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Abstract

In terms of climate, the Late Miocene represents a transitional phase between the Eocene greenhouse climate and the
Quaternary icehouse situation; it is characterised by an extensive Antarctic ice sheet and incipient glaciation in the Northern
Hemisphere. In order to better understand the Late Miocene climate, we performed a simulation study for the Tortonian using the
complex atmospheric general circulation model ECHAM4 coupled to a mixed-layer ocean model. The boundary conditions such as
the orography and the continental ice distribution were adapted to the Tortonian conditions; considering the coarse geographic
resolution of the model, the land–sea distribution was assumed to be similar to the present situation and the atmospheric CO2

concentration was set to 353ppm. Because the mixed-layer ocean model uses a flux correction tuned to the modern oceanic heat
transport a method was developed to estimate the Tortonian palaeo-flux correction based on the zonally averaged SST gradients. As
compared to the present-day world, the Tortonian model run shows a significant reduction in the oceanic heat transport, a
considerable warming and reduction of sea ice in high latitudes, a weakening of the Asian monsoon, a cooling in the mid-latitudes–
caused by the reduced oceanic heat transport–and an increase in precipitation in Southern Europe. Except for the cooling of the
mid-latitudes these results are largely consistent with proxy-data and other modelling studies although the proxy data indicate much
warmer conditions in high latitudes than calculated in the model. The reasons for the discrepancies between model-based and proxy
data reconstructions are discussed.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Recently, climate modelling has become an increas-
ingly popular tool in palaeoclimate research (e.g. Dutton
and Barron, 1996; Upchurch et al., 1999; Haywood et
al., 2000; Sellwood et al., 2000): It has proved to be
useful not only to reconstruct past climates and climate
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processes but also to validate climate models as well as
empirical proxy data (e.g., Kutzbach et al., 1989;
Sellwood et al., 2000). Within the framework of the
EEDEN research program devoted to ecosystem and
environment change in the Eurasian Neogene (see
Agustí et al., 2006-this volume), we used this
palaeoclimate modelling approach to analyse the basic
global climate patterns and climate processes for
selected Neogene time slices. As a first step, we focused
on the Tortonian (Late Miocene, 11–7Ma), a time
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period characterised by intensive Antarctic glaciation
and the beginning of glaciation in the North Atlantic
region. Previous palaeoclimate research has primarily
analysed typical greenhouse (e.g. Nikolaev et al., 1998;
Upchurch et al., 1998; McGuffie et al., 1999; Upchurch
et al., 1999) or icehouse situations (e.g. Herterich and
Berger, 1993; Ganopolski et al., 1998a,b; Montoya et
al., 1998; Kubatzki et al., 2000) whereas the interme-
diate climate system of the Miocene with a uni-polar
glaciation has attracted relatively little interest so far
(e.g. Dutton and Barron, 1997; Fluteau et al., 1999).

Palaeoclimate modelling can be done with several
model concepts. One possibility is to run an atmospheric
general circulation model (AGCM) to simulate the
atmospheric processes only. An AGCM, however,
requires a full description of the ‘lower boundary
conditions’ including the sea surface temperatures (SST)
of the palaeocean. Since the ocean covers about two third
of the Earth's surface, a correct representation of the
palaeo-SST distribution is essential to obtain realistic
climate modelling results. Unfortunately, reliable SST
information covering most of the ocean surface are
difficult to obtain for pre-Quaternary time periods. To
avoid the SST problem, fully coupled atmosphere–ocean
general circulation models (AOGCM) can be used
allowing for an independent calculation of the palaeo-
SST. Yet, AOGCMs are very costly in terms of computing
time and require detailed information about the palaeo-
bathymetry of the ocean as well as about the continental
freshwater runoff, both boundary conditions are again
very difficult to obtain for pre-Quaternary situations. In
between both strategies, the use of either AGCMs with
prescription of SSTs or of fully coupled AOGCMs, there
is a third possibility, i.e. to run an AGCM coupled to a
simple mixed-layer ocean representing only the upper-
most layer (about 50m) of the ocean. These AGCM/ML
models can also calculate the palaeo-SST independently
but do not simulate the full oceanic circulation; the
thermal effects of the ocean currents are only represented
by a so-called flux correction which has to be adapted to
the palaeo-situations.

In our modelling study on the Tortonian palaeocli-
mate, the AGCM/ML model concept is used. A new
method on how the flux correction and, thus, the oceanic
heat transport of the mixed-layer ocean can be adjusted
to the palaeo-situation based on sparse δ18O-data from
planktonic foraminifera is proposed. Based on this
method, the AGCM/ML model is run using the
Tortonian palaeogeography, palaeorography and ice
cover as lower boundary conditions. The model results
clearly indicate a weaker poleward oceanic heat transport
and a reduced mass transport into higher latitudes for the
Tortonian. Despite this reduced oceanic heat transport,
the globally averaged temperature for the Tortonian is
almost identical to the recent value but the zonal pattern
is significantly different from the present-day situation
with a strong warming in the high northern latitudes. The
overall Tortonian climate patterns and trends as
calculated with the AGCM/MLmodel are largely consis-
tent with existing proxy data although the modelled
continental temperatures in the Northern Hemisphere are
much too low. The reasons for the discrepancy between
model and proxy data are discussed.

2. The model ECHAM4/ML and Tortonian
boundary conditions

The atmospheric global circulation model (AGCM)
used in this study was ECHAM4 (Roeckner et al., 1992;
DKRZ Modellbetreuungsgruppe, 1994; Roeckner et al.,
1996; DKRZ Modellbetreuungsgruppe, 1997) with a
resolution of T30 corresponding to a spatial resolution
of approximately 3.75°. The model is highly complex
wherein dry dynamics are transformed with a spectral
scheme and, for parameters such as the advection of
water vapour, the semi-Lagrangian scheme is used.
ECHAM4 includes (amongst others) processes related
to radiation, cumulus convection, land surface, ice
cover, etc. Improvements compared to the previous
ECHAM3 (DKRZ Modellbetreuungsgruppe, 1994)
concern, e.g. the parameterisations of the radiation and
land surface processes. The ECHAM4 model represents
the recent climatic state very well (e.g., Roeckner et al.,
1996). Both, ECHAM4 and its previous version
ECHAM3, have been used in numerous climate (e.g.,
Latif and Neelin, 1994) and palaeoclimate studies and
have proved to be quite efficient in the palaeoclimate
intercomparison project (PMIP, e.g. Lorenz et al., 1996).

