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Abstract

The Eocene-Oligocene Transition (EOT) marks a major step within the Cenozoic
climate in going from a greenhouse into an icehouse state, with the formation of a
continental-scale Antarctic ice sheet. The roles of steadily decreasing CO2 concentra-
tions versus changes in ocean circulation at the EOT are still debated and the thresh-
old for Antarctic glaciation is obscured by uncertainties in global geometry. Here, a
detailed study of the late Eocene ocean circulation is carried out using an ocean gen-
eral circulation model under two slightly different geography reconstructions of the
middle-to-late Eocene (38Ma). Using the same atmospheric forcing, both geographies
give a profoundly different equilibrium ocean circulation state. The underlying reason
for this sensitivity is the presence of multiple equilibria characterised by either North
or South Pacific deep water formation. A possible shift from a southern towards a
northern overturning circulation would result in significant changes in the global heat
distribution and consequently make the Southern Hemisphere climate more suscepti-
ble for significant cooling and ice sheet formation on Antarctica.

Keywords: paleobathymetry, global ocean circulation, multiple states, past climate
transitions

1. Introduction

The climate during the Cenozoic era (last 65 million years, Myr) has changed dra-1

matically from a warm, basically ice-free world to the present-day climate with large2

ice sheets in both polar regions. This long-term transition has not been smooth though:3

between slow trends of gradual warming or cooling several relatively rapid transitions4

have occurred, sometimes associated with a change in (quasi-periodic) variability on5

orbital time scales (Zachos et al., 2001a; Cramer et al., 2009).6
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Often the opening or closing of oceanic gateways is used in explanations of the8

sometimes rather dramatic climate shifts observed in the proxy record. For exam-9

ple, it has been suggested that the Northern Hemisphere glaciation in the Pliocene10

may have resulted from the establishment of the present-day Atlantic Ocean merid-11

ional overturning circulation after the closure of the Central American Seaway (Haug12

and Tiedemann, 1998). Similarly, the closure of the Indian-Atlantic Ocean connec-13

tion through the Tethys seaway has been proposed to have had profound impacts on14

the Miocene climate (Harzhauser et al., 2007). However, the most widely discussed15

example of a gateway-related cause for climate change is the hypothesis that the estab-16

lishment of the Antarctic Circumpolar Current due to opening of the Southern Ocean17

gateways has thermally isolated Antarctica such that a large ice sheet could appear at18

the Eocene-Oligocene boundary (Kennett, 1977). While all of these hypotheses are19

being debated for various reasons (e.g. Antarctic glaciation forced by declining CO220

levels (Gasson et al., 2014) rather than ocean gateways), often it is the uncertainty21

in timing and precise occurrence of the gateway closure/opening that makes a direct22

causal relationship with a climate transition problematic.23

24

Uncertainty in paleobathymetry arises because of the complicated structure of plate25

boundaries and continents meeting each other. However, there are also more subtle un-26

certainties in geographical boundary conditions such as the positioning of plates (and27

continents) with respect to each other, which is only at the beginning of being quanti-28

fied (Torsvik et al., 2012; van Hinsbergen et al., 2015). Plate-tectonic models rely on29

a specific frame of reference to determine how the plates are positioned with respect30

to the Earth’s mantle (Dupont-Nivet et al., 2008). Currently, two such frameworks are31

used, one referred to as HotSpot (HS, Seton et al. (2012)) and the other as PaleoMag32

(PM, Torsvik et al. (2012)). Global middle-to-late Eocene reconstructions were made33

in these two different frames of reference (Baatsen et al., 2016) for use as boundary34

conditions for ocean-climate models. While the gateway regions are exactly the same35

in both versions, the rotation of the poles in the PM frame of reference results in con-36

tinents shifted or rotated by as much as 5 − 6 degrees with respect to the HS one.37

