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[1] We investigate the effect of changes in the tectonic boundary conditions on global ocean circulation
patterns. Using a fully coupled climate model in an idealized setup, we compare situations corresponding to the
late Oligocene, the early Miocene, and present day. The model results show the existence of a flow reversal
through the Panama Seaway between the Oligocene and Miocene. This flow reversal is induced by global
tectonic changes related to the widening of the Southern Ocean passages and the closing of the Tethys Seaway. It
mainly involves the wind-driven ocean circulation, in agreement with previous model studies. The global
thermohaline circulation in the Oligocene and Miocene simulations is significantly different from the present-
day conveyor circulation, as there is deepwater formation in both the North Atlantic and the North Pacific
oceans. In particular, in the Oligocene simulation the salinity contrast between the Atlantic and Pacific oceans is
reduced because of water mass exchange through the low-latitude connections between the two oceans.
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1. Introduction

[2] Climate proxies indicate that significant climatic and
oceanographic changes have occurred across the Oligocene/
Miocene boundary [Miller et al., 1991; Wright et al., 1992;
Paul et al., 2000; Zachos et al., 2001]. After the late
Oligocene warming period when the long-term glaciation
of Antarctica terminated, climate remained relatively warm
for the rest of the Oligocene (27–24 Ma). In the early
Miocene (23–17 Ma), after the Oligocene/Miocene bound-
ary, the d18O values are higher, indicating slightly colder
climatic conditions. In the early Miocene, many warm water
corals in the Caribbean Sea disappeared [Edinger and Risk,
1994, 1995]. Changes in continental configuration may
have been responsible for the climatic change from the late
Oligocene to the early Miocene. However, changes in
atmospheric composition may also have played a role.
[3] Important tectonic changes took place in the late

Oligocene and early Miocene, which must have been
associated with large-scale changes in the global ocean
circulation. In the Eocene and early Oligocene, the Tasma-
nian gateway opened in the Southern Ocean by northward
movement of Australia [Ocean Drilling Program, 2001].
Also, South America moved northward in the early Oligo-
cene, thereby opening Drake Passage [Barker and Burrell,
1977; Kennett, 1977; Lawver, 1992]. With the opening of
these gateways, the Antarctic Circumpolar Current strength-

ened in the Oligocene. Another important tectonic event
occurred in the equatorial region. In the Cretaceous and
early Tertiary, the continents were positioned such that a
circumequatorial ocean current was possible; the Tethys
current transported water westward from the Indian Ocean
through the Tethys Seaway into the Atlantic Ocean
[Hallam, 1969]. From the Atlantic, water was transported
through the Panama Seaway back into the Pacific Ocean. In
the early Miocene, the Tethys Seaway shallowed and closed
as the African and Eurasian plates collided [Dercourt et al.,
2000]. This rendered a circumequatorial current impossible
[Ricou, 1987].
[4] Within a 1.5-layer shallow-water model of the wind-

driven ocean circulation [Omta and Dijkstra, 2003] found
that the transport through the Panama Seaway reversed from
westward in the late Oligocene to eastward in the Miocene.
They showed that the transport through the Panama Seaway
directly depended on the transports through the Drake
Passage and the Tethys Seaway. In this way, the narrowing
of the Tethys Seaway in the early Miocene and the widening
of the Drake Passage caused the flow reversal through the
Panama Seaway. It was argued by von der Heydt and
Dijkstra [2005] that this flow reversal lead to a significant
cooling of the Caribbean surface waters and hence may
have been the reason for the demise of warm water corals in
the early Miocene.
[5] By analyzing the same fully coupled climate model

simulations as given by von der Heydt and Dijkstra [2005]
plus similar simulations for the present-day continental
geometry, our aim here is to study the effect of gateways
on the patterns of the global ocean circulation. More
specifically, we will address the following questions: (1) Is
the suggested physical mechanism for this flow reversal
given by Omta and Dijkstra [2003] the same as in the fully
coupled climate model? (2) What impact does the Atlantic-
Pacific flow reversal have on the thermohaline circulation in
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the Atlantic and Pacific? (3) How is the global ocean
circulation affected by the tectonic changes that have
occurred across the Oligocene/Miocene boundary?
[6] The paper is organized as follows. In section 2, the

climate model and the initial and boundary conditions are
described and the equilibration of the model solution is
discussed. As we use an idealized setup, results of two
control simulations with present-day continental configura-
tion are presented to identify deficiencies and biases in the
model results. Results from the Oligocene and Miocene
simulations are presented in section 3. In section 4.1, we
analyze the Atlantic-Pacific flow reversal and compare the
results with those of Omta and Dijkstra [2003]. The effect
of the tectonic changes on the thermohaline circulation and
its implications for the global climate are discussed in
section 4.2. In section 5, we summarize the results.

2. Model Description

[7] We use the Community Climate System Model
(CCSM) version 1.4 developed at the National Center for
Atmospheric Research (NCAR). This is a model in which
the atmosphere, ocean, sea ice and land surface components
are fully coupled with detailed parameterizations of physical
processes in each component. Version 1 of this model is
described by Boville and Gent [1998]. The atmospheric
model is the Community Climate Model (CCM) version
3.6, a spectral general circulation model with 18 levels in
the vertical [Kiehl et al., 1998]. Here it is run at T31
resolution which results in a resolution of about 3.6� in
latitude and 3.75� in longitude. It is coupled to the Land
Surface Model (LSM 1.2), a one-dimensional model of
energy, momentum, water and CO2 exchange between the
atmosphere and the land surface. LSM provides a compre-
hensive treatment of land surface processes and has spec-
ified vegetation types [Bonan, 1998]. The ocean model is
the NCAR CSM Ocean Model (NCOM 1.5), a general
circulation model on a stretched grid with 0.9� meridional
grid spacing at the equator, 1.8� at high latitudes, 3.6� zonal
grid spacing, and 25 vertical levels. It uses the Gent-
McWilliams eddy mixing parameterization and a nonlocal
k profile boundary layer parameterization. The sea ice
model (CSIM 2.2.9) includes thermodynamic ice processes
and ice dynamics based on the cavitating fluid solution
[Weatherly et al., 1998]. It is run at the same resolution as
the ocean model.

2.1. Forcing and Boundary Conditions

[8] We performed two simulations with two different
continental boundaries, one representing the late Oligocene
and the other representing the early Miocene. The only
differences are the continental geometry and the slightly
different vegetation types (see below). The continental
geometries are based on the plate tectonic reconstructions
available at ODSN (http://www.odsn.de) and are the same as
used by Omta and Dijkstra [2003] and von der Heydt and
Dijkstra [2005]. They are idealized as they are interpolated to
the relatively coarse model resolution, but contain the main
tectonic changes between the late Oligocene and early
Miocene. The Tethys Seaway is open in the late Oligocene

and closed in the early Miocene. The Tasmanian gateway
widens from the Oligocene to the Miocene because of the
northward movement of Australia. The Panama Seaway is
open in both simulations. There is a small gap between India
and Asia in the Oligocene geometry. This is probably not
realistic for the late Oligocene, when this seaway was already
closed or very shallow. However, the gap is narrow enough
such that the flow through it remains negligibly small.
[9] In order to purely study the effect of the opening or

closing of ocean gateways we use an ocean model with a
flat bottom of 5000 m depth. The land is also kept flat with
a constant elevation of 350 m. For the land surface model
we use idealized, ‘‘best guess’’ land surface conditions and
vegetation; that is, we impose constant mean soil color and
texture, and zonally constant vegetation distributions on the
basis of the climate history maps given by C. R. Scotese
(PALEOMAP Web site, available at http://www.scotese.
com, 2002). These distributions differ only slightly between
the Oligocene and Miocene; the most important difference
is that, in the Oligocene, there is a smaller part of Antarctica
covered with ice. The atmospheric CO2 level has been
estimated to be smaller than about 2 to 2.5 times the
present-day value during both periods [Crowley and North,
1991; Royer et al., 2001]. As we aim to investigate the
effect of the continental geometry on the global ocean
circulation, we keep the CO2 concentration constant
(pCO2 = 710 ppm) and equal in both simulations. The solar
constant is set to the present-day value.

