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Abstract

One of the largest shifts in climate in the Cenozoic (last 66 million years) occurred around the Eocene-
Oligocene transition (EOT, 33.9 Ma) and is marked by global cooling and the sudden appearance of
a large continental ice sheet on Antarctica. The two main proposed explanations of this climatic
shift are a decline in atmospheric CO, and changes in ocean gateways influencing ocean circulation,
though the exact mechanisms behind this are still debated.

This thesis focusses on the idea that the rapid cooling could have been initiated by a shift in the
Meridional Overturning Circulation (MOC) from one equilibrium state to another. To study this,
equilibrium ocean states are obtained with the ocean-only fully implicit thermohaline circulation
model (THCM), using two different paleobathymetries (40 Ma and 30 Ma) and two different pat-
terns of surface forcing representing different CO, levels.

Under restoring boundary conditions a strong southern sinking MOC-pattern is found, which is in line
with fully coupled Global Circulation Model (GCM) simulations, only stronger. When the upper layer
salinity forcing is mirrored at the equator, a MOC-pattern with only northern sinking is found. Start-
ing from these solutions, bifurcation diagrams of the equilibrium ocean circulation under changing
freshwater flux forcing are calculated. In these bifurcation diagrams a range of different MOC-states
are found to occur, including southern sinking, bipolar sinking and northern sinking states, most of
which are connected. There is a range of boundary conditions for which multiple MOC-states occur,
suggesting that a shift between two of these patterns, induced by e.g. random atmospheric fluctu-
ations, could be possible. Specifically, a southern sinking MOC-state with weak positive (northern)
overturning in the Atlantic is found under the same boundary conditions as the strong fully southern
sinking pattern. A shift between these two MOC-states seems to agree with the proposed onset of
the Atlantic Meridional Overturning Circulation (AMOC) around time of EOT, which could have in-
duced southern hemisphere cooling. Furthermore, the observed meridional heat transport suggests
that this shift in MOC-states would result in a cooler southern and warmer northern hemisphere.
Since the results were found to be relatively similar for both paleobathymetries and surface forcings
used, the possibility of a shift in MOC-pattern around the time of the EOT seems to be relatively
independent of the exact timing of gateway openings and of CO, levels.
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1 Introduction

Earth’s climate has changed enormously over time, on a wide variety of timescales. Understanding
why and how these changes have occurred in the past provides useful insights to help understand
how climate might change in the future. The last 66 million years of Earth’s history make up the
Cenozoic era. The climate in the first half of the Cenozoic is characterised by a general warming
trend, peaking at the Early Eocene Climatic optimum (EECO, ~ 52-50 Ma). The climate at this time
is a greenhouse climate, with e.g. a subtropical climate in North America, Eurasia and even some
locations in the Arctic without the presence of major ice sheets (Stanley, 2008; Sluijs et al., 2006).
After the EECO to the present, the climate is characterised by a general cooling trend and a transition
from the greenhouse climate in the first part of the Cenozoic to the icehouse climate as we know now.
This general cooling trend is evidenced by an increase in §'80 values from deep-sea sediment cores
(Westerhold et al., 2020; Zachos et al., 2001). An increase in 50 values reflects an increase in ice
volume and/or a decrease in deep-sea temperature. Apart from these general cooling and warming
trends, several rapid (10° to 10° yr) shifts in climate from a warmer to a cooler climate and vice
versa have taken place during the Cenozoic (Westerhold et al., 2020; Zachos et al., 2001).

One of the largest of these shifts occurred around the Eocene-Oligocene Transition (EOT, 33.9 Ma)
and coincides with the sudden appearance of a large continental ice sheet on Antarctica (Zachos
et al., 2001). The Eocene-Oligocene boundary is marked by a widespread extinction (Prothero,
1994). The shift in climate is indicated by an (~ 400 kyr) increase in 5§80 values in deep-sea sed-
iments, referred to as the Early Oligocene Glacial Maximum (EOGM) or Oi-1 (Hutchinson et al.,
2020; Zachos et al., 2001). In high resolution (up to 2 kyr) tropical Pacific 580 records this shift
is found to occur in two ~ 40 kyr steps separated by plateau of ~ 200 kyr, ending in an overshoot
(maximum) (Coxall et al., 2005). The shift in §'0 coincides with a two-step > 1 km deepening of
the calcite compensation depth (CCD) and a two step increase in §'3C (with a < 10 kyr lag) (Coxall
et al., 2005). A possible explanation for the decrease in CCD is the ice expansion on Antarctica and
sea level fall, inducing a shift in CaCO5; sedimentation from shelf to deep ocean basins (Coxall et al.,
2005; Pélike et al., 2012). Either no cooling or cooling of a few degrees in the deep sea is observed in
Mg/Ca records. Possibly in the records that do not show cooling, the cooling is masked by increasing
pH/[CO%‘], associated with the decrease in CCD (Lear et al., 2008; Bohaty et al., 2012; Coxall et al.,
2005). The first step of the shift in §'80 is thought to be mainly due to cooling, while the second
step is mainly due to ice sheet growth (Katz et al., 2008; Pearson et al., 2009)

There are several possible explanations of the occurrence of the climatic shift around the EOT. The
first is the opening of ocean gateways (e.g. the Tasman gateway and Drake passage), changing
the ocean circulation, for example enabling an Antarctic Circumpolar Current (ACC), which in the
present-day climate prevents meridional heat transport across it towards the Antarctic continent,
consequentially isolating Antarctica from the rest or the world. The precise timing of the opening of
these gateways is, however, difficult to determine (Livermore et al., 2005; Scher and Martin, 2006;
Pfuhl and McCave, 2005) and the decrease in heat transport due to the ACC has been found to be
much too weak to cause a significant change in Antarctic climate (Huber and Nof, 2006).

Another way to explain the climatic shift, is that atmospheric CO, levels might have been declining
past a threshold at the time of the EOT, which could have triggered a rapid increase in ice sheet
volume trough positive feedback (DeConto and Pollard, 2003). Orbital forcing is thought to aid the
initiation and rapid increase of the ice sheet, as at the time of the EOT eccentricity is low and oblig-
uity has a low amplitude, dampening seasonality such that the summers are relatively cold (Zachos
et al., 2001; Coxall et al., 2005). While this could explain the second step in the shift in 5180, which
is thought to be mainly due to rapid ice sheet growth, the cause of the first step, which is thought
to be mainly due to cooling, still needs to be considered. A possibility is that the decrease in CO,
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5 Chapter 1. Introduction

(and perhaps other greenhouse gases) at the time of the EOT reduced the greenhouse effect, thus
inducing global cooling (Pearson et al., 2009) The timing and temporal structure of such a decrease
is, however, not easily identifiable in data since available CO, (and greenhouse gas) records are quite
uncertain and generally do not have a high enough resolution around the EOT (Pearson et al., 2009).
Furthermore, it is unknown what would have caused such a relatively large decrease in CO,.

In addition to a decrease in CO,, a possible cause of the rapid cooling could be a shift in ocean
circulation from one equilibrium state to another (Tigchelaar et al., 2011). This idea is based on
the existence of multiple equilibria in the Meridional Overturning Circulation (MOC). As the MOC
regulates the meridional heat transport, a different pattern in MOC has a significant effect on re-
gional climates. Apart from heat transport, the MOC influences nutrient transport and global carbon
cycling as well (see e.g. Cheng et al. (2013); Sabine et al. (2004)). With model simulations using
a simple continental geometry von der Heydt and Dijkstra (2008) found that in an east-west sym-
metric configuration four possible MOC patterns can occur; a northern sinking state (deep water
formation in North Atlantic and North Pacific), a southern sinking state (deep water formation in the
Southern Ocean only), a conveyor state (deep water formation in the North Atlantic and Southern
Ocean, present-day state) and an inverse conveyor state (deep water formation in the North Pacific
and Southern Ocean). By introducing an asymmetry based on Oligocene continental geometry, some
of the MOC patterns were found to be more likely than others.

During the Eocene, the suggested MOC-pattern is one with deep water formation predominantly in
the Southern Ocean and North Pacific (Hutchinson et al., 2020; Ferreira et al., 2018; Hutchinson
et al., 2018). There is evidence from proxy records that suggests the onset or strengthening of the
Atlantic Meridional Overturning Circulation (AMOC) around the time of the EOT (Hutchinson et al.,
2020; Via and Thomas, 2006; Borrelli et al., 2014). A possible cause for the onset of deep water
formation in the North Atlantic is the tectonic deepening of the Greenland-Scotland ridge that sepa-
rates the Greenland-Norwegian sea from the North Atlantic, such that water can be exchanged and
the Northern seas become a site of deep water formation (Via and Thomas, 2006). Another possible
cause is the closure of the Arctic-Atlantic gateway, blocking the inflow of fresh water from the Arctic
to the Atlantic and allowing an AMOC to develop (Hutchinson et al., 2019). The deep water for-
mation in the North Pacific is found to decrease around the time of the EOT (McKinley et al., 2019;
Hutchinson et al., 2019; Fontorbe et al., 2017; Thomas et al., 2008).

Tigchelaar et al. (2011) argued that the first step in the shift in 60 might be due to a shift in MOC
pattern from southern sinking to sinking at both poles (conveyor/inverse conveyor). As the North
Atlantic, the additional source of deep water formation in the new pattern, was found to have lower
Sea Surface Temperatures (SST) than the Southern Ocean, this results in significant cooling of the
deep sea and increasing §'80. The density perturbation that is used in model studies (von der Heydt
and Dijkstra, 2008; Tigchelaar et al., 2011) to induce the switch to a different MOC pattern, may in
reality be caused by (random) atmospheric fluctuations. Alternatively, changes in paleobathymetry
influencing the preference of the MOC patterns may induce a switch in MOC pattern.

Some research has been done concerning the effect of (paleo)bathymetry on the ocean circulation
pattern. Using two realistic, slightly differing late Eocene (~ 38 Ma) paleobathymetries, one based
on a hotspot reference frame (HS) and one on a paleomagnetic reference frame (PM), Baatsen et al.
(2018) found a different MOC pattern in each case. This shows that multiple MOC patterns can be
found for a realistic late Eocene continental geometry. Huisman et al. (2012) argued that for the
present-day bathymetry there seems to be a preference for North Atlantic deep water formation, as
even when the Sea Surface Salinity (SSS) pattern of the Atlantic and Pacific is switched, a conveyor
solution exists.

In Mulder et al. (2017) a method is introduced to directly compute equilibrium three-dimensional
ocean flow under a deformation of bathymetry. In the calculated ocean circulation patterns from
65 Ma until now, in steps of 5 Ma, only southern sinking MOC-states were found. This is, however,
a result of the restoring boundary conditions, where surface temperature and salinity are being re-
stored to predefined temperature and salinity field, that are used as forcing at the ocean surface.
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Furthermore, the surface forcing prescribed is an idealised zonally averaged pattern. Similar tech-
niques are used in Dijkstra and Weijer (2005) to study the present-day global ocean circulation. Here
multiple equilibria, a solution with strong northern overturning and one with hardly any overturning
in the Atlantic, were found to occur under a freshwater flux perturbation in the North Atlantic.

In this project, a method is used that is similar to the method used in Dijkstra and Weijer (2005)
and Mulder et al. (2017) and is extended upon the restoring solutions found in Mulder et al. (2017)
by introducing a more realistic forcing at the ocean surface and by introducing mixed boundary
conditions. As with mixed boundary conditions the upper layer salinity is no longer constrained by
restoring to a prescribed field, more freedom is allowed which increases the realism of the solution.
Since the method directly calculates the three dimensional equilibrium ocean circulation pattern,
no long spin-up time is needed to reach an equilibrium, as would be the case with a time stepping
method. Thus it is possible to study how the equilibrium ocean circulation pattern changes under a
change in parameter, such as the magnitude of a perturbation in the freshwater flux that is used as
mixed boundary condition. There is, however, a price to pay: as the method requires large matrices
to be solved (iteratively), a lot of memory is needed and if the iteration does not converge, no solu-
tion can be obtained.

The aim of this project is to study the global ocean circulation, the existence of multiple equilibrium
MOC-states and the possibility of a shift from one equilibrium MOC-state to another around the time
of the EOT. Additionally, the effect of paleobathymetry on global ocean circulation and the possible
preference for a certain equilibrium MOC-state is studied. This to help understand whether a shift in
ocean circulation state might have occurred around the EOT, what the mechanisms might be behind
such a shift and the possible effects of a shift in ocean circulation state on the climate.

In order to study the meridional overturning circulation around the time of the Eocene-Oligocene
Transition, two different paleobathymetries are used as boundary condition, one at 40 Ma and one
at 30 Ma. To create relatively realistic atmospheric forcing, surface forcing patterns are taken from
equilibrium states obtained with the Community Earth System Model (CESM) in Baatsen (2019);
Baatsen et al. (2020). Using restoring boundary conditions, equilibrium solutions are obtained for
both paleobathymetries. Then is switched to mixed boundary conditions, where the freshwater flux
diagnosed from the obtained restoring equilibrium solutions is used as a boundary condition instead
of surface layer salinity. Connections between the obtained restoring equilibrium MOC-states and
the possible connections to other MOC-states are studied using continuations in different parame-
ters, for example, the magnitude of a perturbation in freshwater flux or a transition parameter to
smoothly change from one freshwater flux forcing field to another.

More information about the model, surface forcing and other methods is given in chapter 2. The
results of the simulations are given in chapter 3 and discussed in chapter 4. The conclusions are
found in chapter 5.



2 Methods

This section gives a description of the methods applied to perform simulations and to analyse the
results of these simulations. Firstly, a description of the model is given in section 2.1. The model
setup is explained, along with a brief explanation of how the model works, the effect of some of the
parametrisations and parameter choices and the definitions of several diagnostics and parameters.
Secondly, the paleobathymetries that are considered in the simulations are given and discussed in
section 2.2, along with a description of how the ocean basins are defined. Thirdly, a description of
the surface forcing, how it is obtained and how modified forcing fields are constructed is given in
section 2.3. Lastly, the equation of state in the model and how its coefficients are modified to better
approximate the density for the warmer climate around the Eocene-Oligocene Transition (EOT) is
discussed in section 2.4.

2.1 The ocean model

In this project the fully implicit thermohaline circulation model (THCM) is used, of which a full de-
scription can be found in de Niet et al. (2007). The governing equations of this ocean model are the
hydrostatic, primitive equations in spherical coordinates (longitude ¢, latitude 6 and depth z) that
describe the evolution of the zonal, meridional and vertical ocean velocities u, v and w, pressure p,
temperature T and salinity S. Different from the present-day case the model includes a bathymetry
and continental geometry representative of the Late Eocene and Early Oligocene as described in
section 2.2. Slip and no-flux conditions are assumed at the bottom boundary, no-slip and no-flux
conditions at the lateral boundaries.

