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Around the early–middle Eocene boundary, the first occurrence of contourite drift sediments and 
widespread deep ocean erosion indicate changes in the North Atlantic ocean circulation. Interestingly, 
these changes coincide with the first steps of Cenozoic cooling from the Paleogene greenhouse climate 
towards the modern icehouse. The cause for this ocean circulation reorganization is poorly understood 
since modern water mass tracers may have worked fundamentally different in the past and the 
paleoceanographic proxy record is limited in both time and space. As a result, it is challenging to reliably 
reconstruct the climatic and tectonic boundary conditions e.g. atmospheric greenhouse gas concentration 
and the depth and geometry of developing and closing passages between ocean basins. In this study, we 
attempt to identify thresholds in tectonic gateway passages and atmospheric CO2 concentration, using the 
fully coupled Earth System Model COSMOS. Indeed, the simulation of Earth’s past climates can unravel 
the physical processes driving deep-water formation in a greenhouse world. Specifically, we use COSMOS 
to evaluate the impact of changes in the North Atlantic gateways at the early–middle Eocene boundary 
on the North Atlantic Deep Western Boundary Currents under low obliquity configuration. We find that 
Northern Component Waters start to form when the Greenland Scotland Ridge reaches a threshold depth 
of deeper than 200 m, while the Arctic Ocean is still shut off from the North Atlantic. In this scenario, 
the relatively deep Greenland Scotland Ridge allows for sufficient inflow of warm, salty Atlantic surface 
waters into the Nordic Seas to initiate convection during winter cooling. Opening the seaway towards the 
Arctic leads to a cessation of Northern Component Water formation as it allows for inflow of brackish 
surface waters into the northern Nordic Seas, hindering Northern Component Water formation.

© 2018 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Large-scale climate change over the course of the Cenozoic has 
been linked to changes in ocean gateway configurations and their 
respective impact on the global ocean circulation (e.g. Berggren, 
1982; Berggren and Hollister, 1977; Kennett, 1977). One of the 
challenges of modeling past ocean circulation and climate arises 
from the large uncertainties in boundary conditions throughout the 
geologic past. The sedimentary record of the early–middle Eocene, 
for example, is more fragmented in both time and space compared 
to younger time slices of the Cenozoic. Hence, while uncertain-
ties of Eocene GHG (greenhouse gas) concentration estimates have 
lately declined (Anagnostou et al., 2016), paleogeography and pa-

* Corresponding author.
E-mail address: mvahlenkamp@marum.de (M. Vahlenkamp).
https://doi.org/10.1016/j.epsl.2018.06.031
0012-821X/© 2018 The Authors. Published by Elsevier B.V. This is an open access article
leobathymetry remain poorly constrained throughout this epoch. 
Important uncertainties in Eocene paleobathymetry reside in the 
depth of important seaways in the North and South Atlantic.

During the Eocene, a number of paleogeographic changes could 
have led to the onset of the meridional deep-water circulation 
with a deep-water source in the North Atlantic: (i) The Nordic Seas 
widened considerably during the early Eocene but were still sep-
arated from the Atlantic by the Greenland–Scotland Ridge (GSR) 
(e.g. Mosar et al., 2002). The long-term subsidence of the GSR has 
been superimposed by Icelandic mantle plume activity with re-
occurring intervals of uplift and sinking. However, mantle plume 
activity decreased during the late early Eocene (Parnell-Turner et 
al., 2014) and a first marine connection between the North Atlantic 
and the Nordic Seas is indicated by similar planktonic microfauna 
and microflora on either side of the GSR (Berggren and Schnitker, 
1983; Hulsbos et al., 1989). While some parts of the GSR may still 
have been above sea level during the early–middle Eocene, a num-
 under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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ber of deep gateways bisecting the GSR, such as the Faroe–Shetland 
Channel have already allowed for substantial overflow (Hohbein 
et al., 2012; Thiede and Eldholm, 1983). The initiation of a sta-
ble, southwest deep-water overflow from the Faroe–Shetland basin 
into the North Atlantic from ca. 49 Ma onwards over this part of 
the GSR is attested by the Judd Fall Drifts, deposited at the south-
west end of the Faroe–Shetland Basin (Hohbein et al., 2012).

(ii) In the northern high latitudes, the Arctic Ocean was a 
largely landlocked basin from its formation in the early Cretaceous 
to the early Eocene, even though during that time limited, periodic 
shallow water connections to the global oceans existed (Jakobsson 
et al., 2007). At the end of the early Eocene however, low sea sur-
face salinities in the Arctic Ocean support progressing restriction 
of oceanic exchange between the Arctic Ocean and adjacent seas 
(Brinkhuis et al., 2006) and the cessation of the connection be-
tween the Arctic Ocean and the Tethys through the Turgai Strait 
(Gleason et al., 2009). The low sea surface salinity (SSS) in a com-
pletely landlocked Arctic Ocean would be compensated by a posi-
tive SSS anomaly in the North Atlantic, potentially affecting global 
oceanic circulation (Roberts et al., 2009). However, periodic ex-
change between the Arctic Ocean and the Nordic Seas through a 
narrow and shallow seaway has likely existed from ∼45 Ma on-
wards (Onodera et al., 2008).