2.2. Spin-up of the Model

[10] To reach a climatic equilibrium, we follow the
procedure as described by Huber and Sloan [2001]. We
briefly summarize the method here:
[11] 1. The fully coupled CCSM is integrated for 20 years.

Initial condition for the ocean is a cosine shaped sea surface
temperature (SST) profile varying from 28�C at the equator
to 3�C at the poles, and a vertical temperature field linearly
interpolated between the SST and 1�C deep-sea tempera-
ture. The salinity is taken constant, and the velocities are
zero. The atmosphere is initialized with a zonally constant
temperature field with temperatures varying from 28�C at
the equator and 3�C at the poles and the zonal velocity
determined from the thermal wind balance. Sea ice concen-
tration is set to zero at the beginning.
[12] 2. The ocean and sea ice models are driven by the last

5 years of output of the atmosphere and land model from the
previous step. The deep ocean is accelerated, as noted by
Danabasoglu et al. [1996], by 50� tracer time steps. This
configuration is integrated for 20 years, i.e., for 1000 deep-
ocean years.
[13] 3. The fully coupled model is integrated for 20 years.

The ocean and ice components are initialized with the
conditions from the end of the previous step, whereas the
atmosphere and land models start from the last state of
the penultimate step.
[14] The last two steps are repeated twice. The last fully

coupled run is integrated for 200 years. In total the model is
integrated for 320 years, corresponding to 3260 deep-ocean
years. For the Miocene simulation, an additional iteration
(repeat of steps 2 and 3) after year 320 was necessary to
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ensure convergence toward a stable climate state, with the
last fully coupled run integrated for 95 years. We use the
time average of the last 25 years of model output from
the fully coupled run for analysis in this study (years 295–
320 for the Oligocene and present-day simulations and
years 410–435 for the Miocene simulation).
[15] The model has reached a quasi-equilibrium state at

the end of this procedure. As the ocean is the slowest
component in the model, we show in Figure 1 a time series
of the maximum value of the global meridional overturning
stream function in the Northern Hemisphere over the last
fully coupled run. It shows variability on many timescales
for all simulations. There is a small drift visible in Figure 1.
During the first 50 years, the Oligocene overturning stream
function decreases more than during the next 150 years,
indicating that it is converging toward an equilibrium state.
In the Miocene simulation, the overturning stream function
converges toward an equilibrium state only after an addi-
tional iteration of the spin up procedure. In both modern day
geometry simulations the overturning strength is decreasing
over the first 50 years; however, during the last 150 years it
seems to first increase and then decrease again, which
makes it difficult to speak of an unidirectional drift. In

addition, for the modern day geometry control simulation
with preindustrial CO2 level, the drift in the volume-
averaged ocean temperature over this period is already very
small; see Table 1. Therefore we assume that the thermo-
haline circulation has already reached an equilibrium state
and shows natural variability on timescales as long as 50–
100 years. The same seems to hold for the modern day
geometry control simulation with high CO2 level; however,
there the temperature drift is similar to the Miocene simu-
lation. The linear drifts in the maximum Northern Hemi-
sphere overturning and in the volume-averaged ocean
temperature over the last 50 years of fully coupled integra-
tion are summarized in Table 1 for all simulations.
[16] Owing to the natural variability on timescales as long

as 50–100 years, it is difficult to quantitatively estimate the
error that is made when using the quasi equilibrium state
(last 25 years of simulation) instead of a real equilibrium
state. This is particularly true for the maximum overturning
strength. For the volume-averaged ocean temperature, the
fluctuations are much weaker which allows us to estimate
the total error in this quantity. When integrating the model
for long times, the drift in the volume-averaged ocean
temperature is slowly decreasing, indicating that the model
converges toward an equilibrium state. We use this decrease
here to estimate the error that we make by using the quasi-
equilibrium state at the end of the simulations. We fit a
function of the form

Tc � At exp � t � t0ð Þ
t

� �
; ð1Þ

with the parameters Tc as constant part, A as amplitude and
t as timescale to the time series of the volume-averaged
temperature Tvol.av.(t). (Here t0 is 120 years for the Oligo-
cene and present-day simulations, and 340 years for the
Miocene simulation.) The fit differs from the real time series
by no more than 0.5% for all simulations. Assuming that
this time evolution also holds for further time integration of
the model, the difference between the temperature T1 at the
end of the simulation (at time t1) and the final equilibrium
temperature T1 (at t = 1) is then

DTvol:av: ¼ T1 � T1 ¼ �At exp � t1 � t0ð Þ
t

� �
: ð2Þ

The errors in the volume-averaged temperature Tvol.av.
estimated from (2), are included in Table 1 for all
simulations. The largest error occurs in the Oligocene

Figure 1. Time series of the maximum value of the global
meridional overturning stream function in the Northern
Hemisphere (in the area 30�–90�N) for the late Oligocene
(bold solid line), the early Miocene (dotted line), the
modern control (dashed line), and the high CO2 modern
control (thin solid line) simulations.

Table 1. Model Drift Over the Last 50 Years of Fully Coupled Simulation of the Spin-up Procedure for all Simulationsa

Oligocene Miocene Modern Control
High CO2 Modern

Control

Trend in the maximum overturning strength in the Northern Hemisphere, Sv/year �0.012 �0.007 �0.06 �0.078
Trend in the volume-averaged ocean temperature, �C/year 0.0012 0.0018 5 � 10�7 0.0009
Estimated total error DTvol.av. in the volume-averaged ocean temperature, �C 0.29 0.14 1.7 � 10�4 0.10

aFor the Oligocene and modern control simulations we have used years 270–320, and for the Miocene simulation we have used years 385–435 to
calculate the linear drift (first two rows). The last row shows the total error estimate in the volume-averaged ocean temperature as calculated from
equation (2). For the exponential fit (equation (1)) we have used years 120–320 for the Oligocene and modern control simulations, and we have used years
340–435 for the Miocene simulation.
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simulation and is 0.29�C. This is still smaller than the
temperature differences between the simulations that are
discussed in section 4.1. Note also, that the errors due to
drift in the sea surface temperature are much smaller than
for the volume-averaged temperature.

