the subpolar gyres. Especially
in the model where the TG is 300 m deep and the maximum
wind stress is at 63° S (Fig. 3g), the cold waters in the Pacific
shrink by over 50 % in area. The cold water almost disap-

Clim. Past, 18, 2669-2693, 2022

pears in the South Atlantic, and the mean sea surface tem-
perature at high latitudes increases to about 16 °C.

When the TG is 1500 m deep, the subtropical waters are
still able to reach the Antarctic coast and encircle the colder
water in the centre of the subpolar gyres when the maximum
wind stress is at 48 and 53° S. The sea surface temperatures
along the Antarctic coast in these two cases are around 15 °C
(Fig. 3b and d). Therefore, our simulation supports the argu-
ment of Sauermilch et al. (2021), who conclude that Antarc-
tica could have been warmed by subtropical waters prior to
the E-O transition. However, as the wind stress shifts farther
southward (63° S), the result is quite different compared to
models with a shallow TG. The warm waters from low lati-
tudes gradually fail to reach the polar region (Fig. 3f and h).
In the model where the TG is 1500 m deep and the maxi-
mum wind stress at 63° S (Fig. 3h), the absolute sea surface

https://doi.org/10.5194/cp-18-2669-2022
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Figure 3. Annual mean sea surface temperatures (100 m depth) of the Southern Ocean under the deepening of the Tasman Gateway from
300m (a, ¢, e, g) to 1500 m (b, d, f, h) depth and wind stress shifts (from top to bottom).

temperatures along the entire Antarctic coast are lower than
12 °C. This leads to the formation of a large meridional tem-
perature gradient across the Southern Ocean. This allows a
strong eastward geostrophic current, resembling the modern
ACC, to form and be sustained via thermal wind shear. This
proto-ACC impedes the warm subtropical waters reaching
high latitudes and allows the cooler subpolar waters to ther-
mally isolate the Antarctic continent.

To explore the how ocean transport sustains the warm SST,
the zonally and vertically integrated meridional heat trans-
port (MHT) is calculated for four cases: 300_max_53°S,
300_max_63° S, 1500_max_53° S and 1500_max_63° S due
to the significant changes in streamfunction and sea surface
temperature between these cases (Fig. 4). The calculation of
the MHT is based on that of Bryan (1982), i.e. zonally and
vertically integrating the product of the meridional velocity
and potential temperature.

https://doi.org/10.5194/cp-18-2669-2022

South of 50° S is roughly where the sharp temperature gra-
dient and transition from gyre to circumpolar flow occurs.
As shown in Fig. 4, the convergence of heat south of 50° S
in the 300_max_63° S case is typically higher than the other
cases. This indicates that the ocean transports more heat into
this region and sustains higher temperatures. Corresponding
to this, the domain average sea surface temperature of the
300_max_63° S case is higher than other three cases. In con-
trast, the 1500_max_63° S case has the weakest southward
MHT, thus the minimal heat convergence south of 50° S. This
is due to the strongest circumpolar current blocking gyre-
driven heat advection. The two cases with the westerly wind
peak at 53°S also both show very weak heat convergence
south of 50° S. This may be associated with the larger sub-
polar gyres, allowing the strong western boundary current to
transport heat northward so that the southward MHT is off-
set.

Clim. Past, 18, 2669-2693, 2022
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Table 2. Net TG and DP throughflow volume transport (Sv). Positive values indicate eastward transport, and negative values present westward
transport. All values are the annual mean transport of the final 15 years of the simulations.

300_max_48°S 300_max_53°S 300_max_58°S

300_max_63°S 300_max_53° S_dbw 300_max_63° S_dbw

TG (Sv) 2.3 2.8 4.0 3.9 3.9 6.7

DP (Sv) 2.3 2.8 4.0 39 3.9 6.7

1500_max_48°S 1500_max_53°S 1500_max_58°S 1500_max_63°S 1500_max_53°S_dbw 1500_max_63°S_dbw

TG (Sv) 18.5 29.3 46.9 414 479 75.4

DP (Sv) 7.5 13.8 18.5 21.7 383 44.8
15 Zonally and Vertically Integrated MHT 60 % and 57 % with peak wind stress located at 53 and 63° S,
Tt respectively. The effect is particularly strong when the max-
g 10 — Joomaxsy e imum wind strength is at 63° S, which gives a TG transport
T of 75.4 Sv. Conversely, the total DP transport is not strongly
% o influenced by the changes in wind stress with the increases

g 0.0 in most simulations lower than 35 %.
8 In a homogenous ocean, currents are strongly constrained
Z-0s by f/H contours, where f is the Coriolis parameter and H is
2 the ocean depth (Johnson and Hill, 1975). Even in the pres-
=-10 ence of stratification, the bathymetry and continents of the
Southern Ocean can block f/H contours, which steers the
1550 =70 —40 -30

-60 -50
Latitude [°N]

Figure 4. Zonally and vertically integrated meridional heat trans-
port (MHT; in PW) for 300_max_53° S (green), 1500_max_53° S
(purple), 300_max_63° S (blue) and 1500_max_63° S (black). Note
that the domain north of 27.5° S is manually removed to avoid the
impact of the restoring near the northern boundary.