At the ocean-atmosphere boundary, the flow is forced with a prescribed wind stress field (see sec-
tion 2.3). For temperature and salinity two types of boundary conditions are used; restoring and
mixed boundary conditions. In case of restoring boundary conditions, the temperature and salinity
of the upper layer are assumed to restore to a prescribed temperature and salinity field (see section
section 2.3) with a timescale of 7 = 74 = 75 days. For mixed boundary conditions a freshwater
flux is prescribed while upper layer temperature is again assumed to be restoring. This freshwater
flux is diagnosed from a previously obtained solution under restoring boundary conditions and is
proportional to the difference between the upper layer salinity forcing and the upper layer salinity
of the restoring solution. Per definition the global average freshwater flux is zero. Wind stress, tem-
perature and salinity forcing are all represented as a body force acting on the upper layer, hence slip
and no-flux conditions are assumed at the surface.

The model is set up with a rectangular grid with a horizontal resolution of 3° (grid of N x M =
120 x 54, domain 81°S - 81°N, 0°E - 360°E) and L = 12 non-equidistant vertical levels, where the
layer thickness increases from 94.8 m for the upper layer to 786.2 m for the deepest layer. The
default values of fixed parameters used in the model computations are given in Table 2.1.

2.1.1 Continuation Methods

As not everyone is familiar with continuation methods, a brief explanation of how these methods
are implemented in the model is given below. A more elaborate explanation is given in e.g. Dijkstra
and Weijer (2005); de Niet et al. (2007); Thies et al. (2009)

The set of governing equations is spatially discretised using a second-order accurate finite volume
method. This is done on a staggered Arakawa B-grid in the horizontal (i = 1,...,N, j = 1,..., M)
and a C-grid in the vertical (k =1,...,L), see Figure 2.1. The result is a system of six equations with
boundary conditions that can be separated into a part (left hand side) that contains a time derivative
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Table 2.1: Default values of fixed parameters used in model computations

Symbol Value Unit Name
U 0.1 [ms™'] Velocity scale
D 5.0 x 10° [m] Basin depth
Q 7.292x 107> [s7!] Earth’s angular velocity
g 9.8 [ms™2] Standard acceleration due to gravity
ro 6.37 x 10° [m] Radius of the Earth
To 15.0 [°C] Reference temperature
So 35.0 [psu] Reference salinity
Po 1.024 x 103 [kgm™] Reference density
Fy 1.0 x 1077 [ms!] Freshwater flux amplitude
Tr, Tg 75 [days] Restoring timescale of upper layer temperature/salinity
ar 2.16x107%  [K!] Volumetric expansion coefficient (temperature)
ag 6.42x 107 [-] Volumetric expansion coefficient (salinity)
Ay 1.6 x 107 [m?s™1] Horizontal mixing coefficient for momentum
Ay 1.0x 1073 [m2s7] Vertical mixing coefficient for momentum
Ky 1.0 x 10° [m2s7!] Horizontal mixing coefficient for heat and salt
Ky 8.0x 107> [m?s™'] Vertical mixing coefficient for heat and salt
qz 1.8 [-] Grid stretching
Cp 4.0 x 10° [Jkg 'K~!] Specific heat capacity of seawater
Twiijik)
UV (i-1jK)
. ﬁ)V(iJlk)
L, pT.Siik |2
UV (i-1,/-1,K) UV(ij-1,k)
48 wijkn]
q):

Figure 2.1: Schematic representation of a grid box at location ¢, 0}, and variable positions near this grid
box. The zonal and meridional velocities (respectively u, v, and w) are located at the middle of the grid edges,
the vertical velocity (w) at the center of the top edge. Pressure, temperature and salinity (respectively p, T
and S) are located at the center of the grid box.
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of the six unknown variables u, v, w, p, T and S and a part (right hand side) that contains all other
terms. The system can then be written as follows

lel—ltl =F(u,q). 2.1
The six unknown variables at each gridpoint are contained in the state vector u = (u,v,w,p, T, S)
and thus has dimension d = 6 x N x M x L, vector q contains an amount of q parameters (e.g. wind
forcing strength, vertical Ekman number,...) and thus has dimension g, B is a linear operator (a
d x d matrix that when acting on the time derivative of vector u gives a vector containing all time
derivative terms of the system of equations) and F is a nonlinear operator mapping from R4 — R4
(when F acts on vectors u and q of dimension d + q it returns a vector of dimension d containing
all non-time derivative terms of the system of equations). The state vector u corresponds to the
discretised solution of the system of equations in Equation 2.1 and is dependent on the parameters
in vector q.
When using timestepping methods, one would discretise the time derivative of u and compute a new
solution for u after a step in time, starting with a known solution. The time integration can then be
repeated until a steady state is reached. This can, however, only be done for one set of parameters
g. To study the dependence of a steady state on a change in parameter, one thus has to repeat the
time integration for each parameter value until steady state is reached.
With continuation methods, the steady state solution for a set of parameters is computed directly by
solving

0=F(u,q). (2.2)

This allows for the direct computation of branches of steady state solutions as a function of one of
the parameters in g, say u, such that a bifurcation diagram can be constructed. The found steady
state solutions can be stable, such as the steady states found through time integration, or unstable.

To compute such a branch of steady state solutions, a pseudo-arclength method (Keller, 1977) is used.
The idea of this method is to parameterise the branch(es) of solutions with an arclength parameter
s, such that the branch is given by I'(s) = (u(s),u(s)). As the arclength parameter s introduces an
extra unknown variable, an extra equation is obtained by "normalising" the tangent to branch I'(s).

Starting from a known solution (known ug and ug), the arclength parameter is changed with stepsize
As and the new solution along the branch (new u and u) is calculated. The calculation of the new
solution is done by solving the system of the equations in Equation 2.2 and the extra equation for
arclength parameter s through iterative solvers. A more detailed explanation of how the system of
equations is solved and which solvers are used can be found in de Niet et al. (2007) and Thies et al.
(2009).

In an ocean model such as THCM, that directly solves for a steady state, it is possible to follow this
steady state while smoothly changing the forcing field. To do so, a homotopy parameter is used. For
example, to go from forcing field F, to forcing field F;, a forcing field Fy that is a linear combination
of both fields is defined using homotopy parameter ay as follows

Fy(ay) = ayF, +(1—ay)Fo, (2.3)

such that a value of ay = 0 corresponds to field Fy and ay = 1 to field F;. The field F; can be
completely different or unrelated to F,, though F; can also include a specific change with respect
to Fy, such as a perturbation. In the latter case F; = F + F,,, gives the forcing field perturbed by
perturbation F,,,, and homotopy parameter ay describes the perturbation strength.

This method is also used for finding the initial equilibrium solution (spinup). In this case the homo-
topy parameter describes the strength of e.g. salinity forcing in a continuation from a field with no
forcing (Fy) to the full salinity forcing field (Fy).



Chapter 2. Methods 2.1. The ocean model 10

2.1.2 Parametrisations and parameter choices
Horizontal mixing coefficient of momentum

Horizontal and vertical mixing of momentum, heat and salt is represented by eddy diffusion with
mixing coefficients Ay, Ay for momentum and Ky, Ky, for heat and salt. Typically, the values used
for these coefficients are Ay = 2.5 x 10° m?s™1, A, = 1.0 x 1072 m?s™1, K;; = 1.0 x 10®> m?s™! and
Ky = 8.0 x 107° m?s™! (see e.g. de Niet et al. (2007)) With this value of Ay, however, the model
did not succeed to continue to a global restoring equilibrium solution for all cases with non-idealised
forcing and a paleobathymetry as described in section 2.2. When succeeding the computation time
was significantly longer than with a higher value of Ay. For these reasons the horizontal mixing is
increased to Ay; = 1.6 x 107 m?s™.

This change mostly seems to impact the barotropic streamfunction, which is less detailed and much
weaker than with a lower value of Ay. There seem to be some differences in the pattern of the
meridional overturning streamfunction, for example the surface overturning cells seem to reach to
greater depth with a lower value of Ay;. The overturning strength and general MOC-pattern, however,
appear to be the similar for both values of Aj;.

Convective overturning

In order to solve convective processes, an extremely high model resolution is required, which is often
not feasible. So, to represent convective overturning and hence to obtain stably stratified solutions in
ocean models, often a convective adjustment scheme is used. This parametrisation induces a strong
extra vertical mixing when the solution is unstably stratified and is turned off when the solution
is stably stratified. The implicit nature of the model places a restriction on the use of convective
adjustment to represent convective overturning. Using convective adjustment methods can lead to
convergence problems or spurious equilibria (den Toom et al., 2011) can occur due to local on/off
behaviour of vertical mixing depending on the vertical density gradient. Under restoring boundary
conditions this behaviour was found to be relatively weak or absent and hence obtaining a restor-
ing solution with convective adjustment was possible. Under mixed boundary conditions, however,
many spurious bifurcations occur making it already very hard to obtain a bifurcation diagram for a
smaller domain without land and bathymetry under idealised forcing. Moreover, as multiple equi-
libria are studied, the occurrence of artificial equilibria due to the way that convective adjustment is
treated in the model is unwanted. For these reasons a convective adjustment scheme is not applied
and the solutions are "pure" solutions of the governing system of equations. It is, however, possible
for unstable stratifications to occur.

The absence of a convective adjustment scheme most clearly seems to impact the (global average)
temperature, which is much higher without convective adjustment. Furthermore, the (global av-
erage) salinity is somewhat higher without the use of convective adjustment. The effect on the
barotropic and overturning streamfunction is more indirect, hence the exact effect differs per case
and can not be clearly predicted. A test with convective adjustment for 40 Ma resulted in the same
overturning streamfunction pattern but with a higher overturning strength. The barotropic stream-
function in this case had the same pattern as well with a stronger circulation of the southern hemi-
sphere cell.

As in the THCM simulations the horizontal mixing coefficient of momentum is set relatively large and
convective adjustment was switched off (see above) we do not expect to reproduce all details of flow
patterns and magnitude of variables as in other (more realistic) model studies. Many characteristics
of the flow are, however, similar. Hence the focus of the solutions in the results will be mainly on
the (changes in) pattern and relative magnitudes of variables.
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2.1.3 Model diagnostics

For the further study of the obtained solutions of the model, a meridional overturning streamfunction,
barotropic streamfunction and potential density are calculated. Several averages, a global, surface
and zonal average, are defined as well. Furthermore, the meridional heat transport is calculated.
The definition of these streamfunctions, averages and the meridional heat transport is given below
as continuous functions for readability. In practice, a discrete version of these functions is used.

The Meridional Overturning Circulation (MOC) is represented in the solutions with a meridional
overturning streamfunction 1), which is calculated from meridional velocity v as follows

¢=¢r
Yo(0,2)=— f J v(¢’,0,2") cos0de’dz, (2.4)
=D

where D = 5000 m is the ocean depth and ¢y, and ¢ are the eastern and western boundary of
the domain. For calculation of the global overturning streamfunction, ¢, = 0°E and ¢y = 360°E.
When the overturning streamfunction is calculated for a separate basin, as defined in Figure 2.3 (see
section 2.2), ¢ and ¢y are the eastern and western continental boundaries of that basin, dependent
on latitude 6. The overturning streamfunction 1), is defined such that in a (6, z)-plot it is positive for
clockwise /northward surface circulation, negative for anticlockwise/southward surface circulation.

The barotropic streamfunction ), is calculated from zonal velocity u as follows

0=6y [z=
Yy (¢, 0) =f f u(p,6’,2") dz'de’, (2.5)
6 =D

where z = 0 is the surface and 6y the northern boundary of the basin. It is defined such that a
positive 1, corresponds to a clockwise circulation and a negative 1}, to an anticlockwise circulation.

The global average x of a variable x (e.g. salinity, temperature) over basin volume V is defined as

1
X MJ x(¢,0,2) récos@dqb do dz, (2.6)
v
where is assumed that D < ry, 1 is the earth’s radius and |V | = f v rg cos 0 d¢ df dz is the approxi-
mate total ocean volume.
Similarly, the upper layer "surface" average j of a variable y (e.g. upper layer salinity) over basin
surface S is defined as

"::éﬁj;y(¢,9)r€c059d¢d9, (2.7)

where |S| = f s rg cos 0 d¢ dB is the total ocean surface, and the zonal average X of a variable x (e.g.
salinity, temperature) as
1 $=¢g
%(0,2)= — x(¢’,9,z) rocos0de¢’, (2.8)
IC1 Js=41,

where |C| = f d(fE rocos O d¢ is the part of the circumference of the earth in zonal direction at latitude
w
0 that consists of ocean.

The meridional heat transport MHT is calculated from meridional velocity v and temperature T as
follows

b=¢
MHT (6) =c,p f ~f v(¢’,0,2") T(¢',0,2") cos6dg¢’dz, (2.9)
—D

where ¢, = 4.0 x 10> Jkg 'K is the specific heat capacity of seawater and p, = 1.024 x 10° kgm >
the reference density.
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2.2 Paleobathymetry

Two different Late Eocene/Early Oligocene paleobathymetries, at 40 Ma and 30 Ma, are considered.
These paleobathymetries are constructed as described in Mulder et al. (2017), section 3.1 and based
on the reconstruction in Baatsen et al. (2016). For the model to be able to converge to a steady state
solution and to reduce computing time, the Arctic ocean and inland seas are removed and the land-
sea mask is smoothed. The resulting paleobathymetries at model resolution are shown in Figure 2.2.
In both bathymetries the Southern Ocean gateways are open, though they are much narrower and
shallower compared to the present-day bathymetry.

The oceans are subdivided into basins as shown in Figure 2.3. To be able to calculate an overturning
streamfunction, each basin must be bordered by continents on the east and west side, hence some
parts of the ocean spread across multiple basins. These parts of the ocean are left unassigned (white
areas in Figure 2.3) as they consist of only a few latitudes. An exception is the part that covers both
the Indian and Pacific Ocean as it consists of a larger ocean area, especially in the 40 Ma paleo-
bathymetry. This part is defined as its own basin, the Indian/Pacific (teal areas in Figure 2.3).

The general continental configuration is relatively similar for both bathymetries, however, there are
some subtle differences. In the 30 Ma bathymetry with respect to the 40 Ma bathymetry, Australia
has moved northward as the Tasman gateway widens and becomes deeper and the ocean between
Australia and South-East Asia becomes shallower. Furthermore, both North and South America have
moved to the northwest, widening the Atlantic ocean and narrowing the Pacific ocean. Africa has
moved slightly northward, narrowing the Tethys sea, and India moved northward, connecting to the
Eurasian continent.

40 Ma Depth [km]
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Figure 2.2: Paleobathymetries for 40 Ma and 30 Ma at model resolution (3° in horizontal direction, 12
vertical levels), based on the reconstruction in Baatsen et al. (2016). The twelve non-equidistant depth levels
are indicated by colours, grey indicates land. The depth tick label at the first layer as seen from the surface
(—0.095 km) is removed for readability.
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Figure 2.3: Division of oceans into basins, each basin is indicated by a colour, as indicated in the legend, for
40 Ma and 30 Ma. The basins are bounded by continents on the east and west side to be able to calculate
an overturning streamfunction in each basin. The white areas spread across multiple basins and are left
unassigned.

