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Abstract

Modern Ocean is characterized by the formation of deep-water in the North Atlantic (i.e. NADW). This feature has been

attributed to the modern geography, in which the Atlantic Ocean is a large basin extending from northern polar latitudes to

the Austral Ocean, the latter enabling the connection of the otherwise isolated Atlantic with the Pacific and Indian Oceans.

Sedimentary data date the establishment of the NADW between the beginning of the Eocene ( 49 Ma) and the beginning of

the Miocene ( 23 Ma). The objective of this study is to quantify the impact of Miocene geography on NADW through new

simulations performed with the earth system model IPSL-CM5A2. We specifically focus on the closure of the eastern Tethys

seaway (dated between 22 and 14 Ma), which allowed the connection between the Atlantic and Indian Oceans, and on the

Greenland ice sheet, whose earliest onset remains open to discussion but for which evidence suggest a possible existence as early

as the Eocene. Our results show that the closure of the eastern Tethys seaway does not appear to impact the establishment of

NADW, because waters from the Indian Ocean do not reach the NADW formation zone when the seaway is open. Conversely,

the existence of an ice sheet over Greenland strengthens the formation of NADW owing to topography induced changes in wind

patterns over the North Atlantic, which in turn, results in a larger exchange of water fluxes between the Arctic and the North

Atlantic, and in a re-localization of deep-water formation areas.
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Abstract14

Modern Ocean is characterized by the formation of deep-water in the North At-15

lantic (i.e. NADW). This feature has been attributed to the modern geography, in which16

the Atlantic Ocean is a large basin extending from northern polar latitudes to the Aus-17

tral Ocean, the latter enabling the connection of the otherwise isolated Atlantic with the18

Pacific and Indian Oceans. Sedimentary data date the establishment of the NADW be-19

tween the beginning of the Eocene (∼ 49 Ma) and the beginning of the Miocene (∼ 2320

Ma). The objective of this study is to quantify the impact of Miocene geography on NADW21

through new simulations performed with the earth system model IPSL-CM5A2. We specif-22

ically focus on the closure of the eastern Tethys seaway (dated between 22 and 14 Ma),23

which allowed the connection between the Atlantic and Indian Oceans, and on the Green-24

land ice sheet, whose earliest onset remains open to discussion but for which evidence25

suggest a possible existence as early as the Eocene. Our results show that the closure26

of the eastern Tethys seaway does not appear to impact the establishment of NADW,27

because waters from the Indian Ocean do not reach the NADW formation zone when28

the seaway is open. Conversely, the existence of an ice sheet over Greenland strength-29

ens the formation of NADW owing to topography induced changes in wind patterns over30

the North Atlantic, which in turn, results in a larger exchange of water fluxes between31

the Arctic and the North Atlantic, and in a re-localization of deep-water formation ar-32

eas.33

1 Introduction34

One of the drivers of the actual global ocean circulation is the formation of deep35

water in the North Atlantic Ocean (NADW). At the end of winter, surface waters are36

denser than the lower layers, because of higher salinity and lower temperature. This ini-37

tiates a downward convection movement that results in the formation of deep water in38

this area. This movement causes an export of cold and dense water to the Southern Ocean39

while a compensatory flow of intermediate water rises to the north, the Antarctic Inter-40

mediate Water (AAIW), that close the circulation cell. When North Atlantic deep wa-41

ters leave the northern subpolar regions (between 2000 m and 4000 m depth), they cross42

the equator and enter the southern hemisphere, then a part are dragged into the Antarc-43

tic Circumpolar Current (ACC) and redistributed into the Pacific, Atlantic and Indian44

basins whereas another part upwelled in the Southern Ocean (Talley, 2013). The asso-45

ciation with the AABW (Antarctic Bottom Water) forms the Atlantic Meridional Over-46

turning Circulation (AMOC). The two layers structure of the modern AMOC arise from47

the particular state of the Atlantic basin geometry with a closed Central American sea-48

way and open Drake passage (Ferreira et al., 2018). During Cenozoic times and, in par-49

ticular, the Miocene period, the physical structure of the AMOC was probably differ-50

ent because the configuration of major gateways and submarine topographic barriers in51

the Atlantic and Pacific basins differ substantially. From the Miocene to today, these changes52

include the deepening of the Greenland-Scotland Ridge (GSR), opening of the Fram Strait53

(FS) and closing of the Bering Strait (BS) in the northern latitudes; the closure of the54

Central American Seaway (CAS) and Eastern Tethys Seaway (ETS) in tropical latitudes;55

and the potential narrowing of the Drake Passage (DP) in the southern latitudes. Apart56

those change in the seaways and the Eurasiatic land-sea mask, the continents configu-57

ration during the Miocene period was close to the modern one with some substantial changes58

in the topography worldwide (Poblete et al., 2021).59

60

Several studies have been dedicated to the geological history of the deep water for-61

mation in the North Atlantic over the Cenozoic, both using Earth system models of var-62

ious complexities and paleoceanographic data. Among those data, researchers have re-63

lied on sedimentary drift deposits, on Nd isotopes and on oxygen and carbon isotopes.Many64
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studies suggest the onset of NADW formation during the Eocene (Borrelli et al., 2014;65