(iii) During the middle Eocene, the Tethys Ocean continued its 
separation into the Neo-Tethys in the East and the Alpine Tethys 
in the West with only shallow shelf connections between the two 
basins (Schettino and Turco, 2011). The depth and flow capacity of 
the seaway between Africa in the South and Iberia in the North 
are poorly constrained, yet the seaway became successively more 
restricted during the Eocene (Ziegler, 1988). Plate reconstructions 
range from a very narrow, shallow water connection to a deep-
water connection allowing for large-scale exchange of deep water 
(Schettino and Turco, 2011; Stampfli and Hochard, 2009).

(iv) In the Southern Ocean, the opening of the Tasman and 
Drake Passages enabled due to the separation of Australia and 
South America from Antarctica led to the initiation of the Antarc-
tic Circumpolar Current (ACC) and has been invoked as the trigger 
of Eocene cooling and the glaciation of Antarctica (e.g. Berggren 
and Hollister, 1977; Bijl et al., 2013; Kennett, 1977). The opening 
of the Drake Passage is of complex nature as reflected by widely 
separated estimates of the timing of Drake Passage throughflow, 
which range between ∼50 (Livermore et al., 2005) and ∼17 Ma 
(Barker, 2001). More recent estimates based on Neodymium (Nd) 
isotopes report considerable inflow from the Pacific to the South 
Atlantic through the Drake Passage since the late middle Eocene 
at the latest (Livermore et al., 2007; Scher and Martin, 2006). The 
(deep-)opening of the Tasman Passage has been dated close to the 
Eocene–Oligocene boundary (Stickley et al., 2004) and linked to 
the initiation of the (proto-)ACC to the major glaciation of Antarc-
tica at this time (e.g. Kennett, 1977). However, a shallow opening 
of the Tasman Passage likely occurred already near the early–
middle Eocene boundary (Bijl et al., 2013; Exon et al., 2002) and 
progressively deepened up to 2000 m depth just after the Eocene–
Oligocene boundary (Lawver and Gahagan, 2003).

Cenozoic GHG concentrations peaked during the Early Eocene 
Climatic Optimum (52–50 Ma). Estimates for the early and mid-
dle Eocene atmospheric CO2 concentrations range from 680–1260 
ppm (Anagnostou et al., 2016; Franks et al., 2014; Jagniecki et al., 
2015) and global deep ocean temperatures were up to 12 ◦C higher 
than today (Zachos et al., 2001). Latitudinal temperature gradi-
ents are reported to be less steep compared to today (e.g. Fricke 
and Wing, 2004; Greenwood and Wing, 1995; Zachos et al., 1994) 
and continental ice was largely absent or ephemeral (e.g. Miller et 
al., 1987, 2005b). The middle Eocene marks the beginning of the 
transition from the early Eocene warmhouse towards the cooler 
Oligocene climate. From approximately 49 Ma onwards, tempera-
tures gradually decreased, related to a reduction in atmospheric 
CO2 by as much as 400 ppm (Anagnostou et al., 2016) due to de-
clining volcanic CO2 emissions (Zachos et al., 2008) as well as to 
the burial of vast amounts of organic carbon during the so-called 
1.2 Myr long Azolla phase in the Arctic Ocean (Brinkhuis et al., 
2006). The deposition of this fast growing freshwater fern in parts 
of the Arctic Ocean, the Nordic Seas and the North Atlantic would 
have removed an estimated 55–470 ppm of CO2 from the atmo-
sphere at the onset of Cenozoic cooling (Backman et al., 2006;
Barke et al., 2012; Speelman et al., 2009). Finally, the above-
mentioned tectonic events played a crucial role in the long-term 
climate cooling during the middle Eocene by reshaping inter-
basinal exchange and the global ocean circulation. The onset of 
global cooling around 49 Ma coincides with major changes in 
deep-ocean circulation as evident through changes in the global 
inter-basinal gradient (Sexton et al., 2006), warming of the At-
lantic relative to Pacific deep waters (Cramer et al., 2009) and 
enhanced global productivity (Nielsen et al., 2009). The cooling in-
creased the meridional temperature gradients and reduced the pre-
viously high precipitation in high latitudes (Speelman et al., 2010;
Wing, 2003).

In the early Cenozoic, deep-water formation occurred primarily 
in the Southern Ocean (Mountain and Miller, 1992; Pak and Miller, 
1992; Thomas et al., 2003), whereas by the middle Eocene bottom 
water source areas in the Atlantic may have periodically shifted 
(Oberhänsli et al., 1991). Conflicting ocean circulation proxy results 
from only a few deep-ocean sites around the globe, and modeling
studies have led to a vigorous discussion about the timing of the 
onset of the modern-style bimodal regime with deep-water for-
mation in the North Atlantic and the Southern Ocean. The most 
compelling evidence for the onset of Northern Component Water 
(NCW) at the early–middle Eocene boundary comes from North 
Atlantic Drift sediments, which are deposited under the influence 
of bottom currents such as the Deep Western Boundary Currents 
(DWBC) associated with an invigoration of the Atlantic Meridional 
Overturning Circulation (AMOC). Davies et al. (2001) proposed an 
onset of NCW at 35 Ma based on the identification and dating 
of the, at that time, oldest known North Atlantic Drift Sediments. 
More recently, Hohbein et al. (2012) re-dated the onset of NCW to 
49 Ma based on the onset of sediment drift deposits within a re-
stricted sedimentary basin at the GSR, a key gateway for modern 
North Atlantic Deepwater (NADW) outflow into the North Atlantic. 
This age close to the early–middle Eocene boundary is supported 
by the onset of the Newfoundland Drifts shortly afterwards (Boyle 
et al., 2017) in the pathway of the DWBC.

