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1. Introduction
The Atlantic Meridional Overturning Circulation (AMOC) is today the central feature of the Global ocean circu-
lation (Talley, 2013). It is dominated by two overturning cells usually referred to as the Antarctic Bottom Water 
(AABW) and the North Atlantic Deep Water (NADW). The NADW forms mainly in the Norwegian Sea by 
winter open-ocean cooling of salt-rich water advected northward by the Gulf Stream. The cooling increases the 
density of surface waters, which results in vertical convection and the formation of deep water. The newly formed 
deep and dense waters flow southward to the Southern Ocean, where they are upwelled under the action of the 
Antarctic Circumpolar Current (ACC). They are then dragged either into the AABW overturning branch and 
redistributed in the Pacific and Indian basins via the ACC or into the formation area of the Antarctic Intermediate 
Water (AAIW), thereby flowing northward as (sub)surface currents and closing the AMOC cell (Talley, 2013). 
The structure of the modern AMOC results from the particular configuration of the Atlantic basin geometry with 
a closed Central American Seaway and an open Drake Passage (Ferreira et al., 2018). During Cenozoic times 
(66-0 Ma) and, in particular, the Miocene period (23-5 Ma), the physical structure of the AMOC was probably 
different compared to the present-day because the configuration of major gateways and submarine topographic 
barriers in the Atlantic and Pacific basins differ substantially (Hutchinson et al., 2019). From the early Miocene 
(∼23 Ma) to today, these changes include the deepening of the Greenland-Scotland Ridge (Stärz et al., 2017), the 
opening of Fram Strait (Ehlers & Jokat, 2013) and Bering Strait (Gladenkov & Gladenkov, 2004) in the northern 
high latitudes; the closure of Central American Seaway (Montes et al., 2015) and Eastern Tethys Seaway (ETS, 
Bialik et al., 2019) in the tropics; and the potential narrowing of Drake Passage (Lagabrielle et al., 2009) in the 
southern high latitudes. Apart from those change in the seaways and the Eurasiatic landsea mask, the continental 
configuration during the Miocene period was close to the modern one with however some substantial changes in 
the topography worldwide such as lower elevation in major mountain belts (Andes, Himalayas, East Africa, and 
European ranges); see Poblete et al. (2021) for review.

Abstract The Modern Ocean is characterized by the formation of deep-water in the North Atlantic Ocean 
(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 Southern 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 (∼20 Ma) on NADW using new 
simulations performed with the Earth System Model IPSL-CM5A2. We specifically focus on the closure of the 
Eastern Tethys Seaway (ETS), 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 
ETS 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 salinification of the North Atlantic and Nordic Seas, and in an increase in 
deep-water formation.
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Several studies investigated the geological history of deep water formation in the North Atlantic Ocean over 
the Cenozoic, both using Earth system models of various complexities and paleoceanographic data. Among 
those data, researchers have relied on sedimentary drift deposits, on Nd isotopes and on oxygen and carbon 
isotopes. Many of those studies suggest the onset of NADW formation during the Eocene (Borrelli et al., 2014; 
Coxall et al., 2018; Davies et al., 2001; Langton et al., 2016; Via & Thomas, 2006; Wright & Miller, 1993); the 
described water masses in such studies is sometimes called North Component Water (NCW) which refers to 
an early version of the NADW. The NCW was not part of a large and extensive overturning cell as the modern 
NADW. Borrelli et al. (2014) reported similar benthic foraminifera δ 18O and δ 13C signatures at site ODP1053 
(upper deep water, western North Atlantic) and at sites located in the Southern Ocean, equatorial Pacific, and 
western Atlantic until the end of the middle Eocene (39-40 Ma). Around 38.5 Ma, the values between the North 
Atlantic Ocean, the Southern Ocean and the Pacific Ocean began to differentiate leading Borrelli et al. (2014) to 
suggest an onset of NCW due to a gradual opening of the Southern Ocean gateways. Langton et al. (2016) used 
the same methodology on sites further south in the Atlantic Ocean (30°S) and find a similar date for the initiation 
of NCW (38 Ma). Other studies rather propose that tectonic adjustments of the Greenland-Scotland Ridge initi-
ated the NCW between 36 Ma (Coxall et al., 2018) and 34-33 Ma (Via & Thomas, 2006; Wright & Miller, 1993), 
as the Greenland-Scotland Ridge was likely too shallow at 38 Ma to enable the southward inflow of possible 
deep waters formed northward of the ridge in the Greenland and Norwegian Seas. Independent evidence from 
sedimentary deposits in the Faroe Shetland Basin indicate that NCW may have begun around 35 Ma (Davies 
et al., 2001). Later, the transition from NCW to NADW may have been initiated by the intensification of the 
ACC at a time of a deepening of the Drake Passage in the late Oligocene (Katz et al., 2011). Moreover, Scher and 
Martin (2008) correlated the widening of the Drake Passage with the intensification of NCW/NADW because the 
long-term decreasing trend in neodymium isotopes values on the Agulhas Ridge (Atlantic sector of the Southern 
Ocean) suggests that the export of NCW/NADW from the North Atlantic Ocean to the Southern Ocean increased 
during the Oligocene and Miocene. From Miocene onward, NADW dynamics has been influenced by other 
seaways. Cenozoic sediment cores from the Arctic deep seafloor revealed more ventilated waters in the Arctic 
Basin related to enhanced NADW about 17.5 Ma due to the opening of the Fram Strait and increased exchanges 
between North Atlantic Ocean and Artic basin (Jakobsson et al., 2007). Woodruff and Savin (1989) used isotopic 
data from benthic foraminifera to suggest that the closure of the ETS connecting the Indian Ocean to the Medi-
terranean Sea caused saltwater to enter the North Atlantic, intensifying NADW around 14.5 Ma. Short-term 
fluctuations in NADW after 12 Ma are controlled by vertical movements of the Greenland-Scotland Ridge (Poore 
et al., 2006) based on the study of δ 13C gradients in benthic foraminifera from several oceans (Atlantic, Pacific, 
and Southern Oceans).

