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Abstract

The climate of the early Neogene differs basically from today’s situation by a distinct
warmer climate on the Northern Hemisphere. By using palaeoclimate reconstructions it
can be proofed on the basis of both terrestrial and marine proxy data that the averaged
temperatures were higher in the mid and high latitudes. In order to resolve the causes for
this climatic shift outlined above, a time slice experiment for the Upper Miocene (Torto-
nian ~ 8§ MaBP) was performed in this work. Therefore general circulation models were
used which consider a coupling of the ocean and the atmosphere. For several experiments
the models ECHAM4/ML and CLIMBER-2 were utilized in order to describe the atmo-
spheric circulation pattern. A validation of this pattern is possible with terrestrial climatic
specifications from proxy data. Additionally, several sensitivity studies were performed in
order to analyse atmospheric changes caused by slight differences in boundary conditions.
For a better understanding of climate processes of the selected time slice, models of differ-
ent complexity were chosen. In order to adapt the models to the Tortonian situation, the
boundary conditions were modified with respect to the orography (world-wide reduction
of mountains), continental ice sheets (an ice-free Greenland shield) and the oceanic heat
transport (reduction). The variation of the oceanic heat transport is based on marine
6180 data of planktic foraminifera and was implemented into the model ECHAM4/ML.
The simulation results of ECHAM show that the reduction of the oceanic heat transport
generally is in conformity with marine proxy data. The results of the standard Tortonian
run represent a warmer climate at high latitudes. The temperature rises, however, are far
below the values which are suggested by proxy data. The comparison of precipitation and
temperature data of the ECHAM results with quantitative terrestrial proxy data shows
that a doubling of the atmospheric carbon dioxide is necessary in order to simulate the
reconstructed warmer climates in mid-latitudes. In contrast to the standard Tortonian
run, the results of the double COy run yield an intensification of the Asian and African
monsoon systems and an increase of the North Atlantic Oscillation. The latter explains
the more humid and warmer climate over Europe which is specific for the Tortonian.
The results of the simple model CLIMBER indicate a reduction of the Northern Hemi-
sphere sea ice extent, a slight reduction of the seasonality at high latitudes, and a reduced
oceanic heat transport. This is in conformity with the high-complex model ECHAM and
allows therefore further sensitivity studies with the economical model CLIMBER. The
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performed experiments show that slight modifications in the palaeogeography have an
enormous influence on the atmospheric circulation. In addition the distribution of the
vegetation shows an important role in the monsoonal circulation system and in the po-
lar area. In both regions the vegetation leads to a positive feedback mechanism, which

explains partially the higher temperatures for the Neogene.
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Zusammenfassung

Das Klima des frithen Neogens unterscheidet sich im wesentlichen von der heutigen Si-
tuation durch ein deutlich wéirmeres Klima auf der Nordhemisphére. Paldoklimatische
Rekonstruktionsanalysen sowohl aufgrund terrestrischer als auch aufgrund mariner Proxy-
Daten belegen durchschnittlich hhere Temperaturen in den mittleren bis hohen Breiten.
Um den Ursachen fiir diese Klimaverschiebung nédher zu kommen, wurde in dieser Ar-
beit eine Zeitscheibensimulation fiir das Obere Miozéan (Torton ~ 8 MaBP) mit Hilfe von
allgemeinen Zirkulationsmodellen durchgefiihrt, die eine Kopplung von Ozean und At-
mosphiéire beriicksichtigen. Fiir die Experimente wurden die Modelle ECHAM4 /ML und
CLIMBER-2 herangezogen. Diese Modelle erméglichen es, den atmosphérischen Zustand
fiir das Torton zu beschreiben und mit terrestrischen Klimaangaben zu validieren. Dariiber
hinaus wurden mit den Modellen Sensitivitiitsstudien durchgefiihrt, die einen Uberblick
iiber die atmosphérischen Folgen geben, die durch mogliche geringfiigige Unterschiede
in den Randbedingungen verursacht werden. Fiir ein besseres Verstdndnis der zugrun-
de liegenden klimatischen Prozesse der selektierten Zeitscheibe wurden deshalb Modelle
unterschiedlicher Komplexitédt ausgewéhlt. Um die Modelle der Situation im Torton anzu-
passen, wurden die Randbedingungen hinsichtlich der Orographie (weltweite Reduktion
der Gebirge), der kontinentalen Vereisung (Eisfreiheit von Gronland) und des ozeanischen
Wirmetransports (Reduktion) gedindert. Die Variation des ozeanischen Wérmetransports
beruht hierbei auf marinen §'%0 Daten planktischer Foraminiferen und wurde entspre-
chend in das hoch aufgeléste Modell ECHAM4 /ML implementiert. Die Simulationsergeb-
nisse von ECHAM zeigen, dass die Reduktion des ozeanischen Wérmetransports generell
im Einklang mit marinen Proxy-Daten steht. Der Referenzlauf fiir das Torton ergibt zwar
ein wiarmeres Klima in hoheren Breiten, die Temperaturanstiege liegen jedoch weit un-
ter den aus Proxy-Daten prognostizierten Werten. Der Vergleich von Niederschlags- und
Temperaturdaten der ECHAM Ergebnisse mit quantitativen, terrestrischen Proxy-Daten
zeigt, dass eine Verdopplung des atmosphérischen Kohlendioxids notwendig ist, um die
rekonstuierten wiarmeren Klimate in mittleren Breiten zu simulieren. Die Ergebnisse des
Laufs mit doppeltem CO,-Gehalt weisen im Gegensatz zum Referenzlauf zu einer In-
tensivierung des asiatischen und afrikanischen Monsunsystems und zu einer Erhéhung
der Nord-Atlantischen Oszillation hin. Letzteres erklart das fiir das Torton spezifische,

feuchtere und wiarmere Klima iiber Europa. Die Ergebnisse des einfachen Modells CLIM-
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BER weisen im Einklang mit dem hochkomplexen Modell ECHAM eine Reduktion des
nordhemisphérischen Meereises, eine leichte Reduktion der Saisonalitéit in hohen Breiten
und einen reduzierten ozeanischen Wirmetransport auf. Diese Ubereinstimmungen der
Simulationsergebnisse lassen weitere Sensitivitédtsstudien mit dem kostengiinstigen Mo-
dell CLIMBER zu. Die entsprechenden CLIMBER, Experimente zeigen, dass geringfiigige
Anderungen der Paldogeographie einen enormen Einfluss auf die atmosphirische Zirkula-
tion haben. Auflerdem spielt die Verteilung der Vegetation eine wichtige Rolle im monsu-
nalen Zirkulationssystem und im polaren Bereich. In beiden Regionen fiihrt die Vegetation
zu einem positiven Riickkopplungsmechanismus, der die h6heren Temperaturen im Neo-

gen zum Teil erkldren kann.



Chapter 1

Introduction

The heated debate about a possible temperature increase of up to 5.8°C for the next
century (Working Group I of the IPCC 2001) causes a general interest in predicting
how climatic change, such as a temperature increase, will seriously affect our lives. For
a complete understanding of our complex climate system and possible changes for the
next couple of decades it is important to analyse simulated data validated by empirical
data. Several numerical studies have shown that contemporary general circulation mod-
els simulate modern climate situation quite well (e.g., Mote and O’Neill 2000). Apart
from climate predictions, these models are also useful for reconstructing atmospheric and
oceanic circulation patterns for specific time slices (e.g., Dutton and Barron 1996, Up-
church et al. 1999, Haywood et al. 2000, Sellwood et al. 2000). These studies show
that there are often significant agreements between proxy data and simulation results.
This means that numerical models can be used as a tool for understanding different cli-

mates and climatic processes which were driven by different internal and external forcings.