Langton et al., 2016; Coxall et al., 2018; Via & Thomas, 2006; Wright & Miller, 1993;66

Davies et al., 2001) sometimes called NCW (North Component Water) which refers to67

an early version of the NADW. The NCW was not part of a large and extensive over-68

turning cell as the present NADW. Borrelli et al. (2014) reported similar benthic foraminifera69

δ18O and δ13C signatures at site ODP1053 (upper deep water, western North Atlantic)70

and at sites located in the Southern Ocean, equatorial Pacific, and western Atlantic un-71

til the end of the middle Eocene ( 39-40 Ma). Around 38.5 Ma, the values between North72

Atlantic, Southern and Pacific oceans began to differentiate leading Borrelli et al. (2014)73

to suggest an onset of NCW due to a gradual opening of the Southern Ocean gateways.74

Langton et al. (2016) used the same methodology on sites further south in the Atlantic75

Ocean (30°S) and find a close date for the initiation of NCW (38 Ma). However, the GSR76

was too shallow at 38 Ma to allow waters to reach the subarctic seas and cool enough77

to dive, thus other studies propose that tectonic adjustments of the GSR would have ini-78

tiated the NCW between 36 Ma (Coxall et al., 2018) and 34-33 Ma (Via & Thomas, 2006;79

Wright & Miller, 1993). Independent evidence from sedimentary deposits in the Faroe80

Shetland Basin indicate that NCW may have begun around 35 Ma Davies et al. (2001).81

Later, the transition from NCW to NADW may have been initiated by the intensifica-82

tion of the ACC at a time of a deepening of the Drake Passage in the late Oligocene (Katz83

et al., 2011). Moreover, Scher and Martin (2008) correlated the widening of the Drake84

Passage with the intensification of NCW/NADW because the long-term decreasing trend85

in neodymium isotopes values on the Agulhas Ridge (Atlantic sector of the Southern Ocean)86

suggests that the export of NCW/NADW from the North Atlantic to the Southern Ocean87

increased during the Oligocene and Miocene. In more recent geological time, different88

seaways influenced NADW dynamics. Cenozoic sediment cores from the Arctic’s deep-89

sea floor revealed more ventilated waters in the Arctic Basin related to enhanced NADW90

about 17.5 Ma ago due to the opening of the Fram Strait and increased exchanges be-91

tween North Atlantic and Artic oceans (Jakobsson et al., 2007). Woodruff and Savin (1989)92

used isotopic data from benthic foraminifera to suggest that the closure of the eastern93

Tethys seaway connecting the Indian Ocean to the Mediterranean Sea caused saltwater94

to enter the North Atlantic, intensifying NADW around 14.5 Ma. Short-term fluctua-95

tions in NADW after 12 Ma are controlled by vertical movements of the GSR (Poore et96

al., 2006) based on the study of δ13C gradients in benthic foraminifera from several oceans97

(Atlantic, Pacific, and Southern).98

99

From a modeling point of view, earlier studies such as the one of von der Heydt100

and Dijkstra (2006) found a meridional overturning circulation substantially different101

than the present-day circulation and characterized by a weaker and shallower NADW102

with the presence of deep-water formation in the North Pacific, using both Oligocene and103

Miocene paleogeographies. This pattern is rather accepted in the community and thus104

recent studies have focused on the role of marine gateways from both equatorial and high105

latitudes (Z. Zhang et al., 2011). Specifically, modeling studies suggest that the closure106

of the CAS enabled an intensification of NADW (Sepulchre et al., 2014; Schneider & Schmit-107

tner, 2006; Nisancioglu et al., 2003). Coupled ocean/atmosphere simulations also indi-108

cate greater NADW when the GSR is deeper (Stärz et al., 2017; Hossain et al., 2020).109

The opening of the Bering Strait however decreased NADW although this effect is off-110

set by the closure of the CAS, according to modeling studies by Brierley and Fedorov111

(2016) and Hu et al. (2015). Compared to other major seaways such as the CAS or Drake112

Passage, the eastern Tethys seaway has only drawn limited attention (Hamon et al., 2013)113

and no updated study has tested the role of this seaway on the emergence and strength114

of the NADW using an up-to-date early Miocene paleogeography. Finally, conversely to115

paleogeography as mentioned above, the effect of an ice-sheet on Greenland on the gen-116

eration of the NADW in an early Miocene world has never been tested despite evidence117

of glaciation in this region dating back to the Oligocene (Bernard et al., 2016) and the118

known impact of this ice-sheet in the formation of the NADW (Davini et al., 2015).119
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120