2.3. Control Simulations

[17] As we use different continental geometries, idealized
boundary conditions, and atmospheric CO2 levels different
from present day in our simulations of the Oligocene and
Miocene climates, we have performed two control simula-
tions with modern continental geometry.
[18] In the first control simulation we use present-day

continental geometry and the preindustrial level of atmo-
spheric CO2 concentration, i.e., pCO2 = 280 ppm. This
simulation will be referred to as modern control simulation.
We impose the same idealized boundary conditions, i.e., a
flat-bottomed ocean of 5000 m depth, flat land (350 m high)
and zonally constant idealized land surface types. As for the

Oligocene/Miocene simulations, we start the ocean model
with a zonally constant SST profile, here varying from 28�C
at the Equator to 0�C at the poles and a deep sea temper-
ature of �1�C, constant salinity and zero velocity. Initial
conditions for the atmosphere are also zonally constant, and
the initial sea ice concentration is zero. The spin-up proce-
dure described in section 2.2 is used.
[19] The simulated buoyancy forcing pattern from the

atmosphere to the ocean (Figure 2a) agrees well with
observations and earlier CCSM simulations with more
realistic bathymetry [Doney et al., 1998]. In the tropics
and subtropics, the ocean model receives more heat than
observed because of an underestimation of the stratus cloud
cover by the atmosphere model.
[20] The simulated sea surface temperatures (SSTs) re-

produce the observed pattern of SST within errors of �2�C
over much of the ocean (Figure 2b). Larger errors occur in
upwelling regions and in high latitudes. The model is too
warm by 2�–6�C along the western coasts of North Amer-

Figure 2. Results of the modern control simulation (with present-day continental geometry and
preindustrial atmospheric CO2 concentration, i.e., pCO2 = 280 ppmv). Data are annual mean values
averaged over the last 25 years of simulation. (a) Atmosphere-ocean buoyancy flux field. Dark grey
shaded areas indicate negative buoyancy flux; that is, the surface waters become denser there. Contour
intervals are 2 � 10�5 kg s�1 m�2. (b) Sea surface temperature. Contour intervals are 2�C. (c) Sea surface
salinity. (d) Global meridional overturning stream function. Dashed lines indicate negative stream
function (i.e., counterclockwise circulation). Contour intervals are 5 Sv.
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ica, South America, and Africa, because upwelling is
underestimated in the ocean model [Boville and Gent,
1998; Otto-Bliesner et al., 2002]. On the other hand, the
simulated SSTs are too cold (2�–6�C) in the Southern
Ocean, in particular along sea ice margins. The observed
sea surface salinity (SSS) pattern is reasonably well repro-
duced except in the tropical Pacific, where surface waters
are too fresh (Figure 2c).
[21] The simulated meridional overturning circulation

pattern captures the observed structure with a large over-
turning cell in the Northern Hemisphere underlain by an
overturning cell in the Southern Hemisphere (Figure 2d).
Maximum northern overturning rates are 25 Sv at 50�–
60�N and 1500 m depth. The CCSM overestimates the
deepwater formation rate in the Northern Hemisphere
because of too much sea ice and unrealistic river inflow
[Doney et al., 1998; Otto-Bliesner et al., 2002]. The over-
turning cell in the Southern Hemisphere reaches a maxi-
mum of 20 Sv. The model tends to overestimate Antarctic
bottom water formation[Bryan, 1998]. The meridional heat
transport by the ocean in the present-day simulation agrees
reasonably well with estimates of the present-day ocean heat
transport [Trenberth and Caron, 2001; Ganachaud and
Wunsch, 2000]; see Figure 3. In the Northern Hemisphere,
the northward heat transport extends farther north than
indicated by observations, probably because of the flat
bottom approximation which allows the meridional over-
turning cell to extend too far north. In the Southern
Hemisphere, the southward heat transport is at the lower
boundary of the range of estimates from observations.
[22] The idealization of the flat bottom geometry has some

disadvantages in simulating realistic flows. The transport of

most of the currents, the ACC in particular, is overestimated
as there is no bottom form stress and no topographic steering.
When comparing the wind-driven circulation of our present-
day control run with a present-day CCSM 1.4 simulation
with bottom topography [Selten et al., 2003], it turns out that
the subtropical and subpolar gyres in the basins differ
slightly in shape, as topography steers them into different
areas. However, the global pattern of the wind-driven circu-
lation is very similar in the two cases. The strength and
pattern of the thermohaline circulation in the present-day
control run, is, however, similar to a present-day simulation
which includes bottom topography [Selten et al., 2003].
[23] The assumption of a flat land surface affects mostly

the global wind pattern. However, comparing the wind field
of our control simulation with a present-day CCSM 1.4
simulation with topography [Selten et al., 2003] shows that
most of the differences in the wind field are restricted to
land areas and therefore do not significantly affect the wind
driven ocean circulation.
[24] The second control simulation is performed in order

to distinguish between the effects of (1) atmospheric CO2

concentration and (2) continental geometry on the thermo-
haline circulation. This simulation is equal to the first
control simulation except for the atmospheric CO2 concen-
tration which is set to 710 ppm as in the Oligocene and
Miocene simulations. It will be referred to as high CO2

modern control simulation. Sea surface temperatures are in
general higher than in the present-day control experiment
with lower CO2 concentration; see Figure 4b. Sea surface
salinities are everywhere higher except in the Southern
Ocean (ACC region) and in northern high latitudes (north
of 75�N) where the surface waters are fresher; see Figure 4c.
There are also several differences in the surface buoyancy
flux between the two simulations with different atmospheric
CO2 concentration. These differences result from changed
precipitation and evaporation patterns and atmosphere-
ocean heat flux due to the higher atmospheric CO2 level.
However, the global pattern of surface buoyancy flux, in
particular the asymmetry between the North Atlantic and the
North Pacific Oceans, does not change due to a higher
atmospheric CO2 concentration. The global meridional
overturning is almost the same as in the present-day control
simulation with preindustrial CO2 level; see Figure 4d. This
is in agreement with other coupled ocean-atmosphere sim-
ulations of the present-day situation which have shown that
with a doubled (constant) atmospheric CO2 level the equi-
librium thermohaline circulation is only slightly reduced
[Manabe and Stouffer, 1994; Stouffer and Manabe, 2003].
Even with a quadrupled CO2 concentration the equilibrium
state of the thermohaline circulation remained almost the
same [Stouffer and Manabe, 2003].
[25] In the rest of the paper we compare the Oligocene

and Miocene simulations to the modern control simulation
if not stated otherwise.