38

As more and more time slices of paleogeography become available and are being39

used for ocean and climate model studies (von der Heydt and Dijkstra, 2006; Hay-40

wood et al., 2011; Herold et al., 2014; Lunt et al., 2016), we consider it important41

to determine how the modelled global ocean circulation is dependent on the chosen42

boundary conditions. In this paper, we study the sensitivity of the ocean circulation43

to relatively moderate changes in continental geography (Baatsen et al., 2016) using44

a global ocean-only model for the middle-to-late Eocene. We find an unexpected sen-45

sitivity of the Eocene global ocean flow to paleobathymetry and explain this by the46

occurrence of multiple equilibria.47

48
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2. Methods49

2.1. Ocean Model50

The global version of the Parallel Ocean Program (POP v2.1) model (Smith and51

Jones, 2010) is used for computing the circulation in both (HS and PM) paleobathyme-52

tries. Horizontal viscosity is anisotropic (Smith and Mcwilliams, 2003) and horizontal53

tracer diffusion follows the parameterisation of Gent and McWilliams (1990). The54

model uses the KPP-scheme for vertical mixing coefficients (Large et al., 1994). The55

model is set up with a nominal 1° horizontal resolution (320×384 grid points) and 6056

vertical (non-equidistant) layers using a curvilinear projection. We use the bipolar grid57

version of POP with the southern pole situated at 90°S in the Antarctic continent, and58

the northern pole is relocated to Greenland (at 68°N, 20°W). A simple sea ice module59

is enabled that introduces sea ice whenever the sea surface temperature drops below60

-1.8°C.61

62

Figure 1: Global bathymetry grid in curvilinear projection as used by the model; black shading shows
the land mask and colours indicate depth. The model grid is based on a PaleoMag (PM) referenced 38Ma
reconstruction, while the white contour line indicates the shorelines using a HotSpot (HS) framework.
A rectangular projection grid is added in grey, featuring 30° intervals in longitude and 20° in latitude.
Thick yellow lines denote the positions of three Southern Ocean transects with their respective names,
which will be used in the text below.

A global geography reconstruction made for 38Ma, using the method described in63

Baatsen et al. (2016), is shown in Figure 1 in a curvilinear projection as used by the64

ocean model here. This reconstruction uses the Torsvik et al. (2012) PaleoMag ref-65

erence frame, the Müller et al. (2008) ocean bathymetry and the Wilson et al. (2012)66

Antarctic topography. White contour lines in Figure 1 indicate the changes in the67

positions of the continents with respect to the PM reconstruction, when using a HS68

reference frame as in Seton et al. (2012).69

70
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2.2. Model Forcing71

Figure 2: Surface fresh water flux from a) the CCSM3 forcing and b) adjusted to the PaleoMag geog-
raphy as used in the ocean-only simulations. Red and blue rectangles denote the areas of changed fresh
water fluxes for the adjusted PaleoMag simulation in the North and South Pacific, respectively. Surface
heat flux (shading) and sea surface temperatures (contours every 2.5°C; blue: 10°C, black: 20°C and
red: 30°C), again from the c) CCSM3 forcing and d) adjusted to the PaleoMag geography.

The atmospheric forcing is taken from a lower resolution (T42; ∼2.5°) Eocene cou-72

pled climate model (CCSM3) simulation under 4× pre-industrial CO2 (i.e. 1120ppm)73

(Huber and Caballero, 2011). Surface fields of wind stress, freshwater flux, heat flux74

and sea surface temperature from CCSM3 are adjusted to the new model grid as shown75

in Figure 2. Monthly climatologies (using a 50-year average) are considered, from76

which original land masses are removed using natural neighbour interpolation. Next,77

surface forcing fields are adjusted to the new land-ocean mask and interpolated onto78

the curvilinear grid. Localised extremes from river runoff in surface fresh water fluxes79

(Figure 2a) are removed and global fields are bias corrected to conserve the global salt80

budget. Larger scale effects from run-off, precipitation and evaporation are still present81

in the adjusted forcing as seen in Figure 2b. Similarly, a bias correction is applied to82

the surface heat fluxes to conserve the global heat budget at the atmosphere-ocean in-83

terface. The ocean model is then forced by the adjusted surface fresh water flux, wind84

stress (shown in Figure 9) and heat flux, where the latter is combined with restoring85

conditions to sea surface temperatures.86

87

Three different simulations are carried out; the first using a PaleoMag geography88

(referred to as ’PM’), the second using a HotSpot geography (’HS’) and the third start-89
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ing from the Paleomag configuration but using adjusted surface fresh water fluxes (PM90

Adjusted). The PM Adjusted case serves to test the stability of the overturning regime91

by perturbing the system for a limited amount of time through adding 1Sv of integrated92

fresh water flux to the South Pacific and doing the oppositie in the North Pacific (blue93

and red boxes in Figure 2a, respectively).94

95

2.3. Model Spin-up96

Figure 3: Time series of average temperature for a) upper 1000m and b) full depth (purple) and below
2000m (black). Upper 1000m averages are separated in global (black), Pacific-only (red) and Atlantic-
only (blue) means, showing the entire spin-up of the PaleoMag (solid), HotSpot (dotted) and adjusted
PaleoMag (PM Adjusted; dashed) simulations. c) and d) as in a and b but for time series of average
salinity.