3.2 Response of throughflow transport to doubling wind
stress

The maximum zonal volume transport through each gate-
way does not exceed 50 Sv (TG transport: 47.9 Sv; DP trans-
port: 38.3Sv; Table 2, 1500_max_63°S), which is about
a third of the modern-strength ACC (transport of 137 Sv;
Meredith et al., 2011). In the traditional paradigm, wind
stress acts as an important driver of ocean currents. Thus,
increased wind stress is expected to strengthen the input
of zonal momentum to the ocean and accelerate ocean cur-
rents. We simulate the consequences of doubling the wind
stress (from 0.1 to 0.2 N m~2) with different gateway depths
(TG at 300, 1500m) and different latitudinal positions of
maximum wind stress (at 53 and 63° S). The variations of
the TG and DP transport are shown in Table 2 and Fig. 5.
The total TG transport is strengthened in all four simula-
tions due to the doubled westerly wind stress. When TG is
300m, TG transport increases 43 % and 72 %, with peak
wind stress located at 53 and 63° S, respectively. Note that
the TG transport is small, and its change due to doubled wind
stress is also small in an absolute sense when TG is 300 m.
As aresult, these large percentages may not be physically im-
portant. When the TG is 1500 m, TG transport is increased by
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current to maintain conservation of potential vorticity (Mar-
shall, 1995). The blocking of f/H contours reduces the ve-
locity below the bathymetric level and allows the transport
due to thermal wind shear to dominate the ocean current
transport (Munday et al., 2015). Given the complex paleo-
bathymetry applied in this model study, we decompose the
total TG/DP transport into two components contributed by
bottom flow transport 7;, (transport below a chosen bathy-
metric level) and thermal wind transport Ty, (transport above
the chosen bathymetric level) using three equations:

—Hy
1
Up = — Udz, 1
b Hb/ : (1)
—H
Ty=H / Usdy. @)
y
Ttw = Tlotal - Tb~ (3)

Equation (4) calculates the zonal bottom flow velocity Uyp.
By examining hydrographic sections of the local bathymetry
and zonal velocity (see the example of TG in Appendix F
and Fig. F1), we select a model level below which the cur-
rent velocities have little vertical and meridional gradient
(shear). This allows a clean separation of the flow that is
due to thermal wind shear and that which is not. The ver-
tical average of zonal velocity below the chosen model level
is then used as the Uyp. In the shallow TG cases, e.g. the
300_max_53° S case, we choose model level 30 (446 m). In
the deep TG cases, e.g. the 1500_max_53°S case, we se-
lect model level 32 (668 m). In all cases, we select the model
level 33 (728 m) for the DP. Equations (5) and (6) calculate

https://doi.org/10.5194/cp-18-2669-2022
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Figure 5. The contrast of TG (red) and DP (blue) throughflow volume transport in normal-strength and double-strength wind stress experi-
ments. The total transport (Tio¢1) is decomposed into bottom flow transport (7},) and thermal wind transport (7).

the bottom flow transport and thermal wind transport, as per
Egs. (4) and (5) in Munday et al. (2015).

With a 300m TG (Fig. 5a and b), T}, dominates the entire
TG transport, while the DP transport is dominated by a west-
ward bottom flow (negative Ty). Both T, and Ty for each
gateway are small in the case of a 300 m TG (< 4 Sv for TG
and < 9 Sv westward for DP). The response of Tj, and Ty to
doubling wind stress is also shown in Fig. 5. Both latitudi-
nal shifts and doubling of the wind stress cannot increase
the TG transport (Tioal, Ttw and Tp) to larger than 7 Sv and
the DP westward transport (Tiotal, Ttw and 7p) to larger than
12 Sv with a 300 m TG.

When the TG deepens to 1500m (Fig. 5c¢ and d), the
deeper bathymetry allows for the generation of a strong bot-
tom flow (7)) through the TG. Doubling wind stress strength-

https://doi.org/10.5194/cp-18-2669-2022

ens the Ty through the TG significantly (89 % and 77 % in-
crease when peak wind stress is located at 53 and 63° S, re-
spectively), while changes in Ty, through the TG due to dou-
bled wind stress are small (16 % and 18 % when peak wind
stress is located at 53 and 63° S, respectively).

With the deeper TG, a big variation occurs in the domi-
nance of DP transport, changing from 7j to Tiy. Both com-
ponents of DP transport are less sensitive to the doubling
wind stress (21 % and 15 % increase for Ty, and Ty, respec-
tively) with the peak wind stress located at 63° S. In addition,
the following two points are noticeable: (1) the T, through
the DP is still negative in the 1500_max_53° S case, which
means that the westward bottom flow through the DP still
exists with a deep TG and maximum westerly wind located
at 53° S, and (2) in the 1500_max_63° S case, the DP bottom
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flow is now eastward, but its transport weakens with doubling
wind stress.

3.3 Topographic form stress in the late Eocene
Southern Ocean

The modern Southern Ocean does not have any continen-
tal barriers in the latitudes of the DP to support a pressure
gradient and balance the momentum input by the wind. The
continents of the late Eocene Southern Ocean are present
at the latitudes of the TG and DP. This may influence the
momentum balance in the Southern Ocean and evolution of
the proto-ACC. With realistic bathymetry of the late Eocene
Southern Ocean, it is necessary to consider the pressure gra-
dients across continents or landmasses in the momentum bal-
ance. Masich et al. (2015) calculate pressure gradients across
both continents and submerged topography, constituting the
total topographic form stress, in the Southern Ocean State Es-
timate (SOSE, Mazloff et al., 2010). They depict its balance
with zonal wind stress in the modern ACC latitudes. Fol-
lowing Masich et al. (2015), we first derive the zonally and
vertically integrated momentum balance in the late Eocene
Southern Ocean (see Appendix A). We then extract the to-
tal topographic form stress and analyse how its depth and
meridional structure reflect the circulation and dynamics of
the Eocene Southern Ocean. More detail on the calculation
of topographic form stress and errors associated with the use
of partial model cells can be found in Appendices B and C.

Previous studies have described different regimes in the
topographic form stress for the modern Southern Ocean at
different depths (Gille, 1997; Grezio et al., 2005; Masich
et al., 2015). Nevertheless, the different bathymetry of the
late Eocene Southern Ocean may change the modern pic-
ture. In addition, the shallower and narrower gateways of the
Eocene may impact the momentum balance and topographic
form stress by allowing the continents to play a larger role in
balancing wind stress. This could influence the circumpolar
transport’s sensitivity to wind stress in the Eocene ocean.