3. Results

3.1. Fluxes Between the Atmosphere and the Ocean

[26] The ocean circulation is driven by surface momen-
tum fluxes (wind stress) and the fluxes of heat and fresh
water. For the Oligocene and Miocene, the simulated annual

Figure 3. Meridional heat transport by the ocean as
simulated by the Community Climate System Model for the
late Oligocene (solid line), early Miocene (dotted line), and
modern control (dashed line). Data are annual mean values
averaged over the last 25 years of simulation. Triangles and
circles indicate estimates of the heat transport from
observational data from Trenberth and Caron [2001] and
Ganachaud and Wunsch [2000], respectively.
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mean wind stress patterns and amplitudes are fairly similar
to the present-day winds, with easterlies in the tropics and
westerlies at midlatitudes (Figure 5). The slight differences
between both fields in Figure 5 are mostly related to local
changes in the land-ocean distribution.
[27] Fresh water and heat are exchanged between the

ocean and the atmosphere, and both have an effect on the
density of the ocean surface waters. The net effect of heat
and freshwater fluxes on the surface density is determined
by the buoyancy flux, given by

B ¼ 1

cp
gaQao þ gb P � Eð ÞS0:

Here cp is the specific heat of water, g the Earth’s
gravitational acceleration, Qao the downward heat flux from
the atmosphere to the ocean, E the evaporation rate, P the
precipitation rate, S0 the reference salinity used by the

model to calculate the salt flux equivalent to the freshwater
flux, a the thermal expansion coefficient of seawater at the
surface and b the corresponding expansion coefficient for
salinity [Gill, 1982].
[28] The simulated buoyancy flux for both the Oligocene

and the Miocene simulations is plotted in Figure 6. The
global pattern in both cases is similar to the present-day
distributions (Figures 2a and 4a). In the tropics, the ocean
surface buoyancy is increased by freshwater input due to net
precipitation and by heat input from the atmosphere. At
high latitudes, there is negative buoyancy flux and surface
waters become denser. One essential difference between the
simulated patterns of the different time periods is the
contrast between the North Pacific and the North Atlantic
Ocean. In the modern control simulation, there is a strong
negative buoyancy flux in the North Atlantic extending
from about 15�N up to high latitudes (about 80�N). The
negative buoyancy flux is particularly strong in the Gulf

Figure 4. Results of the high CO2 modern control simulation (with present-day continental geometry
and the same atmospheric CO2 concentration as the Oligocene and Miocene simulations, i.e., pCO2 =
710 ppmv). Data are annual mean values averaged over the last 25 years of simulation. (a) Atmosphere-
ocean buoyancy flux field. Dark grey shaded areas indicate negative buoyancy flux; that is, the surface
waters become denser there. Contour intervals are 2 � 10�5 kg s�1 m�2. (b) Sea surface temperature.
Contour intervals are 2�C. (c) Sea surface salinity. (d) Global meridional overturning stream function.
Dashed lines indicate negative stream function (i.e., counterclockwise circulation). Contour intervals are
5 Sv.
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Stream region (Figure 2a). This makes the surface waters in
the North Atlantic dense enough for deepwater formation.
In the North Pacific there is negative buoyancy flux only in
subtropical latitudes. In the Miocene (Figure 6b), the nega-
tive buoyancy flux in the North Atlantic is weaker than the
present-day flux and it is restricted to lower latitudes (about
15�–55�N), whereas at high latitudes there is positive buoy-
ancy flux. In the North Pacific, in particular in the Kuroshio
region, there is increased heat loss to the atmosphere, and
therefore the negative buoyancy flux in that area is stronger
than at present. The same is true for the Oligocene simulation
(Figure 6a). In addition, in the Oligocene, there is an area of
negative buoyancy flux at very high latitudes in the eastern
North Pacific, which favors deepwater formation in that area.
In the Southern Hemisphere, there are only small differences
between the simulations. The forcing fields described above
drive the ocean circulation.

3.2. Wind-Driven Ocean Circulation

[29] The mostly wind-driven part of the flow is best
illustrated by the barotropic stream function which is a

measure of the depth-averaged flow structure. Figure 7
shows the barotropic stream function for the two simula-
tions. Figure 8 shows the surface flow (averaged over the
upper 75 m of the water column). In the Oligocene
simulation (Figure 7a), there is a northwestward directed
current from the Indian Ocean through the Tethys into the
Atlantic Ocean, mainly in the southern part of the Tethys.
Through the Panama Seaway there is westward flow in the
northern part and eastward flow in the southern part,
resulting in a weak net westward transport of 3 Sv from
the Atlantic into the Pacific Ocean closing the circum-
equatorial current. The Antarctic Circumpolar Current
(ACC) is constrained by a still relatively small passage
between Antarctica and Australia. The transport through
Drake Passage is about 90 Sv in the Oligocene simulation.
In the Miocene simulation (Figure 7b) the Antarctic Cir-
cumpolar Current becomes stronger, as Australia has moved
farther northward.
[30] As we have seen in section 2.3, the ACC transport

was highly overestimated for the modern control simulation

Figure 5. Simulated wind stress field for (a) late
Oligocene and (b) early Miocene simulations. Data are
annual mean values averaged over the last 25 years of
simulation. The wind stress fields are almost equal for both
time periods. Also indicated are the continental geometries
used in the two simulations.

Figure 6. Simulated buoyancy flux for (a) late Oligocene
and (b) early Miocene simulations. Data are annual mean
values averaged over the last 25 years of simulation. Dark
grey shaded areas indicate negative buoyancy flux; that is,
the surface waters become denser there. The contour
intervals are 2 � 10�5 kg s�1 m�2.
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due to the flat bottom idealization. For the Oligocene, we
expect that the overestimation of the ACC transport is less
severe because the latitude band where unrestricted flow is
possible is much smaller than in the present-day continental
geometry. Although the absolute value of the ACC transport
is certainly overestimated in both the Oligocene and Mio-
cene simulations, a comparison of the three simulations
indicates a strong increase in the ACC from the Oligocene
through the Miocene to present day.
[31] In both the Miocene and Oligocene, western bound-

ary currents developed in all major ocean basins as the
poleward flowing part of the subtropical gyres. In the near-
tropical region (20�S–20�N) of the Pacific Ocean, two
strong gyres just north and south of the equator developed.
The southern near-tropical gyre spans both the Pacific and
the Indian Ocean. In the Miocene simulation, the southern
near-tropical gyre across the Pacific and Indian Oceans
increased in strength with respect to the Oligocene simula-
tion and expanded in the meridional direction in the Pacific
Ocean. At the same time, the subtropical gyres in the

Southern Hemisphere weakened. In the Northern Hemi-
sphere, the near-tropical gyre in the Pacific Ocean expanded
eastward and now spans both the Pacific and the Atlantic
Oceans. In the flow field of the upper 75 m, this is reflected
in an eastward extension of the North Equatorial Counter
Current from the Pacific Ocean into the Caribbean Sea
(Figure 8). The eastward flow in the southern part of the
Panama Seaway increased compared to the westward flow in
its northern part, such that in the Miocene the net transport
through this seaway is reversed compared to the Oligocene
[von der Heydt and Dijkstra, 2005]. As the African continent
has moved toward Eurasia, there is no Tethyan throughflow
in the Miocene. In general, the Miocene depth-averaged flow
pattern is more asymmetric between the two hemispheres
than the Oligocene flow pattern.

3.3. Global Thermohaline Circulation

[32] Sea surface temperatures (SST) in the Oligocene and
Miocene simulations (Figure 9) are larger than in the
modern control simulation (see Figure 2b). This is partly
due to the higher atmospheric CO2 concentration, compare
with Figure 4b. However, in particular in the Southern

Figure 7. Barotropic stream function for (a) late Oligocene
and (b) early Miocene simulations. Data are annual mean
values averaged over the last 25 years of simulation. Solid
lines indicate positive stream function (clockwise gyres);
dashed lines indicate negative stream function (anticlock-
wise gyres). Contour intervals are 10 Sv.