2.3 Surface forcing

As described in section 2.1, the ocean model is forced at the upper layer with prescribed fields for
wind stress, upper layer temperature and, in case of restoring boundary conditions, upper layer
salinity. In order to obtain a relatively "realistic" surface forcing, these fields are taken from equi-
librium ocean circulation states at 38 Ma and 30 Ma, obtained with the Community Earth System
Model (CESM) in Baatsen (2019); Baatsen et al. (2020). Technically these ocean circulation states
are not exactly in equilibrium as they are obtained using time integration. They have, however, been
integrated for 3000-4000 years and are considered to be close enough to an equilibrium state to
treat as such. Hence the CESM ocean circulation states will be referred to as equilibrium solutions,
with the last 50 model years used as a representative of the equilibrium climate. For the temper-
ature and salinity forcing the depth-average temperature and salinity of the upper 100 m from the
CESM equilibrium state are used, as this is similar to the depth of the upper layer in the model
(95 m). For wind stress forcing the wind stress at the ocean surface is used. The forcing fields for
the 40 Ma paleobathymetry simulations are taken from the 38 Ma equilibrium state under 4x pre-
industrial CO, forcing (38 Ma 4PIC), the forcing fields for the 30 Ma simulations are taken from
the 30 Ma equilibrium state under 2x pre-industrial CO, forcing (30 Ma 2PIC). To study the influ-
ence of paleobathymetry and CO,, forcing separately, an extra simulation is performed for the 40 Ma
paleobathymetry with the forcing fields taken from the 38 Ma CESM equilibrium state under 2x pre-
industrial CO, forcing (38 Ma 2PIC). Even though the CESM simulations are obtained using both
Late Eocene and Early Oligocene bathymetries, no Antarctic ice sheet is present in these simulations,
which makes the forcing fields more representative of a Late Eocene climate.

As the simulations in Baatsen (2019) are performed on a curvilinear grid, the wind stress, tempera-
ture and salinity fields are interpolated to a rectangular grid with a resolution of 1° to obtain the grid
needed for forcing input. When the forcing fields are inserted in the model, they are downscaled
to the model resolution of 3° and ocean points with no forcing data are interpolated. The latter is
needed because there are some small differences between in continental geometry of the CESM sim-
ulations and the continental geometry as used in this study (see section 2.2). The resulting forcing
fields for 38 Ma 4PIC and 30 Ma 2PIC are shown in respectively Figure 2.4 and Figure 2.5. The forc-
ing fields for 38 Ma 2PIC are not shown as they are relatively similar the 30 Ma 2PIC forcing fields,
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Figure 2.4: Plots of upper layer forcing after downscaling and interpolation from the CESM 38 Ma equilibrium
ocean circulation state under 4x pre-industrial CO, forcing from Baatsen (2019); (a) upper layer temperature,
(b) upper layer salinity, (c) zonal wind stress and (d) meridional wind stress. Upper layer temperature and
salinity are depth-averaged values over the first 100 m of the CESM equilibrium state. The global average
upper layer temperature is 27.4 °C, the global average upper layer salinity is 35.4 psu. Contours are drawn at
an interval of respectively 2.5 °C, 1 psu and 2.5 Nm 2 and are indicated on the colorbar.
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Figure 2.5: Plots of upper layer forcing after downscaling and interpolation from the CESM 30 Ma equilibrium
ocean circulation state under 2x pre-industrial CO, forcing from Baatsen (2019); (a) upper layer temperature,
(b) upper layer salinity, (c) zonal wind stress and (d) meridional wind stress. Upper layer temperature and
salinity are depth-averaged values over the first 100 m of the CESM equilibrium state. The global average
upper layer temperature is 24.5 °C, the global average upper layer salinity is 35.7 psu.
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with a global average upper layer temperature of 25.0 °C, a global average upper layer salinity of
35.4 psu and a zonal average zonal wind stress at 57°S of 11.3 Nm 2.

The upper layer salinity forcing in the northernmost part of the Atlantic is notably much fresher than
other parts of the ocean. This is a result of the Arctic ocean being very isolated and therefore very
fresh in the CESM simulation. Even though the Arctic is absent in our simulations, this effect is still
present in the forcing. As the very northernmost part of the Atlantic, north of 54°N, is relatively
shallow and separated to the rest of the Atlantic basin by a small ridge, the water in this part is
consequently much fresher than in the rest of the basin.

The largest difference between the 38 Ma 4PIC and 30 Ma 2PIC forcing is in the global average upper
layer temperature, which is almost three degrees higher for the 38 Ma 4PIC forcing (27.4 °C versus
24.5 °C). Global average upper layer salinity is 0.3 psu higher for the 30 Ma 2PIC forcing (35.7 psu
versus 35.4 psu). The spatial pattern upper layer temperature and salinity is relatively similar for
both forcings, as is the spatial pattern in zonal and meridional wind stress. The magnitude of the
extrema in zonal wind stress though, is somewhat larger for the 30 Ma 2PIC forcing. Especially the
maximum in zonal wind stress west of the tip of the South American continent, which is 3.1 Nm™2
larger in the 30 Ma 2PIC forcing. The zonal average zonal wind stress at this latitude is larger for
the 30 Ma 2PIC forcing as well, with a value of 11.8 Nm~2 compared to 10.4 Nm ™2 at 57°S.

For both 38 Ma 4PIC and 30 Ma 2PIC forcing there is a north-south asymmetry for upper layer tem-
perature and salinity, which is possibly linked to both CESM simulations having a southern sinking
equilibrium ocean circulation state. The zonal average upper layer temperature in the northern
hemisphere is lower than at the same latitude in the southern hemisphere. At a latitude of 60° this
difference is 2.5 °C (3.1 °C) for 38 Ma 4PIC (30 Ma 2PIC) forcing. Similarly, the zonal average upper
layer salinity above 15° (27°) latitude is lower for the northern hemisphere than for the southern
hemisphere, with a difference of 3.3 psu (3.1 psu) at 60° latitude for 38 Ma 4PIC (30 Ma 2PIC)
forcing.

2.3.1 Modified surface forcing

In order to study the effect of the north-south asymmetry in salinity forcing on the meridional over-
turning circulation, simulations where the salinity forcing is mirrored at the equator were performed.
As mirroring the full upper layer salinity field in the equator would result in a misalignment of the
spatial pattern with continental boundaries and a large amount of points that need to be interpolated,
the zonal average of the field is mirrored instead. Additionally, to reduce the north-south asymmetry
of the temperature forcing, the upper layer temperature field is modified such that its zonal average
is symmetric around the equator.

The modified forcing fields are constructed from the upper layer temperature and salinity fields for
38 Ma 4PIC and 30 Ma 2PIC that are downscaled and interpolated to a rectangular 1° grid. Before
a zonal average is calculated, the field is masked to exclude inland seas and the Arctic sea as these
are present in the continental geometry of the CESM simulations but not included in our bathymetry
(see section 2.2). Data from high northern latitudes with few ocean gridpoints is excluded as well
to prevent a sudden drop in zonal average upper layer salinity towards the north, caused by the low
salinity in the North Atlantic. All ocean points at a certain latitude are assumed to have the same
zonal average value to create a forcing field.

The mirrored zonal average salinity forcing is constructed by mirroring the zonal average upper layer
salinity field in the equator. As the southern part of the ocean basin reaches to higher latitudes than
the northern part, the mirrored zonal average upper layer salinity field has no data for the southern-
most latitudes. These missing values are filled by a linear extrapolation based on the slope in zonal
average upper layer salinity south of 15°S.

To symmetrise the upper layer temperature field, its zonal average is made symmetric around the
equator. The zonal average upper layer temperature is calculated after excluding the same points
from the field as for the calculation of zonal average upper layer salinity. For each latitude the differ-
ence between the zonal average upper layer temperature and the mean of the zonal average upper
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Figure 2.6: Plots of (modified) zonal average upper layer forcing for the 38 Ma 4PIC case; (a) unmodified
(original) zonal average upper layer temperature (same as in Figure 2.4) and zonal average upper layer
temperature after it is made symmetric and (b) unmodified (original) zonal average upper layer salinity and
mirrored zonal average upper layer salinity.

layer temperature at that latitude in the northern and southern hemisphere is calculated. The upper
layer temperature field is then corrected with this difference. For the high latitudes at the south-
ern hemisphere where no zonal average value is available at the equivalent latitude in the northern
hemisphere and hence no mean can be calculated, the correction at the highest latitude where there
is a zonal average value available at the northern hemisphere, is used instead. Finally, the field is
corrected such that the surface average upper layer temperature is the same as before the field is
made symmetric.

When the resulting modified forcing fields, the zonal average upper layer salinity, mirrored zonal
average upper layer salinity and symmetrised upper layer temperature for 38 Ma 4PIC and 30 Ma
2PIC, are inserted into the model, they are downscaled to the model resolution of 3° and missing
points are interpolated. Because of this, the zonal average of the symmetrised upper layer tempera-
ture field is not exactly symmetric around the equator, though it is much more symmetric than the
original upper layer temperature field. The zonal average upper layer temperature as it is originally
and after it is made symmetric are shown in Figure 2.6a, the zonal average upper layer salinity as it
is originally and after it is mirrored in the equator are shown in Figure 2.6b. As is visible in this fig-
ure, the difference between the original and symmetric upper layer temperature fields is quite small,
hence the symmetric upper layer temperature forcing fields look quite similar to the ones shown in
Figure 2.4 and Figure 2.5. As the modified upper layer salinity forcing uses a zonal average profile,
the resulting forcing fields have no east-west variations. The global average upper layer tempera-
ture is 27.4 °C for both the original and symmetric temperature fields, the global average upper layer
salinity is 35.3 psu for the original forcing and 34.9 psu for the mirrored forcing. This difference in
global average upper layer salinity is due to the larger area of ocean at high latitudes in the southern
hemisphere compared to the northern hemisphere.

2.4 Equation of State

One of the governing equations in the model is the equation of state, that gives the dependence of
density (p) on temperature (T) and salinity (S). The model is executed with a linear equation of
state that is defined as

P :po(l—aT(T—T0)+aS (S_So)) (210)

Here p, = 1.024 x 10% kgm 2, T, = 15 °C and S, = 35 psu are respectively the reference density,
reference temperature and reference salinity. The volumetric expansion coefficients for tempera-
ture and salinity, a; and ag, are usually taken to have the values of a; = 1.0 x 107* K™ ! and
ag=7.6x107% psu~! (Dijkstra, 2008).
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For a present-day climate the linear equation of state with these conventional values of a; and ag
gives a relatively good approximation to a more accurate equation of state (e.g. Gill (1982)). In the
warmer paleo climate for 40 Ma and 30 Ma, however, the density obtained with this linear equa-
tion of state with conventional values for a; and ag gives a too strong dependency on salinity (see
Figure 2.7). Consequently, when calculating the upper layer density from the CESM upper layer
temperature and salinity (see section 2.3) with this present-day linear equation of state, the result
(linear present) differs quite a bit from the upper layer density directly obtained from the CESM
simulation (CESM) or when using the nonlinear equation of state from Gill (1982) (nonlinear), as
shown in Figure 2.8. The spatial pattern of upper layer density for the present-day linear equation of
state corresponds more to the spatial pattern of upper layer salinity, while for the upper layer density
from the CESM simulation and calculated with the nonlinear equation of state the spatial pattern
corresponds more to that of upper layer temperature. Furthermore, the location with highest upper
layer density is in the South Atlantic for the present-day linear equation of state, while it is in the
Southern Ocean for the CESM simulation and nonlinear equation of state.

To obtain values for the volumetric expansion coefficients that are suitable for the warmer climate
at 40 Ma and 30 Ma, a; and ag are determined by a least squares fit to the nonlinear equation of
state in Gill (1982). This is done for a range of temperatures of 0 °C to 40 °C and range of salinities
of 20 psu to 40 psu. A plot of density as a function of temperature and salinity according to the
nonlinear equation of state from Gill (1982) (colours) and the fitted linear equation of state with
values of a; =2.16 x 107* K~ ! and a, = 6.42 x 10~* psu™! (solid lines) is given in Figure 2.7. The
density for the linear equation of state with more conventional values of a; = 1.0 x 10~* K~! and
ag = 7.6 x 10~* psu~! is shown as well (dotted lines). It is visible that the linear equation of state
with fitted a; and ag still tends to overestimate the density for most combinations of temperature
and salinity, especially for relatively high temperatures and/or relatively low salinities. For rela-
tively high salinities and relatively neutral to low temperatures it tends to underestimate the density.
Over/underestimation of the density is, however, something that will always occur to some extent
when a linear equation of state is used.

The upper layer density calculated using the linear equation of state with ar and ag adapted to the
paleo climate (linear paleo) is shown in Figure 2.8. The spatial pattern of this upper layer density is
much more similar to that of the CESM simulation and for nonlinear equation of state than that for
the linear equation of state with present-day coefficients. It also follows the same spatial pattern as
the upper layer temperature and the location of highest density is in the Southern Ocean.

A simulation was performed for 40 Ma using either the present-day or adapted values for oy and
ag and restoring forcing using the 38 Ma 4PIC upper layer/surface fields as described in section 2.3.
After a continuation to full forcing, the steady state MOC found with the present-day volumetric
expansion coefficients was a circulation with sinking at the equator. For the adapted volumetric ex-
pansion coefficients the found steady state had a southern sinking MOC solution, which corresponds
to the MOC state in the CESM simulation the forcing was taken from.

As both the MOC state and the spatial pattern in upper layer density obtained with the linear equa-
tion of state with adapted a; and ag correspond relatively well to those of the CESM simulation,
definitely much better than for the linear equation of state with present-day a; and ag, it is assumed
that the linear equation of state with adapted a; and ag gives a good enough approximation of the
full equation of state to obtain sufficiently accurate enough steady state solutions.

To account for the effects of pressure on temperature, and consequently density, at greater depths,
potential density is calculated and used for the simulation results. First potential temperature is cal-
culated from temperature, salinity and pressure as given in Gill (1982), where pressure is assumed
to be purely hydrostatic, thus p(z) = —pgz, where py = 1.024 x 103 kgm 2 is the reference density
and g = 9.8 ms™2 the standard acceleration due to gravity. Then potential temperature is used in-
stead of temperature in the equation of state (see Equation 2.10) to calculate the potential density.
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Figure 2.7: A plot of density as a function of temperature (T) and salinity (S) for the nonlinear equation of
state as given in Gill (1982) (colours), for the linear equation of state with conventional volumetric expansion
coefficients (dashed lines) and for the linear equation of state with fitted volumetric expansion coefficients
(solid lines). The dot indicates the reference density at reference temperature and salinity for the linear
equation of state.
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Figure 2.8: Plots of upper layer density for 38 Ma 4PIC (CESM) found for the equilibrium state in Baatsen
(2019) and calculated from the CESM upper layer temperature and salinity (see Figure 2.4) using (nonlinear) a
nonlinear equation of state as given in Gill (1982), (linear present) a linear equation of state with conventional
present-day volumetric expansion coefficients a; = 1.0 x 107* K™! and ag = 7.6 x 10~* psu™! and (linear
paleo) a linear equation of state with volumetric expansion coefficients adapted for a paleo climate a; =
2.16 x107* K~ ! and a, = 6.42 x 10~* psu~'. Contours are drawn at an interval of 1 kg m™ and are indicated
on the colorbar.