The ocean state is initialised for both PM and HS cases as motionless and having a97

horizontally homogeneous temperature distribution, decreasing linearly (as a function98

of model levels) from 15°C at the upper level down to 9°C at the bottom. Model sim-99

ulations are carried out over 3200 and 2500 years towards an equilibrium state for the100

PM and HS cases, respectively. In the PM Adjusted case, the initial state is that of the101

PM case at model year 3000 after which the adjusted forcing is applied for 200 years.102

The model is then run for another 800 years with the unperturbed forcing (i.e. identi-103

cal to that of the PM case) resulting in a total of 1000 model years. Trends of (Global,104

Pacific and Atlantic) average temperature and salinity are shown in Figure 3 for the105

upper 1000m, below 2000m and full depth. An overview of the drifts in temperature106

and salinity for all three simulations is given in Table 1. Upper 1000m temperatures107
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equilibrate well and show little to no drifts in the last 500 years of each simulation108

(200 for PM Adjusted). Deep ocean temperatures take longer to settle, especially in109

the PM case which requires a longer spin-up time. Drifts in global mean temperature110

are generally in the order of 1K per 104 years over the last 200 model years. Globally111

averaged salinity continues to show a minor drift of a few psu per 105 years and is112

rather steady throughout the spin-up. Despite the surface budget being closed, there113

is still a small drift in the global salt budget due to numerical errors but this is not114

problematic (a ∼0.1psu increase is seen through the entire run).115

116

Simulation PM HS PM Adjusted

Geography 38Ma Paleomag 38Ma HotSpot 38Ma Paleomag
Spin-up (years) 3200 2500 1000
Forcing CCSM3PM CCSM3HS CCSM3PM SFWF
∆T (K/year) −2.2 · 10−4 8.8 · 10−5 1.1 · 10−4

∆S (psu/year) 5.2 · 10−5 4.0 · 10−5 2.8 · 10−5

∆T/T (/year) −7.7 · 10−7 3.1 · 10−7 3.8 · 10−7

∆S/S (/year) 1.5 · 10−6 1.1 · 10−6 8.1 · 10−7

Table 1: Overview of all three POP spin-up simulations with their boundary conditions, spin-up time
and drifts in global mean temperature and salinity over the last 200 model years. Forcing subscripts
denote adjustment to geography and ’SFWF’ indicates changed surface fresh water flux. Normalised
drifts ∆T/T and ∆S/S, with T temperature in Kelvin and S salinity in psu, are also shown for each case
using the same period.

To monitor the development of the flow, several indicators are used as described117

below. Three meridional transects are considered from west to east, named Agulhas,118

Tasman and Drake (as shown in Figure 1) and connecting Africa, Australia and South119

America to Antarctica, respectively. The volume transport (in Sv) through these three120

transects is displayed as solid curves in Figure 4a. The transient behaviour shows the121

importance of a long model spin-up (beyond 2000 years) as there are still substantial122

changes around model year 1500 (PM) and 1000 (HS). The abrupt changes in volume123

transports can be linked to an invigoration of the meridional overturning circulation124

(MOC), shown in Figure 4b. Time series of global MOC strength are shown for both125

hemispheres, where black indicates the maximum value of the northern overturning126

cell while red does so for the (minimum of the) southern cell. The effects of enhanced127

overturning are also visible in average temperature and salinity in Figure 3. Tem-128

peratures below 2000m are seen to increase first due to thermal diffusion of surface129

warmth, after which more efficient ventilation cools down the deep ocean again for the130

PM case. A steady warming of oceanic bottom waters acts to reduce thermal strati-131

fication in the initial phases of spin-up (1000-1500 years); the stratification becomes132

sufficiently small at some point to allow for transition towards a flow regime with sig-133

nificantly stronger meridional overturning.134
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135

3. Results136

3.1. Geometry-dependent Flow Patterns137

Figure 4: a) Integrated volume transport through the Agulhas transect (blue), Tasmanian Gateway (red)
and Drake Passage (black). Yearly averaged values are shown for all three simulations starting at model
year 250: case PM (solid), HS (dotted) and PM2 (dashed). b) As in a) for the maximum global merid-
ional overturning strength in the Northern (black) and Southern (red) Hemisphere.