Still, individual components of the climate system, including the hydrosphere, atmo-
sphere, cryosphere, pedosphere and biosphere and their interactions, are not completely
understood. Due to the complexity of the climate system a variety of numerical models ex-
ist (e.g., Gordon et al. 2000, Herterich and Berger 1993, Roeckner et al. 1993, Petoukhov
2000). These models differ from each other by their choice of modules, their physical
description of the radiation transfer, their parametrizations, and their dimensional com-
plexity. In order to understand palaeoclimates, different types of climate models are used

to provide a comprehensive analysis of different climate conditions. The strategy of using
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models of high and intermediate complexity has been used by Kubatzki et al. (2000)
and Montoya (1999). They suggest that their choice of models is not only of advantage
for a better understanding for palaeoclimate characteristics, but also for understanding
the discrepancies between simulation results and proxy data. Therefore, in this work two
models of different complexity were used. First, simulations were performed with the
complex model ECHAM4 coupled to a slab ocean, which provides detailed atmospheric
information. Due to the model’s high resolution its results can be validated with quan-
titative temperature and precipitation proxy data. Second, simulations were performed
with the low resolution model CLIMBER-2 to investigate interactions between large-scale

circulation and the biosphere.

Palaeontological and geological data indicate that the earth’s climate has varied signifi-
cantly through geologic time (see fig. 1.1) with notable changes occuring over different
time scales. The time period between the interglacials which occurred during the last 1
million years (Pleistocene) are in the order of some 100000 years (e.g., Stocker 1999, Berger
et al. 1993). In contrast, the change from a greenhouse climate (e.g., Cretaceous) to a
bi-polar-icehouse climate (Neogene which includes the Pliocene and Miocene) occurred
over a time period of millions of years (see fig. 1.1). These changes appear to be caused by
different internal (e.g., carbon cycle changes and vegetation changes) and external (e.g.,
change of orbital parameters) forcings. In order to contribute a better understanding of
pre-Quaternary climates, our work is concentrated on the time-slice Tortonian (Upper
Miocene), which corresponds to a time span of one to four million years (7-11 Ma BP).
When applying such a long time span in palaeoclimate modeling, homogeneous boundary
conditions such as the orography should be assumed. This also means that for describing
changes of the averaged state of the anomalous climate (Tortonian run) in comparison to
modern conditions (Control run) the first moment (the means) of some decisive variables
are sufficient for our numerical analysis. In order to evaluate deviations on the synoptic
scale (weather regimes), the second moments (standard deviations) were also taken into

account.

For pre-Quaternary studies there is a special interest in specifying and understanding
the forcings for palaeoclimate conditions different from today. The two epochs of the

Neogene, which are the Miocene (22-5Ma BP) and the Pliocene (5-2Ma BP) (fig. 1.1),
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Figure 1.1: Climatic trend of the Cenozoic based on ratio of heavy and light isotopes measured
in the shells from foraminifera. Copied from Partridge et al. 1995

are characterized by global cooling. The cooling at high to mid-latitudes was combined
with an expansion of the cryosphere on the Northern Hemisphere (Kennett 1995). The
step by step decrease in temperature begins with the Miocene Climate Optimum, which
is dated ~ 16 Ma BP by Flower and Kennett (1994), and ends with the ”Ice Climates”
during the Pleistocene. Wright and Miller (1996) proposed that several factors were re-
sponsible for Cenozoic cooling. A variety of numerical studies have been focused on past
warm climates, such as the Cretaceous (e.g., Upchurch et al. 1998, Sellwood et al. 1994),
and also on glacials (e.g., Lorenz et al. 1996) and interglacials (Kubatzki et al. 2000)
during the last one million years. However, numerical investigations on transitional cli-
mates being arranged between ”greenhouse” and ”icehouse” conditions are quite rare. In
spite of this fact, the quantity and reliability of late Neogene terrestrial proxy data has
been increased over the past decade (Mosbrugger and Schilling 1992). With regard to the
Tortonian time-slice, the density of both marine and terrestrial proxy data is great (e.g.,

Zahn and Mix 1991 Mai 1995, Utescher et al. 2000, Wolfe 1995). Therefore this work
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focuses on Tortonian climate because proxy data are sufficient for the numerical set-up

and the validation of results.

With respect to earth history, land-sea distribution during the last 10 million years was
not significantly different from today’s despite small variations in ocean gateways such
like the Panama Strait. This roughly same distribution of land and sea is the basis for
the assumption that the general pattern of the atmospheric and oceanic circulation of
the Tortonian was almost alike the present-day one. Whereas the intensification of the
circulation system is probably different from the Recent one. In contrast to today, the
high-latitudinal climate was warmer as suggested by proxy data (e.g., Mai 1995, Utescher
et al. 2000, Wolfe 1995). Several investigations have addressed the question of which
processes may have lead to such a warm climate during the late Miocene. Dutton and
Barron (1996) suggest that higher temperatures at high-latitudes resulted from greater
areal extended forest vegetation relative to today. Fluteau et al. (1999) and Ramstein et
al. (1997) emphasize that the remains of the Paratethys had a significant influence on the
intensification of regional climate circulations (e.g., the Asian monsoon system ) during
the late Miocene. The above-mentioned studies, however, are based on atmospheric gen-
eral circulation models with prescribed sea surface temperatures for the Miocene ocean.
Thus, the impact of the palaeo-ocean on the atmospheric circulation pattern is not com-
pletely considered. In order to minimize this deficiency our studies take the palaeo-ocean
into account. Therefore a mixed-layer ocean and a three-dimensional ocean is considered

with regard to the models ECHAM and CLIMBER, respectively.

Significant climate changes during the Neogene can be linked to variations in the oceanic
conveyer belt (e.g., Mikolajewicz et al. 1993, Mikolajewicz and Crowley 1997). These vari-
ations are caused by the closures of seaways between Atlantic and Pacific Ocean (Panama
Strait) and between Pacific and Indian Ocean (e.g., Collins et al. 1996, Tsuchi 1997).
It is proposed that these closures of ocean gateways induced an intensification of North
Atlantic and Pacific ocean currents during the last 20 Ma (Barron and Peterson 1991,
Haug and Tiedemann 1998, Tsuchi 1997). Numerical simulations (e.g., Bice et al. 2000,
Maier-Raimer et al. 1990, Mikolajewicz et al. 1993, Mikolajewicz and Crowley 1997) sup-
port this fact. Therefore in this study a qualitatively changed oceanic heat transport is

assumed for the Upper Miocene time slice. In order to calculate a different heat transport



in the ocean, palaeo sea surface temperatures are derived from oxygen isotope values in
planktonic foraminifera. And used to compute the meridional temperature gradient. The
slope of the latitudinal temperature gradient is assumed to be a measure for the oceanic
heat transport. Hence a comparison of Recent and palaeo-temperature gradients gener-
ates a basis for the variation of the oceanic heat transport. The corresponding approach

is explained in detail in chapter 2.

One problem to be investigated by palaeoclimatic modeling of the Tortonian are the
climatic forcings that provided high latitudes with warmer conditions. Although it is
still not known with certainty which mechanisms are most important for warm polar and

mid-latitudinal temperatures, two main hypotheses have been proposed.

e The first hypothesis proposes changes in heat transport in the climate system. As
there is a gain of heat at the tropics and a deficiency at high latitudes, the fluids at-
mosphere and ocean are transferring heat from the equator towards the poles. The
intensity of the heat transport, however, is different for both systems and varies
with time. With regard to the ocean, changes in heat transport are mainly caused
by variations in the geography (e.g., Bice et al. 2000, Haug and Tiedemann 1998,
Flower and Kennett 1994, Wright and Miller 1996, Woodruff and Savin 1989). The
impact, however, of such changes on the atmosphere is still not completely un-
derstood (Crowley 1996). Thus one main topic in our palaeoclimate study is the

consideration of the palaeo-ocean.

e The second hypothesis proposes variations in the global earths’ energy budget.
Changes can be caused by a different constellation of the earth to the sun (e.g.,
Berger et al. 1998), by different compositions of greenhouse gases in the atmo-
sphere (e.g., Cerling et al. 1997), or by a different planetary albedo, which can
be varied due to a change of the polar ice cover, the land-sea distribution, or the

vegetation cover (e.g., Dutton and Barron 1997, Upchurch et al. 1998).