3 Results

3.1 Steady states under restoring boundary conditions

A steady state solution under restoring boundary conditions is obtained by starting with a trivial, no
flow and homogeneous, solution without upper layer wind stress, temperature and salinity forcing.
Using the continuation methods as described in subsection 2.1.1 the forcing strength is increased
until full forcing is reached. From this solution a freshwater flux is diagnosed and barotropic stream-
function, meridional overturning streamfunction, zonal average potential density and zonal average
temperature and salinity are calculated (see subsection 2.1.3 for definitions). The upper layer tem-
perature and salinity for the restoring steady state solution are very similar to the forcing, with only
small differences due to the restoring timescale. To indicate the overturning strength, the minimum
and maximum in meridional overturning streamfunction (from now on referred to as overturning
streamfunction) are calculated for below 500 m depth. This is done to exclude the small but strong
overturning cells near the surface that are a result of the wind-driven circulation.

The steady state solutions found for the two different paleobathymetries (see section 2.2) under
two different CO, forcings (see section 2.3) are given below. To distinguish between the effect of
bathymetry and the effect of CO, forcing, a short description of a third steady state solution for
40 Ma paleobathymetry with 38Ma 2PIC forcing is included. The results are compared with the
CESM equilibrium solutions from Baatsen (2019) where the temperature, salinity and wind stress
fields used as forcing are taken from. Values for the minimum and maximum of the overturning
streamfunction, the minimum and maximum of the barotropic streamfunction, and the minimum
and maximum of the zonal average diagnosed freshwater flux of each solution are given in Table 3.1
and the average temperature and average salinity, globally, upper 1000 m, below 2000 m and per
basin of each solution are given in Table 3.2. Figures of the overturning streamfunction per basin
can be found in Appendix A for all of the solutions, indicated with the same letters as in Table 3.1
and Table 3.2, values of the minimum and maximum of the overturning streamfunction per basin
are given above each of the subfigures.

3.1.1 40 Ma bathymetry, with 4x pre-industrial greenhouse gas levels

The results for the restoring steady state solution found for the 40 Ma paleobathymetry under 38Ma
4PIC forcing are shown in Figure 3.1, values are given in Table 3.1 and Table 3.2, indicated with
40 Ma R. A strong southern sinking MOC-state is found that consists of one large negative over-
turning cell. A negative overturning occurs in all basins and is strongest in the Southern Ocean
and weakest in the Atlantic. The barotropic streamfunction consists of two main circulation cells,
roughly corresponding to subtropical gyres, that are located in the North and South Pacific. Of these
two cells the southern cell is largest and strongest. Western intensification is only slightly present
and no clear boundary current can be distinguished. This is probably due to the large horizontal
mixing coefficient for momentum that is taken (see subsection 2.1.2). Furthermore there is no clear
presence of an Antarctic Circumpolar Current (ACC).

The global average ocean temperature is quite high, especially in the upper 1000m, which is a result
of the absence of a convective adjustment scheme (see subsection 2.1.2). Global average salinity is
highest in the upper 1000m. Compared to the other basins, the Atlantic has a higher average tem-
perature and average salinity, the temperature is less stratified in the Atlantic as well. The spatial
pattern in zonal average potential density is similar to the spatial pattern in zonal average tempera-
ture. A stratification is present, though in the southern high latitudes, the same latitudes as where
deep water formation occurs, this stratification is unstable. In the northernmost part of the basin
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Table 3.1: Values for the minimum and maximum of the overturning streamfunction below 500 m depth (OS
min/max, values per basin can be found in the figures in Appendix A), the minimum and maximum of the
barotropic streamfunction (BS min/max) and the minimum and maximum of the zonal average diagnosed
freshwater flux (FF min/max, only for restoring solutions) for the restoring solutions for 40 Ma and 30 Ma as
described in section 3.1 (R, R2 is the 40 Ma 2PIC solution) and the solutions in the bifurcation diagram for
40 Ma and 30 Ma, as shown in Figure 3.7 and Figure 3.8 (letters correspond to letters in figures).

0S [Sv] BS [Sv] FF [10/ms ']
min | max min | max min max

40MaR |-393| 0.1]-25.1|16.8| -1.67 0.39
40 Ma R2 | -49.5 1.5 | -249 | 176 | -1.47 0.37
30MaR |-50.7 | 2.2 -27.9 | 14.0 | -1.50 0.35

40 Ma A 0.0 | 352 | -12.9 | 25.8 | -1.53 0.86
40 Ma B -20.7 | 25.3 | -13.3 | 24.1 - -
40MaC | -30.0| 6.4 | -12.4 | 16.5 - -
40MaD |-299| 68| -32.8 | 15.9 -
40 Ma E -45.8 | 3.5 | -21.5 | 18.2 | -1.07 0.47

30 Ma A -0.1 | 375 | -14.1 | 26.2 | -1.43 1.01
30 Ma B -12.0 | 17.2 | -13.4 | 20.1 - -
30MaC |-259 | 15.2 | -14.5 | 23.0 - -
30MaD |-334| 87| -314 | 14.7 - -
30 Ma E -36.9 | 7.8]-30.9 | 14.6 -
30 MaF 474 04| -30.8 | 15.1 | -1.17 0.41

Table 3.2: Values for temperature and salinity, the global average (G), average of the upper 1000 m (U),
average below 2000 m (B) and per basin: Atlantic (Atl), Pacific (Pac), Indian Ocean (Ind) and Southern
Ocean (SO) for the restoring solutions for 40 Ma and 30 Ma as described in section 3.1 (R, R2 is the 40 Ma
2PIC solution) and the solutions in the bifurcation diagram for 40 Ma and 30 Ma, as shown in Figure 3.7 and
Figure 3.8 (letters correspond to letters in figures).

Temperature [°C] Salinity [psu]
Glob |U B Atl |Pac |Ind |SO |Glob|U B Atl |Pac |Ind |SO

40MaR |21.1|25.0|19.5|23.4(20.9|20.8|19.7|35.235.5(35.1|36.1|35.1|35.0(35.0
40MaR2|17.6 |{22.0|159(17.2|17.8|17.6|16.6|35.1 |35.4|34.9|35.1|35.1|35.0(35.0
30MaR |17.3(21.8|15.7|16.7|17.7|17.2|16.4|35.2 |35.7|35.1|35.2|35.3|35.1|35.1

40 Ma A |24.226.3|23.4(24.6|24.3|124.6(23.1|35.3|35.1[35.3(35.4|35.4(35.2|34.8
40MaB |22.1 |25.4|20.8|20.1|23.3|20.9|20.5|34.8|35.0|34.7(34.2|35.2|34.3|34.4
40MaC |21.4|25.3|19.8|21.1(21.6|21.6|20.4|34.8 |34.9(34.8|35.1|34.7|34.9|34.7
40MaD |22.3|25.6|20.8(24.8(21.8|22.5|21.1{35.3|35.4|35.2|36.0|35.2|35.1|34.9
40MaE [19.5|24.2|17.6|18.1{20.0|20.0|18.3|34.8 |35.2(34.7(34.7|34.8|34.9|34.8

30MaA |20.5({23.1|19.5|20.5(20.6{21.4|19.5|35.5|35.5|35.5|35.6|35.6|35.5|35.1
30MaB |19.4|22.4|18.2(20.2(20.1|17.7|17.6|35.5 [35.735.4|36.8|35.2[35.5(35.2
30MaC |18.4(22.0|{17.0|15.9(19.9|16.6|16.9 |35.5|35.7|35.4|35.5|35.5|35.5|35.4
30MaD |18.0|21.8|16.7(20.0|17.0|20.1|17.3|35.5|35.7|35.4|36.3|35.1(36.0|35.4
30MaE |17.6(21.6|16.2|19.2(17.3|18.5|16.4|35.5|35.8|35.4[36.1|35.4|35.5(35.2
30MaF |16.1 (21.0|14.3|14.5(17.0|15.7|14.9(35.0|35.5|34.8/34.9|35.1|35.1(35.0
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Figure 3.1: Plots of (a) barotropic streamfunction, (b) meridional overturning streamfunction, (c) zonal
average temperature, (d) zonal average salinity, (e) diagnosed freshwater flux and (f) zonal average potential
density for the restoring steady state solution for 40 Ma bathymetry under 38Ma 4PIC forcing. The minimum
and maximum of the overturning streamfunction are calculated below a depth of 500 m. Contours are drawn
at an interval of respectively 5 Sv, 2.5 °C, 1 psu, 1077 ms™! and 0.5 kgm™ and are indicated on the colorbar.

there are locations where the stratification is unstable as well. The northernmost part of the Atlantic,
north of 54°N, is colder, much fresher and consequently has a lower potential density compared to
the rest of the Atlantic basin. This is a result of this northernmost part being relatively isolated in
combination with the forcing (see section 2.3).

The magnitude of the diagnosed freshwater flux mostly stays within 10~ ms™!, with some peaks
that have an amplitude of up to about 4 x 10~/ ms™!. Even greater magnitudes occur where a posi-
tive and negative peak are located next to each other, such as in the Southern Ocean at about 165°
longitude. This is, however, a result of a strong gradient in salinity between gridboxes in the forcing
field that is smoothed out in the restoring solution and thus is considered unrealistic. The zonal
average of the diagnosed freshwater is mostly positive between 49°S and 46°N and negative at the
higher latitudes.

1

Comparison with CESM solution

The CESM equilibrium solution for 38 Ma paleobathymetry and 4PIC forcing has a southern sinking
MOC-state as well, though the overturning strength found in the restoring solution is more than twice
as strong as that of the CESM equilibrium. The minimum in overturning streamfunction is located at
a somewhat shallower depth than in the CESM equilibrium, namely around 1.5 km depth instead of
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around 2 km depth. Furthermore, the surface overturning cells, especially the one at around 55°S,
are weaker and shallower than in the CESM equilibrium.

The two circulation cells in barotropic streamfunction in the Pacific, that roughly correspond to sub-
tropical gyres, are also present in the CESM equilibrium solution. Here they are the largest positive
and negative cell as well, and for both solutions the southern cell is strongest. In the CESM equilib-
rium, however, the two Pacific subtropical gyres are separated by small tropical circulation cells and
other subtropical and subpolar gyres are present in the Indian, (South) Atlantic and Southern Ocean
that have a similar magnitude to the Pacific subtropical gyres. The strongest positive circulation cell
in the CESM solution is found in the South Atlantic/Southern Ocean and is not the North Pacific
subtropical gyre, even though the North Pacific gyre is the largest positive cell in terms of size. In the
CESM equilibrium a weak ACC is present that has a similar magnitude as the North Pacific cell, while
in the restoring solution no ACC is present. Furthermore, the magnitude of the barotropic stream-
function of the restoring solution is much weaker, about a half of that of the CESM equilibrium.
The global average temperature is very high, almost 8 °C higher than in the CESM equilibrium solu-
tion (about 8.5 °C higher below 2000 m depth and is almost 6 °C higher for the upper 1000 m).
The diagnosed freshwater flux has a similar order of magnitude of ~ 10~7 ms™! and a similar spatial
pattern as the freshwater flux of the CESM equilibrium solution. The diagnosed freshwater flux of
the restoring solution, however, has quite a few peaks with an amplitude higher than 107 ms™!,
whereas the freshwater flux of the CESM equilibrium is much more smooth and mostly stays within
an amplitude of 1077 ms™.

3.1.2 30 Ma bathymetry, with 2x pre-industrial greenhouse gas levels

The results for the restoring steady state solution found for the 30 Ma paleobathymetry under 30Ma
2PIC forcing are shown in Figure 3.2, values are given in Table 3.1 and Table 3.2, indicated with
30 Ma R. The MOC-state found in this case is a southern sinking solution that is even stronger than
that of the 40 Ma 4PIC restoring solution, with a minimum of —50.7 Sv in the Southern Ocean.
The overturning strength in the Pacific and Atlantic is about the same and is weaker for the Indian
Ocean compared to the 40 Ma solution. Again, the barotropic streamfunction consists of two main
circulation cells corresponding to subtropical gyres located in the North and South Pacific, with a
southern cell that is larger and stronger and no clear presence of an ACC. Compared to the 40 Ma
solution the South Pacific cell and small cells in the Indian Ocean and South Atlantic are somewhat
stronger and the North Pacific cell somewhat weaker.

The global average temperature is 3.8 °C lower than that of the 40 Ma 4PIC restoring solution,
while the difference in upper layer temperature forcing is only 2.9 °C. Especially the temperature
below 2000 m depth is much cooler, with the same temperature difference as for the global average
temperature. The coolest basin is again the Southern Ocean. Different to in the 40 Ma solution, the
basin with the highest temperature is the Pacific. Global average salinity and average below 2000 m
depth are the same as in the 40 Ma solution, though the upper 1000 m salinity and salinity per basin
is a little higher. Just as for the 40 Ma solution, a stratification is present which is unstable in the
southern high latitudes and at a few locations in the northernmost high latitudes. The unstable
stratification in the northernmost part of the basin seems to be more strongly present than in the
40 Ma solution. The northernmost part of the Atlantic is still colder and fresher and consequently
has a lower potential density than the rest of the Atlantic basin, though there is less of a difference
than in the 40 Ma solution.

The spatial pattern of the diagnosed freshwater flux is very similar to that of the 40 Ma 4PIC restoring
solution, the magnitude stays within 10~7 ms~! as well. The magnitude and exact location of the
peaks, however, differs somewhat. The peaks have an amplitude of up to about 5 x 1077 ms~ . The
zonal average of the diagnosed freshwater flux is mostly positive between 46°S and 46°N, mostly
negative at the higher latitudes.
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Figure 3.2: Plots of (a) barotropic streamfunction, (b) meridional overturning streamfunction, (c) zonal
average temperature, (d) zonal average salinity, (e) diagnosed freshwater flux and (f) zonal average potential
density for the restoring steady state solution for 30 Ma bathymetry under 30Ma 2PIC forcing. The minimum
and maximum of the overturning streamfunction are calculated below a depth of 500 m.

Comparison with CESM solution

The CESM equilibrium solution for 30 Ma paleobathymetry and 2PIC forcing has a southern sinking
MOC-state as well, though negative overturning mostly occurs below 2 km depth or in the Southern
Ocean. Furthermore, in the CESM solution a weak positive overturning cell is present near the
equator at about 1 km depth and the positive surface overturning cell at around 55°S reaches a
depth of about 3.5 km. This spatial pattern in overturning is quite different to the one found in the
restoring solution, where there is one strong negative overturning cell and the surface cells are much
shallower. The minimum in overturning below 500 m depth of the restoring solution is more than
twice as strong as the minimum in the CESM solution, which is similar to the difference for the 40 Ma
4PIC case. The minimum in overturning in both the restoring and CESM solution is located in the
Southern Ocean and is stronger than in the 40 Ma 4PIC restoring and CESM solution respectively.
The depth of the minimum in overturning is again shallower in the restoring solution (about 1.5 km
depth) than in the CESM equilibrium (around 2 km depth).