Despite the minor differences between the HotSpot and PaleoMag geometries, they138

result in profoundly different (equilibrium) flow regimes (comparing dotted (HS) to139

solid (PM) curves in Figure 4). In the following we discuss the resulting flow pat-140

tern averaged over the last 50 years of simulation. In the PM case, relatively large141

zonal transports through Southern Ocean transects are associated with a strong South-142

ern Ocean sourced meridional overturning circulation. The opposite is seen in the HS143

simulations, where the Southern Ocean zonal transports and the southern overturning144

circulation are relatively weak, while the northern overturning circulation is about as145

strong as the southern overturning in the PM case.146

147

The equilibrium state sea surface temperature (SST), sea surface salinity, barotropic148

streamfunction and sea surface height (SSH) for the PM simulation are shown in Figure149

5a,c. The main feature of the global circulation is an expansive Indo-Pacific subtrop-150

ical gyre system spanning 3/4 of the tropics. The associated warm pool with annual151
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Figure 5: Sea surface temperatures (SST; shading) and barotropic stream function (BSF; contours every
10 Sv; white: positive, black: negative, dashed line at 0) for a) the PM and b) the HS case. PM Sea
surface salinity (SSS; shading) and sea surface height (SSH; contours every 15 cm; white: positive,
black: negative, dashed line at 0) for c) PM and d) HS, respectively.

mean SSTs reaching almost 35°C, covers most of the Indian Ocean and is accompa-152

nied by an extended cold tongue to its East. The sub-polar regions are mild at 10-20°C153

and reflect a climate with high greenhouse gas concentrations and a reduced equator154

to pole temperature gradient. Because of its relatively isolated configuration, the Arc-155

tic is significantly colder than the Southern Ocean. However, temperatures hardly go156

below freezing and sea ice only occurs sporadically and very locally. The SSH pat-157

tern denotes pronounced gyre circulations across most of the high latitudes (beyond158

45°N/S) and a strong zonal current at the wind stress maximum around 45°S. SSH159

fields further suggest the presence of at least a shallow circumpolar flow in the South-160

ern Hemisphere, although the Southern Ocean passages are strongly limited in depth161

and width. As shown in Figure 4a, volume transport through the Drake Passage is only162

about 15 Sv in the PM case and 5 Sv in the HS one.163

164

The equilibrium state for the HS case accordingly shows warmer and more saline165

North Pacific high latitude regions (Figure 5b,d) compared to the PM case, while the166

opposite holds for the South Pacific. Apart from the Tasmanian Gateway, volume167

transport through the Southern Ocean passages drops to very low values indicative of168

a circulation dominated by gyres in the Southern Hemisphere. The differences between169

PM and HS cases thus mostly result from reversed patterns in MOC, where the HS ge-170

ometry favours Northern and the PM geography favours Southern Hemispheric deep171
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water formation. Patterns of mixed layer depth and basin-specific overturning stream172

functions (not shown) indeed confirm that all of this deep water formation occurs in173

the South versus North Pacific Ocean for the PM and HS case, respectively.174

175

3.2. Multiple Equilibria within the Paleomag Geography176

Recalling that both PM and HS simulations use essentially the same atmospheric177

forcing conditions, this result suggests a strong dependence of the circulation pattern178

on the model geography. To investigate the occurrence of multiple equilibria in the179

overturning state, we performed an additional simulation using a density perturbation180

(PM Adjusted). Starting from the ocean state of the PM simulation at model year181

3000, a negative freshwater flux (-1 Sv) is added to the sub-polar North Pacific. Sim-182

ilarly, a +1 Sv forcing is applied to the sub-polar South Pacific region as shown in183