In order to analyse climate processes for the Upper Miocene, sensitivity studies with both

the complex model ECHAM and the simple model CLIMBER  are performed with regard
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to the above mentioned hypotheses. Therefore experimental runs considering a changed
oceanic heat transport in the ocean, different CO, forcing, and slight variations in palaeo-
geography are investigated. The results of the simulations are described in chapter 2 and 3
for ECHAM and CLIMBER, respectively. Our investigations show that an increase in
atmospheric carbon dioxide can explain warmer climates at mid and high-latitudes with
respect to the Northern Hemisphere for the Tortonian time-slice. Sensitivity runs show
that slight changes in palaeogeography cause a significant change in atmospheric circula-
tion which is of importance for understanding regional circulation systems. Finally, the
Tortonian climate reconstruction is discussed with regard to terrestrial proxy data and

responsible boundary forcings as proposed in the two previously mentioned hypotheses.



Chapter 2

Simulations with ECHAM4 /ML

2.1 The model ECHAM4 /ML

The atmospheric global circulation model used in this work is the ECHAM4 model, which
was initially developed at the European Center for Medium Range Weather Forecast in
Reading (UK). Later it was modified at the Max-Planck-Institut fiir Meteorologie in
Hamburg (Germany) to adjust the model for climate simulations (DKRZ Modellbetreu-
ungsgruppe 1994, DKRZ Modellbetreuungsgruppe 1997, Roeckner et al. 1996, Reockner
et al. 1992). The model is coupled to a mixed-layer ocean model with a depth of 50 m
(Reockner pers. comm.). In this work the T30 version was used, which corresponds to a

spatial resolution of approximately 3.75° in latitude and longitude.

The mixed-layer ocean model used for this work includes the heat budget of an oceanic
mixed-layer with a constant depth of h, of 50m. Via the heat flux in the ocean the
currents can be described without including a velocity field. The energy budget at the

ocean surface can be written in the form

T,
= Ho—divT, (2.1)

Co
where T,,, the temperature of the mixed-layer, is equivalent with the SST (Sea Surface
Temperature) because of the depth-independent temperature profile. H, represents the
net heat flux at the sea surface, divT, is the divergence of the oceanic heat transport, and
C, = pohoc, describes the effective heat capacity of the oceanic mixed-layer, whereas p, is

the density of water and ¢, the specific heat capacity of water. The climatological average

of divT, represents the divergence of the ocean heat transport. It can also be interpreted

7
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as the time-independent flux correction F'C' of the mixed-layer ocean model. Because
the oceanic heat transfer is strongly dependent on the insolation rate, the flux correction
contains a climatological seasonal cycle represented by monthly means. The term divT,
was reconstructed from different ECHAM4 runs forced with observed SSTs. These runs
provided the net heat flux H, and the time evolution of the temperature 7}, so that the
divergence of oceanic heat flux could be calculated. These previous made calculations of

the flux correction are used for this work.

Dependent on the property of the surface, the heat divergence must be determined for
water and ice surfaces separately, as ice could be built on climatological water points (grid
points which correspond to water points in the specified time span). Therefore an ice and

water correction term is considered using

co%” — H, - FO(SST) — FC(ICE) . (2.2)

An ice sheet could grow and melt dependent on the water temperature. Thus the sea-
ice model is thermodynamic only. There is no treatment of ice dynamics in this model.
Freezing and melting rates are calculated from local imbalance between the atmospheric
and oceanic heat fluxes. The phase changes are described by the following equations con-

sidering temperature differences between the ice top and the water below the ice sheet.

Growth of ice at the bottom of the sheet occurs when the skin temperature of the thin
ice sheet T, is smaller than the temperature at the bottom of the ice sheet T}, with
T, = —1.8°C. Ice melts at the bottom of the ice sheet, however, if T, > T, and T < 0°C.
Thus the heat flux through the ice sheet is balanced by a phase change at the bottom of
the ice sheet and could be expressed by

Hereby H; is the heat flux through the ice sheet given by H; = k - (Ts — T})/h;, whereas
h; represents the thickness of ice, k£ the thermal conductivity of ice, Ly the latent heat of

fusion of water, and p; the density of ice.

Melting mainly occurs at the top of the ice sheet. Then the skin temperature at the

surface T reaches 0°C and additionally the heat flux H, at the surface is positive. Thus
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the heat flux through the ice sheet can be written as
—Lsp;Oh; /0t = H, — FC(ICE) — FC(SST) . (2.4)

Using eq.(2.3) and (2.4) the total variation of the ice sheet is calculated. An increase in
water temperature is possible if the ice has completely vanished. In this case the water

temperature is calculated using eq.(2.2).

Because the oceanic heat flux pattern is driven by ocean currents, the global heat trans-
port has to be adjusted when performing different time-slice experiments. A method has
been established which enables to receive palaeo-flux corrections. The main idea is based
on the pole-equator gradient of the SSTs, which can be interpreted as a measure of the
heat transfer via water. In the following subsections it is outlined how palaeo-SST gradi-

ents can be obtained and how they can be used to determine palaeo-flux correction.

2.2 Setting up the Tortonian run

For the model set-up several changes are performed for representing the Tortonian time-
slice situation (Upper Miocene). The topographical changes are derived from geological
proxy data representing global changes in orography 10 Ma BP (Kuhlemann pers. comm.).
For instance Greenland is made ice-free. Consequently for calculations of its palaeo-height
iso-static assumptions have to be considered. Correspondingly Greenlands’ Late Miocene
orography - apart from its most southern regions - reached about 10 per cent of nowadays
height. Likewise the vegetation of the Greenland-shield was changed to tundra. The
orography for the Control and the Tortonian run can primarily be distinguished by a
noticeable reduction of some high mountain ranges like the Alps, the Greenland shield
and the Himalaya mountain range. The uplift of Tibetean Plateau during the Neogene
is discussed by several authors (e.g., Wang et al. 1999, Molnar et al. 1993) resulting
in different mean heights of the Tibetean Plateau in the latest Miocene. Assumptions
of Tibetean Plateau height range between reaching its highest elevation during the late
Miocene and as low as 1500 m. In accordance with other authors (e.g., Prell and Kutzbach

1992) the height of Tibetean Plateau for the Tortonian is assumed to have reached about
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Figure 2.1: Orography for T30 resolution for ECHAM} a) Control run and b) Tortonian run
with changes based on geological proxy data.
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half of the Recent height. The orography for the Control and Tortonian run can be seen in
fig. 2.1 at which only differences of several 100 m and more can be seen. The represented

values are Fourier transformed from spectral units to grid ones.

Meridional heat fluxes redress the radiation imbalance by transporting heat from low
to high latitudes. In the climate system the oceanic properties like ocean currents, tem-
perature, salinity, air-fluxes of momentum, water substances, and heat play an important
role (e.g., Charnock 1994). Focusing on exchange processes of the interface atmosphere-
ocean these processes are dominantly influencing both subsystems in the climate system.
On these processes belong the momentum flux which drives ocean currents and the heat
flux which plays an important role in the global heat budget. This ocean-atmosphere
interface is prescribed by the used ECHAM4/ML model in a special manner. In this
model heat loss and gain via the heat budget is prescribed for calculating ocean-air heat
exchanges. The heat flux can also describe ocean currents and thus the implied oceanic
heat transport. In the ECHAM4/ML model, however, all these parameters are corre-
sponding to today’s ocean. In changing the amount of oceanic heat transport in the
model it is adjusted to the Tortonian situation on the basis of palaeo-SSTs derived from
5180 data. In order to perform this, firstly, the data basis is described. The data base
reveals, however, that pre-Quaternary SST information is quite rare on the global scale.
In order to obtain sufficient SST information for climate modeling a method is developed
which enables to compare highly resolved Recent and sparse palaeo-SSTs. This compari-
son enables to identify differences in ocean properties like the equator-pole heat transfer.
Therefore in varying the oceanic heat transport on the basis of different SST-gradients

the heat flux is varied in such way that it fits to the palaeo-situation.