From a modeling point of view, climate model studies operated with Eocene to Miocene paleogeographies have 
simulated meridional overturning circulation substantially different from the modern (Baatsen et  al.,  2020; 
Goldner et al., 2014; Hutchinson et al., 2018; Toumoulin et al., 2020; von der Heydt & Dijkstra, 2006). The details 
of deep-water formation zones and water mass pathways are generally specific to each study because both heavily 
depend on the model and paleogeography employed; better agreement between models is obtained when the same 
paleogeography is used (Lunt et al., 2021). Numerous work has explored in particular the sensitivity of the MOC 
and AMOC to marine gateways during the middle-late Cenozoic (Hutchinson et al., 2019; Stärz et al., 2017; 
Toumoulin et al., 2020; Z. Zhang et al., 2011) because major gateways (such as the Central American Seaway, the 
Drake Passage, the Eastern Tethys Seaway or the Greenland-Scotland Ridge) are known to substantially evolve 
across the last 40 Ma. With respect to the AMOC, modeling studies have long demonstrated that the closure of the 
Central American Seaway enabled an intensification of NADW formation (Nisancioglu et al., 2003; Schneider 
& Schmittner, 2006; Sepulchre et al., 2014). Coupled ocean/atmosphere simulations also indicate that the deep-
ening of the Greenland-Scotland Ridge amplifies NADW intensity (Hossain et al., 2020; Stärz et al., 2017). In 
contrast, the opening of the Bering Strait decreases NADW intensity although this effect is offset by the closure of 
the Central American Seaway, according to other modeling studies (Brierley & Fedorov, 2016; Hu et al., 2015). 
Instead, the impact of the opening of Drake Passage on the AMOC is less consensual in model results (see 
discussion in Toumoulin et al. (2020)). Compared to other major seaways such as the Central American Seaway 
or Drake Passage, the ETS has only drawn limited attention (Hamon et al., 2013) and, to our knowledge, no 
recent study has tested the role of this seaway in the emergence and intensification of the NADW using up-to-date 
paleogeographies.
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In the present study, we aim to discuss the dynamics of the NCW/NADW considering the complimentary angle 
of the closure of the ETS as well as of another potentially overlooked forcing of NCW/NADW changes during 
the Oligo-Miocene that is the Greenland Ice Sheet (GIS). In the following, we briefly review what is known 
about the Eocene to Miocene history of these two possible drivers of circulation changes. The tectonic history 
and closure chronology of the ETS is debated (Allen & Armstrong, 2008). Allen and Armstrong (2008) suggest  a 
closure age during the late Eocene (∼35 Ma), based on the study of deformation and uplift during the collision 
between the two tectonic plates. Hüsing et al. (2009) suggest a more recent age for the closure of the ETS (28 Ma, 
middle Oligocene) based on biostratigraphic studies in the north of the Bitlis-Zagros suture zone. However, 
many paleogeographic and paleontological studies indicate an early Miocene closure (Harzhauser et al., 2009; 
Reuter et  al.,  2009; Rögl,  1999). Bialik et  al.  (2019) use neodymium isotope records from both sides of the 
seaway and suggest that water mass exchange between the Mediterranean Sea and Indian Ocean was reduced 
by 90% around 20 Ma. This age is also proposed by Okay et al. (2010) using apatite fission track ages from the 
Bitlis-Zagros thrust zone. Biostratigraphical and paleontological data indicate that the Mediterranean Basin and 
Indian Ocean were intermittently connected until at least the middle Miocene (Harzhauser et al., 2007, 2009; 
Rögl, 1999; Sun et al., 2021). Through magnetostratigraphic and biostratigraphic studies on sediments from the 
Zagros Basin, Sun et al. (2021) indicate that the ETS evolved from partially open to fully closed across the early 
and middle Miocene. Most studies converge to date the final closure to the middle and late Miocene between 
14 and 11 Ma (Bialik et al., 2019; Hüsing et al., 2009; Rögl, 1999; Sun et al., 2021). The temporal proximity 
with the Mid-Miocene climate Transition (e.g., Pierce et al., 2017) hints at a causal relationship between the 
significant drop in sea level driven by the growth of the ice sheet over Antarctica and the final closure of the ETS 
(Bialik et al., 2019; Sun et al., 2021). The history of Greenland glaciations is unclear. There is debated evidence 
of the existence of the ice sheet dating back to the Eocene (Eldrett et al., 2007; Tripati et al., 2008) in the form 
of Ice-Rafted Debris (IRD) in the Norwegian Sea. Thermochronological constraints argue for the presence of ice 
sheet-enhanced erosion during the early Oligocene (Bernard et al., 2016). Other work has documented glaciations 
during the late Miocene (11 and 7 Ma) through the presence of IRD and dropstones in Irminger Basin sediments 
(Bierman et al., 2016; Helland & Holmes, 1997; John & Krissek, 2002), yet the consensus is still that the peren-
nial glaciation of Greenland occurred at the Plio-Pleistocene transition, based on sedimentological analyses from 
the East Greenland margin (Butt et al., 2001), marine seismic reflection (contourites) from the West Greenland 
margin (Knutz et al., 2015), as well as climate-ice sheet modeling (Lunt et al., 2008; Tan et al., 2018). Finally, 
using an isotope-capable global climate/ice-sheet model, DeConto et al. (2008) indicate that episodic glaciations 
in the Northern Hemisphere are possible since 25 Ma. Though still debated and not long-lasting, the GIS may 
have existed at times across the Oligo-Miocene but its impact on ocean circulation has never been tested in 
climate models of these geological stages, in contrast to modern configurations (Davini et al., 2015).