Figure 2a. The total flux of 1 Sv is divided over a 30° × 90° area and results in an184

anomalous forcing of ∼ 0.5 · 10−7m/s, which is in the same order of magnitude as185

the unperturbed fresh water fluxes. To let the circulation adjust to these density per-186

turbations, anomalous freshwater fluxes are applied for 200 years. Afterwards, the187

simulation is continued under the original forcing for another 800 years to reach equi-188

librium again (see dashed lines in Figure 3). This makes the third simulation spin-up189

significantly shorter compared to those of the PM and HS case, but it did not start from190

a motionless state with a generalised temperature and salt distribution. Model drifts191

after 1000 years for the PM Adjusted case shown in Table 1 are of the same order as192

those seen in the other simulations. Additionally, the density perturbation drives an193

enhanced meridional overturning circulation for 200 years which effectively mixes the194

deep ocean more quickly and speeds up the equilibration.195

196

Indicators of the transient flow are again shown in Figure 4, with the dashed curves197

representing the PM Adjusted case. The density perturbation inverts the meridional198

overturning circulation (Figure 4b). After an overshoot (caused by the altered forc-199

ing), the transports settle to values similar to those seen in the HS case (with North200

Pacific deep water formation). In the PM Adjusted equilibrium state, the maximum201

of the meridional overturning stream function (dashed curves in Figure 4b) clearly202

demonstrates the dominant northern sinking. The results of the PM Adjusted sim-203

ulation thus effectively show that different overturning states can be realised in the204

PaleoMag referenced geography under the same atmospheric forcing. The relatively205

large flow through the Tasmanian Gateway in the PM case compared to PM Adjusted206

(and HS) suggests that this gateway transport is not correlated with a deep circumpolar207

flow. Other Southern Ocean passages never show such large flows and thus the dif-208

ference can best be explained by geostrophic adjustment to an enhanced meridional209

density gradient. Deep water formation and the associated salt advection feedback act210

to increase the density at high latitudes and thus the density gradient. For clarity, the211

different equilibrium states found within the PaleoMag geography will be referred to212

as SHS (southern hemisphere sinking; PM) and NHS (northern hemisphere sinking;213
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PM Adjusted) onwards, reflecting their crucial difference in overturning state.214

215

Figure 6: a) Volume transports for the SHS equilibrium state. b) Difference fields (NHS-SHS) of the
volume transports. c) and d) same as a) and b) but for the total salt flux. Boxes and arrows show the
magnitude and direction of the largest and most important fluxes and flux differences, with gold coloured
ones highlighting the largest and most important values. Transports are perpendicular to the transects,
where positive values denote either northward or eastward flows. Background shading indicates model
grid depth and red lines show the transects at which transports are calculated.

A more detailed view on the SHS state and the differences (NHS-SHS) between216

both states considering both global volume, heat and salt transports (shown in Figure217

6) reveals that transport values in the Southern Ocean are generally small compared218

to the present day. This corresponds to an ocean state dominated by gyre circulations219

in which flows through gateways are small, or are compensated for within larger tran-220

sects. A circumpolar current of 15-20 Sv is present in the Southern Ocean, limited221

mostly by the Drake Passage (because of its high southerly latitude). The largest trans-222

port is seen in the Mozambique channel, characterising the western intensification of223

the South Indian subtropical gyre and the origin of the Agulhas current. In addition,224

there seems to be a net 10-15 Sv anticyclonic flow around Australia in response to225

the density gradient in the South Pacific. Finally, a 5-10 Sv global westward current226

is present in the tropics, allowed by the Neo-Tethyan passages and through Central227

America. Salt fluxes show a similar picture, closely related to the main currents. What228

stands out is the large amount of salt transported eastward through the Tasmanian Gate-229

way. A net southward flux in the South Indian Ocean injects additional salt eastward230

into the South Pacific sub-polar gyre, helping to increase the density and thus the deep231
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water formation. Since the Tasmanian Gateway is at a higher latitude in the HS recon-232

struction it is significantly harder to force high salinity water through this gateway, and233

into the sub-polar South Pacific. As a result, enhanced salt transport seems to be the234

reason why the PM configuration favours Southern Hemispheric sinking, while the HS235

one does not. When the overturning is reversed (NHS state), Southern Ocean trans-236

ports dramatically decrease and a circumpolar current ceases to exist. Westward flow237

through Central America is now enhanced as a result of a stronger gyre circulation in238

the North Pacific.239

240

Figure 7: Global meridional overturning stream function for the a) SHS (PM) and b) NHS (PM Ad-
justed) case, with contours drawn every 5 Sv (red: positive, blue: negative, thin lines at +/-1 Sv) and
numbers indicating maximum values. Coloured dots show different parcel tracks and ’age’ (in years)
and the black square denotes the paleo location of site ODP1218. c) Global meridional heat transport
in the SHS (solid) and NHS (dashed) state, coloured lines show the contribution of the North (blue) and
South (red) Pacific Ocean. d) As in c), but for meridional salt transports.