Nd isotopes are used to track changes in ocean circulation 
as they are imprinted with the Nd isotope signature of their 
source regions. Nd isotopes from the South Atlantic and the South-
ern Ocean have been interpreted to indicate the onset of NCW 
close to the Eocene–Oligocene boundary (Via and Thomas, 2006), 
even though it was noted that a less radiogenic water-mass (ei-
ther NCW or Warm Saline Deep-Water (WSDW) from the Tethys) 
must have been present in the South Atlantic during the middle 
Eocene (Scher and Martin, 2004). More importantly, unradiogenic 
Nd isotopes (characteristic of modern NADW) from the late Eocene 
Labrador Sea indicate that the Southern Ocean was not the source 
of bottom waters at this time, but that NCW already filled parts of 
the North Atlantic by the late Eocene (Coxall et al., 2018).

On the other hand, relatively high values of benthic foraminifer-
al δ13C reflect a dominance of a nutrient-enriched deep-water 
source (as characteristic of modern southern-sourced bottom wa-
ters) during the middle Eocene. Curiously, during the Eocene and 
Oligocene the phase relationship between Nd isotopes and δ13C in 
the South Atlantic is inversed compared to the modern, with most 
unradiogenic values corresponding to low δ13C (Scher and Martin, 
2004). Two possible explanations for the inversed relationship be-
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Table 1
Experimental setup.

cntrl840 cntrl1000 GSR50 GSR200 ASO TSO

CO2 [ppm] 840 1000 840 840 840 840
Greenland–Scotland Ridge [m] 500 500 50 200 500 500
Arctic seaway [m] closed closed closed closed 200 closed
Tethyan seaway [m] closed closed closed closed closed 1800
Nordic Seas [m] 500 500 500 500 500 500
tween Nd isotopes and benthic foraminiferal δ13C are discussed. 
Firstly, initial NCW could have been more nutrient-rich than mod-
ern NADW (Coxall et al., 2018) due to the more isolated setting of 
the Nordic Seas. Alternatively, the carbon isotopic signature of bot-
tom waters during the middle Eocene could have been driven by 
geographic differences in top-down productivity rather than bot-
tom water ventilation in comparison with the modern ocean.

Other studies have utilized inter-basinal benthic foraminiferal 
δ18O gradients to track the onset of the modern bimodal ocean 
circulation, suggesting the onset of NCW during the late middle 
Eocene at 38.5 Ma, not precluding however an earlier contribution 
of NCW from GSR overflow (Borrelli et al., 2014; Langton et al., 
2016).

In the same way as paleoceanographic proxies, climate- and 
ocean circulation models disagree about the timing and mech-
anisms behind the onset of deep-water formation in the North 
Atlantic. Some studies obtain a bimodal AMOC under early Eocene 
boundary conditions (e.g. Huber and Sloan, 2001) while others in-
voke gateway changes during the later Cenozoic as the trigger of 
NCW formation. Recent studies link changes in the North Atlantic 
like the isolation of the Arctic Ocean (Roberts et al., 2009), the 
subsidence of the GSR (Stärz et al., 2017) or the cessation of the 
Tethyan Seaway (Zhang et al., 2011) to the onset of NCW. Others 
propose changes in the South Atlantic like the opening of the Tas-
man and Drake Passages and the formation of the ACC (Elsworth 
et al., 2017; Fyke et al., 2015) as the trigger for the onset of 
a bimodal deep-water formation. While some of the mentioned 
studies have already looked into the effects of gateway openings 
in the North Atlantic on ocean circulation (Roberts et al., 2009;
Stärz et al., 2017; Zhang et al., 2011), all of them used continental 
setups with open Southern Ocean gateways allowing for the for-
mation of a (proto-)ACC.

In this study, we use the fully coupled Earth System Model 
COSMOS to assess the sensitivity of Earth’s climate system to 
changes in North Atlantic Ocean gateways under early–middle 
Eocene boundary conditions and thus before the initiation of the 
(proto-)ACC. In this way, we explore the role of the North vs. South 
Atlantic in the establishment of the modern ocean circulation and 
test the role of distinct tectonic events for the onset of NCW. It 
should be noted though, that while the modeled setups are plau-
sible scenarios based on geological evidence, the exact paleodepth 
of the gateways are hard to pinpoint. Our simulations are designed 
to provide insight into the mechanisms responsible for the initia-
tion of NCW and the invigoration of DWBCs at the early–middle 
Eocene boundary rather than to evaluate their exact amplitudes.