Here, we thus simulate the ocean dynamics using the IPSL-CM5A2 model with a fixed pCO2 and updated 
paleogeography of the early Miocene proposed by Poblete et  al.  (2021), which exhibits open connections 
between the Pacific, Atlantic and Artic oceanic basins through the Central American Seaway, the Fram Strait, the 
Greenland-Scotland Ridge and the Drake Passage.

2. Methods
2.1. Model

The Earth System Model used in this study is IPSL-CM5A2 (Sepulchre et al., 2020) that is an updated version 
of IPSL-CM5A-LR model (Dufresne et  al., 2013), with bias corrections and reduced computational times to 
perform multimillennial simulations typical of paleoclimate studies. It is composed of the NEMO ocean model 
(Madec & Team,  2015) which includes the PISCES-v2 model for biogeochemistry (Aumont et  al.,  2015), 
the OPA8.2 model for ocean dynamics (Madec & Team, 2015) and the LIM2 model for sea ice (Fichefet & 
Maqueda, 1997). IPSL-CM5A2 is also composed of the atmospheric model LMDZ (Hourdin et al., 2013) and 
the land surface and vegetation model ORCHIDEE (Krinner et al., 2005). The OASIS coupler (Valcke, 2013) 
connects the atmospheric grids (96 × 96 or 3.75° in longitude and 1.875° in latitude over 39 vertical levels) and 
oceanic grids (resolution of about 2° that decreases to 0.5° in the tropical region over 31 vertical levels, whose 
thickness varies from 10 m near the surface to 500 m near the bottom of the ocean). Model outputs have been 
averaged over the last 100 years of the simulation. More details about model parameterization can be found in 
Sepulchre et al. (2020). A simulation with pre-industrial conditions (modern geography, 280 ppm) was performed 
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by Sepulchre et al. (2020) using the IPSL-CM5A2 model. This is the simulation we use here to compare Miocene 
climatic features with those from the preindustrial (noted PREIND hereafter, Table 1). In PREIND, the NADW 
reaches more than 2,000 m depth with a maximum flow of 11 Sv at 1,000 m depth and 45°N. The depth of 
the mixed layer exceeds 1,000 m south of Iceland and in the Greenland Sea. The AMOC is stronger and more 
consistent with observations in IPSL-CM5A2 than in IPSL-CM5A-LR, though the very active deep convection 
site south of Iceland remains inconsistent with observations.