Patterns of the different equilibrium global MOC states (SHS and NHS) are pre-241

sented in 7a-b, clearly showing the different sinking patterns. In addition to the merid-242

ional overturning stream function, trajectories are calculated for several parcels starting243

(for each case) in the areas of deep water formation and assuming that they follow the244

zonally integrated flow (also in Figure 7a-b). This assumption is based on the observa-245

tion that no deep sinking occurs outside of the Pacific Ocean. While both overturning246

cells are similar in extent and strength (apart from being mirrored), the NHS one ap-247

pears to be shallower (related to differences in bathymetry and density between source248

regions). Weaker flow below 2 km depth results in water parcels taking almost twice249
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as long (600-800 years in NHS instead of ∼400 years for SHS) to reach the equator250

at a depth of 4 km. These values are purely indicative, but suggest that bottom water251

masses in the equatorial Pacific can have very different characteristics besides those252

determined by their source regions. Such a change towards an older water mass would253

cause a significant reduction in the solubility of carbonate and thus a decrease in the254

carbonate compensation depth (CCD). An example of such a sharp reduction in solu-255

bility is observed at site ODP1218 in the Equatorial Pacific (Coxall et al., 2005) as a256

dissolution event right before the first step of the EOT.257

258

Zonally integrated meridional heat transports (Figure 7c) show a picture in agree-259

ment with a switch between overturning regimes. The NHS state heat transport looks260

similar to that of the present day, where the North Pacific takes over the contribution261

of the North Atlantic with a maximum northward heat transport of about 2 PW in the262

subtropical gyre. In the SHS case, an overall amount of 0.5-1 PW is redistributed from263

the Northern towards the Southern Hemisphere. The overturning cell mostly serves to264

push oceanic heat beyond 45° latitude, significantly warming the high latitude regions265

where deep sinking occurs. Looking at the contribution of only the Pacific Ocean (red266

and blue), both the total heat fluxes and differences between overturning states are267

dominated by this basin. Finally, zonally integrated meridional salt transports (Figure268

7d) show a typical pattern where salt is advected away from evaporative regions in269

the subtropical gyres towards both the tropics and higher latitudes. Changes between270

SHS and NHS states are minimal here and probably limited by fixed surface fresh271

water fluxes and the implied meridional response in the model. This is different for272

the meridional heat transport, where mixed (considering both heat fluxes and SSTs)273

boundary restoring conditions are used.274

275

Temperature and salinity differences (NHS-SHS) between both states are shown276

in Figure 8 at the surface (a), below 2km depth (b) and for a zonally averaged Pacific277

cross section (c and d). When switching from the SHS towards the NHS state, a gen-278

eral warming and salinification of North Pacific surface waters occurs at the expense279

of cooling and freshening in the South Pacific. These changes are more localised and280

intense in the north, while they are more evenly distributed across the South Pacific281

sub-polar gyre. Furthermore, the associated density changes are shallower thus hav-282

ing a limited effect on stratification across southern high latitudes. Additionally, the283

Atlantic and Indian parts of the Southern Ocean become warmer and more saline in284

response to a vanishing proto-circumpolar current. Vertical cross sections (Figure 8c-285

d) indicate a general warming of the deep ocean, related to changes in the deep water286

formation source region. A tongue of colder and fresher water in the NHS state finally287

suggests the presence of a South Pacific intermediate water mass, similar to the one288

seen in the present-day South Atlantic Ocean. The largest changes in temperature are289

seen below the surface as an effect of the mixed restoring conditions including SST.290

This is in contrast to salinity changes that are maximised at the surface, where only291

fresh water fluxes are considered. The salt advection feedback, stabilising the over-292
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Figure 8: a) NHS-SHS state sea surface temperature (shading) and salinity (contours every 0.4 psu)
change, b) similar for changes below 2000m depth with contours every 2 · 10−2 psu. c) Pacific zonal
mean temperature change (NHS-SHS) and SHS temperature (contours every 2°C). Vertical scaling
changes at 200m and 1km depth. d) as in c for salinity change and SHS salinity (contours every 0.25
psu).

turning regime, is thus facilitated by the surface boundary conditions applied here.293