In the present study, we aim to discuss the dynamics of the NCW/NADW consid-121

ering the rather unexplored influence of an open eastern Tethys seaway and of an ice-122

sheet over Greenland. We simulate the ocean dynamics using the IPSL-CM5A2 with a123

fixed pCO2 and updated paleogeography of the Early Miocene proposed by Poblete et124

al. (2021), which exhibits open connections between the Pacific, Atlantic and Artic oceanic125

basins through the Central America Strait, the Fram Strait, the Greenland-Scotland Ridge126

and the Drake Passage.127

128

2 Method129

2.1 Model130

The Earth System Model used in this study is IPSL-CM5A2 (Sepulchre et al., 2020)131

that is an updated version of IPSL-CM5A-LR model (Dufresne et al., 2013), with bias132

corrections and reduced computational times to perform multimillennial simulations typ-133

ical of paleoclimate studies. It is composed of the NEMO ocean model (Madec, 2015)134

which includes the PISCES-v2 model for biogeochemistry (Aumont et al., 2015), the OPA8.2135

model for ocean dynamics (Madec, 2015) and the LIM2 model for sea ice (Fichefet &136

Maqueda, 1997). IPSL-CM5A2 is also composed of the atmospheric model LMDZ (Hourdin137

et al., 2013) and the land surface and vegetation model ORCHIDEE (Krinner et al., 2005).138

The OASIS coupler (Valcke, 2013) connects the atmospheric grids (96x96 or 3.75° in lon-139

gitude and 1.875° in latitude over 39 vertical levels) and oceanic grids (resolution of about140

2° that decreases to 0.5° in the tropical region over 31 vertical levels, whose thickness varies141

from 10 m near the surface to 500 m near the bottom of the ocean). More details about142

model parameterization can be found in Sepulchre et al. (2020).143

144

2.2 Experiments and boundary conditions145

2.2.1 Control simulation146

Three simulations were run in this study with a paleogeography corresponding to147

the early Miocene (20 Ma) from the study of Poblete et al. (2021) (Figure S1). In this148

paleogeography, most of the mountain belts are lower than today, there is a modern Antarc-149

tic ice-sheet and the Paratethys shallow sea covers part of Central and Eastern Europe150

with a connection to the Mediterranean Sea. The CAS is open but shallow, the Bering151

Strait is closed, the Fram Strait is narrower than today, and the GSR is deep (Figure152

S2). In absence of worldwide reconstruction for paleo-vegetation in the early Miocene,153

we used idealized vegetation with a latitudinal distribution. The atmospheric pCO2 level154

for the three simulations is set to 560 ppm (Sosdian et al., 2018; Rae et al., 2021) and155

other parameters such as the other greenhouse gases and orbital parameters are set to156

their pre-industrial values. The first simulation (MioCTL, Table 1) is used as a refer-157

ence for sensitivity tests. In this simulation there is no ice sheet on Greenland and the158

eastern Tethys seaway is closed. This simulation have been used in the simulation com-159

pilation of Burls et al. (2021) and show the same classical features than others models160

when compared to data with a good fit at low to mid-latitudes and a poorer fit to the161

global warmth inferred from data at higher latitudes. Mainly, simulating the low merid-162

ional temperature gradient reconstructed from Miocene data remains an outstanding prob-163

lem for most models.164

165
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2.2.2 Simulation with a Greenland Ice Sheet (GIS)166

The second simulation, MioGIS, is identical to the first one but Greenland is cov-167

ered by a modern-size ice sheet in order to maximize the potential of its direct effects—the168

larger elevation and the higher albedo compared to the no ice sheet case—on NADW.169

The date of onset of Greenland ice sheet indeed remains debated. It is often considered170

that the GIS appears in the Pliocene (Butt et al., 2001; Knutz et al., 2015), based on171

sedimentological analyses from the East Greenland margin, and marine seismic reflec-172

tion (contourites) from the West Greenland margin. However, Eldrett et al. (2007) and173

Tripati et al. (2008) infer evidence of Eocene and Oligocene (48-30 Ma) glaciation in the174

form of IRD (Ice-Rafted Detritus) in the Norwegian Sea. Bernard et al. (2016) demon-175

strate the presence of erosion on the eastern coast of Greenland around 30 Ma using ther-176

mochronological dating. This set of evidence indicates possible glaciation events (par-177

tial or total) over Greenland since the early Eocene. Studies have also demonstrated glacia-178

tions during the late Miocene (11 Ma and 7 Ma) through the presence of IRD and drop-179

stones in Irminger Basin sediments (Helland & Holmes, 1997; John & Krissek, 2002; Bier-180

man et al., 2016). Finally, using an isotope-capable global climate/ice-sheet model, DeConto181

et al. (2008) indicate that episodic glaciations in the Northern Hemisphere are possible182

since 25 Ma.183

184

2.2.3 Simulation with an open eastern Tethys seaway185

The third simulation, MioTet120, is identical to the control simulation, but the east-186

ern Tethys seaway is open with a depth of 120 meters and a width of 390 km at its nar-187

rowest section. This depth was chosen to allow a significant surface flow exchange be-188

tween the Mediterranean Sea and the Indian Ocean while agreeing with the configura-189

tion of a restricted pre-closure state. As with the onset of the GIS, the tectonic history190

and closure chronology of the eastern Tethys seaway is debated (Allen & Armstrong, 2008).191