In the barotropic streamfunction of the CESM equilibrium solution two subtropical gyre circulation
cells still exist in the North and South Pacific. The magnitude of these two Pacific cells in the restoring
solution is about half of those in the CESM equilibrium, which is similar to the difference in the 40 Ma
4PIC case. Cells that have a similar or slightly smaller magnitude are present in the Indian Ocean
and South Atlantic as well in the CESM equilibrium, in the restoring solution these cells are present
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but much weaker. In the CESM solution an ACC is present that is about two times as strong as the
South Pacific subtropical gyre and about three times as strong as the ACC of the 38 Ma 4PIC CESM
equilibrium solution, however, no ACC is present in our restoring solution.

The average temperature, globally, below 2000 m and for the upper 1000 m are higher than in the
CESM equilibrium solution. The differences are 1 °C smaller than the differences in temperature
between the 40 Ma 4PIC restoring solution and 38 Ma 4PIC CESM equilibrium solution.

The diagnosed freshwater flux of the CESM equilibrium solution has an order of magnitude and
spatial pattern that is similar to that of the restoring solution, though the latter has more peaks with
higher amplitudes and the former is much smoother, similar to the difference between the 40 Ma
4PIC restoring and CESM solution.

3.1.3 40 Ma bathymetry, with 2x pre-industrial greenhouse gas levels

To study the influence of CO, forcing separately from the influence of bathymetry, a restoring steady
state is calculated for the 40 Ma paleobathymetry with forcing from a CESM equilibrium state for
38 Ma under 2x pre-industrial CO, forcing (38Ma 2PIC). The results are shown in Figure 3.3 and
values are given in Table 3.1 and Table 3.2, indicated with 40 Ma R2. The barotropic streamfunction
of this solution is very similar to the 40 Ma 4PIC restoring solution. The overturning streamfunction,
temperature and salinity are very similar to the 30 Ma 2PIC restoring solution.

(a) Barotropic streamfunction [Sv] (b) Overturning streamfunction [Sv]
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Figure 3.3: Plots of (a) barotropic streamfunction, (b) meridional overturning streamfunction, (c) zonal
average temperature, (d) zonal average salinity, (e) diagnosed freshwater flux and (f) zonal average potential
density for the restoring steady state solution for 40 Ma bathymetry under 38Ma 2PIC forcing. The minimum
and maximum of the overturning streamfunction are calculated below a depth of 500 m.
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For the 38Ma 2PIC CESM equilibrium solution itself the barotropic streamfucntion and pattern of
overturning streamfunction are most similar to the 38Ma 4PIC CESM equilibrium solution, though
the overturning strength is somewhat higher. The temperature and salinity are more similar to the
30Ma 2PIC CESM equilibrium solution. Hence the results of the 40 Ma 2PIC solution compared to
the 40 Ma 4PIC and 30 Ma 2PIC solutions are similar for both the CESM solutions and restoring
solutions.

3.2 Steady states under mixed boundary conditions

In order to investigate whether there exist other MOC states than the one found under restoring
boundary conditions, we perform simulations under mixed boundary conditions, starting from the
restoring steady state solutions as found in section 3.1. The diagnosed freshwater flux of these
solutions is used as a boundary condition instead of restoring to a prescribed upper layer salinity
field. Note that since the model directly calculates an equilibrium solution, a solution obtained
under restoring boundary conditions stays, per definition, exactly the same when is switched to
mixed boundary conditions. A perturbation is introduced in the freshwater flux that is compensated
in the area outside the perturbation such that the total flux is zero. Using the continuation methods
as described in subsection 2.1.1, a bifurcation diagram of steady state solutions dependent on the
perturbation strength is computed.

Four different kind of perturbations are defined:

e NS: a negative perturbation in the South Pacific (60°S-30°S, 180°E-270°E) and a positive per-
turbation in the North Pacific (30°N-60°N, 150°E-240°E), which are locations similar to those
used in Baatsen et al. (2018)

e NSH: also a negative perturbation in the South Pacific (81°S-60°S, 174°E-279°E) and a positive
perturbation in the North Pacific (51°N-72°N, 144°E-228°E), but at higher latitudes than NS

e S: only a negative perturbation in the South Pacific at the same location as NSH

e SWhole: a negative perturbation in the entire Southern Ocean south of 60°S

The perturbation strength is defined as the magnitude of the added freshwater flux in the area of the
perturbation and its sign is the same as the sign of the perturbation in the South Pacific or Southern
Ocean. Converting this to a total flux in Sverdrups depends on the area of the perturbation and thus
the conversion factor differs per perturbation. For example for the perturbation NSH a perturbation
strength of —1 x 10™/ms ™! corresponds to a decrease of 1 x 10 "ms™! in freshwater flux in the area
defined in the South Pacific and an increase of 1 x 10~/ms ™! in the area defined in the North Pacific.
For the NSH perturbation this is the same as a total perturbation in flux of about —0.78 Sv in the
South Pacific and about 0.79 Sv in the North Pacific. The extra flux of 0.01 Sv is compensated by a
total flux of —0.01 Sv in the area outside both perturbations.

Instead of changing the strength of a (local) perturbation in the freshwater flux, the strength of the
freshwater flux pattern as a whole can be changed as well. The original forcing strength has a value
of 1 and the amplitude of the freshwater flux can be lowered or raised by respectively decreasing or
increasing this value. A value of O corresponds to an amplitude of 0 and thus a freshwater flux that
is 0 ms™! everywhere.

3.2.1 40 Ma bathymetry

A bifurcation diagram is computed for each of the four perturbations for the case with 40 Ma paleo-
bathymetry, starting from the restoring solution obtained under 38Ma 4PIC forcing (as described in
subsection 3.1.1 and shown in Figure 3.1), with the diagnosed freshwater flux shown in Figure 3.1
as boundary condition. The bifurcation diagram found for all four perturbations makes a loop that
ends up at the same solution as the restoring solution. Hence the branch of steady state solutions
that is found only reaches a certain range in perturbation strengths. In order to finish the loop, the
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Figure 3.4: Bifurcation diagram of the minimum in overturning streamfunction, calculated over the whole
water column, for perturbation NSH. A perturbation strength of —0.1 x 10~/ms™! over the area of the per-
turbation corresponds to a perturbation of —0.078 Sv in the South Pacific and a perturbation of 0.079 Sv in
the North Pacific. The dot indicates the solution found under restoring boundary conditions as described in
subsection 3.1.1 and shown in Figure 3.1.

perturbation strength switches sign (becomes positive), which means that there is a positive pertur-
bation instead of a negative perturbation in the South Pacific or Southern Ocean and vice versa for
the perturbation in the North Pacific, if it is present. An example of one of these looping bifurcation
diagrams is shown in Figure 3.4. Differently form the rest of this chapter, the minimum in overturn-
ing strength in the bifurcation diagram is calculated for the whole water column, so could include
surface overturning cells.

The range of perturbation strengths reached within the loop is relatively small. The lowest negative
perturbation strength that is reached is with the perturbation in the South Pacific only (S) and has a
value of —0.26 x 10~/ms ™!, the largest positive perturbation is reached with the NSH perturbation
and is 0.32 x 107/ms™!. This minimum and maximum are almost an order of magnitude smaller
than the freshwater flux itself. The range in the minimum of the overturning streamfunction, which
is used as an indication of change in overturning strength with perturbation strength, is relatively
small as well. The range over which the minimum in overturning strength varies is ~ 4 Sv for the NS,
NSH and SWhole perturbations and ~ 8 Sv for the S perturbation, which is an order of magnitude
smaller than the strength of the minimum itself, which varies around ~ 40 Sv. The MOC-state along
the bifurcation diagrams obtained using the four different perturbations thus stays very close to the
restoring strong southern sinking solution.

At a perturbation strength of zero, the freshwater flux is unperturbed and thus the mixed bound-
ary conditions are the same as those of the restoring solution (same freshwater flux, upper layer
temperature and wind stress forcing). Besides the restoring solution, one other solution (for pertur-
bations NS, NSH and SWhole) or three other solutions (for perturbation S) are found to occur at a
perturbation strength of zero. These additional solutions are very similar to the restoring solution,
but have a slightly stronger meridional overturning. For the cases with only one additional solution,
the minimum in streamfunction is about 3 Sv stronger. For the case with three additional solutions
the largest difference is 3 Sv in minimum streamfunction as well, while the other two solutions have
a smaller difference. The MOC pattern of these additional solutions thus stays a strong southern
sinking solution.

A bifurcation diagram of the steady state solution dependent on the amplitude of the freshwater flux
as a whole is computed, to see whether this has an effect on the MOC-state. The resulting bifurcation
diagram again makes a loop that returns at the same solution as the restoring solution, with a range
in salinity forcing of 0.99 to 1.09, where 1 corresponds to the original forcing strength. The range
of the minimum in overturning streamfunction is ~ 4 Sv (varying around ~ 40 Sv). Three other
solutions are found at a salinity forcing of 1, thus under the same mixed boundary conditions as the
restoring solution. These three solutions have a stronger overturning than the restoring solution,
with again a largest difference of 3 Sv, though still are strong southern sinking solutions.
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3.2.2 30 Ma bathymetry

To see if the looping bifurcation diagram with only southern sinking MOC-states is a result of the
40 Ma paleobathymetry and forcing, a bifurcation diagram starting from the restoring steady state
solution found for 30 Ma paleobathymetry under 30Ma 2PIC forcing (as described in subsection 3.1.2
and shown in Figure 3.2), with the diagnosed freshwater flux shown in Figure 3.2 as boundary con-
dition, is computed. This is done for perturbation NSH only, as with this perturbation the highest
perturbation strength was reached for the 40 Ma case. The resulting bifurcation diagram, however,
again makes a loop ending up at the same solution as the restoring solution. The range in perturba-
tion strength reached is —0.02 x 10~/ms ™! t0 0.63 x 10~’ms ™! and the range in minimum meridional
overturning streamfunction is ~ 5 Sv (varying around ~ 50 Sv). Hence the MOC-state again stays
a strong southern sinking state along the bifurcation diagram. One other solution was found at the
same mixed boundary conditions as the restoring solution that is similar to the restoring solution,
but has an overturning streamfunction that is about 1 Sv weaker. As this is a similar result to the
40 Ma case, it was decided not to repeat the simulations with the other perturbations and freshwater
flux amplitude for the 30 Ma case and try a different approach, as described in the following section.

3.3 Steady states under modified (salinity) forcing

As described in section 2.3 there is a north-south asymmetry in upper layer temperature and salinity
forcing which may influence the preference for a certain MOC-state. In order to reduce the effect
of asymmetry in upper layer temperature forcing, the temperature field is modified such that its
zonal average is approximately symmetric around the equator (see subsection 2.3.1). The effect of
the asymmetry in upper layer salinity is studied by performing simulations with two modified upper
layer salinity forcings, which are constructed from the zonal average (ZA) of the original upper layer
salinity field (see subsection 2.3.1). As a starting point, two restoring solutions are obtained the same
way as described in section 3.1. The first restoring solution, that will be indicated as the original
ZA restoring solution, is obtained using the unmodified wind stress forcing, symmetric temperature
forcing and zonally averaged salinity forcing. The second restoring solution, indicated as mirrored ZA
restoring solution is obtained using the unmodified wind stress forcing and symmetric temperature
forcing as well, though with mirrored zonally averaged salinity forcing.

3.3.1 Restoring states in the 40 Ma bathymetry

Two restoring solutions, one with original ZA and one with mirrored ZA salinity forcing are obtained
for the 40 Ma paleobathymetry and modified forcing based on the 38Ma 4PIC forcing. The diag-
nosed freshwater flux for both restoring solutions is shown in Figure 3.5, the meridional overturning
streamfunction of the mirrored ZA restoring solution is shown in Figure 3.7A and the the meridional
overturning streamfunction of the original ZA restoring solution is shown in Figure 3.7E. Values of
each solution are given in Table 3.1 and Table 3.2, indicated by the same letters, A and E, as in
Figure 3.7.

Original ZA restoring solution

The MOC-state of the original ZA restoring solution is a strong southern sinking solution, just as was
found with the original forcing as described in subsection 3.1.1. The original ZA restoring solution,
however, has an overturning cell that is shallower but stronger than the restoring solution with
original forcing. The overturning per basin is relatively similar to the restoring solution with original
forcing, though there are some small differences in strength and depth of the overturning cell. The
main difference is an occurrence of a small positive cell (maximum of 6.1 Sv) near the center of the
Pacific basin at about 3.5 km depth. The barotropic streamfunction is similar to that of the restoring
solution with original forcing and the global average temperature and global average salinity are
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Figure 3.5: Diagnosed freshwater flux for the mirrored ZA (left) and original ZA (right) restoring solutions
for 40 Ma bathymetry.

lower. Especially the Atlantic is colder (average of 18.1 °C), less saline (average of 34.7 psu) and
less different from the northernmost part of the Atlantic than in restoring solution with original
forcing. The zonal average potential density is very similar to the restoring solution with original
forcing, with an unstable stratification in the southernmost part of the basin. Since a zonal average
of the upper layer salinity is used as forcing, the diagnosed freshwater flux is more symmetric in the
zonal direction as well. The order of magnitude is similar to the diagnosed freshwater flux of the
restoring solution with original forcing, though the peaks have a less strong amplitude of up to about
3 x 10~"ms™!. Furthermore, most peaks are found in either the North Pacific or Southern Ocean.

Mirrored ZA restoring solution

The MOC-state of the mirrored ZA restoring solution is a strong northern sinking solution, consisting
of one large positive overturning cell with a maximum below a depth of 500 m of 35.2 Sv. The
strongest positive overturning cell is located in the Pacific, though in the Atlantic a weak positive
overturning cell occurs as well. In the Indian and Southern Ocean barely any overturning occurs
and the overturning that occurs is relatively shallow. The barotropic streamfunction of the mirrored
ZA restoring solution consists, just as for the original ZA restoring solution, mainly of a positive cell
in the North Pacific and negative cell in the South Pacific. Contrary to in the original ZA restoring
solution, the northern cell is stronger than the southern cell. The global average temperature and
salinity are (much) higher for the mirrored ZA than for the original ZA restoring solution. The
difference between the northernmost Atlantic and the rest of the basin is larger for temperature and
smaller for salinity in the mirrored ZA restoring solution. The unstable stratification in zonal average
potential density occurs in the northernmost part of the basin, mostly in the North Pacific. The peaks
in diagnosed freshwater flux occur mostly in the southern part of each basin, the Southern Ocean
and the northernmost North Pacific.

The positive peaks in diagnosed freshwater flux for both the mirrored ZA and original ZA solutions
seem to occur only in the hemisphere where the upper layer salinity becomes quite fresh towards
higher latitudes, around the latitude where the gradient in zonal average upper layer salinity is
largest. The negative peaks seem to occur mostly at high latitudes.