In our study, the ECHAM model was coupled to a
mixed-layer (ML) ocean model (further documentation
is available from the DKRZ Modellbetreuungsgruppe).
This mixed-layer ocean model includes ocean processes
such as the heat transport in a more appropriate way than
simply using SSTs. In this model, the heat budget of an
oceanic mixed-layer with a constant depth of h0=50m is
included:

C0
ATm
At

¼ Ha−divT0 ð1Þ

where Tm, the temperature of the mixed-layer, is
equivalent to the SST. C0 describes the effective heat
capacity of the oceanic mixed-layer and Ha represents
the net heat flux at the sea surface while divT0 is the
divergence of the oceanic heat transport. The
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climatological average of this divergence term is also
called the flux correction and is intended to compensate
for the energy transport by ocean currents. The recent
flux correction is reconstructed as to represent best the
present-day heat exchange between atmosphere and
ocean. It was calculated from different ECHAM4 runs
with observed SSTs. Therein, the seasonal cycle is
represented by monthly average values. As compared to
oceanic general circulation models (OGCM), the
advantage of the mixed-layer ocean model with its
flux correction is the simple description of ocean
properties. Neither a velocity field nor bathymetry of
Fig. 1. The orography of ECHAM4/ML in resolution of T30 (∼3.75°) of
geological proxy data. Represented values are Fourier transformed from spe
ocean basins or other parameters such as freshwater
influxes have to be included.

Applying ECHAM4/ML to the Tortonian, the
boundary conditions had to be adapted to the Tortonian
time interval. With respect to the land–sea distribution,
the present-day land–sea mask was used which is
justified in view of the model resolution (see above) and
the minor plate tectonic movements that occurred since
the Tortonian (e.g., Ruddiman and Kutzbach, 1989;
Prell and Kutzbach, 1992; Ramstein et al., 1997).
However, the altitudes of the mountain chains were
changed according to the Tortonian situation. They were
(a) the Control run and (b) the Tortonian run with changes based on
ctral to grid units.
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derived from geological proxy data representing the
orography for the Tortonian (Kuhlemann, personal
communication, a compilation of the relevant literature
is available from the authors). Moreover, Greenland was
considered ice-free and covered by a tundra vegetation.
Based on isostatic assumptions, Greenland's Late
Miocene orography–apart from its most southern
regions–was calculated to reach about 10% of today's
height. The orography of the Tortonian (Fig. 1) differed
from the recent situation primarily by a noticeable
reduction of some high mountain ranges like the Alps,
Greenland and the Himalayan. The uplift of the Tibetan
Plateau during the Neogene was discussed by several
authors (e.g., Molnar et al., 1993; Wang et al., 1999)
resulting in different mean heights of the Tibetan Plateau
for the Latest Miocene. In accordance with other authors
(e.g., Prell and Kutzbach, 1992), the height of the
Tibetan Plateau of the Tortonian was assumed to have
reached about 50% of its recent height.

We also had to adapt the ECHAM/ML to the
Tortonian oceanic conditions. For this purpose, the
flux correction and, thus, the oceanic heat transport had
to be adjusted. This was done on the basis of palaeo-
SSTs derived from δ18O-data. Only few Tortonian SST
data were available which, in addition, were unequally
distributed on a global scale. Therefore, we devised a
method to compare highly resolved recent and sparse
palaeo-SSTs. The main idea is based on the meridional
gradient of the SSTs which is interpreted as a measure of
Fig. 2. The global distribution of planctonic (squares) and (benthic) (circles—
from ODP and DSDP sites.
the heat transfer by water. In the following paragraphs, it
will be outlined how palaeo-SST gradients for the
Tortonian were obtained and how they were used to
determine the palaeo-flux correction.

3. Determination of the palaeo-flux correction

The oxygen isotope composition of carbonates offers
a good possibility for the reconstruction of palaeotem-
peratures (e.g., Rye and Sommer, 1980; Faure, 1986;
Attendorn and Bowen, 1997; Rohling and Cooke,
1999). Being interested in palaeo-SSTs, the attention
of the investigation is focused on calcareous shells of
planktonic foraminifera as they represent best the
conditions of the uppermost ocean layer. The δ18O-
values of planktonic foraminifera from Tortonian
sediments were taken from publications based on ODP
and DSDP sites; a total of 56 data points were available
(Fig. 2). From the oxygen isotope data, palaeotempera-
tures were calculated using the empirical equation of
Erez and Luz (1983):

Tðin ◦CÞ ¼ 17:00−4:52ðdc−dwÞ þ 0:03ðdc−dwÞ2 ð2Þ
where δc is the δ18O composition of foraminifer
carbonate (versus PDB) and δw is the δ18O composition
of sea water (SMOW). In general, accumulation of 18O
in the shell material decreases with increasing temper-
ature. Zachos et al. (1994) used this equation for
Palaeogene and Neogene studies showing a good
partly overlapped by squares and not complete) δ18O data [‰] at 8Ma
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agreement between temperature reconstructions of a
Cenozoic ocean and other proxy data.

However, it is important to note that Eq. (2) may
include some systematic errors. For instance, the
biology of foraminifera may influence the oxygen
isotope composition of the shell (‘vital effect’, e.g.,
Erez and Luz, 1983; Hemleben et al., 1989; Norris et al.,
1994; Niebler, 1995; Berberich, 1996). Similarly,
diagenetic effects may alter the oxygen isotope
composition of the shells after the death of the
organisms (e.g., Pearson et al., 2001). Moreover, the
average isotopic composition of the Tortonian sea water
may differ from the present and the same is true for the
local salinity which varies with precipitation, evapora-
tion and freshwater influx and directly influences the
oxygen isotope composition of foraminifera shells (e.g.,
Craig and Gordon, 1965; Savin et al., 1985; Wolf and
Thiede, 1991; Zachos et al., 1994; Nikolaev et al.,
1998). According to Broecker (1989), the latitudinal
variation of salinity can be taken into account with the
following equation:

dw ¼ 0:576−0:041y−0:0017y2 þ 1:35d10−5y3 ð3Þ
where y represents the absolute latitude between 0° and
70°. The validity of this formula was confirmed by
Zachos et al. (1994). Hence, we also used Eq. (3) in our
Fig. 3. The annual and zonal average SSTs from satellite data and palaeote
borehole locations where δ18O values were taken from, triangles: palaeo-SS
satellite data and solid line: Gaussian curve from palaeotemperatures.
calculation of Tortonian SSTs to account for the
latitudinal variation of salinity.