They suggest a closure age during the late Eocene (approximately 35 Ma), based on the192

study of deformation and uplift during the collision between the two tectonic plates. Hüsing193

et al. (2009) suggest a more recent age for the closure of the eastern Tethys seaway (28194

Ma) based on biostratigraphic studies in the north of the Bitlis-Zagros suture zone. How-195

ever, many paleogeographic and paleontological studies indicate an early Miocene clo-196

sure (Rögl, 1999; Reuter et al., 2009; Harzhauser et al., 2009). Bialik et al. (2019) use197

neodymium isotope records from both sides of the seaway and suggest that water mass198

exchange between the Mediterranean and Indian Ocean was reduced by 90% around 20199

Ma. This age is also proposed by Okay et al. (2010) using apatite fission track ages from200

the Bitlis-Zagros thrust zone. Biostratigraphical and paleontological data indicate that201

the Mediterranean Basin and Indian Ocean were intermittently connected until at least202

the middle Miocene (Rögl, 1999; Harzhauser et al., 2007, 2009; Sun et al., 2021). Through203

magnetostratigraphic and biostratigraphic studies on sediments from the Zagros Basin,204

(Sun et al., 2021) indicate that the eastern Tethys seaway changed from a partially open205

seaway to a restricted connection and then to an intermittently open seaway. They sug-206

gest that marine transgressions and regressions controlled by astronomical factors (100207

ka cycles) have caused these reopening phases. The final closure is generally dated to208

the middle and late Miocene between 14 and 11 Ma (Bialik et al., 2019; Sun et al., 2021;209

Rögl, 1999; Hüsing et al., 2009) and may probably be caused by a significant drop in sea210

level driven by the growth of the ice sheet over Antarctica (Sun et al., 2021; Bialik et211

al., 2019).212

213
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Table 1. Experimental Design

Simulation Geography pCO2 Eastern Tethys seaway GIS Simulation length

MioCTL 20Ma 560ppm closed no 3000 year
MioGIS 20Ma 560ppm closed yes 3000 year
MioTet120 20Ma 560ppm open (120m) no 3000 year

3 Results and discussion214

In the following we first describe the impact of Miocene paleogeography on AMOC215

and then discuss the respective influence of GIS and eastern Tethys seaway.216

3.1 Impacts of Miocene paleogeography217

Our MioCTL simulation exhibits spatial patterns of temperature and salinity rel-218

atively similar to the preindustrial simulation (this simulation called PREIND is taken219

from Sepulchre et al. (2020)) with warm and salty waters extending northward across220

mid-latitudes in the eastern part of the North Atlantic basin while fresher and cooler wa-221

ters spread over the western part covering the entire Labrador Sea (Figure 1 a). The fresh-222

est conditions in the North Atlantic basin are found all along the eastern coast of Green-223

land and originated from the Arctic Basin across the narrow and shallow early Miocene224

Fram strait used in our paleogeography (Figure S2).225

226

Deep water formation occurs in the North Atlantic Ocean over an area located be-227

tween 20 and 30°W and between 55 and 60°N, as inferred by a deep winter mixed layer228

reaching locally 1000 m. Comparison with modern features simulated in IPSL-CM5A2229

(Figure 1) shows that the spatial extent of the sinking zone in the North Atlantic is re-230

duced as well as the strength and vertical extension of the meridional overturning cir-231

culation (Figure 1 b and 2). In the MioCTL simulation, the AMOC reaches 1700 m in232

depth and extends to 60°S (Figure 2) with a maximum intensity of 5 Sv in the North233

Atlantic Ocean (at 37°N and 1000 m) whereas the simulated preindustrial AMOC is 11234

Sv and extends down to 3000 m. This is in agreement with previous studies showing the235

major impact of the opened CAS (Sepulchre et al., 2014; Schneider & Schmittner, 2006;236

Nisancioglu et al., 2003) on the intensity of NADW formation. We also note that our237

Miocene simulations were performed without tidal forcing in absence of an available re-238

construction, which may induce a weaker overturning in the deepest layers of the ocean239

and explain the less intense Antarctic Bottom water formation despite a deeper mixed240

layer depth found in our Miocene simulations (Y. Zhang et al., 2020). No deep-water for-241

mation occurs in the North Pacific in any of our simulations. In the South hemisphere,242

deep-water areas are located both in the Atlantic and the Indian part of the Austral Ocean243

and sinking waters reach greater depth (1000 to 2500 m) than in the North Atlantic (Fig-244

ure S3).245

246

Because we have imposed a doubling of the atmospheric pCO2, SSTs are warmer247

during the Miocene than at present-day with heterogeneous spatial patterns. Two ar-248

eas of warming well above the average are located first eastward of North America be-249

tween 30 and 40°N and second in the Greenland-Iceland-Norwegian Seas with SST dif-250

ferences exceeding 5°C compared to PREIND (Figure 1 b). Surface salinity is lower dur-251

ing the Miocene owing to the increased hydrological cycle occurring in a warmer climate252

at latitudes where the precipitation minus evaporation budget is found to be positive (sub-253
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tropics, Herold et al. (2011),Burls and Fedorov (2017)). In contrast, subtropical salin-254

ities are larger during the Miocene owing to a more negative P-E budget occurring at255

these latitudes (not shown). Finally, the positive salinity anomaly located southward of256