2. Model and experiment design

We use the Community Earth System Model (COSMOS) in the 
coupled atmosphere–ocean configuration with prescribed veg-
etation. The model setup includes the atmosphere component 
ECHAM5 at T31/L19 resolution, i.e. a horizontal resolution of 
∼3.75◦ with 19 vertical layers. A detailed description of the 
ECHAM5 model is given by Roeckner et al. (2003). The Max Planck 
Institute Ocean Model (MPI-OM) runs in a GR30/L40 configura-
tion with an average horizontal resolution of 3◦ × 1.8◦ and 40 
unevenly-spaced vertical layers (Marsland et al., 2003) and in-
Fig. 1. Global paleogeography of the early–middle Eocene as used for the cntrl840
and cntrl1000 simulations. Gateway depths in the circled areas for the different ex-
periments are given in Table 1 and shown in detail in Supplementary Figs. 1–3. (For 
interpretation of the colors in the figure(s), the reader is referred to the web version 
of this article.)

cludes a dynamic–thermodynamic sea ice model after (Hibler, 
1979) that simulates the distribution and thickness of sea ice 
considering surrounding climatic conditions, while overturning 
by convection is implemented via increased vertical diffusion 
(Jungclaus et al., 2006). The boundary conditions to run the model 
include the prescription of vegetation distribution (Sewall et al., 
2007), the set-up of the hydrological discharge model (Hagemann 
and Dümenil, 1997), orography-related parameters for the gravity 
wave drag parameterization (Lott and Miller, 1997), glacier mask, 
the concentration of the greenhouse gases in the atmosphere and 
orbital parameters. The solar constant was reduced by 0.6% com-
pared to present-day and equals 1358.8 W/m2 (Gough, 1981). 
Preindustrial control runs as well as future climate warming sce-
narios of the fully coupled COSMOS model in the configuration and 
resolution used in this study have been published by Knorr et al.
(2011) and Gierz et al. (2015).

Early–middle Eocene boundary conditions in our control simu-
lation were specified by using a paleogeography representative for 
the Ypresian (56–47.8 Ma) compiled by GETECH paleogeography 
(Lunt et al., 2016) with the following modifications: (i) opening 
the connection between the Nordic Seas and the North Atlantic 
at the GSR to account for the changes close to the early–middle 
Eocene boundary (Hohbein et al., 2012), (ii) restricting the connec-
tion between the Tethyan Ocean and the Atlantic Ocean (Stampfli 
and Borel, 2004) and (iii) opening the Turgai Strait to the Arctic 
because COSMOS does not support enclosed seas. No ice sheets 
were prescribed in either hemisphere. We use present-day val-
ues for eccentricity and precession, and a low value of 22.1◦ for 
obliquity, as such astronomical configuration favors NCW forma-
tion (Vahlenkamp et al., 2018).

All simulations are run with 3 x pre-industrial CO2 level (840 
ppm) (Anagnostou et al., 2016), except cntrl1000 which was set 
to 1000 ppm. Concentrations of other greenhouse gases were set 
to present day values. The experimental setup, including modifica-
tions to the oceans’ bathymetry, is provided in Table 1 and Fig. 1.

Our cntrl840 simulation was run for 7700 years. All other ex-
periments were restarted from the cntrl840 at year 6200 and sim-
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Fig. 2. Annual Sea Surface Temperature (SST) for the middle Eocene simulations. a) SST for cntrl840. �SST relative to cntrl840 for b) cntrl1000, c) GSR50, d) GSR200, e) ASO, 
f) TSO.
ulated until year 7700. Two exceptions are the simulations GSR200
and cntrl1000, which were simulated to year 9000 and 8800 re-
spectively to allow for additional time for these simulations to 
equilibrate. To assess the steady state of our simulations, we calcu-
lated the linear regression of global mean surface and deep ocean 
temperatures for the last 700 years of each simulation. The maxi-
mum temperature drift was ∼0.01 ◦C/century for the surface ocean 
and ∼0.02 ◦C/century in the deep ocean. The last 100 years of each 
experiment were averaged for analysis.

3. Results

3.1. Global climate and ocean circulation

The global mean sea surface temperature (SST) in the Eocene 
cntrl840 simulation is 27.8 ◦C. The mean SST in the tropics reaches 
36.9 ◦C. The Arctic Ocean is characterized by the lowest annual SST 
of 1 to 3 ◦C, while the Southern Ocean is considerably warmer with 
8 to 14 ◦C (Fig. 2a). Deep Ocean temperatures of ∼14 ◦C are very 
well in line with proxy records estimates for deep ocean temper-
ature during the early–middle Eocene (Zachos et al., 2008). In our 
cntrl1000 simulation global mean SST are 2.1 ◦C higher and reach 
29.9 ◦C. The warming shows polar amplification, particularly in the 
Northern Hemisphere with changes of ∼4 ◦C in the Arctic, which 
is two times higher than the global average (Fig. 2b). The lowest 
SST change occurs at the location of Southern Component Water 
formation in the Weddell Sea.
Maximum SSS is reached in the Atlantic subtropical gyres due 
to high net evaporation (Fig. 3a). The lowest salinities occur in the 
Arctic as it is exposed to high net precipitation and only connected 
to the global oceans by the shallow Turgai Strait. Global SSS de-
creases by 0.4 psu with the 160 ppm increase in CO2. Particularly 
the high latitudes are fresher, while the (sub-) equatorial Atlantic 
is slightly more saline under higher CO2 concentration (Fig. 3b).

Bottom water ventilation occurs in the Weddell Sea and in the 
southern Nordic Seas (Fig. 4a), where sea surface densities are 
high. Here, surface waters are denser than intermediate waters, 
breaking the stratification of the water column during the winter 
season. Both locations are close to those of the modern deep-water 
formation sites, however their mixed layer depths (MLD) are much 
shallower compared to the modern ocean. Bottom water ventila-
tion is strongly seasonal and occurs in the winter months of each 
Hemisphere. Ventilation in the Southern Ocean is reduced in the 
cntrl1000 simulation, while the Northern Hemisphere MLD remains 
relatively constant (Fig. 4b). The sinking of water masses in the 
Nordic Seas leads to overflow of deep-water over the GSR into the 
North Atlantic and the establishment of a DWBC with annual av-
erage velocities of up to ∼14 cm/s in the western North Atlantic 
(Fig. 5a), fast enough to mobilize and redeposit fine grained sedi-
ments (McCave and Hall, 2006).