Figure 8. Horizontal flow of the upper 75 m for (a) late
Oligocene and (b) early Miocene simulations. Data are
annual mean values averaged over the last 25 years of
simulation.
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Hemisphere, Oligocene and Miocene SSTs are also larger
than in the high CO2 modern control indicating that the
global heat transport is different in the Oligocene and
Miocene. The Miocene SSTs are on average lower than
those in the Oligocene, in particular at high latitudes. In the
Northern Hemisphere, along the western boundary currents
in Atlantic and Pacific ocean basins, Miocene SSTs are,
however, higher (Figure 9c). As the flow through the Tethys
Seaway is blocked in the Miocene, the, now closed to the
east, Mediterranean Sea becomes more homogeneous and
(on average) warmer. The tropical Atlantic is colder in the
Miocene than in the Oligocene.
[33] The sea surface salinity (SSS) is shown in Figure 10

for both Oligocene and Miocene simulations. In the North-
ern Hemisphere, the Pacific Ocean’s surface water freshens
from the Oligocene to the present-day situation (compare
Figure 10 with Figures 2c and 4c). North of 50�N, Pacific
surface salinities in the Oligocene are considerably higher
than in the Miocene. On the other hand, in the Miocene,
they are still higher than in the high CO2 modern control
simulation. In the Oligocene, the subtropical North Atlantic
receives high-salinity water from the westward flowing
Tethys current (Figure 7a). The closing of the Tethys
connection between the Indian and Atlantic Oceans in the
Miocene leads to a strong increase in SSS in the Mediter-
ranean Sea, which can no longer exchange water with the
Indian Ocean.
[34] Even though the Tethys was probably not completely

closed by 20 Ma [Dercourt et al., 2000], the connection was
small and shallow. This was enough to prevent a consider-
able flow from the Indian to the Atlantic Ocean. Therefore a
sea similar to the present Mediterranean with much higher
salinities developed and the high-salinity water entered the
subtropical North Atlantic. The simulations show that,
because of the flow reversal through the Panama Seaway,
relatively fresh Pacific water enters the tropical Atlantic
Ocean in the Miocene. In contrast to high SSSs in both the
high CO2 modern control and the modern control simula-
tions, SSSs north of 50�N in the North Atlantic remain low
in both the Oligocene and Miocene simulations. In the
Southern Hemisphere, only minor changes in SSS occur.
[35] From the different patterns of the buoyancy flux,

SST, and SSS in the Oligocene, Miocene and control
simulations, we can anticipate that the thermohaline circu-
lation (THC) will be different in each of these time slices. In
the Oligocene and Miocene simulations, the negative buoy-
ancy flux in the western parts of the Northern Hemisphere
subtropical basins is stronger in the Pacific than in the
Atlantic. This is in contrast to the present-day pattern, where
the evaporation and heat loss to the atmosphere is stronger
in the North Atlantic than in the North Pacific.
[36] Indeed, unlike the present-day situation (Figure 4d),

the global meridional overturning in both the Oligocene
(Figure 11a) and the Miocene (Figure 11b) is much shal-
lower, and the water sinks in the north only down to 1000–
1500 m depth. Therefore we refer to it here by intermediate
deep water rather than deep water. The northern intermedi-
ate deepwater formation rate is about 14 Sv (around 40�–
60�N) in the Oligocene and 8 Sv in the Miocene. In the
Southern Ocean, there is deepwater formation of subsurface

Figure 9. Sea surface temperatures for (a) late Oligocene
and (b) early Miocene simulations. Contour intervals are
3�C. (c) Sea surface temperature difference between
Miocene and Oligocene simulations. Blue areas indicate
areas where it is colder in the Miocene than in the
Oligocene. Contour intervals are 1�C. Data are annual mean
values averaged over the last 25 years of simulation.
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waters. This forms a large (anticlockwise) overturning cell
which advects bottom water into the Northern Hemisphere.
This southern deepwater formation cell extends farther
northward in the Miocene than in the Oligocene.
[37] In the Atlantic Ocean and the Pacific Ocean, sub-

stantial changes occur in the meridional overturning going
from the Oligocene to the present-day situation (Figure 12).
Both modern control simulations display a conveyor type
circulation (Figure 12c, high CO2 modern control not
shown), where all deepwater formation in the Northern
Hemisphere takes place in the Atlantic Ocean. Instead, in
the Oligocene and Miocene, part of the intermediate deep
water in the Northern Hemisphere is formed in the Pacific
Ocean (Figures 12a and 12b). The Pacific intermediate
deepwater formation rate in the Oligocene is about 4 Sv,
whereas it is only 2–3 Sv (and shallower) in the Miocene.
The other part of the Northern Hemisphere intermediate
deep water is formed in the Atlantic Ocean and the Tethys.

Figure 10. Sea surface salinities for (a) late Oligocene and
(b) early Miocene simulations. Contour intervals are 1
practical salinity unit (psu). (c) Sea surface salinity
difference between Miocene and Oligocene simulations.
Blue areas indicate areas where it is fresher in the Miocene
than in the Oligocene. Contour intervals are 0.5 psu. Data
are annual mean values averaged over the last 25 years of
simulation.

Figure 11. Global meridional overturning stream function
for (a) late Oligocene and (b) early Miocene simulations.
Data are annual mean values averaged over the last 25 years
of simulation. Dashed lines indicate negative stream
function (i.e., counterclockwise circulation). Contour inter-
vals are 2 Sv.
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In the Oligocene, deepwater formation in the Atlantic
occurs near about 60�N, and about half of this water
(�5–6 Sv) flows through the Panama Seaway into the
Pacific Ocean and thus does not reach the South Atlantic. In
the Miocene, Atlantic intermediate deepwater formation
occurs at lower latitudes (�40�N), and most of it reaches
the South Atlantic. For both the Miocene and the Oligocene,
the Antarctic bottom water that is formed in the Southern
Ocean mainly enters the Pacific Ocean and is transported
northward at depth. In the Oligocene, this transport is weak

and hardly reaches the Northern Hemisphere. In the Mio-
cene, more Antarctic bottom water flows northward in the
Pacific Ocean and partly enters the Atlantic Ocean through
the Panama Seaway.

4. Analysis

[38] Section 3 was fairly descriptive and we now analyze
two issues in more detail: the physics of the Atlantic-Pacific
flow reversal and the thermohaline circulation changes.