To allow for a comparison with recent SST data, the
palaeotemperatures were zonally averaged with a
resolution of 2°. The zonally averaged Tortonian SSTs
are shown in Fig. 3. To obtain a similar recent SST data
set, we used satellite data of the years 1979 to 1993with a
horizontal resolution of 2° (e.g., Woodruff et al., 1993).
As for the palaeo-data, the observed satellite SSTs were
zonally averaged. Additionally, we extracted from the
satellite data the recent SST for all borehole locations
providing Tortonian oxygen isotope data. Thus, three
data sets were obtained: the zonally averaged palaeo-
temperatures, the zonally averaged Recent SSTs derived
from satellite data, and the recent SSTs at the borehole
locations also derived from satellite data. From Fig. 3, it
can be seen that in mid-latitudes of the Northern
Hemisphere, palaeotemperatures were generally higher
than recent temperatures at the boreholes. In contrast, the
subtropics and tropics tended to be slightly cooler in the
Tortonian. It is possible that the slightly lower tempera-
tures in the tropics during the Tortonian were caused by
one of the above-explained sources of errors which may
occur when reconstructing palaeo-SSTs from oxygen
isotope data. In order to minimise such errors, the present
study was focused on the meridional temperature
mperature equations with corrected δ values. Circles: satellite data at
Ts received from Eqs. (3.1) and (3.2), dashed line: Gaussian curve of
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gradient rather than on the absolute palaeotemperatures.
Unfortunately, the SST information for the Tortonian is
too scarce on a global scale to determine the meridional
temperature gradient for all latitudes. As is evident from
Figs. 2 and 3, the boreholes are mostly located between
30° northern and southern latitude and show a very
uneven geographic distribution.

Hence, a method was needed to fill the geographic
gaps between the available palaeo-SSTs. Our method to
realise this is based on a comparison of recent and
palaeo-SSTs. First, the zonally averaged temperature
distribution was assumed to follow a Gaussian curve
(Fig. 3). To find the best fit Gaussian curve, the method
of the smallest squares was applied and, in addition, the
curve was constrained by defining the minimum
temperature of sea water to be −1.8°C because of ice
formation below this temperature. Using these con-
straints, there remain three independent parameters
describing the Gaussian curve of each data set: The
amplitude A, the distance from the maximum value to
the reversal points σ and the latitudinal shift Δ.

The next steps in our method are illustrated in Fig. 4,
where the bold-framed rectangles represent the available
data sets and the shaded box represents the data set
which was finally needed for the calculation of the
palaeo-flux correction. The satellite data were split into
annual and seasonal averages, whereas palaeo-data
referred to mean annual SSTs only (the latter is due to
the fact that the oxygen isotope composition of
foraminifera shells reflects the mean annual temperature
only). For the recent zonal average data and the recent
borehole data, two Gaussian curves were calculated.
Then, a transformation was determined explaining the
variation of the Gaussian parameters A, σ and Δ of the
Fig. 4. Transformation scheme of the Gaussian curves. The bold-framed recta
needed for the implementation in ECHAM4/ML. Transformation scheme of t
sets, the shaded box represents the data set needed for the implementation in
recent data set based on the borehole localities as
compared to the recent data set based on all latitudes.
This transformation is given by a linear series
expansion:
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Therein, the index all describes the Gaussian
parameters of the recent zonal average data set and the
parameters of the recent borehole data set are designated
with the index loc. The progression of Eq. (4) was
truncated after the second term because the precision of
the solution was not increased significantly even though
further terms were considered. Altogether, Eq. (4) is
given five times: One time for the annual average and
four times for the seasonal averages of the recent data
sets. Thus, the constants a and b can be determined
exactly by the set of these five equations.

Applying the same transformation by using the
above determined constants a and b to the palaeo-data
set, the Gaussian curve of the borehole locations was
transformed into the Gaussian curve of the zonal
averages. The results are shown in Fig. 3. According
to this reconstruction, the meridional temperature
gradient in the Tortonian was shallower than today
with lower SSTs in the tropics and higher SSTs in the
high latitudes.

From these Gaussian curves, which reflect the recent
and palaeo-SSTs (Fig. 3), the corresponding zonal
gradients were calculated and used as a basis for the
adjustment of the flux correction in the mixed-layer
ocean model. The ratio of palaeo-gradients and recent
ngles represent existing data sets, the shaded box represents the data set
he Gaussian curves. The bold-framed rectangles represent existing data
ECHAM4/ML.
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ones can be used as a measure of the change in heat
transport to the poles and was assumed to be a zonally
constant value:

f0 yð Þ ¼ gradSSTðyÞpalaeo
gradSSTðyÞrecent

ð5Þ

where the y coordinate refers to latitudes. Thereby,
values of f0>1 reflect an intensification of the oceanic
heat transport in comparison to the present state whereas
the oceanic heat transport is weaker, if f0<1. Corre-
spondingly, the palaeo-flux correction was obtained by
multiplying the recent flux correction by f0:

FCðx; y; tÞpalaeo ¼ f0ðyÞd FCðx; y; tÞrecent ð6Þ

where the x coordinate corresponds to longitudes and t
to monthly changes. It should be emphasised again that
this technique was used to calculate the Tortonian flux
correction and oceanic heat transport is not based on
absolute SSTs but on the meridional SST gradients
extrapolated by Gaussian curves from oxygen isotope
data and, thus, avoids systematic errors which may
occur when calculating palaeotemperatures from δ18O-
data. This approach, however, is based on the
assumption that the near-surface palaeocean circulation
was basically similar to the recent one (see Section 5 for
discussion).