2.2. Experiments and Boundary Conditions

Three simulations were run in this study with a paleogeography corresponding to the early Miocene (∼20 Ma) 
from the study of Poblete et al. (2021) (Figure 1). In this paleogeography, most of the mountain belts are lower 
than today, there is a modern Antarctic ice-sheet and the Paratethys shallow sea covers part of Central and 
Eastern Europe with a connection to the Mediterranean Sea. The Central American Seaway is open but shal-
low, the Bering Strait is closed, the Fram Strait is narrower than today, and the Greenland-Scotland Ridge is 
deep (Figure  1). In absence of worldwide reconstruction for paleo-vegetation in the early Miocene, we used 
idealized vegetation with a latitudinal distribution. The atmospheric pCO2 level for the three simulations is set 
to 560 ppm (Rae et al., 2021; Sosdian et al., 2018) and other parameters such as the other greenhouse gases and 
orbital parameters are set to their pre-industrial values. Simulations have been run for 3,000 years and reached 
quasi-equilibrium. Temperature trends computed over the last 500 years are 0.3 10 −3°C/yr for the surface and 0.2 
10 −3°C/yr for the deepest layers of the ocean (Figure S2 in Supporting Information S1).

The first simulation (MioCTL, Table 1) is used as a reference for sensitivity tests. In this simulation there is no 
ice sheet on Greenland and the ETS is closed. This simulation was used in the Model intercomparison for the 
Miocene (Burls et al., 2021) and shows the same classical features as others models when compared to data with 
a good fit at low to mid-latitudes and a poorer fit to the global warmth inferred from data at higher latitudes. 
Simulating the low meridional temperature gradient reconstructed from Miocene data remains an outstanding 
problem for most models.

The second simulation, MioGIS, is identical to the first one but Greenland is covered by a modern-size ice sheet 
in order to maximize the potential of its direct effects on NADW—the elevation is larger and the albedo is higher 
compared to the no ice sheet case.

The third simulation, MioTet120, is identical to the control simulation, but the ETS is open with a depth of 
120 m and a width of 390 km at its narrowest section. This depth was chosen to allow a significant surface 
flow exchange between the Mediterranean Sea and the Indian Ocean while agreeing with the configuration of a 
restricted pre-closure state.

3. Results and Discussion
3.1. Impacts of Miocene Paleogeography

Our MioCTL simulation exhibits spatial patterns of temperature and salinity relatively similar to the preindustrial 
simulation (PREIND, taken from Sepulchre et al. (2020)) with warm and salty waters extending northward across 
mid-latitudes in the eastern part of the northern North Atlantic basin (northern NA) while fresher and cooler 
waters spread over the western part covering the entire Labrador Sea (Figure 2a). Those water are brought toward 
the NA across the shallow early Miocene Fram Strait used in our paleogeography (Figure 1).