Figure 12. Meridional overturning stream function for the (right) Atlantic and (left) Indo-Pacific
oceans. (a) Late Oligocene, (b) early Miocene, and (c) modern control (preindustrial CO2 level)
simulations. Data are annual mean values averaged over the last 25 years of simulation. Dashed lines
indicate negative stream function (i.e., counterclockwise circulation). Contour intervals are 2 Sv.
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4.1. Panama Seaway Flow Reversal

[39] As we have seen, the net volume transport through
the Panama Seaway reversed direction, from westward flow
in the Oligocene to eastward flow in the Miocene. This flow
reversal was also found in simulations of the wind-driven
flow using a 1.5-layer shallow-water model [Omta and
Dijkstra, 2003]. Further analysis of Omta and Dijkstra
[2003] showed that the transport through the Panama
Seaway was linearly related to the transport through both
the Tethys Seaway and Drake Passage.
[40] If the transport through the Panama Seaway is

indicated by FP (positive corresponds to eastward trans-
port), that through Drake Passage is indicated by FD and
that through the Tethys Seaway is indicated by FT, then this
relation is given by

FP ¼ FT þ dFD þ dt; ð3Þ

where

d ¼ sin qSA � sin qD
sin qS � sin qSA

ð4Þ

is a geometrical factor. This factor involves the latitude
halfway through Drake Passage qD, the latitude of the
northern edge of South America qS, and the latitude halfway
between Antarctica and South Africa qSA. The quantity dt is
given by

dt ¼
1

2Wr0 sin qSA � sin qSð Þ

Z
C

T 	 ds: ð5Þ

[41] Here W is the angular frequency of the Earth, r0 is the
mean density of seawater and t is the wind stress vector.
The contour C connects the eastern African coast with the
northern edge of South America and then continues along
the eastern coast of South America to its southern tip,
crosses Drake Passage, and reaches the coast of Antarctica.
It follows eastward along the Antarctic coast, connects from
there to the tip of South Africa, and, finally, closes with its
starting point on the east coast of Africa [Omta and
Dijkstra, 2003].
[42] From (3), we see that as long as the westward transport

through the Tethys Seaway is large enough (FT < 0) and

the eastward transport through Drake Passage is not too
strong (FD > 0), the flow through the Panama Seaway is
dominated by the Tethys transport and is westward, (FP < 0).
With decreasing strength of the Tethys current, however, and
increasing ACC transport, the Panama Seaway transport
becomes smaller and smaller, and finally reverses as the
ACC becomes strong enough.
[43] The relation (3) was derived in the very simplified

context of a shallow-water model and hence there is no a
priori reason why it should hold in the CCSM simulations.
In Table 2, the relevant transports calculated from both
Oligocene and Miocene simulations are presented. The
value of the wind stress integral dt is varying between 1.4
and 2.4 Sv in the two simulations. In the fourth row of
Table 2, the value of FP based on (3) is presented and these
values match very well with the values directly computed
from the simulations (third row in Table 2).
[44] For the Oligocene simulation, the transport through

the Panama Seaway, as predicted from (3), is 9% larger than
the calculated transport. For the Miocene simulation, the
relation (3) underestimates the simulated transport FP by
20%. The deviations between simulated transport and that
derived from (3) result from the simplifications that are
made in the derivation of equation (3).
[45] In both simulations, the prevailing winds in the

Caribbean are easterlies (Figure 5). Therefore the mean
surface flow in the ocean through the Panama Seaway is
westward in the Oligocene as well as in the Miocene.
Figure 13 shows the vertical and meridional structure of
the zonal velocity in the Panama Seaway, averaged from
75�W to 65�W. Positive zonal velocities denote eastward
flow. In the southern part of the Caribbean Sea (around
6�N), there is an eastward current below the surface with its
maximum (eastward transport) at a depth of about 100 m.
This subsurface current strongly increases in strength from
the Oligocene to the Miocene, and is an eastward extension
of the north equatorial counter current in the Pacific Ocean.
This leads to a net eastward flow across the Panama Seaway
in the Miocene. It brings cool and low-salinity water into
the Atlantic, which cools the Caribbean Sea [von der Heydt
and Dijkstra, 2005], and leads to lower salinities by about
0.8 psu in the upper 800 m of the tropical Atlantic
(Figures 14a and 14b).
[46] In the northern part of the Caribbean Sea (�14�–

20�N) there is westward flow in both time periods. In the
Oligocene, this is mainly water coming from the Tethys
Ocean which is crossing the Atlantic Ocean. Part of the
shallow deep water formed in the North Atlantic also flows
into the Pacific here. In the Miocene, westward velocities in
the northern part of the Caribbean Sea are of the same
magnitude, but are confined to the upper 400 m only. In
general, the zonal westward flow across the Atlantic is much
less in the Miocene due to the closure of the Tethys Seaway.
Farther north in the cross section of Figure 13, there is again
eastward flow in both time periods. This can be attributed to
the beginning of the western boundary current along the
coast of North America (see Figures 7 and 8).
[47] As we have noted in section 2.3 the currents are in

general overestimated in our simulations due to the flat
bottom approximation. Therefore, if the bottom topography

Table 2. Volume Transport Through the Different Seaways as

Calculated From the Simulationsa

Volume Transport, Sv

Oligocene Miocene

FD 91.0 146.8
FT �12.2 0
FP �4.2 16.8
FT + dFD + dt �4.6 13.3
dt 2.4 1.4

aDefinitions are FD, Drake Passage transport; FT, Tethys transport; and
FP, Panama Seaway transport. Positive values mean eastward transport;
negative values indicate westward transport. The fourth row gives the left-
hand side of equation (3) and should be compared to FP. The last row
shows the contour integral of the wind stress field; see text for explanation.
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of both the 30 Ma and 20 Ma situations were accurately
known, it should have been included; these bathymetries
are, however, not well known. The flat bottom CCSM
configuration is therefore a better next step from a 1.5-layer
shallow-water model to test whether a Panama flow reversal
can occur due to gateway changes than two cases with
highly uncertain bottom topography. As the global pressure
field is substantially influenced by bathymetry, it is much
more difficult in the latter case to distinguish the effects of
changing continental geometry and bottom topography.
[48] In addition, the overestimation of the currents in the

flat bottom case will not affect the occurrence of the flow
reversal. As the relation (3) indicates, it is the increase in
Drake Passage transport (FD) together with the decrease in
Tethys transport (FT) that causes the flow reversal. Even if
FD and FT were smaller because of the presence of bottom
topography, the tendencies in both quantities with time
would be similar, and hence only the timing of the reversal
would be affected, not its existence. We consider the

addition of bottom topography as a next step in the analysis
of flows in the Oligocene and Miocene configurations. In
this way, the flat bottom case serves as a reference to study
the effects of specific features in the bottom topography and
their effect on the global pressure field.
[49] Because the transports as calculated from our simu-

lations match relatively well the relation (3), we conclude
that the flow reversal through the Panama Seaway is mainly
induced by changes in the wind-driven circulation. Those,
in turn, are determined by the changes in the continental
configuration which affect the global horizontal pressure
gradient fields as given by Omta and Dijkstra [2003].
[50] The circulation patterns computed are qualitatively

consistent with previous model results. Earlier model
experiments with an ocean general circulation model with
present-day continental geometry have indicated that, with
an open Panama Isthmus, low-salinity waters from the
Pacific enter the Atlantic Ocean through the Panama Sea-
way [Maier-Reimer et al., 1990], i.e., eastward flow through
the Panama Seaway is observed. This simulation corre-
sponds to a situation before 3–4 Ma, when the continental
geometry was close to present day, but the Panama Seaway
was open. Other ocean model simulations [Nisancioglu et
al., 2003] with present-day geometry and an open Panama
Seaway show eastward flow from the Pacific to the Atlantic
in the upper layers. They find, in addition, that a substantial
amount of North Atlantic deep water is exported to the
Pacific Ocean through a deep open Panama Seaway. Also,
in coupled ocean-atmosphere model experiments with an
open Panama Seaway, eastward flow through the seaway
from the Pacific to the Atlantic Ocean has been found
[Murdock et al., 1997; Prange and Schulz, 2004]. The
eastward transport through the Panama Seaway of 15.6 Sv
that has been found by Murdock et al. [1997] is even in
close agreement with our Miocene simulation. Climate
model simulations for earlier time periods, i.e, for the
Eocene [Huber and Sloan, 2001; Huber et al., 2003] and
the Cretaceous [Bush and Philander, 1997; Otto-Bliesner et
al., 2002], where the continental geometry is very different
from present day and the Tethys Seaway is much wider than
in our Oligocene simulations, all indicate a westward
circumequatorial current, i.e., transport from the Atlantic
into the Pacific through the Panama Seaway.
[51] Although it is difficult to present a good data-model