3.2. Model-data comparisons

Our cntrl840 paleoclimate compares well with proxy-based pa-
leotemperature estimates from the early–middle Eocene in the 
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Fig. 3. Annual Sea Surface Salinity (SSS) for the middle Eocene simulations. a) SSS for cntrl840, �SSS relative to cntrl840 for b) cntrl1000, c) GSR50, d) GSR200, e) ASO, f) TSO.
Southern Ocean between 45◦S and 70◦S and from the tropical 
Southern Hemisphere up to the Northern high latitudes between 
ca. 20◦S and 70◦N where 67% of the data points fall within the 
annual SAT envelope of our simulations (Fig. 6). However, in the 
Southern mid-latitudes between 25◦S and 45◦S a considerable dis-
crepancy between proxy-derived and simulated temperatures ex-
ists, which exceeds 10 ◦C. The Arctic is the second area where 
simulated and proxy derived temperatures differ. Here, only 29% 
of the data points fall within the simulated temperature enve-
lope while others are significantly higher than simulated tempera-
tures. The inability to reproduce the high Arctic temperatures and 
the lower latitudinal temperature gradient observed in proxy data 
for the early Cenozoic is a common feature in studies simulating 
the extreme warmth of the Eocene, known as the “equable cli-
mate problem” (Huber and Caballero, 2011 and references therein). 
Southern Ocean SST is in very good agreement with proxies, while 
the discrepancy for Arctic SST is similar to those of other studies 
of greenhouse climate at ∼8 ◦C (e.g. Roberts et al., 2009). Various 
explanations for the data-model mismatch during greenhouse peri-
ods have been proposed. These include insufficient model sensitiv-
ity, misrepresentation of feedback mechanisms in climate models 
and seasonally biased proxy records at the high latitudes. Whether 
these discrepancies are related to model or proxy uncertainty is 
beyond the scope of this work, but has been discussed in detail 
by previous studies (e.g. Huber and Caballero, 2011). Nevertheless, 
proxy data around the deep-water formation sites in the Nordic 
Seas and the Southern Ocean fall within the temperature envelope 
of our simulations and thus allow us to evaluate ocean circulation.
3.3. Impacts of seaways on ocean circulation and climate

3.3.1. Greenland–Scotland Ridge
The sill depth of the GSR in our experiments influences SST, SSS 

and density by regulating the inflow of warm, salty Atlantic surface 
waters into the Nordic Seas. Our experiments reflect the subsi-
dence of the GSR from the early Eocene onwards. As a result of the 
GSR subsidence from 50 m to 200 m sill depth, annual SST above 
the GSR and in the Nordic Seas increase by up to 2 ◦C and SSS in 
the Nordic Seas increases by ∼5 psu (Fig. 2c and d). Further sub-
sidence to 500 m sill depth enables intense inflow of warm salty 
water from the North Atlantic into the Nordic Seas and increases 
SST here by up to 7 ◦C and SSS by up to 6 psu (Fig. 2c and 3c). 
The greater inflow of warm, salty water from the North Atlantic 
causes sea surface density in the Nordic Seas to increase substan-
tially with the sill depth of the GSR. As a result, the vertical density 
gradient in the Nordic Seas diminishes until it is small enough to 
allow for diapycnal mixing (Fig. 7). The deep Atlantic circulation 
is influenced as NCW overflows the GSR from the Nordic Seas and 
flows towards the North Atlantic increasing DWBC velocity (Fig. 5a, 
c, d). Our results suggest the threshold value in the GSR sill depth 
for NCW formation and the establishment of a DWBC lies between 
200 and 500 m.

Our GSR200 simulation is the only experiment in which the 
ocean circulation changes over the duration of the simulation. 
Before the collapse at simulation year 7600, the GSR200 simu-
lation was characterized by NCW formation in the Nordic Seas 
(Fig. 8a, b, c). This could indicate that GSR200 is close to the 
threshold depth of the GSR sill that allows for NCW formation. 
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Fig. 4. Annual mixed layer depth (MLD) for the middle Eocene simulations. MLD for a) cntrl840, b) cntrl1000, c) GSR50, d) GSR200, e) ASO, f) TSO.
Furthermore, the collapse of the GSR200 experiment allows us to 
evaluate the climatic influence of NCW in our simulations with-
out changing any parameters. Here, global SST increase by 0.1 as 
the amount of deep water formation decreases and the North At-
lantic cools considerably (by up to 7 ◦C) due to the collapse of 
NCW formation (Fig. 8d). Cooler Northern Hemisphere and warmer 
Southern Hemisphere SST are the result of the collapse in NCW 
formation.