Greenland matches the only area where mixed layer depth is deeper in our MioCTL sim-257

ulation compared to the PREIND simulation.258

259

Herold et al. (2011) also observe a less intense NADW in their Miocene simulation260

compared to their modern simulation. In their Miocene simulation, the mixing layer depth261

(150 metres) is much shallower than in MioCTL but the NADW cell depth (1500 me-262

tres) is similar to MioCTL. The shallower deep water formation in the Miocene compared263

to the present day is explained by less salty waters in the North Atlantic. However, they264

observe colder surface water temperatures in the Miocene than in the present. This is265

not in agreement with our results and is explained by the pCO2 level in their simula-266

tions which is maintained at the same level in the Miocene as in their modern reference267

(355 ppm).Krapp and Jungclaus (2011) find no significant difference in the intensity of268

NADW and AMOC between their Miocene simulation and their modern simulation. This269

difference to our results can be explained by their low pCO2 level at 360 ppm because270

in another of their simulations with pCO2 at 720 ppm, there is almost no NADW. This271

difference is also due to the salinity of surface waters in the North Atlantic which is equiv-272

alent in the Miocene and in the present (not the case in our study). They attribute this273

to the inflow of salt water from the Mediterranean (open eastern Tethys seaway) which274

compensates for the cooling by the CAS. The salinity input from the Mediterranean when275

the eastern Tethys seaway is open will be discussed below.276

277
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a MioCTL

bMioCTL-PREIND

c MioGIS-MioCTL

dMioTet120-MioCTL

Temperature [°C] Salinity [psu] Mixed layer depth [m]

Figure 1. Left column, SST (°C) averaged over the year. Middle column, SSS (psu) aver-

aged over the year. Right column, mixed layer depth (mld, metre) averaged over the winter

(January-February-March). (a) MioCTL simulation. (b) Difference between the MioCTL control

simulation and the pre-industrial simulation (PREIND). (c) Difference between the MioGIS sim-

ulation and the MioCTL simulation. (d) Difference between the MioTet120 simulation and the

MioCTL simulation.
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a

c d

bPREIND MioCTL

MioGIS MioTet120

Figure 2. Meridional Overturning Circulation (MOC) computed from the global ocean. (a)

PREIND (b) MioCTL (c) MioGIS and (d) MioTet120. In blue, the water masses rotate clockwise

and in red, counterclockwise. Unit: Sv; horizontal axis: latitude in degrees; vertical axis: depth in

kilometers.

3.2 Ocean Atmosphere feedback induced by the Greenland ice-sheet278

With a Greenland ice-sheet during the Miocene, the AMOC strengthens by 33%279

from 6 Sv to 8 Sv (Figure 2 and S4) and the North Atlantic becomes saltier from 0.5 to280

1.5 psu. The formation zone of the NADW extends westward and covers the region 15°281

to 40°W and 50° to 60°N, and waters sink deeper down to 1500 m (Figure 2 c). In this282

simulation, there is another area of deep-water formation in the Greenland Sea (0°E, 70°N)283

where the depth of the mixed layer reaches 500 m. The salinity difference between the284

two simulations (MioCTL and MioGIS) may come from the exchange between the Arc-285

tic Basin and the North Atlantic ocean. The freshwater input from runoff into the Arc-286

tic basin is the same in both simulations. However, the precipitation minus evaporation287

(P-E) balance in this basin is slightly higher in the presence of the GIS (+7 mSv, Fig-288

ure 3 and S5 c). In the North Atlantic basin, the P-E is similar in both simulations but289

the runoff is slightly higher in MioCTL (+8 mSv). Overall, the GIS causes a larger fresh-290

water input in the North Atlantic/Arctic oceans. This is in contradiction with the fact291

that the waters are saltier in the North Atlantic and the Arctic Basin in the MioGIS sim-292

ulation. To explain this salinity anomaly, it is necessary to look at the ocean dynamics293

in response to the modification of the topography over Greenland owing to the presence294

of the ice-sheet.295

296

In the MioCTL simulation, there is an atmospheric low pressure cell east of Green-297

land that extends over land (Figure S5 a). The center of this low pressure cell is located298

at latitude 67°N in the Norwegian Sea. This cell generates surface winds that facilitate299

the exchange of water between the North Atlantic and the Norwegian Sea via the wind-300
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driven surface circulation. The presence of the ice-sheet topography in MioGIS compared301

to MioCTL prevents this cell from advancing inland and its center is consequently fur-302

ther south than in MioCTL (57°N). Indeed, in MioGIS, a stable high-pressure area is present303

over Greenland, causing strong winds along the eastern coast of the landmass (consis-304

tent with the results of Lunt et al. (2004) and Toniazzo et al. (2004)). The katabatic winds305

coming down from the reliefs are caught in this low-pressure area and reinforce it. The306

wind stress over the Norwegian Sea is higher in the MioGIS simulation (Figure S5 b).307