To determine how topographic form stress and wind stress
balance in the context of late Eocene Southern Ocean and
in the different vertical regimes, we horizontally integrate
and vertically accumulate the topographic form stress and
wind stress downwards from the surface to every depth,
the comparison of which is shown in Fig. 6. Generally,
the depth-integrated topographic form stress contributions in
the four cases have similar variation. Near the sea surface,
the topographic form stress signal is positive and reaches a
maximum value at a shallow depth (Hj, e.g. 380 m in the
1500_max_53° S case). The surface or upper layer of the
Southern Ocean has few submerged bathymetric features,
meaning that the pressure gradient across continents must be
the primary source of topographic form stress. In these upper
layers, the continents are pushing in the same direction as
the wind stress. Below the near-surface layer, the signal de-
creases in magnitude until a mid-depth layer(Hp,, e.g. 610 m
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in the 1500_max_53°S case) where the integrated topo-
graphic form stress is zero. In this layer, the initial eastward
push from the topographic form stress has been matched by
a corresponding westward push, such that they cancel each
other out at Hy,. At this depth, the continents exert zero net
push on the ocean. Finally, below Hy, the depth-integrated
topographic form stress is increasingly negative to the ocean
floor. This deep layer is where the bathymetry pushes back
and balances the wind. At deep depths (Hy, e.g. 3880 m in
the 1500_max_53° S case), the integrated topographic form
stress is of sufficient magnitude to balance the wind stress.

By comparing with the reconstructed paleo-bathymetry
(Fig. D1a) used in all simulations, we see that Hg proba-
bly corresponds to continental shelves in some regions, like
northern Australia, South America and Antarctica. Hy, in the
cases at 53° S is probably controlled by the tops of seamounts
in the north of New Zealand and south-east of Africa. In the
63° S cases, Hp, may be associated with the top of mid-ocean
ridges in the circumpolar belt. Finally, Hy may correspond to
the subduction zone of the mid-ocean ridge.

Dividing the ocean into latitude bands can highlight
changes in the depth-integrated topographic form stress sig-
nal (Masich et al., 2015). We divide our model domain into
three latitude bands by considering the ocean circulation and
bathymetry. These bands are the northern region (northern;
25-50° S), the circumpolar belt (middle; 50-70° S), and the
polar region (polar; 70-83° S). These three regions have dif-
ferent surface ocean areas due to the change in the longitu-
dinal extent of the Earth with latitude and the position of the
continents. As such, we normalise the depth-integrated topo-
graphic form stress and wind stress by surface ocean area in
the three regions.

From Fig. 7, we can see that the northern region in all cases
has a positive depth-integrated topographic form stress signal
(green curve) near the ocean surface, as with the full domain
signal in Fig. 6. This signal reaches a maximum around Hs.
This suggests that it is the subtropical gyres of the north-
ern region that are responsible for these shallow maxima.
Below Hg, the pressure gradient across submerged topogra-
phy acts to cancel the positive signal. When the peak west-
erly wind is at 53° S, the wind stress in the northern region
is positive (westerly wind dominates). As the peak westerly
wind shifts from 53 to 63°S, the wind stress contribution
in the northern region changes sign from positive to nega-
tive. The gyres are still able to form because they depend
upon the curl of the wind rather than its direction (Stommel,
1948; Munk, 1950). However, the vertical structure of the
topographic form stress is characteristically different to the
53°S wind stress cases because it must remain positive at
depth to balance a westward wind stress. In the meantime,
the subtropical easterlies dominate the northern region, and
the subtropical gyre expands in size.

In the circumpolar belt, all panels in Fig. 7 show a con-
sistently negative depth-integrated topographic form stress.
This acts to balance the eastward wind stress at Hy. This is
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Figure 6. The comparison of horizontally integrated and vertically accumulated topographic form stress and wind stress in
1500_max_53° S (a), 1500_max_63° S (b), 1500_max_53° S_dbw (c) and 1500_max_63° S_dbw (d) cases. The blue curve is the topo-
graphic form stress integrated from surface to various depths. The black line is the wind stress integrated from surface to various depths.
The dashed line is the reversed wind stress integrated from surface to various depths (the same strength but opposite sign compared to
depth-integrated wind stress). There are three unique depths indicated by red points in all four cases. The shallow depth (Hy) is the first
local maximum in the depth-integrated topographic form stress, which has the same sign as the integrated wind stress (e.g. 380 m in a).
The mid-depth layer (Hy,) is where depth-integrated topographic form stress is zero (e.g. 610m in a). The deep depth layer (Hy) is where
the depth-integrated topographic form stress intersects with reverse wind stress or has the same contribution but opposite sign compared to

depth-integrated wind stress (e.g. 3880 m in a).

the signal of circumpolar flow with the surface wind stress
balanced by bottom form stress via vertical flux of momen-
tum by mesoscale eddies. This balance prevails in the mod-
ern Southern Ocean (Johnson and Bryden, 1989; Ward and
Hogg, 2011). It is this region that dominates the whole-ocean
momentum balances at depth.

In the polar region, we find a positive topographic form
stress signal above 3800 m in the 53° S cases. This is bal-
ancing a net westward wind stress and has a similar ver-
tical structure to that noted for the northern region above.
This may indicate a characteristic contribution of the subpo-
lar gyre. The positive topographic form stress signal is not
present in the 63°S cases. The change in structure of the
wind results in a net eastward wind stress in these experi-
ments. As such, the topographic form stress must become
negative. However, the vertical structure has a tendency to-
wards more negative values at depth, rather than variation
around the value that balances the wind stress seen in Fig. 7b
and c. This is probably induced by the shrinkage of the sub-
polar gyre and the inception or strengthening of the proto-
ACC, which intrudes into this latitude band and influences
its momentum balance.

https://doi.org/10.5194/cp-18-2669-2022

Almost all submerged topographic features in our model
have bathymetry deeper than H; (see the reconstructed paleo-
bathymetry in Appendix C). Hence, H can be recognised as
a contribution-dividing depth, above which the topographic
form stress is the contribution largely sustained by the pres-
sure gradient across continents and below which the topo-
graphic form stress is contributed by submerged topography
and the rest of continents. We apply Hs, which is allowed
to vary between experiments, to decompose the total topo-
graphic form stress into shallow (shallow TFES) and deep to-
pographic form stress (deep TFS). The model level H; is ap-
plied in the Eq. (B3) to give shallow or deep topographic
form stress contributions.