With regard to the oceanic heat transport, another
restriction must be mentioned. The oceanic heat
transport T0 can be calculated by integrating the zonal
average heat fluxes from the south to the north (e.g.,
Hastenrath, 1982; Carissimo et al., 1985; Hsiung, 1985;
Cohen-Solal and Le Treut, 1997):

T0ð/Þ ¼
Z /

South Pole

Z p

−p
divT0ð/; kÞRdk

� �
cosð/ VÞd/ V

ð7Þ
wherein R designates the earth radius. The additional
constraint in the determination of the flux correction was
that the integral from the South Pole (ϕ=−π/2) to the
North Pole (ϕ=π/2) must equal zero which was realised
in our model.

4. Results

In the following, we compare the results from two
runs with ECHAM4/ML, i.e. the Control run and the
Standard Tortonian run. The Standard Tortonian run had
an integration length of 30years. After the last 20years
of simulation, the model tended to level off in an
equilibrium state and, therefore, the last 10years of
integration were taken into account for a further
analysis. The Control run represents the present-day
situation and was taken from the experiment called
EXP700-run712 (available from the DKRZ Modellbe-
treuungsgruppe). For the Standard Tortonian run, the
Tortonian boundary conditions and flux correction were
used as described above. Further, both runs used an
atmospheric CO2 concentration of 353ppm.

We first analysed the Tortonian oceanic heat and mass
transport. For this purpose, the vertical velocities and the
barotropic streamfunction were calculated. Subsequent-
ly, the effect on the atmosphere was examined. For all
considered parameters, we calculated the anomalies as
the difference between the Tortonian and the Control run.
Therefore, the seasonal and annual averages of the last
10years of integration were calculated. The northern
summer averages correspond to the months June, July
and August (JJA) and the winter averages to the months
December, January, and February (DJF), respectively.
For the sake of brevity, only the anomalies (i.e. Tortonian
minus Control run) are shown.

Corresponding to the Central Limit Theorem, climate
variables taken over long periods tend to follow a
normal distribution. Using gridded output from climate
models, there are sufficient data available, both in space
and time, to calculate a distribution of a variable at any
grid point. In our analyses, the difference fields
(Tortonian minus Control run) were computed and
tested against the null hypothesis. For this purpose, a
local statistical ‘Student's t-test’ (e.g., von Storch and
Zwiers, 1999) was used to calculate the significance of
the mean difference to zero. For the following applica-
tions, the significance level was set to p=0.01.

4.1. Tortonian oceanic heat transport

The calculated Tortonian flux correction using Eqs.
(5) and (6) is shown in Fig. 5. As is evident from the
anomalies (Fig. 5c), the mean annual flux correction was
generally weaker than today indicating a weaker oceanic
heat transfer caused by the weaker meridional SST
gradients (Fig. 3). For example, the Gulf Stream
between 40°N and 60°N of the Tortonian study is less
intense providing less energy to high latitudes of the
Atlantic Ocean. The maximum reductions are in the
order of 25W/m2. For the Kuroshio, the reductions are
in the order of 31W/m2 providing a less intense heat
transfer to the North Pacific.

The zonal average heat flux (Fig. 6) provides an
overview over the changed flux correction where
positive/negative values correspond to divergence/
convergence zones of the implied oceanic heat transport.



Fig. 5. The mean annual flux correction [W/m2] for (a) the Control run, (b) the Tortonian run and (c) the difference between the Tortonian and the
Control run.
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The Tortonian heat flux is reduced by 7W/m2 in the
tropics corresponding to a decreased heat divergence
near the equator. In contrast, convergence is decreased
by 4W/m2 in the mid-latitudes of the Northern
Hemisphere. This corresponds to a weakened poleward
oceanic heat transport.



Fig. 6. The zonal and annual average divergence of the oceanic heat transport. Black solid: Recent curve, grey solid: Tortonian curve.

Fig. 7. The northward oceanic heat transport [PW] of the world ocean and the main basins splitted into nowadays (right) and the Tortonian (left)
transport.
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In Fig. 7, the calculated oceanic heat transport T0 is
shown (Eq. (7), e.g., Hastenrath, 1982; Carissimo et al.,
1985; Hsiung, 1985; Cohen-Solal and Le Treut, 1997).
Fig. 8. The mean annual wind stress field corresponding to (a) the Tortonian r
the Control run. The magnitude of the reference arrow is 1m/s for (a) and (b
The present-day's oceanic heat transport has a maximum
around 20°N (Fig. 7, right side). The position and absolute
value of the maximum complies with studies of several
un, (b) the Control run and (c) the difference between the Tortonian and
), and 0.25m/s for (c).



Fig. 9. The vertical velocities at the base of the Ekman layer [×106 m/s]. Positive/negative values correspond to upwelling/downwelling areas. (a) The
Tortonian run, (b) the Control run, and (c) the difference between Tortonian and Control run. Contour intervals are −5, −2, −1, −0.1, 0.1, 1, 2,
5×106m/s for (a) and (b), and −5, −1, −0.5, −0.1, −0.01, 0.01, 0.1, 0.5, 1 and 5×106m/s for (c). The vertical velocities at the base of the Ekman layer
[×106m/s]. Positive/negative values correspond to upwelling/downwelling areas. (a) The Tortonian run, (b) the Control run, and (c) the difference
between Tortonian and Control run. Contour intervals are −5, −2, −1, −0.1, 0.1, 1, 2, 5×106m/s for (a) and (b), and−5, −1, −0.5, −0.1, −0.01, 0.01,
0.1, 0.5, 1 and 5 ×106m/s for (c).
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other authors (e.g., Carissimo et al., 1985; Gleckler et al.,
1995). For instance, other authors estimated themaximum
recent meridional heat transport of the world ocean to be
between 1.5 and 2.5PW (e.g., Ganachaud and Wunsch,
2000). Avalue in the order of 1PWat 24°Nwas suggested
by Roemmich and Wunsch (1985).

For the Tortonian (Fig. 7, left side), the northward
oceanic heat transport is weakened in comparison to the
control run which is due to the changed flux correction.
The maximum values for the Tortonian world ocean on
the Northern Hemisphere are reduced by approximately
0.2PW resulting in lower poleward heat transport. Focu-
sing on the North Atlantic, the meridional oceanic heat
transport is reduced by about 0.1PW. With regard to the
Pacific Ocean, differences between recent and Tortonian
oceanic heat transport are of the same order of magnitude.

