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Abstract The opening of the Drake Passage (DP) during the Cenozoic is a tectonic event of paramount
importance for the development of modern ocean characteristics. Notably, it has been suggested that it
exerts a primary role in the onset of the Antarctic Circumpolar Current (ACC) formation, in the cooling of
high latitude South Atlantic waters and in the initiation of North Atlantic Deep Water (NADW) formation.
Several model studies have aimed to assess the impacts of DP opening on climate, but most of them
focused on surface climate, and only few used realistic Eocene boundary conditions. Here, we revisit the
impact of the DP opening on ocean circulation with the IPSICM5A2 Earth System Model. Using
appropriate middle Eocene (40 Ma) boundary conditions, we perform and analyze simulations with different
depths of the DP (0, 100, 1,000, and 2,500 m) and compare results to existing geochemical data. Our
experiments show that DP opening has a strong effect on Eocene ocean structure and dynamics even for
shallow depths. The DP opening notably allows the formation of a prothCC and induces deep ocean
cooling of 1.5°C to 2.5°C in most of the Southern Hemisphere. There is no NADW formation in our
simulations regardless of the depth of the DP, suggesting that the DP on its own is not a primary control of
deepwater formation in the North Atlantic. This study elucidates how and to what extent the opening of the
DP contributed to the establishment of the modern global thermohaline circulation.

1. Introduction

The Eocene (56 to 33.9 Ma) was a greenhouse period that withessed major changes in global climate and
ocean characteristics (e.g., Borrelli et al., 2014; Katz et al., 2011; Pagani et al., 2014). Notably, it is character-
ized by a longterm gradual cooling initiated by circa 50 Ma, which led to the formation of an ice sheet over
Antarctica at the EoceneOligocene Transition (EOT; ca 34 Ma) (Zachos et al., 2001). Understanding the
cause of this cooling is crucially important to identify governing mechanisms of global climate in relation

to geochemical cycles and oceanic circulation. Several tectonic changes occurred during the Eocene, includ-
ing the Drake Passage (DP) and the Tasmanian Gateway opening, the collision of India and Asia, the nar-
rowing of the Tethys Ocean, and the widening of the Atlantic basin (Bice et al., 2000). In particular, the
role of DP opening on Eocene cooling has been extensively studied (e.g., Elsworth et al., 2017; Goldner
et al., 2014, Inglis et al., 2015; Lefebvre et al., 2012; Mikolajewicz et al., 1993; Nong et al., 2000; Sijp &
England, 2004; Zhang et al., 2010). It has long been hypothesized that, as it allows the formation of the
ACC, DP opening may have induced a thermal isolation of Antarctica and subsequent changes in ocean tem-
peratures (Kennett, 1977). Some model studies have shown that the effect of the DP opening was not suf
cient to match the global cooling observed throughout the Eocene. They rather suggest that an additional
decrease inpCO, was required to account for the magnitude and spatial extent of the late Eocene cooling
as well as the EOT itself (e.g., DeConto & Pollard, 2003; Elsworth et al., 2017; Goldner et al., 2014, Inglis
etal., 2015; Ladant et al., 2014b; Mikolajewicz et al., 1993; Najjar et al., 2002; Sijp et al., 2009). This hypoth-
esis is consistent withpCO, reconstructions from various proxies (e.g., Anagnostou et al., 2016; Doria
et al.,, 2011; Inglis et al., 2015; Maxbauer et al., 2014; Pagani et al., 2011, 2005; Pearson et al., 2009;
Pearson & Palmer, 2000; Tripati et al., 2005). However, despite a moderate effect of DP opening on global
temperatures suggested by data and model studies, the actual effects of this gateway opening on changes
in ocean structure and dynamics remain to be idented and quanti ed.
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Different geochemical proxies have been used to track water masses and circulation changes through the
Eocene, especially oxygen, carbon, and neodymium isotopes. Stable isotopes of O and C can reveal changes
in environmental characteristics, such as temperature, ice volume, and paleoproductivity (see Cooke &
Rohling, 1999), whereas radiogenic Nidotopes can be used tongerprint speci ¢ water masses and interbasin
water mass exchange (Frank et al., 2006; Huck et al., 2017; Scher & Martin, 2008; Wright etal., 2018). Based on
these proxies, some studies have suggested a priming role for the opening of Eocene gateways on the onset of a
modern like ocean circulation (Borrelli et al., 2014; Katz et al., 2011; Sijp & England, 2004). On the one hand,
the DP opening and deepening enabled the formation of the ACC, which connects the Pacand Atlantic
Oceans and encircles Antarctica. This horizontal circulation pattern is particularly visible from changes in