3.3.2 Restoring states in the 30 Ma bathymetry

Two restoring solutions, with original ZA and mirrored ZA salinity forcing are obtained for the 30 Ma
paleobathymetry and a modified forcing based on the 30 Ma 2PIC forcing. The meridional overturn-
ing streamfunction of the mirrored ZA solution is shown in Figure 3.8A, that of the original ZA
solution shown in Figure 3.8F and the diagnosed freshwater flux of both solutions in Figure 3.6.
Values of each solution are given in Table 3.1 and Table 3.2, indicated by the same letters, A and E
as in Figure 3.8.
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Figure 3.6: Diagnosed freshwater flux for the mirrored ZA (left) and original ZA (right) restoring solutions
for 30 Ma bathymetry.

Original ZA restoring solution

The MOC-state of the original ZA restoring solution is, just as for the 40 Ma case, a strong southern
sinking solution that is slightly weaker than that of the restoring solution with the original forcing
as described in subsection 3.1.2 and slightly stronger with a cell that reaches a greater depth than
that of the 40 Ma original ZA restoring solution. The overturning is again negative in each basin,
though there are some differences in strength compared to the restoring solution with original forc-
ing and 40 Ma original ZA restoring solution. The barotropic streamfunction is slightly stronger than
that of the restoring solution with original forcing. Both the global average temperature and salinity
are lower than in the restoring solution with original forcing, which is also the case for the average
temperature and salinity of each basin separately. The zonal average potential density is again rel-
atively similar to that of the restoring solution with original forcing, with unstable stratification in
the southernmost part of the basin. Furthermore the diagnosed freshwater flux is more symmetric in
zonal direction and has peaks with a weaker amplitude of up to about 3 x 10~"ms™! when compared
to that of the restoring solution with original forcing. The spatial pattern in diagnosed freshwater
flux is relatively similar to that of the 40 Ma original ZA restoring solution.

Mirrored ZA restoring solution

The mirrored ZA restoring solution has, just as for the 40 Ma case, a strong northern sinking MOC-
state that is slightly stronger than that of the 40 Ma mirrored ZA restoring solution. Similar to the
40 Ma solution, the strongest positive overturning cell is located in the Pacific, a weaker positive
overturning cell in the Atlantic and barely any overturning occurs in the Indian Ocean and Southern
Ocean. The barotropic streamfunction is similar as well, with slightly stronger cells. The global
average temperature and salinity are higher than for the original ZA restoring solution, just as for
the 40 Ma case. Just as for the 40 Ma case as well, the difference between the northernmost Atlantic
and the rest of the basin compared to the original ZA restoring solution is larger for temperature
and smaller for salinity. The zonal average potential density has an unstable stratification in the
northernmost part of the basin, mostly in the North Pacific. The diagnosed freshwater flux is similar

to that of the 40 Ma mirrored ZA restoring solution, with peaks of up to about 3 x 10~/ms™!.

3.3.3 Bifurcation diagram for the 40 Ma bathymetry

To study the possibility of a connection of the southern sinking state of the original ZA solution to
the northern sinking state of the mirrored ZA restoring solution, a bifurcation diagram is calculated
under mixed boundary conditions for a change in freshwater flux forcing. This is done using a salin-
ity homotopy parameter that describes a linear combination of the diagnosed freshwater flux fields
of the mirrored ZA and original ZA restoring solutions. The freshwater flux field Fy that is used
as boundary condition, dependent on the value of the salinity homotopy ay, is defined as in Equa-
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tion 2.3 in subsection 2.1.1. The freshwater flux at salinity homotopy = 0 (F, in Equation 2.3) is
defined to be the diagnosed freshwater flux of the mirrored ZA restoring solution, the freshwater
flux at salinity homotopy = 1 (F; in Equation 2.3) the diagnosed freshwater flux of the original ZA
restoring solution. To clarify, a salinity homotopy of 0.25, for example, corresponds to a freshwater
flux as boundary condition that is 0.25 times the diagnosed freshwater flux of the mirrored ZA restor-
ing solution plus 0.75 times the diagnosed freshwater flux of the original ZA restoring solution. This
is the same for negative perturbations or perturbations above a value of 1. For example, a salinity
homotopy of —0.5 corresponds to a freshwater flux as boundary condition that is —0.5 times the
diagnosed freshwater flux of the mirrored ZA restoring solution plus 1.5 times the diagnosed fresh-
water flux of the original ZA restoring solution. As all steady state solutions found with the same
value for salinity homotopy have the same freshwater flux field as boundary condition and other
boundary conditions are not changed, these solutions all have the same mixed boundary conditions.

A continuation is performed both starting from the mirrored ZA (red line) and original ZA (blue line)
restoring solutions for 40 Ma paleobathymetry that are described in subsection 3.3.1. The resulting
bifurcation diagram is shown in Figure 3.7. A salinity homotopy of zero corresponds to a freshwater
flux forcing as shown in Figure 3.5, left and a salinity homotopy of one to a freshwater flux forcing
as shown in Figure 3.5, right. From the two starting restoring solutions a continuation is performed
both starting in positive and in negative direction of salinity homotopy. For the branch starting with
the original ZA solution (blue line) the continuation is stopped when a salinity homotopy of —1 is
reached and in the other direction when a salinity homotopy of 0 is reached, which is the solution
marked with B in Figure 3.7. The branch starting with the mirrored ZA solution (red line) is contin-
ued to a salinity homotopy of 1.5 in one direction and until a salinity homotopy of 0.4 (in between
the solutions marked B and E in Figure 3.7) is reached in the other direction, as the branch was
found to overlap with the original ZA branch.

The metric of the steady state solutions used in the bifurcation diagram is the sum of the minimum
and maximum in meridional overturning streamfunction below 500 m depth, V',,;;, + ¥ max, Which
provides a measure of the asymmetry in MOC-state. When )i, + ¥ max 1S positive (negative), the
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Figure 3.7: Bifurcation diagram (left) of the sum of the minimum and maximum in meridional overturn-
ing streamfunction below 500 m depth, i, + ¥ max» @s @ function of salinity homotopy for a 40 Ma paleo-
bathymetry and (right) plots of the global meridional overturning streamfunction corresponding to the steady
state solutions marked in the bifurcation diagram at salinity homotopy of zero and one. The solution at A is
the mirrored ZA restoring solution, the solution at E the original ZA restoring solution. Salinity homotopy = 0
(marked by the red dashed line and BC-M) corresponds to forcing with the freshwater flux as shown in Fig-
ure 3.5, left and salinity homotopy = 1 (marked by the blue dashed line and BC-O) to that as shown in
Figure 3.5, right. The red line in the bifurcation diagram indicates the steady state solutions computed start-
ing from the mirrored ZA restoring solution, the blue line to steady state solutions computed starting from the
original ZA restoring solution.
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positive overturning cell is stronger (weaker) than the negative overturning cell, indicating a north-
ern (southern) sinking state, with a greater magnitude of ¢ ,,;;,, + 4 mqx indicating that this MOC-state
is stronger. When 1),,,;, + Y max 1S relatively close to zero, the positive and negative cell are similar in
strength, indicating a bipolar sinking state. Some of the steady state solutions found under a salinity
homotopy of zero and one, including the two restoring solutions the continuation is started from,
are marked in the bifurcation diagram and their global meridional overturning streamfunctions are
shown in Figure 3.7. Values of these five marked solutions are given in Table 3.1 and Table 3.2,
indicated by the same letters as in Figure 3.7. The overturning streamfunction per basin of each
marked solution, including the minimum and maximum overturning strength per basin, are shown
in Appendix A, again indicated by the same letters.

Original ZA mixed boundary conditions

The solution with the strongest southern sinking MOC-state is the original ZA restoring solution (E
in Figure 3.7). As described in subsection 3.3.1, this solution has a negative overturning in each
basin and a minimum in global meridional overturning streamfunction below 500 m of —45.8 Sv.
With the same mixed boundary conditions, another, weaker southern sinking state is found (D)
that has a global overturning with a minimum of —29.9 Sv. The overturning per basin, however, is
quite different; the negative overturning cell in the Pacific is much weaker than for the original ZA
restoring solution, in the Indian Ocean barely any overturning occurs and in the Atlantic there is a
weak positive overturning cell with a maximum of 9.2 Sv. The negative overturning in the Southern
Ocean, though, is still quite strong. This overturning pattern is closer to the present-day MOC than
the original ZA solution, though compared to present-day it has a weaker positive overturning in
the Atlantic and a stronger negative overturning in the Pacific. The barotropic streamfunction of
solution D has a stronger cell in the South Pacific and a slightly weaker cell in the North Pacific.
Global average temperature and salinity of solution D are both higher than those of the original ZA
restoring solution, this is true for each basin separately as well.

Mirrored ZA mixed boundary conditions

The solution with the strongest northern sinking MOC-state is the mirrored ZA restoring solution (A
in Figure 3.7) that, as described in subsection 3.3.1, has a positive overturning in all basins and a
maximum in global meridional overturning streamfunction below 500 m of 35.2 Sv. With the same
mixed boundary conditions a weaker northern sinking state, a bipolar sinking state (B) and a weak
southern sinking state (C) are found as well. The bipolar solution (B) has a strong positive overturn-
ing cell in the Pacific and negative overturning cells in the other basins. The southern sinking solution
(C) has only some very small positive overturning cells in the Pacific and negative overturning cells
in the other basins. The barotropic streamfunction of solution B is very similar to that of the mirrored
ZA restoring solution. For solution C both cells are weaker, though a small negative cell occurs in the
Indian Ocean. Both solutions B and C have a lower global temperature and salinity compared to the
mirrored ZA restoring solution, for each basin separately as well. Compared to solution B, solution
C has a higher average temperature in the Atlantic and Indian Ocean, a lower average temperature
in the Pacific and a slightly lower temperature in the Southern Ocean. The average salinity is higher
in the Atlantic and Indian Ocean and lower in the Pacific as well, but higher in the Southern Ocean.

For all five solutions (A-E), the zonal average potential density is in general unstably stratified near
the locations where deep water formation occurs.

3.3.4 Bifurcation diagram for the 30 Ma bathymetry

A bifurcation diagram under mixed boundary conditions for a change in salinity homotopy and start-
ing from the mirrored ZA and original ZA restoring solutions (see section subsection 3.3.2) is calcu-
lated the same way as described in subsection 3.3.3. The freshwater flux at salinity homotopy = 0
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is the diagnosed freshwater flux of the mirrored ZA restoring solution as shown in Figure 3.6, left,
the freshwater flux at salinity homotopy = 1 that of the original ZA restoring solution as shown in
Figure 3.6, right. The resulting bifurcation diagram and the meridional overturning streamfunctions
of six marked steady state solutions found at a salinity homotopy of zero and one are shown in Fig-
ure 3.8. The branch (red line) starting from the mirrored ZA restoring solution (A in Figure 3.8) is
continued in one direction until a salinity homotopy of —1 is reached and in the other direction until
a salinity homotopy of 1.5 is reached. The branch (blue line) starting from the original ZA restoring
solution (F in Figure 3.8) makes a loop that ends up at the original ZA restoring solution again. Val-
ues of these six marked solutions are given in Table 3.1 and Table 3.2, indicated by the same letters
as in Figure 3.8. The overturning streamfunction per basin of each marked solution, including the
minimum and maximum overturning strength per basin, are shown in Appendix A, again indicated
by the same letters.

Original ZA mixed boundary conditions

Multiple solutions with southern sinking MOC-states are found with the same mixed boundary con-
ditions (salinity homotopy = 1) as the original ZA restoring solution (F) that is described in sub-
section 3.3.2. Of these solutions, the original ZA restoring solution has the strongest meridional
overturning streamfunction, with a minimum below 500 m of —47.4 Sv. The weakest southern sink-
ing solution (D), has a minimum of —33.4 Sv and the marked southern sinking solution in between
(E) a minimum of —36.9 Sv. These solutions D and E have a negative overturning that is strongest
in the Southern Ocean, then in the Pacific and then in the Indian Ocean, which is similar to in the
original ZA restoring solution. The overturning in the Atlantic, however, is positive for solutions D
and E, though this positive overturning is relatively weak. The barotropic streamfunction of solutions
D and E is very similar as well. The global average temperature and salinity of both solutions D and
E are higher than for the original ZA restoring solution. This is the case for each basin separately as
well, though the especially the difference between the average temperature in the Pacific of solutions
D, E and F is relatively small.
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Figure 3.8: Bifurcation diagram (left) of the sum of the minimum and maximum in meridional overturn-
ing streamfunction below 500 m depth, i, + ¥ max» @s @ function of salinity homotopy for a 30 Ma paleo-
bathymetry and (right) plots of the global meridional overturning streamfunction corresponding to the steady
state solutions marked in the bifurcation diagram at salinity homotopy 0 and 1. The solution at A is the
mirrored ZA restoring solution, the solution at F the original ZA restoring solution. Salinity homotopy = 0
(marked by the red dashed line and BC-M) corresponds to forcing with the freshwater flux as shown in Fig-
ure 3.6, left and salinity homotopy = 1 (marked by the blue dashed line and BC-O) to that as shown in
Figure 3.6, right. The red line in the bifurcation diagram indicates the steady state solutions computed start-
ing from the mirrored ZA restoring solution, the blue line to steady state solutions computed starting from the
original ZA restoring solution.
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Mirrored ZA mixed boundary conditions

With the same mixed boundary conditions as the mirrored ZA restoring solution (A), that is de-
scribed in subsection 3.3.2, several steady state solutions occur. Of these solutions, the mirrored ZA
restoring solution has the strongest northern sinking MOC-state, with a maximum below 500 m of
37.5 Sv and positive overturning in each basin. The MOC-state of the other solutions ranges from
a weaker northern sinking solution, to a bipolar solution with stronger northern sinking (B) and a
bipolar solution with stronger southern sinking (C). The first bipolar solution (B) has small positive
overturning cells in the Pacific and Atlantic and small negative overturning cells in the Indian Ocean
and Southern Ocean. The second bipolar solution (C) has positive overturning cells in the Pacific at
the same locations as solution B, but slightly stronger and negative overturning cells in the Southern
Ocean, Indian Ocean and Atlantic. The two bipolar solutions (B and C) have a barotropic stream-
function that is similar to that of the mirrored ZA restoring solution. The global average temperature
of solutions B and C is lower than mirrored ZA restoring solution, though the global average salinity
is the same. For solution B the average temperature of all basins separately is colder than in the
mirrored ZA restoring solution, for solution C the average temperature per basin is even colder. For
solution B the Pacific is less saline, the Atlantic more saline and the salinity of the Indian Ocean and
Southern Ocean similar to in the mirrored ZA restoring solution. The salinity per basin of solution C
is relatively similar to that in the mirrored ZA restoring solution, though generally in solution C the
salinity near the surface is somewhat lower in the northern part of the basins and somewhat higher
in the southern part.

The zonal average potential density for all six solutions (A-F) is in general unstably stratified near
the locations where deep water formation occurs.

3.3.5 Meridional heat transport for the 40 Ma and 30 Ma bathymetries

In order to study the distribution of heat in the different steady state solutions found for 40 Ma and
30 Ma, the meridional heat transport is calculated (see definition in subsection 2.1.3). The results
are shown in Figure 3.9, with the letters indicating the same solutions as in Figure 3.7 and Figure 3.8.
The global average meridional heat transport is shown in the figure for each solution, with the color
indicating the main direction of transport.