comparison, available proxy data seem to be qualitatively in
agreement with the computed flow patterns. Oxygen isotope
records from the eastern equatorial Atlantic (ODP Site 926/
929) indicate an increase in the d18O of planktonic forami-
nifera of �0.25% between times before and after the
Oligocene/Miocene boundary [Paul et al., 2000]. To com-
pare our results with these values, we have calculated the
oxygen isotopic composition that a calcite sample would
have from the simulated temperatures and salinities in the
equatorial Atlantic. The oxygen isotopic composition of
seawater dw is calculated by the empirical relation between
dw and salinity [Broecker, 1989]. The seawater isotopic
composition together with the simulated temperature of the
upper 100 m in the ocean is then used to calculate the calcite
isotopic composition according to the calcite-temperature
relation of Erez and Luz [1983]. Assuming similar ice

Figure 13. Isolines of the zonal velocity in the Panama
Seaway as a function of depth and latitude. The velocity is
averaged from 75�W to 65�W. (a) Late Oligocene and
(b) early Miocene. Data are annual mean values averaged
over the last 25 years of simulation. Solid contours indicate
positive, i.e., eastward velocities; dashed lines mean
westward velocities. Contour intervals are 1 cm s�1.
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volumes, the resulting difference in calcite d18O between the
Miocene and the Oligocene simulations at the location of
ODP Site 926/929 is then 0.12%. To the north of that site, the
increase of d18O values is more pronounced. The strongest
increase in d18O calculated from the simulations occurs to the
northeast of South America (47�–53�W, 3�–8�N; 0.32%).
[52] A study of the sedimentation rates in the tropical

Pacific [Moore et al., 2004] during the last 56 Myr indicates
a different pattern of sedimentation in the eastern tropical
Pacific before and after about 30 Ma. In the older records,

there are tongues of high accumulation rates to the north and
south of the equator, which are not found in the records after
30 Ma. This may indicate flow reorganizations in that area.
Our simulations suggest that, at that time, less water was
entering the tropical Pacific from the Atlantic and Tethys
Oceans; since the flow reversal in the Panama Seaway in the
early Miocene, increased transport of Pacific water into the
Atlantic has occurred. Wade and Pälike [2004] find an
increase in planktonic d18O values at ODP site 1218 in
the tropical Pacific around 26 Ma. This site lies within the

Figure 14. Latitude-depth cross sections of the simulated (left) ocean temperatures and (right) salinities
at 27�W (Atlantic Ocean). (a) Late Oligocene, (b) early Miocene, and (c) modern control (preindustrial
CO2 level) simulations. Data are annual mean values averaged over the last 25 years of simulation.
Contour intervals in the temperature plots are 4�C, and in the salinity plots they are 0.8 psu.
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area of the North Equatorial Counter Current (NECC) and
may therefore record our simulated increase in the NECC
from the Oligocene to the Miocene. At that site, we find
only a small temperature decrease in the upper 200 m but
the cooling is much stronger slightly to the east of that site.

4.2. Thermohaline Circulation Changes

[53] The thermohaline circulation in the Oligocene and
Miocene simulations is substantially different from the
present-day circulation. To determine the cause of these
changes, we analyze the temperature and salt distributions

in the ocean basins for the different periods. Latitude-depth
cross sections of temperature and salinity through the
Atlantic (27�W) and the Pacific Ocean (140�W) are shown
in the Figures 14 and 15, respectively. In the modern control
simulation, the downward sloping of the Atlantic isotherms
from south to north and the steep isotherms and isohalines
north of 50�N indicates that relatively high density water
sinks in northern high latitudes to about 3000 m depth. This
water fills the South Atlantic (Figure 14c) and it is underlain
by colder Antarctic Bottom Water. In the Pacific Ocean, no
deep water is formed because the surface waters are much

Figure 15. Latitude-depth cross sections of the simulated (left) ocean temperatures and (right) salinities
at 140W (Pacific Ocean). (a) Late Oligocene, (b) early Miocene, and (c) modern control (preindustrial
CO2 level) simulations. Data are annual mean values averaged over the last 25 years of simulation.
Contour intervals in the temperature plots are 4�C and in the salinity plots 0.8 psu.
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fresher (Figure 15c). The strong salinity difference between
the Atlantic and the Pacific Ocean is maintained because the
two basins are connected only at southern high latitudes.
[54] In the Oligocene andMiocene continental geometries,

there are, in addition to a southern connection, connections
between the two basins at low latitudes. In the Oligocene, the
westward flowing circumglobal Tethys current redistributes
salt between the Atlantic and the Pacific. The steep isotherms
in the 140�Wsection north of 45�N (Figure 15a) indicate that
deepwater formation occurs in the North Pacific; it is,
however, only sinking to intermediate depths (Figure 11a).
The same holds for the Oligocene Atlantic Ocean; see
Figure 14a. In contrast to the present-day overturning circu-
lation, the meridional overturning in the Oligocene is more
symmetric between the Atlantic and the Pacific. This is due
to the smaller salinity contrast between the two basins.
[55] In the Miocene, the global meridional overturning

circulation is similar to the Oligocene (Figure 11). From the
cross sections at 140�W (Figure 15b), it appears that there is
less Pacific deepwater formation in the Miocene than in the
Oligocene. This is because the surface salinities north of
45�N in the Pacific are much lower. In the Oligocene, salty
water is continuously redistributed between the Atlantic and
Pacific Oceans by the currents in the circumequatorial
seaway. In particular, relatively salty water from the tropical
Atlantic enters the Pacific through the Panama Seaway. This
may lead to higher SSSs in the North Pacific. In the
Miocene, there is no circumequatorial flow, and, in addition,
due to the flow reversal in the Panama Seaway, there is no
more input of salty water from the tropical Atlantic. This
leads to lower SSSs in the North Pacific. Furthermore, low-
salinity Pacific water reduces the salinity of the tropical
Atlantic (Figure 14b) in the Miocene. This indicates, that the
ocean connection through the Panama Seaway is still suffi-
cient to prevent the buildup of a strong salinity contrast
between the Atlantic and the Pacific Oceans as in the
present-day situation (compare with the two modern control
simulations). The northward branch of the thermohaline
circulation therefore remains shallow in the Miocene as well.
[56] The high-CO2 modern control simulation, i.e., with