Nd isotope signatures of the South Atlantic, which receives more radiogenic waters originating from the
Paci c (Scher & Martin, 2004, 2006). Further, DP opening is often correlated with the contemporaneous onset
of a marked difference between northern and southern latitude temperatures in the Atlantic Ocean, with
cooler temperatures in the high southern latitudes suggested b§/80 data (Borrelli et al., 2014; Coxall

et al., 2018; Cramer et al., 2009; Katz et al., 2011; Langton et al., 2016). On the other hand, different proxies
( ¥c, Nd, 0, and contourites) suggest the onset of North Atlantic Deep Water formation (NADW) during

the late Eocene, which may also have contributed to the thermal differentiation mentioned above (Borrelli
etal., 2014, Coxall etal., 2018; Hohbein etal., 2012; Katz et al., 2011; Langton et al., 2016; Scher & Martin, 2008).

Whether these modernstyle circulation features suggested by data are reproduced by model studies, and to
what intensity, largely varies with model setup and boundary conditions. Notably, the choice of geography
(modern or Eocene) andpCO; levels plays an important role in explaining the diversity of the results.
Furthermore, many studies have focused on surface processes, thus limiting comparison to geochemical
proxies.

Several modeling studies have aimed to understand the effect of the DP opening by evaluating its role in mod-
ernocean circulation. These studies use a preseatgty geography (England etal., 2017; Mikolajewicz etal., 1993;
Nong etal., 2000; Sijp & England, 2004, 2005), or an idealized geography such as aquaplanet with idealized con-
tinental barriers (Toggweiler & Bjornsson, 2000), and modepCO, levels. These experiments have shown a
signi cant relationship between the opening stage of the DP and the existence and intensity of the ACC and
NADW, with a strength of the ACC close to modern observations (between 136.7 + 6.9 Sv and
173.3 + 10.7 Sv, Donohue et al., 2016; Firing et al., 2011; Meredith et al., 2011; e.g., 140 Sv, Sijp &
England, 2004). While a closed DP inhibits the formation of NADW, opening of the DP leads to the onset of
deepwater formation in the Northern Hemisphere (Mikolajewicz et al., 1993; Nong et al., 2000; Sijp et al., 2009;
Sijp & England, 2004, 2005; Toggweiler & Bjornsson, 2000). A decrease in sea surface temperature (SST) of as
much as 10°C can be produced as a result of these circulation changes (Sijp & England, 2004). Despite the
importance of these modeling studies in providing a conceptual understanding of the impact of an open DP

on modern oceans, their suitability to represent Eocene ocean changes is questionable. It is expected that stu-
dies performed with modern geography and loywCO, concentrations reproduce an ocean circulation similar

to present day with nearmodern ACC, AMOC, and NADW intensities. As an intermediate step into
Eocenelike boundary conditions, some studies have used highp€0, and/or modi ed modern geographies

with key differences such as an open Panama Seaway (e.g., Cristini et al., 2012; Elsworth et al., 2017; Ladant
etal., 2018; Sijp etal., 2009, 2011; Yang et al., 2014; Zhang et al., 2010). The use of an adequate paleogeography
is particularly important, as itimpacts ocean circulation and properties (e.g., temperature and salinity distribu-
tion; see Yang etal., 2014; Zhang et al., 2010). For instance, the closure of the Central American Seaway and the
Arctic Ocean and the subsidence of the Greenland Scotland Ridge have been described as causal mechanisms
for NADW onset because of their impact on North Atlantic salinity (e.g., Abelson & Erez, 2017; Hutchinson

et al., 2018, 2019; Ladant et al., 2018; Mikolajewicz et al., 1993; Sepulchre et al., 2014; Starz et al., 2017).
Experiments with the UVic intermediate complexity model (energy balanced model for atmosphere) and
increasedpCO, alone still describe a strong impact of DP opening on ocean meridional overturning circulation

and climate, notably on surface temperatures (Sijp et al., 2009, 2011). Conversely, DP opening in the
low resolution FOAM general circulation model produces a smaller impact in terms of temperature and ocean
circulation in an Eocene con guration with high CO, levels compared to a modern one (Zhang et al., 2010).