308

These southward winds force the surface currents to move southward as well. This309

increases water exchange between the Arctic and the North Atlantic basins in MioGIS310

in comparison to MioCTL. Exchanges between the North Atlantic and the Arctic basins311

are limited by the geography of the Miocene in which the only connection is the Fram312

Strait, which is much narrower than today. Through the Fram Strait, a deep current be-313

tween 350 and 700 m depth brings waters from the North Atlantic to the Arctic. These314

waters circulate and upwell in the Beaufort anticyclonic gyre where they are cooled. A315

surface current between 0 and 350 m depth leaves the Arctic Basin and reaches the North316

Atlantic along the east coast of Greenland. In the MioGIS simulation, there are 1.412317

Sv of water flowing into the Arctic basin and 1.690 Sv flowing out of it. In the MioCTL318

simulation, these numbers are respectively 1.265 Sv and 1.537 Sv (Figure 3). The bal-319

ance of incoming minus outgoing water in both simulations is negative because there is320

an input of fresh water in the Arctic Ocean from the atmosphere (P-E and runoff). The321

salt concentration of outgoing waters is therefore lower than incoming waters. Numer-322

ically, the GIS causes a 147 mSv increase in water flow from the North Atlantic to the323

Arctic and a 153 mSv increase in water flow from the Arctic to the North Atlantic. This324

explains why the Arctic Basin waters are saltier in the MioGIS simulation. In pre-industrial325

conditions, water input from the Arctic Basin slows down the NADW because the lower326

salinity of these waters compared to those of the North Atlantic increase the buoyancy327

of the surface waters in the North Atlantic. This slowdown is attenuated in the presence328

of GIS because the waters from the Arctic Basin are saltier (+1 psu).329

With a Greenland ice-sheet during the Miocene, the sea surface temperature in the330

North Atlantic is higher (+1°C), which leads to a decrease in sea-ice formation in coastal331

Greenland and in the Labrador Sea in MioGIS compared to MioCTL (Figure S6). These332

results show that the cooling effect of the ice sheet does not extend beyond Greenland333

because it is hampered by other dynamical processes, such as a geopotential anomaly334

due to the appearance of orographically induced Rossby stationary waves (Maffre et al.,335

2018) or the increase in deep water formation driving heat input to the North Atlantic336

via the temperature-advection feedback.337

338

Our results are consistent with those of Davini et al. (2015), who observe a slow-339

down of AMOC by 12% in the absence of an ice sheet over Greenland (25% in our case)340

in a modern configuration. Though their simulated slowdown is weaker, probably be-341

cause of a combination of a different model, pCO2 levels and geography—and, in par-342

ticular, the configuration of the Fram Strait (Hossain et al., 2020)—, it is interesting to343

note that they also attribute the slowdown signal to the exchanges between the Arctic344

and the North Atlantic basins.345
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Figure 3. The map shows the mean annual barotropic stream function, in Sv, for the

MioCTL simulation (in blue, the water masses rotate counterclockwise and in red, clockwise).

The blue box shows the precipitation-evaporation (P-E) balance and runoff (in Sv) for the Arctic

basin. The red box shows the precipitation-evaporation balance (P-E) and the runoff (in Sv) for

the North Atlantic Basin. The yellow box shows the water mass exchanges at the Fram strait (in

Sv), positive towards the north and negative towards the south.

3.3 Consequences of the closure of the eastern Tethys seaway on water346

exchanges between the Indian and Atlantic Oceans and the Mediter-347

ranean Sea348

Opening the eastern Tethys seaway at 120 m depth, on the other hand, results in349

negligible changes in terms of SST, surface salinity and mixed layer depth (Figure 1 d)350

in the North Atlantic and Arctic Oceans. The AMOC index is also relatively similar to351

the one of MioCTL (Figure S4). We explain below the reasons why the AMOC appears352

insensitive to changes in Tethys seaway, contrasting to previous modeling results (Z. Zhang353

et al., 2011) and commonly-accepted hypothesis in the literature (Woodruff & Savin, 1989;354

Wright et al., 1992).355

356

First, the closure of the eastern Tethys seaway causes a restructuring of water ex-357

changes between the Mediterranean Sea and the Atlantic and Indian Oceans. In MioCTL,358

water exchange is only possible between the Mediterranean Sea and the Atlantic Oceans359

through the Gibraltar gateway. Surface water flow is directed from the Atlantic Ocean360

to the Mediterranean Sea whereas subsurface flow is reversed (Figure S7 and 8). The dif-361

ference between water flowing in and out of the Mediterranean Sea is smaller than 100362

mSv (2.18 Sv in and 2.09 Sv out, compensated by runoff and P-E). In MioTet120, the363

majority of the water entering the Mediterranean basin comes from the Indian Ocean364

(3.8 Sv) and then flows into the Atlantic Ocean (4.06 Sv). This net westward flow through365

the Mediterranean sea is a remnant of the circumglobal Tethys current (de la Vara &366

Meijer, 2016). Most modeling studies (von der Heydt & Dijkstra, 2006; Herold et al., 2011;367