Simulation Geography pCO2 ETS GIS Simulation length

MioCTL 20 Ma 560 ppm Closed No 3,000 years

MioGIS 20 Ma 560 ppm Closed Yes 3,000 years

MioTet120 20 Ma 560 ppm Open (120 m) No 3,000 years

PREIND (Sepulchre et al., 2020) Present-day 280 ppm Closed Yes 2,800 years

Table 1 
Experimental Design
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Figure 1. Topography and bathymetry of the simulations (in meters): MioCTL, MioGIS and MioTet120. A more detailed bathymetry is shown in Figure S1. LS: 
Labrador Sea. NS: Norwegian Sea. GS: Greenland Sea.
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Figure 2. Left column, sea surface temperature (°C) averaged over the year. Middle column, sea surface salinity (psu) averaged over the year. Right column, mixed 
layer depth (mld, meter) 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 simulation and the MioCTL simulation. (d) Difference between the MioTet120 simulation and 
the MioCTL simulation. Values represent average on the last 100 years of each simulation.
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Deep water formation occurs in the North Atlantic Ocean over an area located between 20 and 30°W and between 
55 and 60°N, as inferred by a deep winter mixed layer reaching locally 1,000  m. Comparison with modern 
features simulated in IPSL-CM5A2 (Figure 2) shows that the spatial extent of the sinking zone in the North 
Atlantic Ocean is reduced as well as the strength and vertical extension of the meridional overturning circula-
tion (Figures 2b and 3). In the MioCTL simulation, the AMOC reaches 1,700 m in depth and extends to 60°S 
(Figure 3) with a maximum intensity of 5 Sv in the North Atlantic Ocean (at 37°N and 1,000 m) whereas the 
simulated preindustrial AMOC is 11 Sv and extends down to 3,000 m. This is in agreement with previous stud-
ies showing the major impact of the opened Central American Seaway on the intensity of NADW formation 
(Nisancioglu et al., 2003; Schneider & Schmittner, 2006; Sepulchre et al., 2014). We also note that our Miocene 
simulations were performed without tidal forcing in absence of an available reconstruction, which may induce 
a weaker overturning in the deepest layers of the ocean and explain the less intense AABW formation despite 
a deeper mixed layer depth found in our Miocene simulations (Y. Zhang et al., 2020). No deep water forma-
tion occurs in the North Pacific in any of our simulations. In the southern hemisphere, deep water areas are 
located both in the Atlantic and the Indian part of the Southern Ocean and mixed layer depth reach greater depth 
(1,000–2,500 m) than in the North Atlantic Ocean (Figure S3 in Supporting Information S1).

Because we have imposed a doubling of the atmospheric pCO2, sea surface temperatures (SSTs) are warmer 
during the Miocene than at present-day with heterogeneous spatial patterns. This warming is particularly 
pronounced in two areas which are located first eastward of North America between 30 and 40°N and second in 
the Greenland-Iceland-Norwegian Seas with SST differences exceeding 5°C compared to PREIND (Figure 2b). 
Surface salinity is lower during the Miocene owing to the increased hydrological cycle occurring in a warmer 
climate at latitudes where the precipitation minus evaporation (P-E) budget is found to be positive (subtropics, 
Burls and Fedorov (2017); Herold et al. (2011)). In contrast, subtropical salinities are larger during the Miocene 
owing to a more negative P-E budget occurring at these latitudes (not shown). Finally, the positive salinity anom-
aly located southward of Greenland matches the only area where mixed layer depth is deeper in our MioCTL 
simulation compared to the PREIND simulation.

Herold et al. (2011) also observe a less intense NADW in their Miocene simulation compared to their modern 
simulation. In their Miocene simulation, the mixed layer depth (150 m) is much shallower than in MioCTL but 

Figure 3. Global Meridional Overturning Circulation 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. Values represent average on the last 100 years of each simulation.
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the NADW cell depth (1,500 m) is similar to MioCTL. The shallower deep water formation in the Miocene 
compared to the present day can be explained by less salty waters in the North Atlantic. However, they observe 
colder surface water temperatures in the Miocene than in the present. This is not in agreement with our results 
and is explained by the pCO2 level in their simulations which is maintained at the same level in the Miocene as 
in their modern reference (355 ppm). Krapp and Jungclaus (2011) find no significant difference in the intensity 
of NADW and AMOC between their Miocene simulation and their modern simulation. This difference to our 
results can also be explained by their low pCO2 level at 360 ppm because in another of their simulations with 
pCO2 at 720 ppm, there is almost no NADW. This difference is also due to the salinity of surface waters in the 
North Atlantic Ocean which is equivalent in the Miocene and in the present (not the case in our study). They 
attribute this to the inflow of salt water from the Mediterranean Sea (open ETS) which compensates for the cool-
ing by the Central American Seaway. The salinity input from the Mediterranean Sea when the ETS is open will 
be discussed below.

3.2. Ocean-Atmosphere Feedback Induced by the Greenland Ice-Sheet

With a GIS during the Miocene, the AMOC strengthens by 33% from 6 to 8 Sv (Figures 3 and 4) and the North 
Atlantic Ocean becomes saltier (0.5–1.5 psu increase). The formation zone of the NADW extends westward and 
covers the region 15° to 40°W and 50° to 60°N, and waters sink deeper down to 1,500 m (Figure 3c). An area 
of intermediate water formation also exists in the Greenland Sea (0°E, 70°N) in MioGIS, where the depth of the 
mixed layer reaches 500 m.