0
1
Shallow TFS: » " Y " — AP/ Az 4)
= 5H.Po
—H, 1
Deep TFS : — AP Az. 5

Figure 8 shows that the subtropical easterly wind stress is
mostly balanced by the shallow TFS contribution (positive
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Figure 7. Area-normalised depth-integrated topographic form stress (solid curve) and wind stress integrated from the surface to various
depths (dashed black line) in three channels (northern: 25-50° S, green; middle: 50-70° S, blue; polar: 70-83° S, black).

sign). Comparing with the results shown in Figs. 6 and 7,
the positive signal of the depth-integrated topographic form
stress in the upper regime (e.g. above 610 m in Fig. 6d) and
in the northern region is mostly contributed by shallow TFS.
This is generated by the subtropical gyres in the surface layer
to cancel the momentum input from subtropical easterly wind
stress (Fig. 8d). All panels in Fig. 8 also show that the west-
erly wind stress is largely balanced by deep TFS (negative
sign), which is caused by the eastward current (e.g. proto-
ACC) flowing across submerged topography and mostly con-
tributes to the negative signal of the depth-integrated topo-
graphic form stress in the circumpolar belt.

In the 1500_max_53°S case (Fig. 8a), the deep TFS
has some positive signals to balance the easterly wind
stress in the latitudes of 25 to 29°S. In comparison, in
the 1500_max_63°S case, the deep TFS at these latitudes
is negative (Fig. 8b). The maximum positive signal of
the depth-integrated topographic form stress at Hg in the
1500_max_63° S case is larger than depth-integrated wind
stress (Fig. 6b). This is due to the large shallow TFS con-
tribution in the latitudes of the northern region, which is
then balanced with both wind stress and deep TFS. A weak
positive signal of shallow TFS occurs in the latitudes of
60 to 75° S in the 1500_max_53° S case but disappears in the
1500_max_63° S case (Fig. 8a and b), which may be related
to the inception of the proto-ACC. With double-strength
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wind conditions (0.2Nm_2; Fig. 8c and d), the sensitivity
of the shallow TFS to doubled wind is strong in the latitudes
of subtropical easterlies, whereas it is weak in the latitudes
of westerlies. The deep TFS shows consistently strong sen-
sitivity in all latitudes. The sensitivity or insensitivity of the
shallow and deep TFS is associated with the responses of
TG and DP transport to doubled wind stress, which will be
discussed in the following section.

4 Discussion

4.1 Uncertainties of model configuration

This study is aimed at modelling the late Eocene Southern
Ocean with realistic paleo-bathymetry. Coupled atmosphere—
ocean models, such as Huber and Nof (2006), Sijp and Eng-
land (2004); Sijp et al. (2011), and Hill et al. (2013), usually
have low-resolution ocean components. This limits their rep-
resentation of ocean circulation and dynamics and also im-
pacts their ability to precisely represent the detail of the sea
floor. The supplementary information of Sauermilch et al.
(2021) shows that changing resolution or bathymetry has a
large impact on the model results, such as modifying the SST
distribution, ocean heat transport, the strength and size of
gyres, and the inception of the proto-ACC. Given our focus
on ocean dynamics in this study, we have chosen to restrict

https://doi.org/10.5194/cp-18-2669-2022
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ourselves to an 1/4° ocean-only model in order to partially
resolve the eddy field.

Typically, the literature considers 1/4° grid spacing to
be eddy-permitting spacing and 1/10-1/12° to be eddy-
resolving spacing (Delworth et al., 2012; Hallberg, 2013;
Mecking et al., 2016; Megann, 2018). In addition, the grid
spacing of our model at 60° S is about 12.5km. Given that
eddies are typically several multiples of the deformation
radius when fully mature, this puts our model firmly in
the eddy-permitting category. The domain surface average
eddy kinetic energy (EKE) of the 1500_max_53° S is around
0.003 m? 2, which is lower than the surface average EKE
(0.012 m? sz) in the 1/12° Southern Ocean model of Mun-
day et al. (2021). Given that ocean models with 1/4° grid
spacing typically have about half the eddy kinetic energy of
the modern Southern Ocean as measured by satellite altime-
try (Delworth et al., 2012; Spence et al., 2012), this implies
that our model simulation probably underestimates the EKE
of real late Eocene Southern Ocean.

The compromise of using an ocean-only model requires
removing some key feedbacks in the configuration. For ex-
ample, the implementation of the restoring is based on Haney
(1971), acting as a low-order approximation to the energy
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balance at the surface of the ocean. The intention is to effec-
tively mimic the strong restoring of the SST to an overlying
atmospheric temperature. This study sets restoring time for
SST and SSS to 10 d, which is a fairly standard restoring time
for SST due to the strong feedback between SST and surface
heat flux. This is quite a short timescale for salinity restor-
ing due to it only presenting a weak feedback between SSS
and evaporation and precipitation. However, this study’s aim
of using 10d for both temperature and salinity is to ensure a
good fit to SST and SSS fields of Hutchinson et al. (2018).
In general, a short restoring timescale in the model tends
to lead to higher fluxes and acts to damp surface variance in
temperature and salinity, as well as eddy kinetic energy (Zhai
and Munday, 2014). As shown by Zhai and Munday (2014),
strong surface restoring makes the isopycnal slopes less sen-
sitive to wind stress than for a purely flux condition. This
implies that the thermal wind transport is also less sensitive
to wind stress than might otherwise be the case, since it is
strongly linked to isopycnal slope. In our study, the thermal
wind transport is the majority of the zonal flow through TG
and DP. Therefore, the sensitivity of TG and DP transport
in this study is probably lower than zonal flow transport in a
model using a pure flux condition on temperature and salinity

Clim. Past, 18, 2669-2693, 2022



2682

or bulk formula to calculate the heat fluxes from atmospheric
temperature.