3.3.2. Arctic seaway
The Arctic is ∼1 ◦C warmer in our ASO simulation compared 

to our cntrl840 simulation, while the Nordic Seas cools by up to 
10 ◦C. Most of the Southern Hemisphere SST increase by 1–3 ◦C 
while the northern mid-latitudes cool ∼1 ◦C in every ocean basin 
(Fig. 2e). Exchange between Arctic and North Atlantic waters re-
sults in saltier Arctic surface waters while the Nordic Seas and 
the North Atlantic are considerably freshened by the outflow of 
brackish waters from the Arctic by up to 10 psu (Fig. 3e). As a 
result, the sea surface density in the Nordic Seas decreases. The 
strong density gradient between the surface and underlying waters 
(>1 kg/m3) prevents diapycnal mixing and mixed layer formation 
(Fig. 7). Therefore, the Weddell Sea remains the only site of deep-
water formation. Here, MLD is increased by a factor of ∼2 due to 
the opening of the Arctic–North Atlantic connection (Fig. 4e). No 
DWBC flows along the western continental margin of the Atlantic 
(Fig. 5e).
3.3.3. Tethyan seaway
The Tethys is an enclosed basin in our cntrl840 simulation and 

develops high SSS as it is situated in a climate zone characterized 
by high evaporation and low precipitation. Opening of the Tethys 
seaway (TSO) leads to the inflow of less saline tropical Indian 
Ocean waters into the Atlantic Ocean (Fig. 3f). Our TSO simula-
tion shows Northern Hemisphere (particularly in the Nordic Seas 
and the Arctic) warming by 1 to 3 degrees, while the effect in the 
tropics and the Southern Hemisphere is relatively small (Fig. 2f). 
Increasing SSS is largely restricted to the western North Atlantic, 
the Nordic Sea and particularly the Labrador Sea. Our simulations 
do not show any sinking of WSDW in the Tethyan Ocean (Fig. 4f). 
While the Tethyan seaway does impact the heat and salt flux of the 
North Atlantic, the SST and SSS changes largely balance each other 
so that we do not observe a change in density (Fig. 7). Thus, the 
differences in mixed-layer depth in the Nordic Seas (Fig. 4f), and 
DWBC velocities in the North Atlantic in simulation TSO (Fig. 5f) 
are small compared to the cntrl840 simulation.

4. Discussion

4.1. Greenland–Scotland Ridge

Our simulations identify the GSR sill depths as the major fac-
tor in the NCW formation in the Nordic Seas as it determines the 
rate of inflow of salty surface waters from the Atlantic into the 
Nordic Seas and it determines the rate of outflow of NCW into 
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Fig. 5. Atlantic Ocean current velocity at 1500 m water depth. Current velocity for
a) cntrl840, b) cntrl1000, c) GSR50, d) GSR200, e) ASO, f) TSO. DWBCs form in simu-
lations a), b), and f), which are characterized by NCW formation.

Fig. 6. Data-model (cntrl840) comparison of surface air temperature (SAT) and sea 
surface temperature (SST) for the early–middle Eocene. Gray triangles mark SST 
proxy data (Andreasson and Schmitz, 1998, 2000; Brinkhuis et al., 2006; Pearson et 
al., 2007; Sangiorgi et al., 2008a, 2008b; Zachos et al., 1994) and diamonds mark 
mean annual temperature (MAT) proxy data (Basinger, 1991; Greenwood and Wing, 
1995; Jahren, 2007; Wolfe, 1994). The red triangle marks a proxy temperature esti-
mate from the Nordic Seas (Andreasson and Schmitz, 2000).

Fig. 7. Annual density profiles of the southern Nordic Seas in the different simula-
tions. Colored lines indicate the density vs. depth for the six different simulations. 
The white star in the map marks the location of the profiles. Cntrl840, cntr1000 
and TSO show no stratification of the water column during winter season.

the North Atlantic. Many studies have previously invoked a cru-
cial role of the GSR sill depth in NCW formation and thus the 
onset of a bimodal AMOC (Poore et al., 2006; Stärz et al., 2017;
Wright and Miller, 1996). Our results indicate that during the 
early–middle Eocene the threshold in the sill depth of the GSR for 
NCW formation was above 200 m. Stärz et al. (2017) found that 
bidirectional flow over the GSR is initiated between 30–80 m un-
der Miocene boundary conditions. Defining the absolute depth of 
the GSR with uncertainties of less than 100 m has been proven 
difficult as it is dependent on several aspects including the sub-
sidence history of the ridge, the mantle plume activity beneath 
Iceland (Parnell-Turner et al., 2014) and eustatic changes (Miller et 
al., 2005a). Today the difference between the deepest sections of 
the ridge and the average sill depth is ∼500 m. Thus, some parts 
of the ridge may have allowed significant overflow of deep-water, 
while other parts of the ridge were still subaerial. Parnell-Turner 
et al. (2014) show that during the early–middle Eocene, Iceland 
mantle plume activity was minimal. This could have caused the 
GSR sill depth to reach the threshold to allow for NCW formation 
at the onset of the Cenozoic cooling. We find that only simula-
tions with NCW formation are characterized by DWBC that would 
explain the changes in North Atlantic sedimentation at the early–
middle Eocene boundary.