Karami, 2011) describe an overall net flow in the eastern Tethys seaway that is directed368

toward the Mediterranean Basin, with water transported from the Indian to the Atlantic369

through the Mediterranean Sea as seen in our simulations. In our simulations, there also370
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exists a water flux that flows at depth from the Atlantic Ocean to the Mediterranean sea371

which is consistent with the results of Karami (2011).372

373

Outflowing waters from the Mediterranean Sea are dragged into the North Atlantic374

Gyre along the North African coasts and then cross the Atlantic Ocean into the Caribbean375

Sea. Consequently, waters originating from the Indian Ocean return to the low latitudes376

in the Atlantic Ocean and hardly influence North Atlantic Ocean conditions, which ex-377

plains the small difference between MioTet120 and MioCTL in the area of deep water378

formation in the North Atlantic. In addition, we note that there is almost no salinity gra-379

dient at the latitudes of the eastern Tethys seaway between the Indian and the Atlantic380

Oceans, at least for shallow depths (Figure 4 b), suggesting that there is no significant381

salt transport between these two oceans. The closure of the eastern Tethys seaway also382

impacts water flow exchange between the Atlantic and Pacific Oceans across the CAS.383

In MioCTL, 6.21 Sv of waters is transported from the Atlantic to the Pacific and 13.84384

Sv from the Pacific to the Atlantic. In MioTet120, more water is transported to the Pa-385

cific (+1.33 Sv) and less to the Atlantic (-2.51 Sv). This indicates that the extra water386

entering the Atlantic from the Mediterranean when the eastern Tethys seaway is open387

is mainly discharged to the Pacific through the CAS (consistent with Herold et al. (2011)).388

389

Many studies suggest that the eastern Tethys seaway was shallow or even intermit-390

tent as early as 22 Ma (Rögl, 1999; Harzhauser et al., 2007, 2009; Sun et al., 2021; Bia-391

lik et al., 2019). Our results are consistent with those of Hamon et al. (2013) in suggest-392

ing that the final closure of the eastern Tethys seaway in the Miocene did not generate393

major changes in the Atlantic meridional circulation, although the details of our and Hamon394

et al. (2013) simulations differ, in particular the depth of the eastern Tethys seaway and395

Gibraltar gateway. As such, even though the eastern Tethys seaway is shallower in our396

simulation than in Hamon et al. (2013), the flux through Gibraltar towards the Atlantic397

Ocean is higher (4 Sv versus 2.8 Sv in Hamon et al. (2013)) because the Gibraltar gate-398

way is deeper in our paleogeography (1350 m versus 400 m in Hamon et al. (2013)). Hence,399

the influence of the Mediterranean seaways on the Atlantic circulation in the Miocene400

may be related to the dynamics of Gibraltar gateway (Ng et al., 2021; Capella et al., 2019;401

Flecker et al., 2015; Ivanovic et al., 2013).402

403

In the modeling study by Z. Zhang et al. (2011), the simultaneous closure of the404

CAS and the Tethys Seaway causes an amplification of NADW, which is not the case405

in our study. However, it is difficult to know whether it is the closure of the CAS or the406

Tethys Seaway that causes this amplification. We note however that a significant num-407

ber of studies have shown that a primary effect of closing the CAS is to amplify NADW408

(Sepulchre et al., 2014; Schneider & Schmittner, 2006; Nisancioglu et al., 2003) and we409

speculate that it is probably the key driver of NADW increase in the results of Z. Zhang410

et al. (2011). In addition, Z. Zhang et al. (2011) use an Early Eocene paleogeography411

that is quite different from the Early Miocene and thus could also partly explain the con-412

tradictory results with our simulations.413

414
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Paratethys catchment areas

a

b
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MioCTL

MioTet120 MioCTL - MioTet120

MioCTL - MioTet120

Salinity [psu] Precipitation (c) and Evaporation (d) [mm/day]

Figure 4. Left: Salinity (psu) for the first 100 meters averaged over the year. The arrows

indicate the direction of the flows and the streamflow in Sv (averaged over the year) (a: MioCTL

and b: MioTet120). Right, c : Differences in precipitation in mm/day averaged over the year

(MioCTL-MioTet120). Right, d: Differences in evaporation in mm/day averaged over the year

(MioCTL-MioTet120). The dotted areas represent the catchment’s areas draining into the

Paratethys.