the same high atmospheric CO2 level as the Miocene and
Oligocene simulations, has revealed that the thermohaline
circulation is basically the same as in the modern control
experiment with preindustrial CO2 level, i.e., a conveyor type
circulation with strong deepwater formation in the North
Atlantic and a more or less passive Pacific Ocean. The
strength of the overturning cell in the Southern Hemisphere
is only slightly reduced as compared to the present-day
simulation with preindustrial CO2 concentration. The higher
atmospheric CO2 concentration does not influence the salin-
ity contrast between Atlantic and Pacific Ocean as can be
seen by comparing the two modern control simulations
(Figures 2c and 4c). Therefore the different thermohaline
circulation patterns that we find in the Oligocene and Mio-
cene simulations cannot be explained by the higher atmo-
spheric CO2 level. Instead, this indicates that the changes in
the thermohaline circulation from the Oligocene to the
present-day simulations are mostly due to tectonic changes.
[57] Owing to shallower meridional overturning circula-

tions in both the Oligocene and Miocene, the poleward heat

transport by the ocean in the Northern Hemisphere is
reduced compared to that of the modern control simulation
(Figure 3). The heat transport is, however, increased in the
Southern Hemisphere. Maximum poleward heat transport in
the Oligocene/Miocene simulations is 1.7 PW in the North-
ern Hemisphere, which is 0.4 PW smaller than in the present
day case, and 1.3 PW in the Southern Hemisphere; the latter
is 0.5 PW larger than the present-day value.
[58] The shallow overturning circulation found in the

North Atlantic in both the Oligocene and Miocene simu-
lations is in agreement with proxy data studies. Paul et al.
[2000] find a weak south to north d13C gradient in benthic
foraminifera data in the early Miocene Atlantic Ocean, with
the heaviest d13C values in the South Atlantic. This indi-
cates that Southern Ocean deep waters were filling the deep
(3000–4000 m) Atlantic from the south, and northern deep
water was absent or shallow. Billups et al. [2002] concluded
from benthic foraminifera d18O gradients between the North
and South Atlantic that, in the late Oligocene and early
Miocene, a relatively warm deepwater mass forming in the
North Atlantic reached the deep tropical Atlantic but not the
South Atlantic. This is consistent with our late Oligocene
simulation, which indicates that a part of the shallow deep
water from the North Atlantic flows through the Panama
Seaway into the Pacific Ocean. Deep water Nd isotope
ratios from the western tropical Pacific decrease from
radiogenic values at 38 Ma toward more nonradiogenic
values at 17 Ma indicating that more and more Southern
Ocean deep water was reaching the tropical Pacific with
time [van de Flierdt et al., 2004]. In our Miocene simula-
tion, more Southern Ocean deep water is formed than in the
Oligocene simulation and and also flows farther north into
the Pacific Ocean.
[59] The changes in the THC become even more inter-

esting when put into context with other model results for
different geological time periods. In the CCSM Eocene
simulation [Huber and Sloan, 2001; Huber et al., 2003],
the main sites of deepwater formation are in the northern
Atlantic and the Tethys but not in the northern Pacific and
there is no Antarctic bottom water formation. However, a
simulation started with different initial conditions also
showed deep convection in the Southern Ocean. This
indicates that there may be multiple equilibria in the CCSM,
which we also cannot rule out for our simulations. A
completely different meridional overturning circulation state
has been found in the Cretaceous simulation within the
NCAR CCSM [Otto-Bliesner et al., 2002]. During that
time, the continents were distributed much more symmetri-
cally on the two hemispheres, with a wide open ocean
connection around the equator. The overturning circulation
shows two symmetric overturning cells on each hemisphere,
with sinking in the north and upwelling at the equator.
[60] In summary, the presence of gateways exerts a strong

influence on the thermohaline circulation because gateways
control the interbasin transport of salt.

5. Summary

[61] Using a flat geometry for both ocean and atmosphere
and idealized vegetation zones, coupled equilibrium climate
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states for the Oligocene (30 Ma) and the Miocene (20 Ma)
were calculated with version 1.4 of the CCSM. In addition,
two control simulations with present-day continental geom-
etry were performed, one with preindustrial atmospheric
CO2 concentration and another with the same high atmo-
spheric CO2 concentration as the Oligocene and Miocene
simulations. There is still some drift in each of the coupled
simulations, but an estimate of the drift in the meridional
overturning strength and the volume-averaged ocean tem-
perature indicates that the drift causes only minor errors in
the flow and tracer fields. Our analysis focused on the
impact of gateway changes on the global wind-driven and
thermohaline circulation.
[62] Considering the vertically averaged (mainly wind

driven) circulation, we find several major changes between
the Oligocene and the Miocene simulations. Because of the
closure of the Tethys Seaway and the widening of the
Southern Ocean passages, the net volume transport through
the Panama Seaway changes sign. In the Oligocene, it is
directed from the Atlantic to the Pacific, whereas in the
Miocene, a subsurface current from the Pacific to the
Caribbean Sea strongly increases and therefore leads to
net eastward transport across the seaway. A comparison
between the transports simulated here and those derived
from an analysis of the results of a 1.5-layer shallow-water
model [Omta and Dijkstra, 2003] indicates that the physical
mechanism of the reversal of the net volume transport is
indeed related to a change in the global (oceanic) pressure
distribution associated with the changes in the gateways.
Note that this is the only factor which can change the
pressure distribution because the bottom topography (i.e., a
flat bottom) is the same in each simulation.
[63] The influence of the flow reversal on the large-scale

climate seems to be localized mostly to the Caribbean Sea
and the tropical Atlantic. The surface waters in that area
cool substantially in the early Miocene, and therefore the
flow reversal may have induced the demise of Caribbean
warm water corals in the early Miocene [von der Heydt and
Dijkstra, 2005].
[64] Concerning the thermohaline circulation, it appears

that changes in continental geometry can lead to different
patterns of the thermohaline circulation. In our simulations,

the Oligocene and Miocene meridional overturning circula-
tion is substantially different from the present-day circula-
tion. We find deepwater formation at high latitudes in both
the North Atlantic and the North Pacific, in particular in the
Oligocene simulation. This is contrary to the present-day
state of deepwater formation in the North Atlantic and a
more or less passive Pacific Ocean. The reason for the
differences is the gateway control of interbasin exchange of
salt which affects the contrast between Atlantic and Pacific
and hence the meridional overturning circulation. Because
of the similar global meridional overturning circulation in
both the Oligocene and the Miocene, the global impact of
the flow reversal appears limited. The different flow struc-
ture in the Panama Seaway in the Oligocene and Miocene
simulations may, however, influence the salinity distribution
between the Atlantic and Pacific Oceans as it controls the
transport between the two basins. It may therefore contrib-
ute to the reduction of deepwater formation in the North
Pacific in the Miocene.
[65] These simulations, together with the ones presented

in this paper indicate that the THC might have undergone
large global changes during the Tertiary. A transition
between the different overturning states that have been
found in the Late Cretaceous and in our Oligocene/Miocene
certainly must have occurred. Furthermore, a transition must
have occurred from an overturning state with deepwater
formation in both the North Pacific and the North Atlantic
to the present-day ‘‘conveyor’’ state with deepwater forma-
tion in the North Atlantic only. Were these transitions
gradual or relatively fast with respect to timescales of
continental motion and were other factors than continental
geometry (e.g., atmospheric composition) involved? Further
work will have to reveal more about the changes in global
ocean circulation patterns and their effect on global climate.
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