The presence of the ice-sheet topography in MioGIS compared to MioCTL modifies the spatial pattern of the low 
and high pressure cells over the Greenland, Labrador, Iceland and Nordic Seas (noted thereafter GLIN Seas, red 
contours on Figure 5). In the MioCTL simulation, there is an atmospheric low pressure cell east of Greenland that 
extends over land (Figure 6a). The center of this low pressure cell is located at latitude 67°N in the Norwegian 
Sea. The presence of the ice-sheet topography in MioGIS prevents this cell from advancing inland and its center 
is consequently further south than in MioCTL (57°N). Indeed, in MioGIS, a stable high-pressure area is present 
over Greenland, causing intense southwesterly winds along its southeastern coast (consistent with the results of 
Lunt et al. (2004) and Toniazzo et al. (2004)) and increasing the wind stress curl (Figures 6b and 6c). The surface 
divergence caused by these coastal winds and northeasterly winds (which constitute the south branch of the 
cyclonic circulation around the pressure low south of Greenland) favors mixing and vertical exchange through 
Ekman pumping. This increase in wind stress curl and vertical exchange with deeper, more saline waters induces 
a salinification of the GLIN seas. A positive salt-advection feedback is initiated (Ferreira et al., 2018) and brings 
more salt from the North Atlantic to the GLIN Seas in the MioGIS simulation. Indeed, the calculation of salt 
transport between the North Atlantic and GLIN Seas (Figure 5) shows that the presence of the GIS increases the 
exchange of salt by about 55%. In addition, the P-E budget over the GLIN Seas region is similar in both simu-
lations but the runoff is slightly lower in MioGIS (−8 mSv, Figures 5 and S4 in Supporting Information S1). 
Overall, the GIS causes a lower freshwater input through changes in the hydrological cycle and a larger salt input 
controlled by changes in the wind forcing, both factors contributing to a larger mixing and a more intense AMOC. 

Figure 4. 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 2,000 m depth) on the 3,000 years of simulations.
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More to the north, the GLIN Seas are connected to the Arctic across a much narrower Fram Strait. The presence 
of the GIS barely increases the exchange of water across the Fram Strait but the increase in salinity in the GLIN 
Seas region leads to a slightly more saline Arctic in the MioGIS simulation (Figure 2).

As the AMOC strenghtens in MioGIS, sea surface temperatures in the GLIN Seas region is also higher (+1°C). 
This leads to decreased sea-ice formation in coastal Greenland and in the Labrador Sea in MioGIS compared to 
MioCTL (Figure S5 in Supporting Information S1). These results show that the cooling effect of the ice sheet 
does not extend beyond Greenland because it is hampered by other dynamical processes, such as, here, an increase 
in NADW formation transporting additional heat poleward via a positive temperature-advection feedback.

Our results are consistent with those of Davini et al. (2015), who observe a slowdown of AMOC by 12% in the 
absence of an ice sheet over Greenland (25% in our case) in a modern configuration. The difference in simulated 
slowdown of the AMOC is probably related to a combination of a different model, pCO2 levels and geography—
and, in particular, the configuration of the Fram Strait (Hossain et al., 2020).

3.3. Consequences of the Closure of the Eastern Tethys Seaway on Water Exchanges Between the Indian 
and Atlantic Oceans and the Mediterranean Sea

Opening the ETS at 120 m depth, on the other hand, results in negligible changes in terms of SST, surface salin-
ity and mixed layer depth (Figure 2d) in the GLIN Seas and Arctic Oceans. The AMOC index is also similar to 
the one of MioCTL (Figure 4). We explain below the reasons why the AMOC appears insensitive to changes in 
Tethys Seaway, contrary to previous modeling results (Z. Zhang et al., 2011) and commonly-accepted hypothesis 
in the literature (Woodruff & Savin, 1989; Wright et al., 1992).

First, the closure of the ETS causes a restructuring of water exchanges between the Mediterranean Sea and the 
Atlantic and Indian Oceans. In MioCTL, water exchange is only possible between the Mediterranean Sea and 
the Atlantic Ocean through the Gibraltar Gateway. Surface water flow is directed from the Atlantic Ocean to the 