2.2.1 Reconstruction of palaeo-temperatures using §°0 values

So far there is no direct method which can provide exact palaeo-temperatures from fossils.
However, the oxygen isotope composition of carbonates offers a good possibility for re-
constructing palaeo-temperatures (e.g., Attendorn and Bowen 1997, Faure 1986, Rye and
Sommer 1980, Rohling and Cooke 1999). Being interested in palaeo-SSTs the attention

of the investigation is focused on the calcareous shells of planktonic organisms (planktic
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foraminifera) as they represent best the condition of the uppermost ocean. The technique
of reconstructing palaeo-temperatures is based on the oxygen isotope fractionation of 0
and %0 both in the carbonate of the shell and in the ocean water where the carbonate
shell was formed. At isotopic equilibrium the ¥0 /!0 ratio of both, carbonate minerals
and ocean water, is dependent on temperature. It is assumed that the isotope rate at the
time of shell formation is recorded in the carbonate and is unaltered through time. In
general, with increasing temperature the *O accumulation in the shell material decreases
(e.g., Epstein et al. 1953). Unfortunately an accurate calculation of palaeotemperatures
on the basis of isotopes is difficult because there are several causes for an isotopic disequi-
librium (Rohling and Cooke 1999). For our studies some crucial uncertainties regarding

the palaeothermometry are listed below.

In order to classify measured isotope ratios of the foraminifera shells they are compared
with known standards. In general carbonate measurements refer to the PDB-Standard
which is related to the PeeDee Belemnite formation whereas the belemnite is exhausted.
The isotopic composition of ocean water, however, often corresponds to the SMOW-Scale
(Standard Mean Ocean Water). The isotope ratios are usually expressed in §-notation

in the form

5 — Rsample - Rstandard . 103

in per mil 2.5
Rstandard ( )

where R is the measured isotope ratio /%0 of the sample and a standard sample
(e.g., Rohling and Cooke 1999). The data base used for this work, which is related to the
time-slice at 8 Ma BP, is shown in fig. 2.2. The mapped planktonic 6O values are taken
from publications based on ODP and DSDP sites (see also appendix A). These data are
averaged over a time span of about 1-3 Ma BP corresponding to the Tortonian time-slice

(Geiger pers. comm. 1998).

Palaeo-temperatures were calculated using the empirical equation of Erez and Luz (1983):
T(in°C) = 17.00 — 4.52(6, — 6,) + 0.03(6, — 6,)* (2.6)

where 8, is the 6'®O of the isotopic composition of the foraminifer carbonate relative to
PDB and 6, is the 6§80 composition of seawater relative to SMOW in which the cal-

cite was precipitated. The formula (2.6) is taken because it approximates the predicted
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Figure 2.2: Global distribution of planktonic (squares) and benthic (circles - partly overlapped
by squares and not complete) §'8 O data in per mil at 8 Ma BP. Data are from ODP and DSDP
sites. (Primarily compiled from Geiger pers. comm. 1998)

equilibrium values for the modern ocean quite well (Zahn and Mix 1991). Furthermore,
Zachos et al. (1994) used this equation for their Palaecogene and Neogene studies which
showed that their temperature reconstruction of the Cenozoic ocean is in good agreement

with other proxy data.

However there are always systematic errors when using such empirical equations. The

most significant deviations are listed below:

e Errors due to measurements and due to the biology of foraminifera (deviations of

8180 of calcite):

— 6 B0 values extracted from calcite samples can be interpreted within an ac-
curacy of about £ 0.1 per mil which corresponds to a temperature range of +

0.5°C (Erez and Luz 1983, Norris et al. 1994).

— For this study near-surface dwellers of planktic foraminifera were chosen. For
example the species Globigerinoides sacculifer preferably lives in the upper-
most 100m of the ocean (Niebler 1995). During the lunar life cycle these
foraminifera change their depth habitat which can be in the order of several 10

to 100 m (Hemleben et al. 1989). Similar conditions are valid for Neogloboquad-
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rina pachyderma which changes to deeper habitat levels during older growth
states (Berberich 1996). The variations in depth habitat may suggest calcifica-
tions in colder water since temperature decreases with increasing water depth.
Therefore temperature values derived from 6, values are not exactly accurate
for representing the oceanic surface temperature. However when assuming a
depth independent temperature profile for the mixed layer ocean (e.g., Hart-
mann 1994), which is applied in the ECHAM4/ML model, one can use the
assigned palaeo-temperatures from the carbonate shell as a good estimate of

the sea surface temperature (SST).

— Because of the declination of the sun the temperature of tropical ocean wa-
ter is nearly independent with time whereas water masses closer to the poles
undergo more different radiation rates during a year. This could mean that
planktonic foraminifera at higher latitudes are reflecting higher annual temper-
ature changes than those at low latitudes. This mechanism is another source
of variability in 6. values derived from calcite shells. Therefore 6. values can
reflect integrated seasonal changes in ocean temperature which vary in latitu-

dinal direction (e.g., Norris et al. 1994).

— It is known that foraminifera may precipitate their shells in isotopic disequilib-
rium. This behaviour of the organism can be regarded as a vital effect which
is assumed to be a constant factor within the own species. For instance the
planktonic foraminifer Globigerinoides sacculifer exhibits a vital effect of -0.2
to -0.3 per mil (Norris et al. 1994) resulting in a temperature error of about

+1.4°C when referring to eq.(2.6).

e Errors due to unknown properties of palaco-oceans (deviations of 610 of water):
680 values of water for different time-slices can only be determined indirectly.
Zachos et al. (1994) used benthic foraminifera as they provide indirectly an evidence
for the global ice volume which is mainly stored in polar ice caps. With respect to
the Neogene they suggest that oceanic convection rates increase with expansion of
polar ice and that the increase of cold surface waters at the ocean bottom can be seen
in the derived palaeo-temperatures from benthic foraminifera. Because light oxygen
is preferably incorporated into snow or ice, more heavy isotopes are dissolved in

ocean water. Therefore the %0 value increases with a greater accumulation of 160
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isotopes at the poles in terms of snow and ice. Assuming a Northern and Southern
Hemisphere sea ice extent for the Tortonian like nowadays (Wolf and Thiede 1991,
Nikolaev et al. 1998) a 6'80 value of -1.2 permil is used (see also Nikolaev et al.
1998).

e Errors due to different precipitation and evaporation rates: (deviations in §'®0 of
water)
The isotopic composition of water is related to salinity, which is not constant during
earth history and not constant for all ocean basins. Salinity is altered not only by
changes of the global ice volume, up- or downwelling rates, and ocean currents but
also by changes of precipitation and evaporation rates. Because the specification of
the land-sea distribution of the Miocene is quite similar to nowadays, it is assumed as
a first order approximation that the structure of atmospheric and oceanic circulation
is relatively similar to the present-day state. Therefore for the local change of
evaporation and precipitation rates over the oceanic areas two different adjustments

for 680 of water can be used:

— Savin et al. (1985) determine 680 values of water with respect to different
ocean basins. The authors used empirical palaeo-temperature equations from
different authors (e.g., Craig and Gordon 1965) where the salinity of the cor-
responding oceans has to be known. Applying these equations, salinity values
for every ocean basin has to be prescribed which is quite difficult for pre-

Quaternary time-slices.

— The studies of Zachos et al. (1994) take into account the latitudinal variation of
salinity which is driven by global precipitation and evaporation rates. Typical
variations of 6,, values for open ocean amount 1.5 per mil between low and
high latitudes (Broecker 1989). For a latitudinal correction of 6,, values they
derived an expression which describes the present-day distribution of ¢,, values

as a third-order polynomial function of latitude:
8w = 0.576 — 0.041y — 0.0017y* + 1.35 - 107> , (2.7)

where y represents the absolute latitude between 0° and 70°. After Zachos et
al. (1994) sensitivity studies for the Recent ocean show a better conformity

with observed SSTs using the latitudinal correction than without any adjust-
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ments. In contrast to the salinity specifications of the different ocean basins
this mathematical model seems to be in agreement with the outlined approach
for the ocean heat flux adjustments. Therefore eq. (2.7) is utilized for the

palaeo-temperature reconstruction in conjunction with eq. (2.6).
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Figure 2.3: Yearly zonally averaged SSTs from satellite data and palaeo-temperature equations.