Our bathymetric reconstruction uses the plate rotation
model (Matthews et al., 2016) with a paleomagnetic refer-
ence frame (van Hinsbergen et al., 2015). We note that there
can be a range of uncertainties regarding the absolute loca-
tion of the geographical constellation of continents. This par-
ticularly affects the latitudinal positions of the key gateways,
depending on the choice of the plate tectonic model and ref-
erence frame. This can have significant consequences for the
results of the ocean model simulations (e.g. Baatsen et al.,
2018). However, as our paleo-bathymetry uses the same plate
tectonic setup (model, reference frame) as the bathymetry
used by the coupled climate model that provides the surface
forcing (Hutchinson et al., 2018), we expect our model sim-
ulations to at least be internally consistent.

As noted earlier, the TG moved northward by 5° and
DP by 1-2° between 38 and 28 Ma (Fig. 1). Very little in-
formation exists about the impact of Antarctic cooling, espe-
cially Antarctic ice sheet (AIS) expansion, on the latitudinal
position of the westerly wind. However, results from an E—
O coupled atmosphere—ocean model indicate that the west-
erly wind shifts nearly 10° southward, with the appearance
of AIS (Kennedy et al., 2015). Assuming a westerly wind
(peak wind stress located at 53° S) shift southward by 10° at
34 Ma and that the TG and DP move northward by 5 and 1-
2°, respectively, around the same period (from 38 to 28 Ma),
it is likely that around 28 Ma the gateways and wind maxi-
mum show the best latitudinal alignment. This alignment is
probably important for the inception of strong proto-ACC,
which is discussed in the Sect. 4.2.

4.2 Prerequisite for the inception of proto-ACC

Our results show that with a shallow TG (300 m), the max-
imum TG transport is only 3.9 Sv with the maximum wind
stress at 63° S (Table 2). Meanwhile, the opening of the DP
(1000 m) allows a negative net DP transport, leading to a
westward flow from the Atlantic to the Pacific (Table 2),
which is associated with circulation between subpolar gyres
in the Atlantic and Pacific. This suggests that a strong proto-
ACC may not be possible while the TG is shallow even if the
wind stress maximum is aligned with the TG. Some studies
use numerical models (Sijp et al., 2011) or proxies (Stickley
et al., 2004) to infer that a deep TG allows a strong through-
flow as part of the formation of the proto-ACC. However,
our 1500_max_53° S case (1500 m TG and 1000 m DP) only
simulates a 29.3 Sv TG transport and a 13.8 Sv DP trans-
port. At the same time, the subpolar gyres are still vigorous
(maximum transport streamfunction 40 Sv) enough to trans-
port warm subtropical waters to reach Antarctic. Hence, the
TG deepening can induce an eastward TG throughflow as
an initial phase of a proto-ACC. However, other conditions
for the development of a strong proto-ACC that is capable
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of contributing to the observed changes to the E-O Southern
Ocean circulation and climate may be necessary.

In addition to the impact of TG deepening on the on-
set of the proto-ACC, we should also consider the role of
the meridional position of the wind stress maximum. Our
model shows a stronger proto-ACC (TG transport ~ 47.9 Sv,
DP transport ~ 38.3 Sv; Table 2) in the 1500_max_63°S
case, in which the maximum westerly wind stress is aligned
with both the TG and the DP. With a 1500 m TG, the strong
TG throughflow invades the subpolar Pacific sector, form-
ing a large-scale eastward ocean current broadly along the
latitude of the maximum westerly wind. This current ex-
tends downstream towards the DP. Once the eastward cur-
rent reaches around the tip of South America, its following
pathway is quite distinct in different wind stress cases. For
instance, when the maximum westerly wind is at 53 or 58° S,
the continental barrier forces the eastward current to flow
poleward and then mostly to reform into subpolar gyres.

If carefully comparing the latitudes of different wind
stresses and both gateways at 38 Ma (Fig. 1), we find that the
maximum westerly wind of 63°S is at the southern margin
of the TG and the northern margin of the DP. This condition
enables the eastward current to mostly penetrate the DP with-
out turning poleward to replenish the subpolar gyres. Thus,
the latitudinal alignment of deep gateways (TG and DP) and
the maximum westerly wind may be a prerequisite for the
inception of a strong proto-ACC and the cooling of the late
Eocene Southern Ocean. This suggests that the hypothesis
of Scher et al. (2015) may well be correct, answering our
question in Sect. 1.2. Regarding the alignment of wind stress
with TG and DP, a interesting question is raised for future
work: what are the impacts of applying a wind stress that
is not zonally symmetric in the model configuration for the
inception of proto-ACC?

4.3 Sensitivity/insensitivity of proto-ACC to doubled
wind stress

The proto-ACC transport in our 1500_max_63°S case
(TG transport: 47.9 Sv; DP transport: 38.3 Sv) is only about
30 % of the modern ACC transport. Our experiments using a
doubled wind stress (1500_max_63° S_dbw case) produce a
more vigorous proto-ACC, with a TG transport of 75.4 Sv
and a DP transport of 44.8 Sv (Table 2). We find that the
TG throughflow is strengthened significantly but not dou-
bled with doubled wind stress (the increase is 57 %). In con-
trast, the DP transport is relatively insensitive to an increase
in wind strength, with the increase being only 16 %. This
may be due to eddy saturation (see Sect. 1.2), which has been
found in many models of the Southern Ocean.