Figure 5. 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 P-E balance and runoff (in Sv) for the Arctic basin. The red box shows the P-E balance and the runoff (in Sv) for the northern NA. The yellow box 
shows the water mass exchanges at the Fram Strait (in Sv), positive toward the north and negative toward the south. Bottom right, the salt transport budget (10 9 g/s). 
Values represent average on the last 100 years of each simulation.
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Figure 6. (a) In color, pressure anomaly (hPa), averaged over the winter, at ground level. The arrows indicate the average wind direction at 850 hPa. (b) Wind stress 
curl above the sea (10 −6N.m −3) averaged over the year. (c) Differences in absolute value of Wind stress curl above the sea (10 −6N.m −3) averaged over the year. (d) 
Differences in absolute value of vertical mass transport (10 6 kg.s −1) averaged over the year and the first 500 m depth. Values represent average on the last 100 years of 
each simulation.
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Mediterranean Sea whereas subsurface flow is reversed (Figures S6 and S7 in Supporting Information S1). The 
difference between water flowing in and out of the Mediterranean Sea is smaller than 100 mSv (2.18 Sv in and 
2.09 Sv out, compensated by runoff and P-E). In MioTet120, the majority of the water entering the Mediterra-
nean Basin comes from the Indian Ocean (3.8 Sv) and then flows into the Atlantic Ocean (4.06 Sv). This net 
westward flow through the Mediterranean Sea is a remnant of the Circumglobal Tethys Current (de la Vara & 
Meijer, 2016). Most modeling studies describe an overall net flow in the ETS that is directed toward the Medi-
terranean Basin, with water transported from the Indian Ocean to the Atlantic Ocean through the Mediterranean 
Sea as seen in our simulations (Herold et al., 2011; Karami et al., 2011; von der Heydt & Dijkstra, 2006). In our 
simulations, there also exists a water flux that flows at depth from the Atlantic Ocean to the Mediterranean Sea 
which is consistent with the results of Karami et al. (2011).

Outflowing waters from the Mediterranean Sea are dragged into the North Atlantic Gyre along the North African 
coasts and then cross the Atlantic Ocean into the Caribbean Sea. Consequently, waters originating from the Indian 
Ocean return to the low latitudes in the Atlantic Ocean and hardly influence North Atlantic Ocean conditions, 
which explains the small difference between MioTet120 and MioCTL in the area of deep water formation in the 
North Atlantic. In addition, we note that there is almost no salinity gradient at the latitudes of the ETS between  the 
Indian and the Atlantic Oceans, at least for shallow depths (Figure 7b), suggesting that there is no significant 
salt transport between these two oceans. The closure of the ETS also impacts water flow exchange between the 
Atlantic and Pacific Oceans across the Central American Seaway. In MioCTL, 6.21 Sv of waters is transported 
from the Atlantic to the Pacific and 13.84 Sv from the Pacific Ocean to the Atlantic Ocean. In MioTet120, more 
water is transported to the Pacific Ocean (+1.33 Sv) and less to the Atlantic Ocean (−2.51 Sv). This indicates that 
the extra water entering the Atlantic from the Mediterranean Sea when the ETS is open is mainly discharged to 
the Pacific Ocean through the Central American Seaway (consistent with Herold et al. (2011)).

Many studies suggest that the ETS was shallow or even intermittently closed as early as 22 Ma (Bialik et al., 2019; 
Harzhauser et al., 2007, 2009; Rögl, 1999; Sun et al., 2021). Our results are consistent with those of Hamon 
et al. (2013) in suggesting that the final closure of the ETS in the Miocene did not generate major changes in 
the AMOC, although the details of our and Hamon et al. (2013) simulations differ, in particular the depth of the 
ETS and Gibraltar Gateway. In particular, even though the ETS is shallower in our simulation than in Hamon 
et al. (2013), the flux through Gibraltar toward the Atlantic Ocean is higher (4 vs. 2.8 Sv in Hamon et al. (2013)) 
because the Gibraltar gateway is deeper in our paleogeography (1,350 m vs. 400 m in Hamon et al. (2013)). We 
note incidentally that changes in the Gibraltar gateway configuration have been suggested to impact the AMOC 
later in the Miocene (Capella et al., 2019; Flecker et al., 2015; Ivanovic et al., 2013; Ng et al., 2021). In contrast, 
the modeling study of Z. Zhang et al. (2011) suggests that the Tethys seaway closure was key to the evolution of 
NADW. In their simulations however both the Tethys Seaway and Central American Seaway have been closed 
simultaneously, which makes it difficult to decouple the relative impact of each seaway on their simulated NADW 
amplification. We note that a significant number of studies have shown that a primary effect of closing the Central 
American Seaway is to amplify NADW (Nisancioglu et  al.,  2003; Schneider & Schmittner,  2006; Sepulchre 
et al., 2014) and we speculate that it may well be the key driver of NADW increase in the results of Z. Zhang 
et al. (2011). In addition, Z. Zhang et al. (2011) use an Early Eocene paleogeography that is quite different from 
the Early Miocene and thus could also partly explain the contradictory results with our simulations.