4.2. Tortonian oceanic mass transport

To investigate the horizontal and vertical mass
transports in the ocean, the surface wind stress field has
to be considered (Fig. 8). The mean annual wind stress of
the Control run is widely consistent with wind stress data
derived from surface wind analysis (Hellermann and
Rosenstein, 1983; Trenberth et al., 1990). For example,
formation of subtropical gyres related to trade winds and
strong westerly components at mid-latitudes of both
hemispheres are well represented. However, even small
differences in wind stress may have an impact on the
ocean circulation (Townsend et al., 2000).
Fig. 10. The annual average Sverdrup transport str
The comparison between Tortonian and Control run
shows only small differences in the wind stress patterns.
For instance, a decrease in wind stress at high mid-
latitudes of both hemispheres is observed (Fig. 8c). With
regard to the low mid-latitudes of the North Pacific and
the North Atlantic, an increasing wind stress occurs and
should induce a strengthening of ocean currents.
Calculations of several authors (e.g., Leetmaa and
Bunker, 1978; Trenberth et al., 1990; Danabasoglu,
1998; Townsend et al., 2000) show the linkage between
the climatological wind stress field at the ocean surface
and the wind driven horizontal and vertical oceanic
circulation. Using the wind stress curl, the vertical
velocity fields for the Tortonian and Control run were
calculated (Fig. 9). For both runs, strong upwelling
zones are identified at the eastern margins of the
southern ocean basins. Moreover, water which is
upwelled in the tropics is transported to the subtropics
where it sinks. The vertical velocities of the recent
Control run show larger absolute values. This indicates a
weaker wind-induced ocean circulation during the
Tortonian. The calculated vertical velocities near the
ice edge around Antarctica are, however, not realistic as
the wind stress there rather represents movements of the
ice sheets than movements of the ocean water.

The differences between the Tortonian and Control
run with respect to the vertical velocity field are rela-
tively small for the tropical upwelling zones at the eastern
margins of the South Atlantic and South Pacific Ocean
(Fig. 9). For the Tortonian, these regions show an increase
eamfunction in [Sv] over the global oceans.



411A. Steppuhn et al. / Palaeogeography, Palaeoclimatology, Palaeoecology 238 (2006) 399–423
of upwelling in their central areas and a significant
decrease of upwelling in the surrounding areas to thewest.
This indicates a shortening of the currents at the eastern
continental margins but their intensity is locally increased.
In the subtropics, negative vertical velocities are intensi-
fied corresponding to an increased downwelling in
particular in the subtropical North Pacific and North
Atlantic. This is caused by the increased surface wind
stress which, due to the conservation of mass, leads to an
intensified downwelling.

As a quantitative measure of the oceanic response to
the atmospheric forcing, the Sverdrup transport is
considered. Since a mixed-layer ocean is used, the
mass transport is calculated with the surface wind stress
curl. Thus, the equatorial return flows of the intermediate
and the deep water are not considered. Here, the
investigation was focused on the ocean currents of the
Northern Hemisphere: the Gulf Stream and Kuroshio.
For the Control run mean annual values of 23.5Sv and
Fig. 11. The annual and global average surface temperature [°C] using weight
49.3Sv, respectively, were obtained. Roughly the same
values were calculated by Harrison (1989) and Town-
send et al. (2000) for the Recent. The Tortonian run
differs with respect to the northward transport of ocean
water (Fig. 10). The northward flow of the currents at the
western margins is strengthened at lower latitudes
because of the increased surface wind stress of the
Tortonian run. At higher latitudes, however, the oceanic
mass flux is weakened. The general pattern shows an
equatorial shift of maximum transport along the western
margins with a reduced Sverdrup transport further
northwards. This is consistent with a shortening of the
Gulf Stream and a reduction of oceanic heat transport of
the Northern Hemisphere (Section 4.1).

4.3. Global temperature and Sea ice patterns

Surprisingly, the temporal evolution of the globally
averaged surface temperature (Fig. 11) does not show
ed areas of the Tortonian (grey solid) and the Control run (grey dashed).



412 A. Steppuhn et al. / Palaeogeography, Palaeoclimatology, Palaeoecology 238 (2006) 399–423
significant differences between Control and Tortonian
run. The distribution of sea ice is another important
climate factor influencing both atmospheric and oceanic
circulation. The differences between Tortonian and
Control run with respect to sea ice are summarised in
Fig. 12. For both hemispheres, there are hardly any
differences in sea ice fraction, whereas the sea ice depth
is decreased in the Tortonian run resulting in a noticeably
reduced sea ice volume of the North Polar Sea.
Obviously, the elimination of the Greenland ice sheet
contributed to this reduction of sea ice.

4.4. Atmospheric patterns

In the following, the large scale atmospheric patterns
are described. In spite of the almost unchanged globally
averaged surface temperatures (Fig. 11), there are
Fig. 12. The annual average global sea ice fraction [×106km2], sea ice dep
Southern Hemisphere, solid, Northern Hemisphere, black: Control run, grey
significant differences in the near surface temperature
patterns in particular over continental areas (Fig. 13).
In general, the Tortonian mean annual, winter and
summer temperature in the Northern Hemisphere show
an increase at high latitudes and a decrease at mid-
latitudes (Fig. 13c). In the Southern Hemisphere,
differences between the Tortonian and Control run
are less significant. There is a slight temperature
increase over parts of the subtropical oceans and near
the margin of sea ice. In contrast, over Antarctica a
cooling occurs which is more intense during the
southern winter (Fig. 13a).

In accordance with the decreasing sea ice volume
of the Northern Hemisphere (Fig. 12), there is an
enormous temperature increase over and surrounding
Greenland caused by the removal of the inland ice.
For the Tortonian run, however, mean annual
th [m] and sea ice volume [×1012m3] of both hemispheres. Dashed:
: Tortonian run.