294

A comparison of wind stress curl and barotropic stream function fields of the orig-295

inal CCSM3 simulation (from which the atmospheric forcing was derived) with those296

of the HS and PM (both SHS and NHS) cases is made in Figure 9. POP model results297

(Figure 9b-d) are interpolated on a 1°×1° and smoothed using a 3°×3° mask to be com-298

parable to the CCSM3 fields (Figure 9a). Forcing by the wind is similar for all cases,299

with only minor shifts and adjustments to the changing continental configuration. As300

a result, depth averaged flow patterns are also similar and show little change between301

the HS and PM case when only looking at northern sinking solutions (Figures 9 b and302

d). More significant changes in gyre strength can be seen in the Indian Ocean, related303

to the different position of India compared to the one used in the CCSM3 simulation304

(forcing). Enhanced Southern Ocean zonal flow, stronger South Pacific and weaker305

North Pacific gyres are present in the SHS case as compared to both NHS cases (HS306

and PM) and the CCSM3 simulation. Despite featuring a southern sinking state as307

in the PM case (c; SHS), the CCSM barotropic stream function resembles that of the308
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Figure 9: a) CCSM3 (Eocene forcing) wind stress curl (shading, 10−11 Pa/m) and barotropic stream
function (contours every 10 Sv, dashed for negative values, thick lines every 30 Sv), and similar for b)
HS case featuring northern sinking, c) PM SHS and d) PM NHS cases.

HS (b; NHS) solution more closely. This resemblance is likely the combined effect309

of a better matching model geography (CCSM geography and HS use the same frame310

of reference) and the coarser resolution that obscures the effects of bathymetry on the311

depth-averaged flow (mainly South Pacific).312

313

Differences in barotropic stream function between the NHS and SHS states are314

similar to those between the HS and PM cases (contours in Figure 10). Therefore,315

changes in flow pattern are dominated by a shift in sinking regime as opposed to the316

model geography. Some more subtle flow changes related to differences in geography317

are still present, mainly caused by changes in western boundary currents (e.g. Mozam-318

bique Channel and East Australian Current) or the positioning of gateways (e.g. South319

Atlantic east of the Drake Passage). For this specific case, changes in model geography320

are thus a significant influence on the preferred overturning state, but do not change321

the associated depth-averaged circulation dramatically.322

323

The estimated δ18O signal, based on a simple parameterisation using salinity and324

temperature (Broecker, 1989), due to a switch from the SHS into the NHS state is325

shown in Figure 11. Changes in the mixed layer reflect straightforward shifts in tem-326

perature and salinity in the different overturning states as seen in Figure 8. In contrast,327

a global pattern of decreased δ18O values is caused by higher temperature and salinity328

of the northerly formed deep water mass. This change is in disagreement with clear329
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Figure 10: Barotropic stream function (shading, Sv) and Difference (contours every 5Sv, dashed for
negative values) for a) NHS - SHS and b) HS - PM cases. The PM case featuring southern sinking is
shown in panel a) while the HS case with northern sinking can be seen in panel b) for reference.

increases of benthic oxygen isotope observations across the EOT (Coxall and Wilson,330

2011). However, it is possible that the temperature changes shown by the model are331

not representative as restoring conditions manipulate the properties of surface waters332

across the source regions. Even prior to the transition, a shift from southern towards333

northern overturning would have resulted in a reorganisation of the circulation pattern.334

Associated with such a change would be cooling of Antarctica and possibly a response335

in ice growth, stratification and biological activity. Such an event could thus precondi-336

tion the climate to ice growth when a certain threshold in radiative forcing is reached,337

or simply change the threshold itself. Most of the considered changes are taking place338

across the Pacific Ocean, as it is rather weakly stratified across both its northern and339

southern high latitude regions. The North Atlantic is characterised by weak circulation340

and ventilation, associated with strong stratification and low surface salinities resulting341

from a shallow connection to the relatively fresh Arctic Ocean.342

343

4. Summary and conclusions344

Using a global ocean model with two different paleobathymetries for the middle-345

to-late Eocene (38 Ma), we have shown that the meridional overturning circulation346

(MOC) is quite sensitive to details in the geometry. In particular, a different choice347

in reference frame (PaleoMag or HotSpot) can lead to different patterns of the MOC348

and consequently different sea surface temperature and salinity fields. The underlying349

reason for this high sensitivity is the existence of two stable equilibria for this Eocene350

situation under the prescribed forcing as was demonstrated for the PaleoMag configu-351

ration (simulations PM and PM Adjusted).352

353
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Figure 11: a) Upper (surface to 200m) and b) deep (below 2km) ocean estimated change in δ18O
isotope values for a NHS-SHS state change (contours: potential density (surface reference) change,
solid: positive, dashed: negative). c) Zonally averaged Pacific and d) Atlantic Ocean cross section of
NHS-SHS δ18O change, contours indicate potential density values at 25, 26 and 27kg/m3 for the SHS
(solid) and NHS (dashed) situation.