Recent studies have also addressed the question of the DP opening effect on climate using realistic middle
Eocene to early Oligocene boundary conditions (Goldner et al., 2014; Hutchinson et al., 2018; Kennedy
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etal., 2015; KennedyAsser et al., 2019; Vahlenkamp et al., 2018). These studies describe an ACC with a mod-
erate intensity during the Eocene/Oligocene (around 4 to 46.2 Sv; Kennedy et al., 2015), which strengthens
as a result ofpCO, decrease, Antarctic Ice Sheet formation, and opening of the Southern Ocean (up to 89 Sy;
Hill et al., 2013; Kennedy et al., 2015; Ladant et al., 2014a; Lefebvre et al., 2012; Zhang et al., 2010). Among
these studies, the impact of DP opening on temperatures is variable with either a regional cooling of the
Atlantic sector of the Southern Ocean (up to 6°C; Kennedy et al., 2015; Kennetser et al., 2019) or
quasiinsigni canttemperature changes (<1°C) (e.g., Goldner et al., 2014; Inglis et al., 2015; Zhang et al., 2010).
Goldner et al. (2014) have illustrated the particularly weak contribution of the opening of Southern gateways to
EOT ocean temperature changes, in comparison peCO, decrease or Antarctic Ice Sheet buildp. Finally,
Northern Hemisphere geography, and especially Arctic geometry, is determinant in the presence or absence
of NADW formation, regardless of the conguration of Southern gateways (Hutchinson et al., 2019, 38 Ma
paleogeography; Vahlenkamp et al., 2018, 567.8 Ma paleogeography).

In light of these elements, DP opening is an intermediate stage in the conditions necessary for the onset of
modern like ocean circulation but with a variable, and to some degree moddkependent effect, on ocean
temperatures and a high sensitivity to geography. In this paper, we investigate the contribution of DP open-
ing to Eocene ocean changes suggested by geochemical data using the (Fi8BA2 Earth System Model
(ESM) and realistic Eocene boundary conditions. We perform four simulations with different DP depths
(closed, 100, 1,000 and 2,500 m) and explore the impact of DP opening on the ocean circulation and subse-
guent temperature changes.

2. Methods
2.1. The Model

We use the IPSLCM5A2 ESM (Sepulchre et al., 2019), which is built upon IPSCM5A LR; the CMIP5 ESM
developed at IPSL (Institut PierreéSimon Laplace, Dufresne et al., 2013). As IPSIM5A LR, it is composed

of the LMDZ atmospheric model (Hourdin et al., 2013), the ORCHIDEE land surface and vegetation model
(Krinner et al., 2005), and the NEMO ocean model (NEMO v3.6, Madec, 2008), which include modules for
ocean dynamics (OPA8.2, Madec, 2008), biogeochemistry (PISCES, Aumont et al., 2015), and sea ice (LIM2,
Fichefet & MoralesMaqueda, 1997). Atmospheric and oceanic grids are connected via the OASIS coupler
(Valcke, 2006). The atmospheric grid has a horizontal resolution of 3.75° longitude x 1.875° latitude
(96 x 95 grid points) and is divided into 39 vertical levels. The ocean domain is an irregular tripolar grid
(ORCAZ2, Madec & Imbard, 1996) with a nominal 2° resolution rened latitudinally up to 0.5° in the tropical
region (Dufresne et al., 2013). The ocean is composed of 31 vertical levels whose thickness ranges from 10 m
at the surface to 500 m at the bottom. For more detailed descriptions of the model and its different compo-
nents, the reader is referred to Sepulchre et al. (2019).

2.2. Experimental Design

2.2.1. Boundary Conditions

In order to investigate the role of DP opening on ocean circulation and climate, we perform four simulations
with different DP depths (Table 1). These simulations use a 40 Ma paleogeography (Figure 1; see Tardif
etal., 2020) and CO, concentration of 1,120 ppm (four times preindustrial atmospheric levels, PALS) typi-

cal of middle Eocene values (Anagnostou et al., 2016; Beerling & Royer, 2011). Antarctica is ice free because
prescribedpCO, levels are above the threshold for perennial polar glaciation in the Eocene (DeConto &
Pollard, 2003; Ladant et al., 2014b). Orbital parameters and other boundary conditions are left at their pre-
industrial values.

The different Eocene simulations arerst compared together to identify the effects of the DP depth on ocean
dynamics and properties. Then, as a second step, the simulations are compared to a preindustrial simulation
(CTRL) and another one in which atmospheripCO, is increased to 1,120 ppm (CTREX). This allows us to

have a modern reference frame and to assess the relative importance of both geographyp@(d, on the
modern behavior of ocean circulation.

2.2.2. Model Steady State

To what extent the model has reached steady state need to be assessed when analyzing deep ocean circu-
lation (e.g., KennedyAsser et al., 2019). Our Eocene simulations are run for 4,000 years, and we use four
metrics as indicator of steady state: (1) stability of ocean temperatures at different depths (Figure 2), (2)
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