Fig. 13. The averaged surface temperature anomalies [°C] between the Tortonian and the Control run for (a) JJA, (b) DJF, and (c) the annual average.
Shaded areas represent ‘highly significant’ anomalies with a local ‘Student's t-test’ (p<1%).
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temperature values in Greenland are still below zero.
Over the ocean around Greenland, the increase in
temperature can be attributed to the positive feedback
mechanism of the ice-albedo effect. In addition, the
temperature anomalies vary with the seasons. Regard-
ing the near-surface temperatures over the polar ocean,



Fig. 14. The averaged anomalies of the precipitation rates [mm/day] between the Tortonian and the Control run for (a) JJA, (b) DJF, and (c) the annual
average. Shaded areas represent ‘highly significant’ anomalies with a local ‘Student's t-test’ (p<1%). The averaged anomalies of the precipitation
rates [mm/day] between the Tortonian and the Control run for (a) JJA, (b) DJF, and (c) the annual average. Shaded areas represent ‘highly significant’
anomalies with a local ‘Student's t-test’ (p<1%).
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the warming during winter months is stronger (Fig.
13b) than during summer (Fig. 13a), similarly, the
Antarctic cooling appears more intense during summer
Fig. 15. The averaged anomalies of the surface pressure [hPa] between the
average. Contour interval is 1hPa. Shaded areas represent ‘highly significan
than during winter. Thus, the Tortonian seasonality is
reduced in the high latitudes. In combination with the
temperature rise over Greenland, the precipitation rate
Tortonian and the Control run for (a) JJA, (b) DJF, and (c) the annual
t’ anomalies with a local ‘Student's t-test’ (p<1%).
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is significantly increased over land (Fig. 14). A
summer precipitation increase of up to 108mm
corresponds to an amplification of 300%.
Fig. 16. The averaged anomalies of the wind vectors [m/s] between the Torton
The reference arrow is representing 5m/s. Shaded areas represent ‘highly sig
For the Tortonian run, mid-latitudes are characterised
by significantly lower temperatures (Fig. 13). This
decrease can partly be attributed to the change in the
ian and the Control run for (a) JJA, (b) DJF, and (c) the annual average.
nificant’ anomalies with a local ‘Student's t-test’ (p<1%).
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oceanic heat transport. The northward oceanic heat
transport is reduced resulting also in a reduction of the
Gulf Stream. Hence, less heat is transferred to Central
and Northern Europe. Consequently, continental areas
in Asia are also provided with colder air masses.
Whereas continental areas become slightly cooler in
Asia, the average temperatures over the Himalayas are
strongly enhanced (about 20°C in maximum) which is
due to the reduced Tortonian orography. In contrast to
this, the annual precipitation pattern in Southeast Asia
shows at the same time a reduced rainfall of about
400mm/year or more. This decrease is noticeable during
summer especially with a reduction of more than
200mm/month as a maximum. This feature indicates a
weaker Tortonian monsoon system in our model. As
the Gulf Stream is more effective during winter, a
strong cooling during DJF (December, January,
February) occurs over the Eurasian continental regions.
Over the North Atlantic, the temperature gradient from
mid-latitudes to high latitudes is reduced. This
complies with the prescribed oceanic heat transport.
However in the subtropics, the temperature gradient is
slightly increased leading to an intensified oceanic
mass transport (Fig. 10).

There is also an amplification of the Iceland Low
over the North Atlantic which is seen from the
differences in the sea surface pressure (Fig. 15). This
indicates an increased atmospheric cyclonic character
during winter. Consequently, the surface wind is
amplified from the North Atlantic region to Southern
Europe (Fig. 16) and, as a result, precipitation in
Southern Europe is increased by 144mm/year to
1116mm/year.

With regard to the Pacific Ocean, the atmospheric
circulation of the Tortonian run differs from the Control
run. A changed atmospheric flow is indicated by the
mean annual temperature anomalies (Fig. 13) over the
central and eastern Pacific Ocean. These differences
correlate with the El Niño-year pattern well known from
recent observations and climate modelling (e.g., Latif
and Neelin, 1994; Bigg, 1999). In general, recent
climate measurements show positive temperature
anomalies of about 2–4°C of the upper 50m in the
ocean during DJF. In contrast to Tortonian results, these
temperature variations occur on a time period of 2–
8years (Timmermann et al., 1999). For the Tortonian
run, there is a significant warming of more than 2°C at
the eastern margin of the Pacific Ocean. The warming
occurs in correspondence with a decreased upwelling in
this coastal area. Moreover, the atmospheric circulation
is also reorganised. As climate models and measure-
ments show, an El-Niño-like pattern is combined with a
weakening of the equatorial Walker circulation (e.g.,
Bigg, 1999). Hence, equatorial trade winds are weak-
ened which is also evident from numerical results of the
Tortonian run (Fig. 16). Consequently, a convergence
zone over the central Pacific Ocean is formed resulting
in a highly significant increase in precipitation (Fig. 14).
Furthermore, there are drier regions over the eastern and
western Pacific. A comparison of recent and palaeo
model output shows that the atmospheric circulation of
the Tortonian run over the Pacific Ocean equals a
permanent El-Niño state. As it is analysed from present-
day's climate model results (e.g., Roeckner et al., 1993),
there are, in addition to tropical atmospheric responses,
also extra-tropical climate changes somehow related to
the El-Niño phenomenon. Carrillo et al. (2000) find that
the North Atlantic storm track regimes are affected by
El-Niño events. Thus, a more cyclonic character in the
Standard Tortonian run (cf. above) can be related to the
El-Niño-like pattern in the Pacific region, which would
be consistent to the results of Carrillo et al. (2000).

5. Discussion

Our investigation of the Late Miocene climate is the
first to use a coupled AGCM/ML model with a realistic
and proxy-based adjustment of the flux correction;
previous modelling studies for the Miocene either used
modern-day SSTs or prescribed more or less arbitrarily
an oceanic heat transport (e.g. Barron and Peterson,
1991; Dutton and Barron, 1997; Ramstein et al., 1997).
To adjust the palaeo-flux correction we used a new
method which is based on the assumptions (1) that the
near-surface palaeocean circulation is basically similar
to the recent one and (2) that the meridional, zonally
averaged SST gradient reflects the ocean heat transport
and can be used to derive the palaeo-flux correction.
Thus, the calculation of the palaeo-flux correction is not
based on the absolute palaeo-SSTs but on the SST-
gradients. To determine the palaeo-SST gradient we
used δ18O values from Tortonian planktonic foraminif-
era. Although the calculation of palaeo-SSTs from δ18O
values according to Eq. (2) can be influenced by a
number of effects (e.g. vital effects, diagenesis, ice
volume, cf. Section 3), this should not significantly alter
the estimation of the palaeo-SST gradient.