Munday et al. (2013) have proposed that the ocean model
with finer resolution will significantly reduce the sensitiv-
ity of circumpolar transport to wind stress compared to an
eddy-permitting model. They even demonstrate zero sensi-
tivity of their model’s circumpolar transport to wind stress
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due to strong eddy activity in an eddy-resolving model.
Our experiments show a less eddy-saturated result in the
TG and DP transport, which may be due in part to our
eddy-permitting model and its incomplete representation of
mesoscale eddies. In addition, the width of the TG or DP in
our simulation is much narrower than in the modern world.
This may contribute to the change in eddy saturation due to
interactions between the flow and bathymetry.

Our study finds that the responses of TG or DP transport
to doubled wind stress are significantly different. Similarly,
Munday et al. (2015) observe the insensitivity of circumpo-
lar transport with only a bathymetric ridge in an idealised
eddy-permitting model. The addition of continental barriers
into channels with a single ridge high enough to block f/H
contours reintroduces the sensitivity of circumpolar transport
at low winds when their peak wind stress is below 0.2 N m™2
(Munday et al., 2015). They analyse the zonal momentum
budget and argue that the continental form stress may dom-
inate the role of bottom form stress in the momentum bal-
ance with the introduction of continental obstacles (Mun-
day et al., 2015). The continents exert their pressure gradient
across all depths and push back against the mean flow so that
the vertical eddy transport of momentum is bypassed and the
circumpolar transport is dependent upon the wind. Hence,
the difference in the sensitivity of the proto-ACC’s transport
through the TG or DP may be associated with the changes in
some dominant terms of the zonal momentum budget.

In our simulations, we can interpret sensitivity or insensi-
tivity of the TG and DP transport via the momentum balance
between wind stress and topographic form stress, which it-
self may respond to wind stress changes. The TG transport
is dominated by subtropical gyres that sustain the shallow
TFS in the circumpolar belt and which does not respond to
changes in wind strength. Therefore, this shallow TFS cannot
adequately balance the doubled momentum input from wind
stress, which acts to accelerate or strengthen the TG through-
flow so that the TG transport is relatively sensitive to the
doubled wind stress. In contrast, the complicated submerged
bathymetry in the DP region allows the DP throughflow
to generate a deep TFS that responds strongly to changes
in wind stress due to vertical transmission by eddy form
stresses. This deep TFS is expected to balance the wind
stress, break the connection between mean flow and wind
stress, and allow strong eddy saturation of the DP transport.
Overall, we expect that there will be a strong sensitivity of
the associated gateway throughflow and transport to changes
in wind stress when the form stress that balances the wind
is dependent upon the mean flow. In contrast, when the form
stress is instead dependent upon transient features, i.e. ed-
dies, there is weak sensitivity of the gateway throughflow
and transport to the imposed wind stress, and thus an eddy-
saturated state can result.

https://doi.org/10.5194/cp-18-2669-2022

2683

In terms of transport across the TG and DP and their sen-
sitivities to changing wind stress, future work can be con-
ducted to investigate whether the latitudinal offset of TG
and DP can play an important role in the zonal transport and
momentum balance.

5 Conclusions

Early studies proposed a connection between the opening
and deepening of tectonic gateways linking the main basins
of the Southern Ocean and changes in E-O oceanographic
circulation patterns (Kennett, 1977; Murphy and Kennett,
1986; Toggweiler and Bjornsson, 2000; Huber et al., 2004;
Sijp and England, 2004; Stickley et al., 2004). Recent stud-
ies further show the important role of the gateways’ open-
ing and deepening and wind stress in the changes of South-
ern Ocean gyres and the development of the ACC (Munday
etal., 2015; Scher et al., 2015; Sauermilch et al., 2021). Here
we use a high-resolution ocean model with a realistic paleo-
bathymetry to investigate the sensitivity of the E-O Southern
Ocean to TG deepening and changing wind stress. This study
also analyses the zonal momentum budget of the Southern
Ocean to interpret the simulated dynamics. Some of the key
findings are as follows.

1. In the E-O Southern Ocean, southward shifts of wind
stress expand the size of subtropical gyres and shrink
the size of subpolar gyres.

2. When the TG is shallow (300 m), the migration of wind
stress does not cause major changes in ocean gyres and
SSTs. When the TG is deep (1500 m), only the latitudi-
nal alignment of the maximum westerly wind with both
the TG and the DP leads to a strong increase in proto-
ACC transport and hence the cooling of the Eocene
Southern Ocean.

3. The momentum input from doubled wind stress leads
to a large increase in the proto-ACC transport through
the TG, while the response of the transport through the
DP is weak.

4. Subtropical gyres sustain the positive topographic form
stress (the same direction with wind stress) near the
ocean surface (< 700 m). The momentum balance be-
tween wind stress and topographic form stress occurs
at depth (> 3800 m) to support the strong proto-ACC in
the circumpolar belt (50-70° S).
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Appendix A: Zonal momentum balance

The zonal momentum equation is given by

ou d [u?+? du 1 dp
—=—fv— — —w——fv— ——
ot ox 2 0z £0 0X
Ty rup n d ou (AD)
— U — .
00 AZs AZ, 9z | ‘oz

where u is zonal velocity, uy, is zonal velocity in the bottom
level, £ is the vertical component of the relative vorticity, v is
meridional velocity, w is vertical velocity, f is the Coriolis
parameter, pg is the Boussinesq reference density, p is pres-
sure, 7, is zonal wind stress, r is the coefficient of bottom
friction, A Z; is thickness of the surface level, AZy, is thick-
ness of the bottom level, vy is horizontal viscosity and v, is
vertical viscosity.

Equation (1) expresses all of the individual tendency
terms of the zonal momentum budget. The left-hand
side is the total zonal acceleration. The first four terms
(—Ev — % {“242'”2 } — wg—’g — fv) on the right-hand side
are due to advection of horizontal momentum. The first
term —&v is the so-called vortex force, represented by the
cross product of vorticity with velocity. The second term
% H#} is the zonal gradient of kinetic energy. The
third term —w 2% a is the vertical advection of horizontal
momentum, and the fourth term — fv is the Coriolis ac-

celeration. The term —-L 22 is the zonal pressure gradi-

po 90X
ent. The term +— *

is the zonal wind stress and in-
puts zonal momentum 1nt0 the ocean. The last three terms

<+V Avgvu} — g"zbb + 9z 0 fy, u o }) on the right-hand side
combine dissipation via horizontal viscosity, dissipation due
to bottom drag and dissipation due to vertical viscosity, re-
spectively.