The global average heat transport is northward in the predominantly northern sinking solutions
and southward in the predominantly southern sinking solutions. Heat is transported towards high
latitudes in the hemisphere where sinking occurs, though in the other hemisphere the meridional
heat transport is small or even almost absent, such as for the strong southern sinking only solutions
(E for 40 Ma and F for 30 Ma). Furthermore, in most of these solutions heat is transported towards
the hemisphere with sinking from the opposite hemisphere. In the bipolar sinking solutions the
meridional heat transport is more even for both hemispheres, though there still is a small preference
for southward transport. In the 40 Ma bipolar sinking solution a small amount of heat is distributed
across the equator towards the northern hemisphere, while in the 30 Ma bipolar sinking solution a
small amount of heat is distributed across the equator towards the southern hemisphere.
Compared to the CESM solutions from Baatsen (2019) there is much more asymmetry between
both hemispheres in the meridional heat transport of the southern sinking solutions. Especially the
transport in the northern hemisphere is much weaker, as in the CESM solution it is similar in order of
magnitude to the transport in the southern hemisphere. This results in a much stronger southward
heat transport than is observed for the CESM solutions. Furthermore, in the CESM solutions the heat
transport for the 30 Ma case is slightly stronger in the northern hemisphere than for the 40 Ma case,
which is something not observed here.
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(a) 40 Ma Meridional heat transport [PW] (b) 30 Ma Meridional heat transport [PW]
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Figure 3.9: Meridional heat transport for 40 Ma (a, letters correspond to solutions in Figure 3.7) and 30 Ma
(b, letters correspond to solutions in Figure 3.8). The global average meridional heat transport of each solution
is displayed in the upper right corner. A net northward transport is given in red, a net southward transport in
blue and a transport that is approximately symmetric in green



4 Discussion

4.1 Steady states under restoring boundary conditions

In the first part of the results (see section 3.1), equilibrium ocean states are obtained with restoring
boundary conditions for a 40 Ma paleobathymetry with 38 Ma 4PIC forcing and a 30 Ma paleo-
bathymetry with 30 Ma 2PIC forcing. Note that the simulations with 30 Ma paleobathymetry are
more representative of a Late Eocene climate due to the absence of ice and hence no Antarctic ice
sheet in the model and the absence of an Antarctic ice sheet in the CESM simulations where the
forcing is taken from (Baatsen, 2019). For both cases a strong southern sinking pattern in Merid-
ional Overturning Circulation (MOC) is found, which is slightly stronger for the 30 Ma case. The
barotropic streamfunction for both cases consists of two circulation cells, a positive (clockwise) cell
in the North Pacific and a stronger negative (anticlockwise) cell in the South Pacific, that have a larger
difference in strength for the 30 Ma case and roughly correspond to subtropical gyres. In the Late
Eocene the Pacific is by far the largest basin, larger than in the present-day, while the Atlantic basin
is smaller than in the present-day. Hence, most of the circulation, both wind-driven and overturning
circulation, is expected to occur in the Pacific basin opposed to in the Atlantic basin. The main dif-
ference between the 40 Ma and 30 Ma cases is that the temperatures are a few degrees higher (and
consequentially the potential density lower) for the 40 Ma case, which is a direct effect of the higher
temperature forcing for this case. Apart from this, the solutions for both cases are relatively similar.

An extra restoring solution for a 40 Ma paleobathymetry with 38 Ma 2PIC forcing is calculated to
see which differences between the 40 Ma 4PIC and 30 Ma 2PIC solutions are due to the influence of
bathymetry and which are due to the influence of CO, forcing. The barotropic streamfunction seems
to be mostly affected by bathymetry, as the barotropic streamfunction of the 40 Ma 2PIC solution is
very similar to the one of the 40 Ma 4PIC solution. The higher temperatures for the 40 Ma 4PIC case
are mostly due to the difference in CO, forcing, since the temperatures in the 40 Ma 2PIC forcing and
solution are similar to those in the 30 Ma 2PIC forcing and solution. The overturning streamfunction
of the 40 Ma 2PIC solution is most similar in strength to that of the 30 Ma 2PIC solution, suggesting
that the overturning strength might be more influenced by CO, forcing than bathymetry in this case.

4.1.1 Restoring steady states compared to literature

The two subtropical gyres in the North and South Pacific of the barotropic streamfunction are found
in the results from Baatsen (2019) and Mulder et al. (2017) as well, though there the barotropic
streamfunction is about twice as strong, more detailed and contains circulation cells in other basins.
The small overturning cells near the surface are stronger as well and reach a greater depth. The
differences in barotropic streamfunction and surface cells in overturning streamfunction seem to be
mostly a result of the difference in value of the horizontal mixing coefficient of momentum, Ag. This
because simulations with a more realistic lower value of Ay and the results in Mulder et al. (2017)
and Baatsen (2019) all show a similar more detailed pattern and stronger circulation and overturning
surface cells compared to the simulations with a higher value of Ay; done here. The main difference
between the simulations in Baatsen (2019) and in both Mulder et al. (2017) and this project is the
respective presence and absence of an Antarctic Circumpolar Current (ACC). This is possibly a result
of the coarser horizontal resolution of 3° used in this project and in Mulder et al. (2017) compared
to the finer resolution of 1° in Baatsen (2019), in combination with the difference in Ay;. The coarser
horizontal resolution might result in the gateways not being wide and deep enough in order to allow
for an ACC to occur. Further research, for example by repeating the simulations with a finer hori-
zontal resolution, is needed in order to study the presence or absence of an ACC accurately.

35
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The MOC-pattern that is found under restoring boundary conditions, a strong southern sinking pat-
tern (negative/southward overturning), agrees with the CESM simulations from Baatsen (2019), the
indications from Eocene proxies (see introduction, Hutchinson et al. (2020)) and the results from
Mulder et al. (2017). Compared to the results from Baatsen (2019), however, the overturning is
twice as strong and there are some differences in overturning pattern of which the most notable
are shallower surface overturning cells, an overturning minimum that is located at shallower depth
and the absence of a small positive (northward) overturning cell in the 30 Ma solution. The same
differences are observed when comparing to the results from Mulder et al. (2017), except for the
overturning strength, which is much more similar. The differences in overturning strength might
be a result of a combination of two different factors: the vertical resolution in Baatsen (2019) is
much larger with an amount of 60 vertical layers compared to 12 vertical layers in this project and
in Mulder et al. (2017) and in Baatsen (2019) a different, variable version of vertical mixing is used.
The differences in the strength and depth of surface overturning cells, and possibly the depth of the
overturning minimum, are probably linked to the differences in barotropic streamfunction, which is
also weaker in this project due to a higher horizontal mixing of momentum (see previous paragraph).
Especially the presence of an ACC in Baatsen (2019), which is much stronger than the other circu-
lations cells in the 30 Ma solution, might be related to the difference in MOC-pattern as the surface
overturning cell in the Southern Ocean reaches to a much greater depth. The difference in vertical
resolution might cause differences in the overturning pattern as well, as this allows for especially the
surface layers to be much better resolved.

As the MOC is stronger and the wind-driven circulation weaker compared to the CESM simulations
from Baatsen (2019), the meridional heat transport is more strongly influenced by the MOC. This
results in more asymmetry between both hemispheres opposed to the meridional heat transport ob-
served in the CESM simulations, which are more strongly influenced by the wind-driven circulation
and hence more symmetric between both hemispheres. This does, however allow for the effect of
the MOC on the meridional heat transport to be more clearly visible.

The temperatures observed are much higher compared to the results from Baatsen (2019) and Mul-
der et al. (2017). This is probably a result of the absence of a convective adjustment scheme, as in
simulations without convective adjustment compared to the simulations with convective adjustment
higher ocean temperatures are found as well. In the simulations without convective adjustment, an
unstable stratification is mostly found to occur at the locations where deep water formation occurs,
which is at one or both poles. Extra mixing at these locations would cause colder and fresher water
to be mixed, resulting in a lower and fresher global temperature and salinity.

The differences between the results from this project and the results from other studies, specifically
those from Baatsen (2019) and Mulder et al. (2017) are, as discussed above and in subsection 2.1.2,
for a large part linked to differences in parametrisations, parameter choices and model resolution.
Apart from these differences, which are mostly differences in the relative magnitude of variables and
details of the patterns, many main features and characteristics of the solutions are similar. Therefore,
we consider our simulated southern sinking MOC-pattern as representative of the Late Eocene, as
simulations (Baatsen, 2019; Mulder et al., 2017) and proxies (Hutchinson et al., 2020) suggest.

4.1.2 Restoring steady states under modified (salinity) forcing

At the beginning of the third part of the results (see section 3.3), equilibrium ocean states are ob-
tained with restoring boundary conditions and the same two paleobathymetries and forcings as in
the first part of the results, 40 Ma 4PIC and 30 Ma 2PIC, though the upper layer forcing fields are
modified (see subsection 2.3.1). The simulations with the original, though zonally averaged salinity
forcing (water freshest in northern high latitudes) are referred to as original ZA, the simulations with
the mirrored zonally averaged salinity forcing (water freshest in southern high latitudes) as mirrored
ZA (see section 3.3).

The restoring solutions found for 40 Ma and 30 Ma with original ZA modified boundary conditions
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are very similar to the restoring solutions with unmodified boundary conditions as discussed above,
with strong southern sinking solutions. The overturning pattern in the solution for 40 Ma, though,
differs somewhat in that the main overturning cell is shallower and a very weak positive overturn-
ing is found in the deeper part of the Pacific. Why this difference occurs is unclear, possibly there
is a preference of a slightly different strong southern sinking MOC-pattern under the original ZA
boundary conditions. For the mirrored ZA modified boundary conditions a strong northern sinking
overturning pattern is found that is very similar for both the 40 Ma and 30 Ma cases. In these so-
lutions positive (northward) overturning mainly occurs in the northern part of the Pacific and to a
lesser degree in the Atlantic. Thus mirroring the upper layer salinity field around the equator results
in a shift from a strong southern sinking solution to a strong northern sinking solution.

When considering all the simulations with restoring boundary conditions discussed in the results and
in this section, the north-south asymmetry in upper layer salinity forcing seems to determine the loca-
tion of sinking; a strong southern sinking MOC-state is found if the water at high latitudes is freshest
in the northern hemisphere (non-modified forcing and original ZA modified forcing) and a strong
northern sinking MOC-state if the water at high latitudes is freshest in the southern hemisphere (mir-
rored ZA modified forcing). The idea that the direction of overturning in the Pacific depends on the
difference in salinity at higher latitudes agrees with the results of Baatsen et al. (2018), where both
a northern sinking and a southern sinking solution were found in the same paleobathymetry, using
a salinity perturbation. A freshening of the South Pacific and salinification of the North Pacific was
found to coincide with the switch from a southern sinking to a northern sinking state. This is in line
with the results found in this project. Of the two main circulation cells in barotropic streamfunction
that are found, the cell in the hemisphere where sinking occurs seems to be strongest.

4.2 Steady states under mixed boundary conditions

4.2.1 Bifurcation diagrams of perturbation and freshwater flux strength

Since the model directly calculates equilibrium solutions, the restoring solutions as discussed in the
previous section remain, per definition, the same when is switched to mixed boundary conditions.
The mixed boundary conditions do, however, allow for more possible continuation parameters and
allow the solution to be less restricted when a continuation is performed. In the second part of
the results (see section 3.2), bifurcation diagrams of equilibrium solutions under mixed boundary
conditions, dependent on the perturbation strength of four different perturbations or strength of
the freshwater flux as a whole are calculated, starting from the 40 Ma 4PIC restoring solution from
section 3.1. Starting from the 30 Ma 2PIC restoring solution a bifurcation diagram of only one of
the perturbations is calculated. In all six cases the bifurcation diagram is found to be a small loop
around the restoring solution in which the overturning strength only changes by a few Sverdrup.
This gives a strong indication that the southern sinking solutions for 40 Ma and 30 Ma are isolated.
It also means that under this forcing the southern sinking solution is quite dominant. The isolation
might be an artificial result that is due to asymmetry in the forcing fields and/or bathymetry or due
to a numerical effect. It might also be the case that no other solutions exist for this combination of
parameters or that there is no connection between the strong southern sinking solution and other
possible solutions. To further study this, it would be interesting to repeat the simulations with the
forcing fields and/or bathymetry smoothed out or made more symmetric and see if the solution is
still isolated.

4.2.2 Bifurcation diagrams with modified (salinity) forcing

In the third part of the results (see section 3.3), a bifurcation diagram is calculated for a linear
deformation between two freshwater flux fields, which is described by a salinity homotopy param-
eter and can also be interpreted as a relatively complex freshwater flux perturbation. The first field
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is the diagnosed freshwater flux of the restoring northern sinking solution obtained with mirrored
ZA modified boundary conditions, the second field is the diagnosed freshwater flux of the restor-
ing southern sinking solution obtained with original ZA modified boundary conditions. One of the
starting points is the restoring northern sinking solution with mirrored ZA boundary conditions, the
other the restoring southern sinking solution with original ZA boundary conditions. For the 40 Ma
case the branches starting from both solutions are found to overlap and thus the bifurcation diagram
consists of one long branch. For the 30 Ma case the branch starting from the northern sinking solu-
tion is similar to the branch of the 40 Ma case, while the branch starting from the southern sinking
solution is an isolated loop. This isolation might be an (artificial) result due to the same reasons as
mentioned in subsection 4.2.1. Notable is that the branch connected to the other solutions passes
this isolated branch very closely and includes a strong southern sinking solution that is very similar to
the restoring southern sinking solution. It would be interesting to further study what the differences
are between these two solutions and why they are not connected to each other.

The 'messiness’ of the branches, bending and going back and forth at some points, resulting in multi-
ple relatively similar solutions in the bifurcation diagram, might also be an numerical effect or occur
artificially due to asymmetry. Without these effects the bifurcation diagram is expected to be more
smooth with less very similar equilibrium solutions, though this is something that requires more
research. Even though not every solution in the bifurcation diagram might be physical, several qual-
itatively different MOC-states can be distinguished, which include northern sinking, bipolar sinking
and southern sinking states. These different states are found for both the 40 Ma and 30 Ma cases,
hence the possibility of different MOC-states to occur seems independent of which paleobathymetry
is used. This agrees with and expands on the results from Baatsen et al. (2018), where a northern
sinking and southern sinking MOC-states were found to be possible in one paleobathymetry. Fur-
thermore, in the main part of the bifurcation diagram multiple qualitatively different equilibrium
MOC-states are found to occur under the same mixed boundary conditions. The occurrence of mul-
tiple equilibria thus seems to be relatively independent on the exact freshwater flux forcing, though
it does determine which equilibria occur.