To test the robustness of our method, a control
calculation was done assuming small variations of the
parameters δc and δw in Eq. (2). The result of this test is
shown in Fig. 17. For the calculations we considered the
effect of a different oxygen isotope composition of the
ocean water on the SST gradient. To represent the effect
of a uni-polar ice-cover, a correction factor of −0.4‰



Fig. 17. The different Gaussian curves representing the meridional palaeotemperatures calculated from Eqs. (2) and (3) with differences in δc and δw
values relative to the standard Tortonian temperature curve. Black solid: standard curve of the Tortonian, grey solid: an additional correction of
−0.4‰ for δw, dashed: an additional correction of −0.3‰ for δc, dotted-dashed: an additional correction of +0.3‰ for δc.
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for δw was used as proposed by Zachos et al. (1994).
Variations in δc values of ±0.3‰ were also taken into
account to reflect possible errors due to vital or
diagenesis effects. As is evident from Fig. 17, these
Fig. 18. The changes in the northward oceanic heat transport of the Atlantic
belong to deviations in δ18O values. Long-dashed: deviations in δw of −0.4‰
+0.3‰.
changes in the calculation of the palaeo-SST from δ18O-
values do not significantly change the shape and thus the
meridional gradient of the zonally averaged SST curve.
In Fig. 18, the influence of these small deviations in
Ocean in comparison to the standard Tortonian data base. Differences
, dot-dashed: deviations in δc of −0.3‰ and solid: deviations in δc of
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δ18O-values on the oceanic heat flux is illustrated for the
Atlantic Ocean and adds up to less than ±0.01PW
corresponding to less than 10% of the initially calculated
value. Thus, the method to derive the palaeo-flux
correction is relatively robust and simple. It can be
applied to different periods without much effort,
provided that the two basic assumptions (see above)
are valid.

With respect to the results, our analysis is largely
consistent with previous modelling studies. As a
consequence of the prescribed oxygen isotope data,
our model shows a generally weaker northward oceanic
heat and mass transport for the Tortonian (Sections 4.1
and 4.2). This is in agreement with results of e.g.
Mikolajewicz et al. (1993) and Mikolajewicz and
Crowley (1997) who investigated the effect of an open
Panama isthmus using complex ocean circulation
models (OGCMs). Obviously, significant variations in
the oceanic circulation of the Neogene were caused by
changes in the geometry of the ocean basins and by the
closures of seaways between the Atlantic and Pacific
Ocean and between the Pacific and Indian Ocean
inducing the development of more intense ocean
currents over the last 20Ma (Woodruff and Savin,
1989; Maier-Reimer et al., 1990; Barron and Peterson,
1991; Flower and Kennett, 1994; Collins et al., 1996;
Wright and Miller, 1996; Tsuchi, 1997; Haug and
Tiedemann, 1998; Bice et al., 2000). For the Tortonian
run, we did not adapt the palaeogeography, but we used
Late Miocene δ18O-data to adapt the flux correction of
the Tortonian run. The marine isotope data represent the
palaeocean circulation according to the Late Miocene
ocean basin configuration (e.g. open Central American
Isthmus). Hence, the adapted palaeo-flux correction also
represents the effects of the palaeogeography on the
Miocene ocean circulation in the Tortonian run.
However, the differences in the palaeogeography as
compared to the modern one can explain inconsistencies
in the atmospheric patterns of the Tortonian run (see
below).

Regarding the radiation budget, our Tortonian model
produces no significant changes in the global mean
temperature. Obviously, the climatic effects of lowered
mountain ranges, such as the Himalayan, of reduced
oceanic heat transport and of the lack of a Greenland ice
sheet compensate each other on a global scale and do not
increase the global mean temperature significantly. The
meridional distribution of temperature fields, however,
is changed in our Tortonian model and particularly the
higher latitudes become warmer. In contrast to our
results, Dutton and Barron (1997), using the model
GENESIS, observed a warming of 1.9°C for their
Miocene run with modern vegetation as compared to
their present-day Control run. On the other hand, they
found a particular warming in the high latitudes and thus
a flattening of the meridional temperature gradient as it
is also obvious in our Tortonian run. The differences
between the Miocene run of the GENESIS model and of
our Tortonian run with ECHAM4/ML may be due to
slightly different boundary conditions such as different
elevations of the mountain ranges; however, they may
also be caused by variations in the model physics, in
particular by our method to consider the Miocene ocean
properties more realistically.

As a consequence of the significant warming of the
higher latitudes, our Tortonian model predicts a slightly
smaller extent of the sea ice and a significant reduction
of its depth. Despite a general agreement in the overall
trend proxy data (e.g., Wolf and Thiede, 1991), this
indicates much less sea ice in the Northern Hemisphere
than modelled in our Tortonian run. Unfortunately, no
precise information about the onset and development of
the arctic sea ice is available because of the lack of data
from the central Arctic Ocean (Thiede et al., 1998).
According to Wolf and Thiede (1991), the Arctic
Ocean was ice covered before 8Ma; between 9 and
7Ma cold ocean currents started to evolve around
Greenland.

Although the Tortonian and Control run produce
more or less the same global average temperature,
they differ significantly in their atmospheric patterns
(Section 4.4). The Tortonian model temperature of
the northern high latitudes is significantly warmer
than today but differences are less evident in the
Southern Hemisphere. This pattern is only partly
consistent with proxy-data. In agreement with the
model results, all available proxies indicate warmer
Tortonian temperatures in the high latitudes but
obviously the warming of the high latitudes in our
model run is much less than indicated by proxy data.
According to Wolf and Thiede (1991) there was only
sporadic ice rafting in the Upper Miocene North
Atlantic. Wolfe (1994) demonstrates that the mean
annual temperature of Beringia was about 2–4°C
higher than today whereas the model shows a
warming of 1–2°C only.