Circles: satellite data, rectangular: satellite data at the locations where §'® O values were taken
from, triangles: palaeo-SSTs received from equation (2.6).

For a further comparison with Recent data the palaeo-temperatures are zonally averaged
in a 2 degree resolution. Using above mentioned equations (eq. 2.6 and 2.7) the obtained

palaeo-temperatures are shown in fig. 2.3.
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For a comparison of palaeo-temperature data and Recent SSTs, satellite data were utilized
which were analysed by using monthly optimum interpolation (Reynolds 1993, Reynolds
and Marsico 1993, Reynolds and Smith 1994, Slutz et al. 1985, Woodruff et al. 1993).
The data include the time period from 1979 to 1993 with a horizontal resolution of 2 de-
grees. This data base is processed and split into several data sets in order to filter yearly
and seasonal averages from it. The SSTs are zonally averaged as it was performed for
the palaeo-data. Additionally, the Recent SST information at the locations of the palaeo-
temperatures were extracted from the satellite data base. The different temperature sets
(i.e., the palaeo-temperatures at the locations of the boreholes, Recent temperatures at
the locations of the boreholes, and zonally averaged Recent temperatures in 2 degree res-
olution), are needed to result in a comparison of Recent and palaeo-temperatures. The

approach will be explained in the next subsection.

From fig. 2.3 it can be seen that, at high latitudes on the Northern Hemisphere, the
palaeo-temperatures are generally higher than the satellite temperatures at the boreholes.
Subtropics and tropics, however, tend to be cooler in the Tortonian. It is feasible that
the lower temperatures in the tropics can be attributed to the above explained sources of
errors in reconstructing palaeo-temperatures for the Neogene on the basis of foraminifera.
In order to avoid such failures, our study is focused on the latitudinal temperature gradi-
ent rather than using absolute palaeo-temperatures. Nevertheless, a first rough overview
shows already a more flattened palaeo-temperature gradient in comparison to the modern

one.

2.2.2 Transformations

As it can be seen from fig. 2.2 the palaeo-SST information is scarce on the global scale. In
addition, most boreholes are situated between 30° northern and southern latitude. And
unlike Recent data sets, the palaeo-SSTs show an irregular distribution of the locations
of the boreholes. With regard to climate modeling, however, SSTs must be globally
determined at a specific spatial resolution. In order to fill the horizontal gap of palaeo-
SSTs, a comparison of Recent and palaeo-SST's is performed in which the zonal averages
are calculated and the best fit Gaussian curves over the latitudes are computed. It is

assumed that the zonal averages of the temperatures are well represented by a Gaussian
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Figure 2.4: Schematic diagram of transformations of the Gauss curves. Thick bounded rect-
angles represent data sets which exist and the shaded box represemts the needed data set for
implementation in the climate model.

curve, as the satellite data from surface temperatures (fig. 2.3) are indeed similar to a
Gauss curve. In search of the best fit Gaussian curve the method of the least squares
was used. Additionally the Gaussian curve is constrained by setting the minimum value
to -1.8°C as the minimum temperature of sea water is constrained to about this level.
Consequently there remain three independent parameters which describe the Gaussian
curve, i.e. the amplitude A, the distance from the maximum value to the turning points
o, and the latitudinal shift A. The parameters are defined for three sets of data which

are:
e Palaeo-temperatures derived from palaeo-temperature equation,
e SSTs over all latitudes in 2° resolution derived from satellite data and
e SSTs at the location of the boreholes derived from satellite data.

The next steps which are applied to the three different categories of data sets are described
below and refer to fig. 2.4. In this figure the juxtaposition of Recent and palaeo-data

should clarify the reapplication of the same computing procedure on different data sets.

Two main categories partition the data into time and space. Recent data, derived from
remote sensing methods, are easily divided into several categories as these data supply

both a high horizontal resolution and an annual cycle. The satellite data can be split into
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yearly and seasonal averages, whereas the palaeo-SSTs can only refer to yearly means.
The latter is due to the coarse time resolution of §'®0 information and the applied av-
eraging over some million years for representing a mean of a specific time-slice. Recent
data can additionally be limited in space by only including the data at the locations of

the boreholes corresponding to the palaeo-data positions.

In figure 2.4 the thick bounded rectangles show available data sets, while the shaded box
shows the record that is finally needed for the implementation into the climate model.
Starting points for the temperature reconstruction are the Recent data sets, which repre-
sent yearly and seasonally means at the locations of the boreholes and over all latitudes.
Firstly a transformation is found explaining the variation of the Gauss parameters A, o
and A of the Recent data set including the borehole locations in comparison to the Gauss
parameters of the Recent data set including all latitudes. This has been carried out by
comparing the yearly and seasonal means of the SSTs over all latitudes with those re-
stricted to the locations of the boreholes. For all three parameters p of the Gaussian
curve linear dependencies in the form p|,; = a + b - pli. were chosen which represents
the transformation equation. The small indices show if the Gaussian parameter p belongs
to the borehole locations (index 5,.) or if it is representative for all latitudes (index 4).
The constants a and b were found by establishing 5 equations corresponding to four sea-
sonal means and one yearly mean referring to the Recent data sets. Applying the same
transformation equation on the palaeo-SSTs data this conversion results in yearly mean

palaeo-SSTs over all latitudes (shaded box in fig 2.4).

Small deviations in §'*O values have an effect on the computation of palaeo-temperatures.
The calculation of palaeo-temperatures depends on the determination of polar or inland
glaciation occurrences, vital effects of foraminifera, and different depth habitats of the
ocean dwellers. The sensitivity of temperature to small variations of é. and 6, can be
seen in fig. 2.6. Explaining the effect of different oxygen isotope composition in the ocean
a uni-polar ice-covered world (early Oligocene) is compared to modern conditions. This
case study is well represented when assuming a correction factor of -0.4 per mil for the
0, value (Zachos et al. 1994). There are also taken into account variations in 8. values of
40.3 per mil which is in the order of possible errors due to the vital effect of the organ-

isms. A comparison of these different Gauss curves in fig. 2.6 show at first sight essential
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Figure 2.5: Yearly zonally averaged SSTs from satellite data and palaeo-temperature equations
with corrected § values. (Circles: satellite data, rectangular: satellite data at the locations where

5180 values were taken from, triangles: palaeo-SSTs received from equation (2.6), long-dashed
line: Gaussian curve of satellite data and solid line: Gaussian curve from palaeo-temperatures.)

differences in the magnitude of the temperatures. However, when comparing their shape

they seem to be quite similar.

In the following section a method is applied for calculating the change of oceanic heat
transport which takes into account the gradients of the Gauss curves to avoid discrepan-
cies in 680 specification. It should be noted already that this method is only feasible if
the ocean currents do not differ significantly from nowadays. This means that the near-

surface ocean circulation pattern has to be basically similar to the Recent one.
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Figure 2.6: Different Tortonian Gauss curves representing meridional palaeo-temperatures with
differences in 6. and b, values relative to the Standard Tortonian temperature curve. ( Black
curve: Standard curve of the Tortonian time-slice, Solid grey line: an additional correction of
-0.4 per mil for b, dashed line: an additional correction of -0.8 per mil for 6., dotted-dashed
line: an additional correction of 0.8 per mil for é.. )

2.2.3 Variation of the flux correction

The SST gradient can be interpreted as a measure of the heat flux transfer in the ocean.
Thus a high gradient value would result in an intensified heat transport from the tropics
to the poles or vice versa a small gradient value would yield a moderate oceanic heat
transport. With the SST information from the previous section (fig. 2.5) we can see that
the SST gradient for the Tortonian time-slice is smaller than today. According to the
assumptions this means a weakened oceanic heat transport for the Tortonian in compar-
ison to today. For climate modeling studies of different time-slices a changed ocean heat
flux is considered (e.g., Upchurch et al. 1998), however, there are further studies trying

to quantify the change in oceanic heat flux for specific time-slices and its change during
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geological time (e.g., Bice et al. 2000, Covey and Thompson 1989)

From the previously mentioned generated Gauss curves (fig. 2.5) the corresponding zonal
gradients are calculated providing the basis for the variation of the oceanic heat transport
for the climate model. Evaluating the gradients has the advantage not being dependent
on the absolute values of the reconstructed palaeo-temperatures and therefore on the ex-

act offset of the palaeo-temperature equations.