Although the closure of the ETS has no impact on surface salinity of the North Atlantic, there is a significant 
salinity anomaly in Paratethyan waters (Figure 2c). In MioTet120, the Paratethys is considerably less salty than 
in MioCTL (−5 psu). When the ETS is closed, the salinity is relatively homogeneous between the Mediterra-
nean Sea and the Paratethys (Figures 7a and 7b). There is a 6 mSv freshwater inflow (precipitation − evapora-
tion + runoff) in the Paratethys in the MioTet120 simulation whereas it is restricted to −1 mSv in the MioCTL 
simulation. This difference in freshwater inflow is explained by higher precipitation over the Paratethys and its 
catchments (Figure 7c) with the ETS open. This additional water inflow in the MioTet120 simulation comes 
from a more humid atmosphere. By closing the ETS, a water surface is removed and replaced by a land surface 
causing a large negative evaporation anomaly at the seaway location (Figure 7d). The difference in salinity in 
the Paratethys basin between the two simulations can also be explained by a different oceanic circulation at the 
Mediterranean-Paratethys interface. In MioCTL, 0.453 Sv of water flow from the Paratethys to the Mediterra-
nean Sea and 0.452 Sv flow in the opposite direction. In MioTet120, the flows into and out of the Paratethys are 
reduced to 0.391 and 0.397 Sv respectively (Figure S7 in Supporting Information S1). There is therefore more 
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exchange between the Mediterranean Sea and the Paratethys when the ETS is closed with a larger input of salt as 
well (Figure 7). This is consistent with results from a box-model (Karami, 2011) which infers that the increase 
in exchange between seas is related to the modulation of flows between Atlantic, Mediterranean, Paratethys 
and Indian basins but cannot integrate the regional geographic complexity as in our simulations. The flow and 
exchange variations are due to the different structure of ocean currents in the Mediterranean Sea with an open 
or close Tethys Seaway. Indeed, the circulation is mainly east-west when the seaway is open, thereby limiting 
meridional exchanges with the Paratethys. As a concluding remark, we propose that both processes (hydrological 
cycle and oceanic advection of salt) lead to the increase in salinity of the Paratethys seen when closing the ETS.

4. Conclusion
Our simulations show that in the early Miocene, NADW formation was less intense—thus the AMOC was 
weaker—compared to the pre-industrial. This is a result of Miocene paleogeography (different configurations of 
some seaways), and perhaps also to a lesser extent by higher Miocene atmospheric pCO2 conditions. The increased 
elevation induced by Greenland glaciation increases the wind stress curl over the Greenland and Nordic Seas. 
This increase favors vertical exchange through Ekman pumping, with deeper and more saline waters inducing 

Figure 7. Left: Salinity (psu) for the first 100 m 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). The colored arrows indicate the salt transport budget (10 9 g/s). Right, (c) Differences in precipitation in mm/day averaged 
over the year (MioTet120-MioCTL). Right, (d) Differences in evaporation in mm/day averaged over the year (MioTet120-MioCTL). The dotted areas represent the 
catchment's areas draining into the Paratethys. Values represent average on the last 100 years of each simulation. MED: Mediterranean Sea. PT: Paratethys.
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a positive salt-advection feedback that brings more salt from the North Atlantic to the Greenland, Labrador, 
Iceland and Nordic Seas. This increase in surface water salinity in the northern North Atlantic Ocean amplifies 
NADW formation. In the Miocene, possible episodes of Greenland glaciation may have favored and amplified 
NADW formation. In a context of present-day GIS melting, several studies suggest that the inflow of fresh water 
into the northern part of the North Atlantic Ocean may weaken the AMOC (Böning et al., 2016; Driesschaert 
et al., 2007). Our results suggest that it might also be relevant to take into account the effects of changing ice-sheet 
elevation and albedo induced by melting, as these induce changes in atmosphere circulation that slow down the 
AMOC. In contrast, the closure of the Eastern Tethys Seaway that occurred during the Miocene does not have a 
significant impact on the intensity of NADW formation.

Data Availability Statement
LMDZ, XIOS, NEMO and ORCHIDEE are released under the terms of the CeCILL license. OASIS-MCT is 
released under the terms of the Lesser GNU General Public License (LGPL). IPSL-CM5A2 source code is 
publicly available through (Pillot, 2022b). The mod.def file provides information regarding the different revisions 
used, namely:

•  NEMOGCM branch nemo_v3_6_STABLE revision 6665
•  XIOS2 branchs/xios-2.5 revision 1763
•  IOIPSL/src svn tags/v2_2_2
•  LMDZ5 branches/IPSLCM5A2.1 rev 3591
•  branches/publications/ORCHIDEE IPSLCM5A2.1.r5307 rev 6336
•  OASIS3-MCT 2.0 branch (rev 4775 IPSL server)

We recommend that you refer to the project website: http://forge.ipsl.jussieu.fr/igcmgdoc/wiki/Doc/Config/
IPSLCM5A2 for a proper installation and compilation of the environment. All model outputs used in this study 
are available at Pillot (2022a).
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