4.2. Arctic seaway

The ASO simulation shows that even a very shallow connection 
with the Arctic Ocean allows for sufficient inflow of brackish wa-
ter into the Nordic Seas to diminish deep-water formation here. 
In the ASO simulation, the Weddell Sea in the Atlantic sector of 
the Southern Ocean remains the only site of deep-water forma-
tion. This is in line with proxy evidence from the early Eocene, 
where this region was most likely the dominant deep-water source 
(e.g. Scher and Martin, 2004). Others propose deep water forma-
tion in the Ross Sea based on circulation models with a similar 
continental setup as our simulation ASO (Douglas et al., 2014). 
On the other hand, our results indicate that in a scenario with-
out exchange with the Arctic Ocean (cntrl840), the Nordic Seas can 
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Fig. 8. Climatic impacts of NCW formation in the GSR200 simulation. a) Ocean tem-
perature timeseries. Intervals analyzed in b) and c) are marked by red squares, b) 
average annual MLD for model year 7500–7600 marked with a red square, c) aver-
age annual MLD for model year 8900–9000, d) �SST for time window b) relative to 
c), e) zonal mean temperature in the Atlantic for the time window b) relative to c).

sustain salinities high enough for deep-water formation. Indeed, a 
positive salt anomaly resulting from the very low SSS in the Arctic 
due to restriction of the seaways causing the onset of NCW for-
mation has been previously identified (Roberts et al., 2009), while 
Cope and Winguth (2011) find no onset of NCW due to Arctic re-
strictions. These contrasting results may be caused by differences 
in sea surface density due to model sensitivity to greenhouse forc-
ing.

Proxy records indicate lowest SSS resulting from the most 
severe restriction of Arctic seaways between 48.7 and 47.6 Ma 
(Waddell and Moore, 2008), which is supported by the deposi-
tion of the freshwater fern Azolla at this time (Barke et al., 2012;
Brinkhuis et al., 2006). From 45 Ma onwards, exchange between 
the Arctic Ocean and the Nordic Seas likely became more fre-
quent (Onodera et al., 2008). Rapid eustatic fluctuations up to 
30 m (Miller et al., 2005a) may have periodically linked and 
separated Arctic surface waters with the Nordic Seas (Brinkhuis 
et al., 2006). The hampering effect of the brackish waters on 
NCW formation could have been balanced by the opening of 
the Drake Passage, as some climate models have shown that the 
NCW can be formed when the Arctic is connected to the Nordic 
Seas after the (proto-)ACC is established (Fyke et al., 2015). Thus, 
the changes in the Southern Ocean gateways (Bijl et al., 2013;
Livermore et al., 2007) together with decreasing CO2 concentra-
tions (Anagnostou et al., 2016), the initiation of Northern Hemi-
sphere sea ice (e.g. St. John, 2008; Stickley et al., 2009; Tripati et 
al., 2008), ongoing subsidence of the GSR and low Iceland mantle 
plume activity (Parnell-Turner et al., 2014) could have contributed 
to sustaining NCW formation and DWBCs after the flow of brackish 
Arctic surface waters into the Nordic Seas increased.

4.3. Tethyan seaway

Independent of the used paleogeographic setting, our simula-
tions do not show the formation of WSDW in the Tethys as in-
voked by some studies for the early and middle Eocene (Pak and 
Miller, 1992; Scher and Martin, 2004). As a semi-enclosed basin 
in a high evaporation–low precipitation zone, the Tethys accumu-
lates high SSS. Opening of the Tethys seaway on the other hand 
leads to the throughflow of less saline tropical Indian Ocean wa-
ters into the Atlantic Ocean (Fig. 7b). While parts of the surface 
waters pass through the Central American Seaway into the Pa-
cific, another branch enters the Northern subtropical gyre, where 
high evaporation induces the transport of salty waters towards the 
Nordic Seas via the North Atlantic Current. Here, SST and SSS are 
enhanced due to the opening of the Tethys seaway. As the increase 
in SST and SSS in the Nordic Seas balance each other, the net ef-
fect on surface density here is small. MLD and DWBC velocities are 
slightly increased in the TSO simulation. The strengthening, but mi-
nor influence of Tethyan outflow is in agreement with simulations 
for the Miocene and modern Mediterranean outflow (Ivanovic et 
al., 2014a, 2014b). However, the response of the AMOC may de-
pend on the position of the closure of the Tethyan seaway that 
determines the properties of Tethyan outflow. Closing the Tethyan 
Seaway further east can have a strongly enforcing effect on the 
AMOC (Butzin et al., 2011; Hamon et al., 2013).

4.4. Northern vs. Southern gateways

Our simulations demonstrate that changes in the heat and salt 
balance of the Nordic Seas caused by the tectonic evolution of the 
North Atlantic during the early–middle Eocene could have led to 
the onset of a bimodal AMOC without any gateway changes in the 
South Atlantic.

Toggweiler and Samuels (1993, 1995) attributed NCW forma-
tion to upwelling in the Southern Ocean but our results emphasize 
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the important role of the thermohaline balance of the North At-
lantic and the vertical density gradients in the Nordic Seas. An 
important role of the North Atlantic in AMOC dynamics is in ac-
cordance with other studies highlighting the GSR sill depth (Poore 
et al., 2006; Wright and Miller, 1996) or the Arctic seaway restric-
tions (Roberts et al., 2009). Moreover, this finding is also supported 
by results from modeling studies that find no onset of NCW for-
mation in response to the opening of Tasman Gateway (Sijp et 
al., 2011). Other studies found that the NCW formation initiates 
with the opening of the Drake Passage (Fyke et al., 2015). How-
ever, it should be noted that Sijp et al. (2011) and Fyke et al.
(2015) both use paleoceanographic settings with a connection be-
tween the Arctic and the North Atlantic, which has a hampering 
effect on NCW formation. Furthermore, the response of the oceanic 
circulation to the opening of the Southern Ocean gateways, may 
depend on the climatic background state (Lefebvre et al., 2012). 
Thus, changes in the North Atlantic (e.g. Brinkhuis et al., 2006;
Hohbein et al., 2012) and in the Southern Ocean (e.g. Bijl et al., 
2013; Livermore et al., 2005) have the potential to drive the ocean 
circulation towards a modern-like bimodal state. Only the exact 
timing of the changes in these seaways will help to resolve the 
question, which changes led to the onset of NCW.