A comparison of the Recent and palaeo-gradients allows one to determine the alteration
of the heat fluxes in the ocean. As a measure of the heat transport the ratio of palaeo-

gradients and Recent ones is applied yielding a zonal constant value

~ gradSST(Y)palaeo
B gradSST<y)recent ’

fo(y) (2.8)

where the y coordinate refers to the latitudes. Regarding the alteration of the SST
gradients, values of f, greater than 1 yield an intensification of the flux correction F'C,
which describes the heat transport in the ocean (see also section 2.1). If f, < 1 the flux
correction is weakened. Therefore the Recent flux correction can be simply multiplied by

fo which yields in the palaeo-flux correction

FC(t, xay)palaeo = fO(y) ) FC(taxay)recentu (2'9)

where the x-coordinate corresponds to the longitudes and ¢ to the monthly changes.

It will be presented in the next section to what extent changes in 680 values can ef-
fect the oceanic heat transport. As this method is simple it can be applied to different
time-slices without much effort. Unfortunately the high latitude temperatures are inac-
curate due to the lack of information but obviously the greatest advantage is the receipt

of global SSTs on the basis of a few.

2.2.4 Oceanic heat transport

The meridional heat transport can be divided into an atmospheric and an oceanic part

at which the atmosphere contributes the greatest part as an energy transporter (e.g.,
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Trenberth and Solomon 1994). Furthermore studies examining the role of the oceanic
heat transport in the climate system show a noticeable atmospheric response (Cohen-
Solal and Le Treut 1997, Cohen-Solal and Le Treut 1999). Examining past climates the
oceanic heat transport is supposed to be different from nowadays. Therefore in this study
the heat flux is altered which consequently effectuates a change in oceanic properties of

the mixed-layer.

The results of the calculated palaeo-flux correction using eq. (2.8) and (2.9) can be seen
in fig. 2.7. In fig. 2.7 c¢) the coarse pattern of the altered flux correction of the yearly
mean shows a weakening over all latitudes which is attributed to the different gradient
trends of the palaeo and Recent SST curves (fig. 2.5). For example the Gulf-Stream
between 40 and 60°N in the Tortonian study is less intense providing less energy to high
latitudes of the Atlantic Ocean. The maximal reductions are in the order of 25 W/m?.
The reductions for the Kuroshio are in the order of 31 W/m? providing a less intense heat

transfer to the North-Pacific.

The zonally averaged heat flux represented in fig. 2.8 provides an analysis of the changed
flux correction. Positive values correspond to divergence zones and negative to conver-
gence zones of the implied ocean heat transport. In the Tortonian case the heat flux
is reduced in the tropics by 7W/m? which is equivalent with a lowering of heat diver-
gence near the equator. In the mid-latitudes the convergence is lowered by 4 W/m? in
the Northern Hemisphere as a consequence of less heat transport. This is synonymous
to a less efficient oceanic heat transport transferring heat from the equator to the poles.
The global mean of the perturbations is decreased slightly by -0.02 W/m? so the pertur-
bations remove oceanic heat in the global mean term. The changes are constrained by
the vanishing of the implied meridional oceanic heat transport at the poles. This means

that the heat transport must be equal zero at both poles.

In fig. 2.9 the oceanic heat transport 7j is calculated by integrating the zonally mean
heat fluxes from the south to the north pole (e.g., Carissimo et al. 1985, Hastenrath 1982,
Hsiung 1985, Cohen-Solal and Le Treut 1997):

Ty(¢) = / ’ ( [ 7; divTy (6, A)RdA) cos(¢')dd, (2.10)

SouthPole
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Figure 2.7: Fluz correction in W/m? for Control and Tortonian run representing yearly means.
a) Control run, b) Tortonian run, c) Difference of Tortonian and Recent run.
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Figure 2.8: Zonally and yearly mean divergence of oceanic heat transport (Black line: Recent
curve, grey line: Tortonian curve)

where R is the Earth radius. Additionally the oceanic heat transport is constrained by
eliminating a spurious offset at the north pole. This implies a constant heat storage in the
ocean. The calculated oceanic heat transport (fig. 2.9) demonstrates a maximum around
20°N. The position of the maximum coincides with that found by other authors (cf. e.g.,
Carissimo et al. 1985, Gleckler et al. 1995). Eq. (2.10) shows that the implied oceanic
heat transport has an additive character that makes it very sensitive to small changes.
Estimated values from different authors for the meridional heat transport lie in between
1.5 and 2.5 PW for the world ocean (see e.g., Ganachaud and Wunsch 2000). A value of
the order of 1PW at 24 ° N is suggested by e.g., Roemmich and Wunsch 1985. Fig. 2.9
shows also oceanic heat transports for the Tortonian case (left side). Due to the changed
heat flux the northward oceanic heat transport is weakened in comparison to the one of

the control run. The maximum values for the world ocean on the Northern Hemisphere
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Figure 2.9: Northward oceanic heat transport in Peta Watts for the world ocean and the main
3 basins splitted into nowadays (right side) and Tortonian (left side) transport.

are reduced by approximately 0.2 PW resulting in less heat transport from the equatorial
region to the pole. Focusing on the North Atlantic there is a reduction of about 0.1 PW in
meridional oceanic heat transport. Regarding the Pacific Ocean the differences between

Recent and palaeo-curve are of the same order.

Differences in implied oceanic heat transport due to small deviations in 6§80 values (cf.
fig. 2.6) can be seen in fig. 2.10. In this figure the anomalies of the northward oceanic heat
transport are compared to the standard Tortonian data base using the Atlantic Ocean. As
shown in fig. 2.6, the temperature curves differ slightly due to uncertainties in 60 val-
ues of calcite and ocean water. An additional decrease/increase of tropical temperatures
would decrease/increase the pole-equator gradient. This would imply a less/more intense

North-Atlantic heat transport in comparison to the standard Gauss curve. However the
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Figure 2.10: Changes in northward oceanic heat transport of the Atlantic Ocean in comparison

to the standard Tortonian data base. Differences belong to deviations in 6'® O values: long-dashed
line: deviation in b, of -0.4 per mil, dot-dashed line: deviation in 6. of -0.8 per mil and solid
line: deviation in 6. of +0.3 per mil.

added differences are smaller than £+ 0.01 PW for this ocean basin which is in the order

of less than 10 per cent of the specified reduction.

Today both the Gulf-Stream and the Kuroshio current transport extensive heat from
mid-latitudes to polar regions. These surface ocean currents are also connected to the
thermohaline circulation. The heat transport and downwelling are somehow linked to-
gether (e.g., Weaver et al. 1999). In contrast to the present situation it is assumed that
during the Miocene the oceanic heat transfer was less efficient due to different seaways.
The final closure of the Panama Strait occurred around 3 Ma BP (e.g., Collins et al.
1996) so there was no more water exchange possible between Atlantic and Pacific Ocean.
Prior to this event the Central American seaway was temporarily open during the Upper

Miocene but with a considerable variation in depth (Collins et al. 1996). While there
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was a connection between the ocean basins the much saltier water of the Atlantic was
transported to the Pacific. It is suggested by proxy data (e.g., Haug and Tiedemann 1998)
and by general circulation models (Barron and Peterson 1991, Maier-Reimer et al. 1990,
Mikolajewicz and Crowley 1997) that the heat turnover is intensified with the closing of
the Panama Isthmus. While there is a seaway between North- and South-America North
Atlantic water is diluted and provides less dense water at high latitudes. Thus the con-
vection rate producing North Atlantic bottom water is reduced. Through the decrease
of the impulse of the ocean circulation the Gulf-Stream is also weakened. This explana-
tion coincides with the results of the noticeable reduction of heat flux representing the
Gulf-Stream. Likewise there is also evidence for a strengthening of the Kuroshio linked to

the closing of the Central American seaway which can also be seen in proxy data (Tsuchi

1997).