We calculate the vertically integrated terms of the zonal
momentum equation and estimate the average residual, i.e.
the difference between total zonal acceleration and the sum
of advection (sum of first four terms; magnitude of 1072),
zonal pressure gradient (magnitude of 10~!), zonal wind
stress (magnitude of 10™!) and the sum of horizontal dis-
sipation (sum of the last three terms, magnitude of ~ 1073).
The estimated residual has a magnitude of 10~ (not shown),
indicating accurate closure of the model’s zonal momentum
budget. Note that the depth and zonal integral of the merid-
ional velocity are zero due to the continuity equation, so we
have neglected the term of Coriolis acceleration in the zonal
momentum budget. We further zonally integrate the advec-
tion, zonal wind stress, pressure gradient and horizontal dis-
sipation terms. These vertically and zonally integrated terms
show a momentum budget for the Southern Ocean where
pressure gradient and wind stress are the two dominant terms
(shown in the Fig. Al and the following equation) and bal-
ance each other:
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f f dzdx ~ — f ——pdzdx (A2)
Zs po 90X

As wind stress shifts its latitudinal position and doubles its
strength, the vertically and zonally integrated pressure gra-
dient also shifts to the south and enhances. The maximum
acceleration due to the zonally integrated wind stress in the
1500_max_63° S and 1500_max_63° S_dbw cases is smaller
than 1500_max_53°S and 1500_max_53°S_dbw. This is
due to the zonal distance around the Earth, which is smaller
at higher latitudes.

In this zonally and vertically integrated momentum bal-
ance, the pressure gradient field can be recognised as the
pressure gradient across topography (water leaning on land)
rather than the pressure gradients in the ocean interior (water
leaning on water) (Masich et al., 2015). The depth-integrated
total zonal pressure gradient can be further decomposed into
three components via Leibniz’s rule:

0 0
1 1 0 1 0z
/ Loy, 12 Pdz - Peeg 3
p0o 0X 00 0X ox
1 oH
+ —Pi=—Hm)y—, (A3)
00 0x

where P(;—p) is the atmospheric pressure at the surface,
and P—_p) is the pressure in the bottom layer and H is
the ocean depth On the right-hand side, the first term

—%ﬁ f Pdz | is the transfer of zonal momentum from

contmental boundaries to the ocean (Munday et al., 2015),
the second term (% P(Zzo)g—i) is the transfer of zonal mo-
mentum from the atmosphere to the ocean (Masich et al.,
2015) and the third term (—i—pl—OP(Z:_H)%) is the bottom
form stress, which is the transfer of zonal momentum from
submerged bathymetric features to the ocean (Munday et al.,
2015). The transfer of zonal momentum from the atmosphere
to the fluid can be neglected as this study does not apply an
atmospheric pressure at the ocean surface as part of external
forcing. Hence, the depth-integrated total pressure gradient
can be reduced to the sum of pressure gradients across con-
tinents and submerged topography, which is the total topo-
graphic form stress. The deviation of total topographic form
stress is described in Appendix B.
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Figure A1. The vertically and zonally integrated zonal momentum budget: total pressure gradient (total form stress) (red; Sv s~ 1), wind

stress (black; Sv s~1), advection (green; Svs™

1), horizontal dissipation (magenta; Svs™— 1) and vertical dissipation (light blue; Sv s_l) in the

1500_max_53° S (a), 1500_max_63° S (b), 1500_max_53° S_dbw (c¢) and 1500_max_63° S_dbw (d) cases.

Appendix B: Derivation of the topographic form
stress

In Masich et al. (2015)’s method, the topographic form stress
signal is extracted from the total pressure field. Every ocean
grid box adjacent to a bathymetric feature (for example, a
seamount) and its pressure, Py, is found at every model level.
The pressure difference across each piece of bathymetry, cal-
culated as the value between the ocean grid adjacent to the
eastern face of the seamount and the ocean grid adjacent to
the western face, is then found (Fig. Bla and Eq. B1):

AP, =P (x=xp)— P (x =xw). (B1)

The pressure gradient is then calculated as the pressure dif-
ference divided by the width of the bathymetric feature (see
Fig. B1b and Eq. B2):

APy Pi(x =xg)— P (x =xw)

= B2
AX XE — XW (B2)
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The vertical and zonal integral then gives the total to-
pographic form stress signal, as shown in Fig. Blc and
Eq. (B3):

AP
%/ ax = poXx:_Z
= —ZZAPtAz (B3)

X —H

In our simulations, the total topographic form stress and
total pressure gradient are almost equal, as the values of blue
and red curves in the Fig. B2 are almost coincident. This in-
dicates the accuracy of the method of Masich et al. (2015)
for estimating the total topographic form stress. The slight
difference between calculations is mostly due to ambiguity
over the pressure and depth of partial cells, as discussed be-
low.
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Figure B1. Assume that there is a submerged seamount. Panel (a) shows a zonal slice of a seamount, where white cells indicate seawater
and grey cells indicate landmasses. Grids in yellow are the grids adjacent to the western face of the seamount, and grids in blue are the
grids adjacent to the eastern face of the seamount. In panel (b), the pressure difference is divided by the width of the seamount to give the
A P;/AX, which is assigned to every grid of the seamount in each vertical level. Panel (c¢) shows the vertically integrated topographic form

stress field across the seamount. This figure is adapted from Masich et al. (2015).