4.5. Interactions between climate and ocean circulation

In our simulations NCW formation transfers heat from the sur-
face ocean towards the deep ocean.

Globally, the effects of the onset of NCW on surface tempera-
tures are relatively small with a maximum SST change of 0.4 ◦C 
due to gateway changes. However, NCW formation can have a 
pronounced impact on regional temperatures. Minor global sur-
face temperature effects that can be intensely amplified regionally 
are in agreement with results of Roberts et al. (2009) for Eocene 
NCW formation. The onset of NCW formation in our simulations 
(Fig. 8d, e) leads to Northern Hemisphere warming and South-
ern Hemisphere cooling, as the surface branch of the AMOC begins 
to transport heat towards the North Atlantic. Here, local tempera-
tures are up to 7 ◦C higher when NCW formation is active. In other 
words, the onset of NCW formation during the early middle Eocene 
would have triggered pronounced surface warming in the North 
Atlantic. Bornemann et al. (2016) report no substantial cooling of 
the North Atlantic during the early middle Eocene, while Inglis et 
al. (2015) found a low SST gradient between the tropical and the 
northern Atlantic at this time. The onset of NCW provides a plau-
sible mechanism that would mask the Eocene cooling in the North 
Atlantic by locally increasing temperatures due to enhanced heat 
transport from the tropics. Cooling occurs in the upper ∼1000 m 
of the water column in the South Atlantic and in the subsurface in 
the Northern Hemisphere between about ∼200–1500 m (Fig. 8e).

At the same time, the global deep ocean is warmed by the on-
set of NCW. Similarly to surface temperatures, changes in globally 
averaged deep ocean temperature in response to the onset of NCW 
are relatively small (maximum of 0.5 ◦C) compared to the changes 
arising from declining CO2 around the early–middle Eocene. Con-
sequently, they would likely have been dominated by changes in 
CO2 over this interval that caused more pronounced global climatic 
changes (Anagnostou et al., 2016). This finding is in agreement 
with sensitivity studies attributing global climate change to CO2
instead of changes in ocean circulation (e.g. DeConto and Pollard, 
2003; Huber and Nof, 2006; Lunt et al., 2008).

The invigoration of a southward flowing DWBC that is indicated 
by North Atlantic contourite drift deposition (Boyle et al., 2017;
Hohbein et al., 2012) and winnowing (Norris et al., 2001) can only 
be achieved in our model if NCW formation is active. Our results 
indicate that tectonic changes in gateway configuration could have 
contributed to the initiation of NCW and thus the invigoration of 
DWBC close to the early–middle Eocene boundary (Fig. 5). While 
CO2 concentrations do play a role in the intensity and depth of 
overturning, changes in the North Atlantic Gateways connecting 
the North Atlantic with the Arctic via the Nordic Seas are the 
critical factor controlling the formation of NCW. Our experiments 
reveal how sensitive the global ocean circulation is to the thermo-
haline balance in the Nordic Seas. Very small changes in the depth 
and geometry of these ocean gateways may result in large-scale 
changes in ocean circulation and may thus have a profound im-
pact on global climate and sedimentation patterns. Unfortunately, 
the exact timing and magnitude of such changes in seaway ge-
ometry remain difficult to reconstruct with direct geologic evi-
dence. Therefore, improved tracer-based proxy reconstructions of 
the Eocene ocean circulation are necessary from North Atlantic 
and Arctic deep ocean sites to allow for paleoceanographic recon-
structions providing indirect constraints on past ocean bathymetry. 
After NCW initiated through the subsidence of the sill below the 
discussed threshold, NCW formation intensity was a function of 
CO2 concentration, variations in GSR sill depth and the Arctic sea-
ways and of orbital forcing (Vahlenkamp et al., 2018). In other 
words, the development towards a bimodal AMOC was probably 
more irregular and transient than previously thought.

5. Conclusions

Simulations with the Earth System Model COSMOS reveal that 
large-scale changes in ocean circulation can result from minor 
changes (∼200 m) in the depth of seaways connecting the Nordic 
Seas with the North Atlantic and the Arctic Ocean. The seaway be-
tween the North Atlantic and the Arctic must have been restricted 
in order to form NCW at the early–middle Eocene boundary. The 
GSR sill-depth must have reached a minimum depth of 200 m to 
allow for sufficient inflow of salty surface water into the Nordic 
Seas and to initiate sinking there. Our results thus indicate that 
changes in North Atlantic Ocean gateways alone could have been 
sufficient for deep-water formation in the North Atlantic and for 
the invigoration of early–middle Eocene DWBC under favorable 
astronomical forcing. Our simulations do not show any WSDW for-
mation and the influence of outflow of Tethyan waters towards the 
Atlantic on NCW formation in our simulations is minor. After the 
onset of NCW a combination of further gateway development and 
climatic factors such as the drawdown of atmospheric CO2 con-
centrations and astronomical forcing would have determined the 
intensity of NCW formation.
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