As will be outlined in the next chapters, a changed oceanic heat transport for the Upper
Miocene can reconstruct the main features of atmospheric processes and they coincide
widely with proxy data. However detailed results of the simulations should not be over-
estimated because small changes in boundary conditions and even the usage of a different
mixed-layer ocean model could result in different magnitudes of crucial variables. Nev-
ertheless climate changes represented by the model simulations are in agreement with

terrestrial proxy data which will be represented in the following.

2.3 Tortonian run

In this section the results of the 30 year integration run for the Tortonian time slice is
presented. This run uses boundary conditions reconstructed from proxy data. These
changes mainly represent variations in orography and oceanic heat transport, which were
explained in detail in the previous chapter. This run is referred to as the standard
Tortonian run. In order to analyse the effect of a reduced oceanic heat transport, first
the oceanic properties are investigated. For this purpose the vertical velocities and the
barotropic streamfunction are calculated. Subsequently the effect on the atmosphere is
examined. Therefore, the focus is set first on the sea ice distribution near both pole caps,
then on the mean large scale atmospheric pattern for summer, winter, and the annual

mean. Anomalies between Tortonian run and Control run are calculated. The evaluated
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data of the Control run are taken from the first 100 years of integration of the experiment
called EXP700-run712. Results corresponding to atmospheric variables of the Tortonian
run can be found in the appendix B. To make a comparison possible the same atmospheric

CO4 concentrations of 353 ppm are used.

2.3.1 Oceanic mass transport

In order to investigate horizontal and vertical mass transports in the ocean, the surface
wind stress field must be considered (fig. 2.11). The annual mean of wind stress of the
Control run shows strong correspondence with wind stress data derived from surface wind
analysis (Hellermann and Rosenstein 1983, Trenberth et al. 1990). For example, the for-
mation of subtropical gyres related to the trade winds and the strong westerly flow at
mid-latitudes are well represented in both hemispheres. However, even small differences
in wind stress can have an impact on ocean circulation (Townsend et al. 2000). The com-
parison between Tortonian and Control run shows that there are small differences in the
wind stress pattern (fig. 2.11). In order to evaluate the anomalies between both runs the
deviations will be discussed. In fig. 2.11 ¢) a decrease in wind stress at high mid-latitudes
on both hemispheres can be seen. With regard to low mid-latitudes of North Pacific and
North Atlantic, an increase in wind stress leads to a strengthening of ocean currents. This

is discussed below.

Calculations of several authors (e.g., Danabasoglu 1998, Leetmaa and Bunker 1978, Tren-
berth et al. 1990, Townsend et al. 2000) show the linkage between the climatological
wind stress field at the ocean surface and the wind-driven oceanic circulation. The at-
mospheric wind stress drives horizontal and vertical movements of ocean water, which
are modified by the geometry of the ocean basin. For example the upwelling zone at the
eastern boundary of the South Pacific ocean is caused by a strong divergence of horizontal
water masses. Compensating this loss of mass, a positive vertical velocity is induced. The

vertical velocity at the base of the Ekman-layer, wg, is described by the wind stress curl

0 (or, 0 (07,
WE:%(pof>‘a—y(pof) ’ 211)

where f is the Coriolis parameter (f=2 {2 sin ® , where () is the rotation velocity of the

using

earth), p, the density of ocean water (1000kg/m? used for this computation) and 7 the
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Figure 2.11: Yearly mean wind stress field over the ocean where a) corresponds to the Tortonian
run b) to the Control run, and c) is the difference between both. The magnitude of the reference

arrow is 1 m/s for a) and b), and 0.25 m/s for c).
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wind stress in x (longitudinal) and y (latitudinal) direction. For the calculation, values
next to land grid points were not considered as the result would be affected unrealistically.
Due to the low values of the Coriolis parameter next to the equator the wind stress curl
was not determined for the tropical zone. The vertical velocity fields for Tortonian and
Control run can be seen in fig. 2.12. For both simulations strong upwelling zones can be
identified at the eastern boundaries of the southern ocean basins. And the upwelled water
in the tropics is transported downwards in the subtropics. However, vertical velocities at
the ice edge around Antarctica, however, cannot realistically be calculated as the wind

stress rather represents the movements of ice sheets than ocean water.

For the Tortonian run the vertical velocity field shows small changes (fig. 2.12) for the
upwelling zones at the eastern boundaries of the South Atlantic and South Pacific ocean.
These regions indicate an increase of upwelling over its central area and significant de-
creases in upwelling around it. This feature points at a shortening of the eastern boundary
currents. Their intensity, however, is locally increased. In the subtropics negative vertical
velocities are intensified. This means an increase of downwelling corresponding to the
subtropical North Pacific and North Atlantic. This rise is caused by the increased surface

wind stress and - due to mass conservation - downwelling is intensified.

The Sverdrup transport is considered as a measure of the oceanic response to atmospheric
forcing. Mass transport is calculated via the surface wind stress curl, because the simula-
tion uses a mixed-layer ocean and thus equatorial return flows in intermediate and deep
water cannot be calculated. Therefore this Sverdrup transport is not a realistic inter-
pretation of surface ocean currents. The streamfuntion U is written in the form (after
Stommel 1978)

@ curl,(7)
U(z) — / WA g 2.12
( ) Teastern ﬁp ( )

where the eastern boundaries x.qse, Of the oceans are set to zero. The variables p, [,
and 7 are representing the density of the atmosphere, the meridional derivative of the
Coriolis parameter, and the horizontal wind stress respectively. The streamfunction value
on the western boundary of the ocean basin equals the required flow of Sverdrup transport
across a given latitude. This is presumably the Sverdrup portion of the western boundary

current.
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Figure 2.12: Vertical velocities at the base of the Ekman layer in 10~ m/s. Positive values
correspond to upwelling and negative values to downwelling areas. (a) Tortonian run, b) Control
run, and c) is the difference between Tortonian and Control run. Contour interval is -5, -2, -1,

-0.1, 0.1, 1, 2 and 5 - 10° m/s for a) and b) and -5, -1, -0.5, -0.1, -0.01, 0.01, 0.1, 0.5, 1 and
5. 10° m/s for c).
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Figure 2.13: Annual mean sverdrup transport streamfuntion in Sv over the global oceans.

Here the investigation is focused on the Northern Hemisphere ocean currents, especially
the Gulf Stream and Kuroshio. Annual mean values of 23.5 Sv and 49.3 Sv in the Control
run are obtained respectively (fig. 2.13). Roughly the same values were also calculated
by Townsend et al. (2000) and Harrison (1989). The northward transport of ocean water
shows differences between Tortonian and Control run (fig. 2.13). The northward flow
of the western boundary currents is strengthened at lower latitudes which is related to
an increased surface wind stress in the Tortonian run. At higher latitudes, however, the
oceanic mass flux is weakened. The general pattern shows an equatorial shift of maximal
transport along western boundaries with a reduction of Sverdrup transport further north-
wards. This complies with a shortening of the Gulf Stream and the prescribed reduction

of oceanic heat transport on the Northern Hemisphere (section 2.2.4).
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2.3.2 Global temperature and sea ice

Using weighted areas, the time evolution of the global averaged surface temperature is
represented in fig. 2.14. Here the yearly means show no significant differences between
Control and Tortonian run. Further experiments with the mixed-layer model, however,

have shown that during the first 20 years of integration the mixed-layer model shows
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Figure 2.14: Yearly means of global averaged surface temperature using weighted areas.
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Figure 2.15: Yearly means of global sea ice fraction, depth, and volume on both hemispheres.
(Dashed line: Southern Hemisphere (SH), Solid line: Northern Hemisphere (NH), Black lines:
Control run, Grey lines: Tortonian run.)

noticeable responding features to different boundary forcings. However after 20 years of
simulation the model tends to level off in an equilibrium state. Therefore the years 21 to

30 are taken into account for further analysis.
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Variation of glaciation can be seen in changes of sea ice volume. Fig. 2.15 shows the an-
nual average of sea ice for the Tortonian and Control run. For both hemispheres there are
hardly any variations in sea ice fraction, however, sea ice depth is decreased. This leads
to a noticeable reduction of sea ice volume over the North Polar Sea. The elimination of

the Greenland ice shield contributes to the diminishment of sea ice.