A change from one of the different MOC-states to another can occur in two different ways. The first
is by changing the freshwater flux field with the salinity homotopy parameter which changes the
equilibrium MOC-state along the branch. This is the way the bifurcation diagram is obtained, re-
quires a relatively large change in freshwater flux and changes the equilibrium in a continuous way.
As the bifurcation diagram for 40 Ma and the main part of the diagram for 30 Ma consist of one
large branch, most solutions are connected in this way. The second way is possible when multiple
equilibrium MOC-states occur for the same boundary conditions, then a jump from one equilibrium
to another might occur, for example due to a small random perturbation in freshwater flux. This is
what is meant with the shift from one ocean circulation state to another that is proposed as one of
the mechanisms behind the rapid cooling around the Eocene-Oligocene Transition (EOT) (Tigchelaar
et al., 2011). To understand which equilibria and changes are likely to occur, stability analysis of
the solutions is needed to see which parts of the branches are stable an when they become unstable,
which is a subject for future research. Stability analysis might also uncover bifurcation points and
directions to search for possibly undiscovered branches and connections in the bifurcation diagram.
For now we can observe that multiple equilibrium solutions do exist under a range of possible bound-
ary conditions, which suggests that a shift between these equilibrium MOC-states around the time of
the EOT could be possible. A few qualitatively different solutions under the same mixed boundary
conditions as the original ZA and mirrored ZA restoring solutions are picked to study the multiple
equilibrium MOC-states that occur more closely.

Equilibrium states under original ZA mixed boundary conditions

Under the mixed boundary conditions derived from the original ZA restoring solution, only MOC-
states with mostly or only southern sinking are found. Hence there seems to be a preference for a
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southern sinking state in the original ZA case, though with a shift possible from a fully southern sink-
ing state to a southern sinking state with positive overturning in the Atlantic. The latter overturning
pattern is quite similar to the pattern found in Mulder et al. (2017). Even though the northern sink-
ing in the Atlantic found in these solutions is quite weak, this shift is in line with the proposed onset
or strengthening of the Atlantic Meridional Overturning Circulation (AMOC) around the time of the
EOT (Hutchinson et al., 2020) and with the MOC-shift proposed in Tigchelaar et al. (2011).

The meridional heat transport of the solutions with weak northern sinking in the Atlantic is weaker
southward in the southern hemisphere and slightly stronger northward in the northern hemisphere
compared to the strong southern sinking solution. This results in a global average meridional heat
transport that is still southward but much weaker compared to in the strong southern sinking so-
lution. This suggest cooler southern hemisphere high latitudes and warmer northern hemisphere
high latitudes for a MOC-pattern with weak Atlantic overturning compared to a MOC-pattern with
only southern sinking. The global average (and deep ocean) temperatures show an increase when
shifting to a state with weak northern sinking in the Atlantic. This is opposite to the decrease in
temperatures across the EOT as is observed in proxies (Hutchinson et al., 2020), but similar to what
is observed in Baatsen et al. (2018) when changing from a southern sinking to a northern sinking
state. However, similar to the argumentation in Baatsen et al. (2018), the restoring boundary con-
ditions for upper layer temperature allow little adaptation of sea surface temperatures and thus the
source of deep water to a change in MOC-pattern. Hence the temperature changes in the model
are strongly dependent on the prescribed upper layer temperature field and possibly do not give a
good representation of the effects of a MOC-change. More research, for example with the model
extended to include an (simple) atmosphere, is needed for a better understanding of the effects of a
MOC-change on sea surface and deep ocean temperatures.

Equilibrium states under mirrored ZA mixed boundary conditions

Under the mixed boundary conditions derived from the mirrored ZA restoring solution a range of
different MOC-states is possible, ranging from a fully northern sinking to a bipolar and weak south-
ern sinking solution. All of these solutions, though, show a positive overturning in the Pacific, while
in the other basins both positive and negative overturning is found to occur. Hence the direction of
overturning in the Pacific seems to be more dependent on the mixed boundary conditions (freshwater
flux) than is the case for the other basins, as it is positive with mirrored ZA mixed boundary condi-
tions and negative with original ZA mixed boundary conditions. The direction of overturning in the
Atlantic seems to be less dependent on the mixed boundary conditions as both positive and negative
overturning occur with both mirrored ZA and original ZA mixed boundary conditions. With mirrored
ZA mixed boundary conditions, and thus a positive overturning in the Pacific, more MOC-states seem
to be possible than with original ZA mixed boundary conditions and thus negative overturning in the
Pacific. Furthermore, the main positive circulation cell in the northern hemisphere of the barotropic
streamfunction seems to be strongest with mirrored ZA mixed boundary conditions and the main
negative circulation cell in the southern hemisphere seems to be strongest with original ZA mixed
boundary conditions.

Differences between 40 Ma and 30 Ma

For the 30 Ma paleobathymetry more different MOC-states are found than for the 40 Ma paleo-
bathymetry, though the main characteristics of the solutions found are similar for both the 40 Ma
and 30 Ma paleobathymetries. It is not possible to say whether the differences that are observed
between the 40 Ma and 30 Ma cases is due to the difference in paleobathymetry or due to the dif-
ference in upper layer forcing. A good way to interpret these two cases is as a range of possible
forcings/bathymetries around the EOT where the 40 Ma and 30 Ma paleobathymetries provide an
uncertainty in bathymetry and the 38 Ma 4PIC and 30 Ma 2PIC forcings provide an uncertainty in
climate around the EOT. In both cases it is possible to find different MOC-patterns, and the charac-
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teristics of these patterns are relatively similar. This confirms the possibility of a shift in MOC-pattern
around the EOT, independent of the exact timing of e.g. gateway openings and of the exact climate,
e.g. of CO, levels. Furthermore, as for the combination of 30 Ma paleobathymetry and 30 Ma 2PIC
forcing more different MOC-states are found, especially more states under original ZA boundary
conditions with weak northern sinking in the Atlantic, it might be more susceptible for a MOC-shift
than the combination of 40 Ma paleobathymetry and 38 Ma 4PIC forcing.



5 Conclusions

In this project the global ocean circulation, specifically the possibility of different patterns in Merid-
ional Overturning Circulation (MOC) and shifts between these patterns, around the time of the
Eocene-Oligocene Transition (EOT) is studied. This is done using the ocean-only, fully implicit ther-
mohaline circulation model (THCM) that directly computes the three-dimensional equilibrium ocean
circulation under a change in parameter, such as a perturbation in surface freshwater flux (see sec-
tion 2.1). Ocean circulation states are obtained for two different paleobathymetries, at 40 Ma and
30 Ma (see section 2.2) with surface forcing patterns taken from equilibrium solutions obtained with
4x (38 Ma) and 2x (30 Ma) pre-industrial CO, forcing with the Community Earth System Model
(CESM) in Baatsen (2019); Baatsen et al. (2020) (see section 2.3).

Under restoring boundary conditions there seems to be a preference for a strong, fully southern sink-
ing MOC-state. When the upper layer salinity forcing is mirrored in the equator, a strong, fully north-
ern sinking MOC-state is found. Hence the main direction of overturning under restoring boundary
conditions seems to be linked to the north-south asymmetry in upper layer salinity, as deep water
formation tends to occur in the hemisphere with the most saline waters at high latitude. The strong,
fully southern sinking MOC-pattern seems to be relatively dominant, as under mixed boundary condi-
tions no direct connections to other MOC-patterns were found. This could, however, be a numerical
effect or a result of asymmetry in the forcing fields and/or bathymetry. Why this isolation of the
strong southern sinking MOC-pattern occurs requires further research, for example by repeating the
simulations with smoother or more symmetric forcing fields and/or bathymetry.

Bifurcation diagrams of the change in MOC-pattern for a linear deformation between two freshwa-
ter flux fields, diagnosed from the strong northern sinking and strong southern sinking MOC-states,
which can be interpreted as a complex freshwater flux perturbation, are computed. These bifurca-
tion diagrams are mainly found to consist of one long branch connecting a range of different MOC-
patterns, including northern sinking, bipolar sinking and southern sinking patterns. Hence several
qualitatively different MOC-patterns are found to occur in the same paleobathymetry and these dif-
ferent patterns can be reached by changing the freshwater flux. Moreover, as multiple MOC-states
are found to occur under the same mixed boundary conditions in a large part of the bifurcation dia-
grams, a switch to another MOC-state induced by only a random perturbation in freshwater flux (in
reality this could be due to e.g. random atmospheric fluctuations) could be possible. To see which
switches are likely to occur, which of the found MOC-patterns are stable and when they become
unstable requires stability analysis, which is a subject for future research.

When considering the qualitatively different MOC-states that occur under the same mixed boundary
conditions as the strong northern and southern sinking solutions obtained with restoring boundary
conditions, the following is notable. In the MOC-states occurring under the same boundary condi-
tions as the restoring northern sinking solution the overturning direction in the Pacific is northward,
while for the MOC-states occurring under the same boundary conditions as the restoring southern
sinking solution the overturning direction is southward. For all other basins, especially in the At-
lantic, overturning occurs in both directions, independent of the mixed boundary conditions. Thus
the overturning direction in the Pacific seems to be determined by the freshwater flux pattern, while
this is not the case for the other basins. This dependence of the overturning direction in the Pacific
on boundary conditions is probably a result of the Pacific being much larger than the other basins.
Furthermore, with the same boundary conditions as the restoring southern sinking solution, and
thus southward overturning in the Pacific, only southern sinking solutions are found. With the same
boundary conditions as the restoring northern sinking solution, and thus with northward overturning
in the Pacific, though, more different MOC-states, including northern sinking, bipolar sinking and
southern sinking, seem to be possible. There seems to be no major difference between the MOC-
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patterns that are possible for 40 Ma and 30 Ma cases, though more patterns are found for 30 Ma
case, which might suggest that a switch in MOC-pattern is more likely with this bathymetry and
forcing.

The mixed boundary conditions derived from the restoring southern sinking solution are least mod-
ified from the original CESM fields from Baatsen (2019) and are thus most representative of a Late
Eocene climate. With these boundary conditions two different types of MOC-states are found: a
strong fully southern sinking solution and a solution with slightly weaker southern sinking and weak
northern sinking in the Atlantic. The possibility of a shift from the first solution to the second so-
lution seems to agree with the proposed onset of the Atlantic Meridional Overturning Circulation
(AMOC) around the time of the EOT (Hutchinson et al., 2020). The global average and deep ocean
temperatures show an increase with this shift, which is opposite to the observed cooling around the
EOT, though the temperature changes in the model might not give a good representation as they
are strongly dependant on the prescribed upper layer temperature field. To understand the effects of
such a shift in MOC-pattern on climate requires more research, for example with the model extended
to include an (simple) atmosphere and possibly (sea) ice. The global meridional heat transport is
observed to be less strongly southward when this shift in MOC-pattern occurs, with more northward
heat transport in the northern hemisphere. This suggests that this shift would result in cooler south-
ern high latitudes and warmer northern high latitudes compared to before the shift.

The two cases, 40 Ma bathymetry with 38 Ma 4PIC forcing and 30 Ma bathymetry with 30 Ma 2PIC
forcing can be interpreted to represent a range of possible bathymetries and climates around the
time of the EOT. In both cases multiple equilibrium MOC-states are found, including northern sink-
ing, bipolar sinking and southern sinking states, that are (almost) all connected under a change in
freshwater flux. Furthermore, for a range in freshwater flux forcing patterns, multiple equilibrium
MOC-states are found to occur under the same mixed boundary conditions, though which equilib-
rium MOC-states occur depends on the freshwater flux forcing. Hence a shift from one MOC-pattern
to another induced by e.g. small atmospheric fluctuations might be possible around the EOT, specif-
ically a shift from a fully southern sinking MOC-state to a southern sinking MOC-state with weak
northern sinking in the Atlantic, which could correspond to the proposed onset of the AMOC at the
time of the EOT. As multiple equilibrium MOC-states are found to occur for different bathymetries,
CO, forcings and freshwater flux forcings, the possibility of a shift between different MOC-states
around the time of the EOT seems relatively independent of the exact timing of e.g. gateway open-
ings and the exact climate, e.g. of CO, levels.

For future research it would be interesting to repeat the simulations with the forcing fields and/or
bathymetry made more smoothly, with the setup slightly more symmetric and/or using a different,
more intuitive parameter for the bifurcation diagram. This to see whether this results in a smoother
bifurcation diagram and if this removes the isolation of the strong fully southern sinking solution.
Other improvements of the simulation could be made by using a more realistic value for the hori-
zontal mixing coefficient of momentum, by including a way to represent convective overturning, by
using a more realistic nonlinear equation of state or by increasing the model resolution. Further-
more, the model could be extended to a coupled model by including a (simple) atmosphere and/or
by including (sea) ice to study the effect of a MOC-pattern shift on climate, specifically on the Antarc-
tic ice sheet development. Another subject of further study is to investigate the stability of the found
solutions, which might yield more information on the preference for one or more MOC-states, which
shifts are likely to occur and the mechanisms behind a possible shift.
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A Overturning streamfunction per basin

This appendix includes plots of the meridional overturning streamfunction per basin and globally for
the steady state solution indicated in the figure caption. Solution labels correspond to the labels in
Table 3.1 and Table 3.2 and to the letters in Figure 3.7 and Figure 3.8. The minimum and maximum
of the overturning streamfunction are calculated below a depth of 500 m. Contours are drawn at an
interval of respectively 5 Sv and are indicated on the colorbar.

A.1 Steady states under restoring boundary conditions
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Figure A.1: Restoring solution for 40 Ma bathymetry under 38Ma 4PIC forcing (40 Ma R, see Figure 3.1).
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Figure A.2: Restoring solution for 40 Ma bathymetry under 38Ma 2PIC forcing (40 Ma R2, see Figure 3.3).
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Figure A.3: Restoring solution for 30 Ma bathymetry under 30Ma 2PIC forcing (30 Ma R, see Figure 3.2).
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A.2 Steady states under modified salinity forcing
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Figure A.4: Solution for 40 Ma bathymetry under modified forcing (40 Ma A, see Figure 3.7A).
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Figure A.5: Solution for 40 Ma bathymetry under modified forcing (40 Ma B, see Figure 3.7B).
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Figure A.6: Solution for 40 Ma bathymetry under modified forcing (40 Ma C, see Figure 3.7C).
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Figure A.7: Solution for 40 Ma bathymetry under modified forcing (40 Ma D, see Figure 3.7D).
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Figure A.8: Solution for 40 Ma bathymetry under modified forcing (40 Ma E, see Figure 3.7E).
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Figure A.9: Solution for 30 Ma bathymetry under modified forcing (30 Ma A, see Figure 3.8A).
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Figure A.10: Solution for 30 Ma bathymetry under modified forcing (30 Ma B, see Figure 3.8B).
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Figure A.11: Solution for 30 Ma bathymetry under modified forcing (30 Ma C, see Figure 3.8C).
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Figure A.12: Solution for 30 Ma bathymetry under modified forcing (30 Ma D, see Figure 3.8D).
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Figure A.13: Solution for 30 Ma bathymetry under modified forcing (30 Ma E, see Figure 3.8E).
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Figure A.14: Solution for 30 Ma bathymetry under modified forcing (30 Ma F, see Figure 3.8F).
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