Although the closure of the eastern Tethys seaway has no impact on surface salin-415

ity of the North Atlantic, there is a significant salinity anomaly in Paratethyan waters416

(Figure 1 c). In MioTet120, the Paratethys is considerably less salty than in MioCTL417

(-5 psu). When the eastern Tethys seaway is closed, the salinity is relatively homoge-418

neous between the Mediterranean sea and the Paratethys (Figure 4 a and b). There is419

a 6 mSv freshwater inflow (precipitation - evaporation + runoff) in the Paratethys in the420

MioTet120 simulation whereas it is restricted to -1 mSv in the MioCTL simulation. This421

difference in freshwater inflow is explained by higher precipitations over the Paratethys422

and its catchments (Figure 4 c) with the eastern Tethys seaway open. This additional423

water inflow in the MioTet120 simulation comes from a more humid atmosphere. By clos-424

ing the eastern Tethys seaway, a water surface is removed and replaced by a land sur-425

face causing a large negative evaporation anomaly at the seaway location (Figure 4 d).426

The difference in salinity in the Paratethys basin between the two simulations can also427

be explained by a different oceanic circulation at the Mediterranean-Paratethys inter-428

face. In MioCTL, 0.453 Sv of water flow from the Paratethys to the Mediterranean Sea429

and 0.452 Sv flow in the opposite direction. In MioTet120, the flows into and out of the430

Paratethys are reduced to 0.391 Sv and 0.397 Sv respectively (Figure S8). There is there-431

fore more exchange between the Mediterranean Sea and the Paratethys when the east-432

ern Tethys seaway is closed. This is coherent with results from a box-model (Karami,433

2011) which infers that the increase in exchange between seas is related to the modu-434
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lation of flows between Atlantic, Mediterranean, Paratethys and Indian basins but can-435

not integrate the regional geographic complexity as in our simulations. The flow and ex-436

change variations are certainly due to the different structure of ocean currents in the Mediter-437

ranean with an open or close Tethys seaway. The circulation is mainly east-west when438

the seaway is open, thereby limiting meridional exchanges with the Paratethys. As a con-439

cluding aspect, only reliable estimations of the history of the bathymetric evolution of440

all these seaways (Gibraltar, eastern Tethys, Mediterranean-Paratethys) may improve441

the understanding of the paleoceanographical dynamics of this region. In general, this442

shows that the effect of a seaway also depends on the configuration of the other seaways.443

4 Conclusion444

Our simulations show that in the Early Miocene, NADW was less intense – thus445

the AMOC was slower – than in the present. This is due to the Miocene palaeogeogra-446

phy (different configurations of some seaways) and may be influenced also by the pCO2.447

Greenland glaciation amplifies NADW due to the orographic rise influencing the atmo-448

spheric circulation which increases winds and surface currents. This increases the exchange449

between the North Atlantic and the Arctic, which increases their surface salinities and450

density. In the Miocene, possible episodes of Greenland glaciation may have favoured451

and amplified NADW. Hence, the NADW strength in the global ocean circulation to-452

day is likely related to the modern Greenland glaciation. On the other hand, the closure453

of the eastern Tethys seaway does not seem to have a significant impact on the inten-454

sity of NADW, conversely to some aspects of modelling studies (Z. Zhang et al., 2011).455

The closure of the passage causes a significant decrease in water flux from the Mediter-456

ranean into the Atlantic Ocean, but without impacting the deep water formation zones.457
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Lunt, D. J., de Noblet-Ducoudré, N., & Charbit, S. (2004, December). Effects of659

a melted greenland ice sheet on climate, vegetation, and the cryosphere. Cli-660

mate Dynamics, 23 (7-8), 679–694. Retrieved 2020-08-28, from http://link661

.springer.com/10.1007/s00382-004-0463-4 doi: 10.1007/s00382-004-0463662

-4663

Madec, G. (2015). NEMO ocean engine. , 396.664

Maffre, P., Ladant, J.-B., Donnadieu, Y., Sepulchre, P., & Goddéris, Y. (2018,665
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Figure S1. Topography and bathymetry of the simulations (in meters). (A) MioCTL, (B)

MioGIS and (C) MioTet120.
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Figure S2. Bathymetry of the simulation MioCTL (in meters) for the 31 levels of the model.
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Figure S3. Depth of the mixing layer in meters, averaged over the southern winter, in

the southern ocean for MioGIS ,MioCTL, MioTet120 and the differences MioCTL-MioGIS and

MioCTL-MioTet120.
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Figure S4. Temporal evolution of the AMOC index in Sv (yearly maximum of the meridional

stream function between 38◦N and 50◦N and between 500 and 2000 m depth) on the 3000 years

of simulations (average over 300 year).
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Figure S5. (A) In color, pressure anomaly (hPa), averaged over the winter, at ground

level. The arrows indicate the average wind direction at 850 hPa. (B) Difference in wind stress

averaged over the year MioGIS-MioCTL. (C) Precipitation - evaporation (mm/day), averaged

over the year.
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Figure S6. Sea ice concentration (%), averaged over the winter for MioCTL,MioGIS and the

differences MioGIS-MioCTL.
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Figure S7. Diagram of the flow exchanges (Sv) through the CAS seaway, the Strait of Gibral-

tar and the eastern Tethys seaway. At the top, the MioCTL simulation and at the bottom, the

MioTet120 simulation.
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Figure S8. Water mass transport in Sv through different seaways with depth (A: Gibraltar,

B: Paratethys, C: East-Tethys, D: Panama, E: Drake). A,C,E : positive eastwards and negative

westwards, B : positive northwards and negative southwards, D : positive eastwards/northwards

and negative westwards/southwards. Map: water mass transport in Sv, averaged over the first

100 metres and over the year for the MioCTL simulation.
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