It is often mentioned that multiple equilibria of the meridional overturning circula-354

tion (MOC) are an artefact of neglecting the atmospheric feedbacks (and hence would355

not occur in coupled models), so a discussion is needed here. Indeed, a complete shut-356

down of the present-day Atlantic MOC has not been found in fully coupled models357

(Stouffer et al., 2006). However, apart from differences in atmospheric feedbacks be-358

tween ocean-only and coupled model studies, it is important to distinguish different359

types of results on multiple equilibria in the relevant modelling literature (mostly for360

present-day climate studies):361

(i) different statistical equilibria under the same forcing conditions with local dif-362

ferences in deep water formation sites; these equilibria are mostly found only363

under certain values of parameters (e.g. vertical mixing);364

(ii) different statistical equilibria for the same forcing conditions and parameters,365

showing global changes in observables such as the meridional overturning stream366

function.367

Type (i) multiple equilibria are due to local convective feedbacks, highly sensi-368
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tive to the surface forcing and basically spurious (Rahmstorf and Willebrand, 1995;369

den Toom et al., 2011). There are very few results with GCMs on type (ii) multiple370

equilibria (Hawkins et al., 2011) and such equilibria have not definitely been found yet371

in coupled models (Stouffer et al., 2006). The reason is not that the multiple equilibria372

in principle do not exist because of atmospheric feedbacks, but that the computations373

to systematically find them have not been performed. Moreover, in one present day374

climate model (FORTE) the existence of mountain ranges seems to influence surface375

freshwater flux patterns such that the Atlantic MOC is stabilised (Sinha et al., 2012).376

On the other hand, the analysis of the physics of these equilibria points more and more377

into the direction that such multiple equilibria do exist in the present-day ocean cir-378

culation (Srokosz and Bryden, 2015; Liu et al., 2017). For example, an indicator of379

the MOC induced Atlantic freshwater export is used as an integral measure of the salt-380

advection feedback in Huisman et al. (2010))381

382

Our results show type (ii) equilibria in a global ocean model under 38Ma forcing383

conditions. To our knowledge this is the first time such multiple equilibria have been384

found in any global ocean model using a detailed palaeobathymetry for the middle-to-385

late Eocene. It is indeed in an ocean-only context but this is a necessary condition for386

the existence of these equilibria in the climate system. As for the present-day case,387

these equilibria can still be relevant in the coupled system and may eventually exist in388

a fully coupled climate model.389

390

The difference in ocean heat transport between the two equilibria (NHS and SHS)391

in our results points towards a major redistribution of heat between Northern and392

Southern hemisphere and is not unusual in ocean-only model studies (e.g. Viebahn393

et al. (2016)). In coupled models the effect of a MOC switch can be less dramatic in394

the ocean heat transport, however, the resulting change in surface temperature is often395

very similar due to other processes such as the atmospheric circulation or sea ice feed-396

backs (England et al., 2017).397

398

The implied δ18O changes, based on a very simplified parameterization, due to a399

shift from SHS to NHS do not agree with the changes seen at the Eocene-Oligocene400

Transition (EOT). Such a switch in overturning regime would result in significant401

changes in heat distribution, a possible cooling of Antarctica and large changes in402

biological activity. Hence, this does not support the idea that a switch in the ocean cir-403

culation from SHS to NHS was a first step of the EOT as suggested by Tigchelaar et al.404

(2011). Nevertheless, such a switch in overturning regime, induced by the changing405

continental configuration, could have made the climate more susceptible to Antarctic406

glaciation.407

408

To conclude, multiple equilibria of the meridional overturning circulation may have409

existed in the middle-late Eocene, but also during other periods through the Cenozoic.410

As a result, long term shifts between different overturning regimes may be an impor-411
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tant contributor to changes in global climate, biology and variability in the Cenozoic412

and require further study.413

414
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