Clim. Past, 18, 2669-2693, 2022 https://doi.org/10.5194/cp-18-2669-2022



Q. Xing et al.: The sensitivity of the Eocene—Oligocene Southern Ocean

2687

(a) 1500 max 53°S (b) 1500 max 63°S
-20 T T T T T T T T
Topographic form stress
30| Total pressure gradient
Wind stress
-40 |
z
2 .50t
0]
e}
260l
=
©
—
=70 |
-80 |
90 ! H ! H ! ] . I ! ! ! : !
" (c) 1500 max 53°S dbw (d) 1500 max 63°S dbw
-30 +
40
Z
o
=50 |
&)
©
2
B 60
©
—
-70 +
-80 |
-90 L L L L L L L L L ! | L L L L L L L
-5000 -4000 -3000-2000 -1000 O 1000 2000 3000 4000 5000 -5000 -4000 -3000-2000 -1000 O 1000 2000 3000 4000 5000

Zonally and vertically integrated momentum [Sv/s]

Figure B2. The zonally and vertically integrated values of the momentum budget between wind stress (black; Sv s~1), total topographic form
stress (blue; Sv sfl) and total pressure gradient (red; Sv sfl) in the 1500_max_53° S (a), 1500_max_63° S (b), 1500_max_53° S_dbw (c)
and 1500_max_63° S_dbw (d) cases.
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Appendix C: Uncertainty when calculating
topographic form stress

The method calculates the topographic form stress by taking
the vertical and zonal integral of the pressure gradient (east
minus west) between the fluid cell adjacent to the eastern face
of the bathymetric features and the fluid cell adjacent to the
western face (Masich et al., 2015).

The ocean model uses partial vertical cells for a better rep-
resentation of the bathymetry. This means that a vertical frac-
tion of each grid box is ocean, while the rest is land. To sim-
plify the calculation, we treat all partial cells as land and se-
lect the adjacent ocean cell to extract the pressure of this face.
This simplification results in an uncertainty in the calculation
of the total topographic form stress due to the neglect of pres-
sure changes in partial ocean cells. We provide an example to
show how this uncertainty occurs and estimate its magnitude
(Fig. C1).

We extract some partial cells with longitudes from
—44.1250 to —42.8750°E, a latitude of 83.3750°S and
a depth of 298.3048m. At each grid box, L; is the
fraction of the level thickness that is ocean, P; is the
pressure at the centre of the grid box and i is the in-
dex of the grid box. For this section of the domain in
the 1500_max_53°S case, the extracted L; and P; val-
ues are as follows: L; =0.3122, P} =—32.7140Nm~2;
L, =0.5305, P,=—32.7111Nm™2; L3 =0.7643, P;=
—32.7143Nm™%; L4y =0.9608, Py=—32.7182Nm~2%;
Ls=1, Ps=-327196Nm~2.

Taking into account the pressure pushing on each par-
tial cell wall, the pressure on the land (longitude from
—44.1250 to —42.8750° E, latitude of 83.3750° S, depth of
298.3048 m), Py, could be calculated as follows: P, = P; X
L1+Pyx(Lry—L1{)+P3x(L3—Lo)+ Py x(Ls—L3)+ Ps5x
(Ls — Ly)~ —32.7145Nm™2.

In the method of estimating topographic form stress, we
select the Ps as the fluid pressure on the land on the east-
ern side. The difference rate between P, and Ps is (P5 —
Py)/ Py =~ 0.0156 %.

Latitude: 83.3750°S, Depth: 298.3048 m

°Ps s

-44.1250 -43.8750 -43.6250 -43.3750 -43.1250 -42.8750
Longitude (° E)

Land Partial cell I:‘ Ocean

Figure C1. Some model grid boxes that include land, partial cells, and ocean with longitudes from —44.1250 to —42.8750 °E, a latitude of
83.3750° S and a depth of 298.3048 m. L; is the fraction of the level thickness that is ocean, P; is the pressure at the centre of the grid box
and i is the index of the grid box.
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Appendix D: The reconstructed paleo-bathymetry
used in the simulation

Figure D1 shows the reconstructed bathymetry of Southern
Ocean at 38 Ma and bathymetry of the 300 m and 1500 m TG;
for the details of the late Eocene bathymetry reconstruction,

refer to Sect. 2.2
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Figure D1. (a) High-resolution (0.25°) reconstructed bathymetry of the late Eocene (38 Ma) Southern Ocean. (b) Bathymetry of the
300 m TG. (c) Bathymetry of the 1500 m TG.

Appendix E: Time series of TG throughflow transport

Figure E1 shows a time series of TG throughflow transport
when TG is at 300 and 1500 m and wind stress is in four
positions. The period is from model year 86 to 145. We can
see that all transports are stable, implying a clear equilibrium

in all simulations.
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Figure E1. (a) Time series of TG throughflow transport when TG is at 300 m. (b) Time series of TG throughflow transport when TG is at
1500 m. The period covered by both series is from model year 86 to 145.

Appendix F: Derivation of the bottom flow transport
and thermal wind transport

The “bottom flow transport” (Ty) and “thermal wind trans-
port” (Tiw) are given by the following equations:

_Hb

1
Up = — Udz, F1
= / : (F1)
“H
Ty = Ho / Usdy, (F2)
y
Ttw = Ttotal - Tb~ (F3)
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Equations F1 and F2) refer to Egs. (4) and (5) in Munday
et al. (2015). However, there is a difference when calculat-
ing the zonal bottom flow velocity Uy. By looking at hy-
drographic sections of the local bathymetry and U veloc-
ity for the TG and DP, respectively, we select a model level
(e.g. Fig. F1 model level 32), below which the current veloc-
ities have weak vertical and meridional gradients andabove
which the velocities show strong horizontal and vertical gra-
dients. Then we use a vertical average of zonal velocity be-
low that model level as the Uy,

https://doi.org/10.5194/cp-18-2669-2022
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Figure F1. Hydrographic sections of the zonal velocities through
the 1500 m TG. The vertical level is the uneven model level. Black
lines show some unique levels and the corresponding depths.
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