Even more serious discrepancies between model
temperatures and proxy-data exist for the mid-latitudes
of Europe. The model predicts a cooling for the
Tortonian mid-latitudes because of a weaker Gulf
Stream and ocean heat transport. Terrestrial proxy
data, however, clearly indicate that the European
continent was warmer and more humid during the
Tortonian than today (e.g., Bruch, 1998; Utescher et al.,
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2000). This feature, i.e. increased temperature in Europe
despite a reduced gulf stream, is not reproduced in our
Tortonian model which tends to be too cold in the mid-
latitudes and in the high northern parts of Europe and
Asia as compared to proxy data (e.g., Wolfe, 1994;
Bruch, 1998).

The observed discrepancies between model results
and proxy-data may be due to various reasons. First,
the prescribed palaeogeography and palaeorography
may not be correct. The importance of changes in the
orography to the atmospheric circulation was empha-
sised in many studies (e.g., Ramstein et al., 1997) and
our Tortonian orography may be unrealistic in some
regions. Furthermore, our model utilised the present-
day land–sea distribution which is close but not
identical to the Tortonian situation. For instance, in
the Tortonian there existed a Paratethys and the
Australian continent was further southward of the
equator (e.g., Ramstein et al., 1997; Fluteau et al.,
1999). The effect of palaeogeography on the climate
system has been documented repeatedly (e.g.,
Upchurch et al., 1998). Barron (1985) demonstrated
that the palaeogeographic changes partly contributed to
the Cenozoic cooling trend. Fluteau et al. (1999) in
their study of the Asian monsoon over the last 30 Ma
used a more realistic geography. They varied the size of
the Paratethys and shifted the Australia continent
further south of the equator. The climatic effect of the
Neogene Paratethys is also discussed by Ramstein et al.
(1997); they concluded that the shrinking of the
Paratethys contributed to the Cenozoic cooling in
Central Eurasia and to the increase of monsoonal
precipitation. Our modelling results are largely consis-
tent with these previous studies. Hence, the fact that
our modelling study is based on the present-day land–
sea distribution cannot explain the above-described
major discrepancies between our model results and the
proxy-data. In this context it should be emphasised
again that our study included the effect of an open
Central American Isthmus by adjusting the palaeo-flux
correction.

The atmospheric CO2 concentration is another
factor which may have caused minor differences
between model results and proxy-data. Both the
Tortonian and Control run used a concentration of
353ppm which may not reflect the real Tortonian
value. The atmospheric CO2 concentration during the
Miocene was analysed by various authors (e.g., van
der Burgh et al., 1993; Pagani et al., 1999) and the
results are contentious. Pagani et al. (1999) suggested a
Tortonian CO2-level similar to the pre-industrial one
(about 280ppm). In contrast, van der Burgh et al.
(1993) estimated the Tortonian carbon dioxide con-
centration to range between 380 and 400ppm. Since a
doubling of the CO2 concentration typically leads to an
increase of 2.5–4°C of the global average temperature
(e.g. McGuffie et al., 1999), a change of the CO2

concentration in our model to the value suggested by
van der Burgh et al. (1993) would only induce a slight
warming of the model atmosphere. However, consid-
ering the uncertainties of reconstructing palaeo-CO2

concentrations, there is still the possibility that the real
Tortonian CO2 concentration was considerably higher
than 400ppm.

Finally, it should be mentioned that our modelling
study uses the modern vegetation distribution. Based
on sensitivity studies with the GENESIS model,
Dutton and Barron (1996) concluded that a change in
the vegetation can lead to a change in the global
average temperature of ±1°C. Later, Dutton and
Barron (1997) used an appropriate palaeo-vegetation
in a GENESIS modelling study of the Miocene
which led to a significant warming and a relatively
weak meridional temperature gradient. It should be
emphasised, however, that in the analysis of Dutton
and Barron (1997) the mixed-layer ocean was not
adapted to the Tortonian δ18O-data. Furthermore,
Otto-Bliesner and Upchurch (1997) in their study of
the Cretaceous observed a warming effect of the
vegetation of up to 2.2°C. Thus, an appropriate
reconstruction of the Tortonian vegetation is required
in future modelling approaches and should minimise
existing discrepancies.

6. Conclusions

Considering both the modelling results for the
atmosphere and ocean the following conclusions can
be stated:

• The ocean fields modelled with ECHAM/ML for the
Late Miocene are in good agreement with oceanic
proxy data and with OGCM modelling studies. Our
model results document less intense ocean currents–
like the Gulf Stream, Kuroshio, Humboldt, and
Benguela Current–in the Northern and Southern
Hemisphere.

• Thus the proposed method to adapt the flux-
correction of a mixed-layer ocean to the palaeo-
situation based on oxygen isotope data proved to be
reasonable. In addition it was documented that this
approach is relatively robust with respect to uncer-
tainties in the interpretation of the oxygen isotope
data.
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• Regarding the atmosphere and the sea ice, the
Tortonian run is mostly in qualitative agreement
with proxy-data. For instance, sea ice extent and
volume are decreased, the high latitudes show a
significant warming, Southern Europe receives more
rainfall and the Asian monsoon is reduced. According
to the proxies, however, the warming of the high
latitudes and the reduction of sea ice was much more
intense in the Tortonian than in our simulation. For
the Tortonian, some Southern European proxy data
(e.g., Southern Spain) also support more arid
conditions, which is not consistent with the Standard
Tortonian simulation.

• The major differences between our model results and
the proxy-data concern the temperature field in the
mid-latitudes which in the model are lower than
today–caused by the reduced oceanic heat transport–
whereas the proxies clearly indicate temperatures
above present-day level.

• Despite some minor inconsistencies, the results of the
Standard Tortonian run basically agree quite well
with proxy data. However, a more detailed (quanti-
tative) comparison of the Tortonian model results
with proxy data, which is planned for a separate
forthcoming publication (Steppuhn et al., submitted
for publication), should clarify how serious the
discrepancies really are.

• The observed inconsistencies of our Tortonian run
with proxy-data may be due to unrealistic boundary
conditions. The above discussion, however, indi-
cates that consideration of the Tortonian vegetation
in the model can be expected to significantly
improve the results. Obviously, more sensitivity
studies regarding the Tortonian boundary condi-
tions are required.
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