So far it is uncertain when cooler climates evolved in the Arctic during pre-Miocene
time since data from the central Arctic ocean are rare (Thiede et al. 1998). It has been
proposed by Wolf and Thiede (1991) that the Arctic Ocean was ice covered before 8 Ma
BP. And between 9 and 7 Ma BP cold ocean currents around Greenland started to evolve
in strengthening as sediment records indicate. Ice rafting is present in the sediments of the
Baffin Sea and the Subpolar Pacific Ocean (Nikolaev et al. 1998). Regarding the spread
of sea ice, model output, however, represents a smaller extent for the Tortonian run with a
distinct smaller sea ice depth than today. An exact reproduction is demanding as the SST

gradients are reconstructed on a poor data basis which is especially poor at high latitudes.

Following the onset of the antarctic ice sheet development, its extent varied significantly
during the Neogene. The ice margin even transgressed the Recent limits (Prentice and
Matthews 1991). During the middle Miocene (12-14 Ma BP) the east antarctic ice sheet
underwent major growth but no major amounts of sea ice occurred (Flower and Kennett
1994). After a short period of warming between 12 and 10 Ma BP, cooler conditions
followed, dated with 9 Ma BP (Matthews and Poore 1980, Schoell et al. 1994). Proxy
data derived from isotope data suggest a similar ice extent as nowadays (Woodruff et al.
1981) or even smaller than nowadays (Barker et al. 1999). In correspondence with our
simulation data, Nikolaev et al. (1998) points out that ice rafting became more intense
during the Upper Miocene, effectuating ice rafting at least till Prydz Bay and the Kergue-
len plateau (Eastern Antarctica). The glaciation conditions of the Tortonian time-slice
prescribed by proxy data can be compared with the obtained simulation data. In order to

analyse further climatic changes, the atmospheric pattern is investigated in the following.
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2.3.3 Atmospheric pattern

In this section the large scale atmospheric pattern is described as a mean of the last 10
years of integration. Seasonal and annual averages are calculated. The summer means
correspond to June, July and August (JJA) and the winter means correspond to Decem-
ber, January, and February (DJF) respectively. For comparison, anomalies are calculated
between Tortonian run and Control run. For a comparison, the horizontal plots of the

Tortonian results are shown in the appendix B.

Averages of climate variables taken over long periods of time tend to be nearly nor-
mal distributed, corresponding to the Central Limit Theorem. Using gridded output
from climate models, sufficient data are available, both in space and time, for calculating
a distribution of a climate variable at any grid point. Here the difference fields of the
anomalous climate (Tortonian climate) and the control climate are computed and tested
against the null hypothesis, which states that the mean difference of the climate variable
at any grid point is zero. For analysing this one sample distribution a local statistical
test can provide information about the significance of the mean difference to zero. For
this purpose a local ”Student t-Test” of one sample, representing the differences of the
means, was applied to the climate variables. Assumptions include a normal distribution
of the differences and that all differences come from the same distribution. The paired

difference test statistic is given by

P
S/vn ’

where p is the mean difference, n the size of the sample of differences and S the sample

(2.13)

variance of the differences. This statistic has a t-distribution with n - 1 degrees of freedom
(cf. e.g., von Storch and Zwiers 1999). For the following applications a significance level
p of 0.01 is set for the null hypothesis, which says that there is no difference between the

mean of differences and zero.

In spite of the unchanged global averaged surface temperatures, significant differences
exist in surface temperatures, especially over continental areas (see fig. 2.16). The gen-
eral pattern of the difference in the yearly mean on the Northern Hemisphere shows an
increase in temperatures at high latitudes and a decrease at mid-latitudes (fig. 2.16 ¢). In

the Southern Hemisphere differences are less evident. However, there is also a general pat-
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Figure 2.16: Awveraged surface temperature anomalies between Tortonian run and Control for
a) JJA, b) DJF, and c) the year. Shaded squares represent ”highly significant” anomalies with
a local Student t-test (p <1% ).
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tern showing a slight temperature increase in the subtropics and at the margin of sea ice.

Over Antarctica a cooling occurs, which is more intense during winter months (fig. 2.16 a).

In accordance with the decrease of sea ice volume in the Northern Hemisphere (fig. 2.15)
there is an enormous temperature increase on Greenland and surroundings. This is caused
by the removal of the inland ice on the island. However in the Tortonian run, Greenland
temperature values are still below zero in the yearly mean (see appendix B). At the ocean
points around Greenland the increases in temperature can be attributed to the positive
feedback mechanism of the ice-albedo effect. Additionally the changes differ with respect
to the season. Regarding near surface temperatures over the polar ocean, the warming
during winter months is greater (fig. 2.16 b) than in the summer season (fig. 2.16 a).
Thus the annual temperature oscillation is smaller in the Tortonian run. In combination
with the temperature rise over Greenland, the precipitation rate is increased over land
(fig. 2.17). A precipitation increase of 108 mm is highest in summer season which corre-

sponds to an amplification of 300 %.

In the Tortonian run mid-latitudes are characterized by significantly lower temperatures
throughout nearly every longitude (fig. 2.16). A major role in this temperature de-
crease can be attributed to the change in oceanic heat transport. Nowadays European
climate is affected by the Gulf Stream, which transports warmer surface ocean masses
from Southern Hemisphere to high latitudes on the Northern Hemisphere. Therefore the
ocean current provides 4 °C warmer ocean waters in the North Atlantic than at the same
latitudes in the Pacific Ocean (Rahmstorf 1996). In the Tortonian run the northward
oceanic heat transport is reduced, resulting in a reduction of the Gulf Stream. Hence less
heat is transferred to Northern Europe. By this means the continental areas in Asia are
also provided with colder air masses. Because the Gulf Stream is more effective during
winter season, a strong cooling during DJF (December, January, February) occurs over
continental regions. Therefore the temperature decrease is in agreement with the oceanic
heat reduction. 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 suptropics the temperature gradient is slightly increased leading to an
intensified oceanic mass transport (fig 2.13). There is also an amplification of the Iceland

Low over the North Atlantic which can be seen in the differences of sea surface pres-
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Figure 2.17: Averaged anomalies of precipitation rates in mm/a between Tortonian run and
Control for a) JJA, b) DJF, and c) the year. Shaded squares represent “highly significant”
anomalies with a local Student t-Test (p <1% ).
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sure values (fig. 2.19). This indicates particularly during DJF an increased atmospheric
cyclonic character. Consequently the surface wind is amplified from the North Atlantic
region to Southern Europe (fig. 2.20). As a result the precipitation rate is increased by
up to 144mm/a to 1116 mm/a in Southern Europe as was found in a detailed analysis for

Europe.

With regard to the Pacific Ocean, the atmospheric circulation in the Tortonian run dif-
fers from the Control run. A changed atmospheric flow is indicated by the yearly mean
temperature anomalies (fig. 2.16) in central and eastern Pacific Ocean. These differences
correlate with the El Nifio-year pattern well known from Recent observations and climate
modeling (e.g., Bigg 1999, Latif and Neelin 1994). In general Recent climate measure-
ments show positive temperature anomalies of about 2 to 4°C in the upper 50 m of the
ocean during DJF. In contrast to the Tortonian results, these temperature variations oc-
cur on a time period of 2-8 years (Timmermann et al. 1999). In the Tortonian run there
is a significant warming of ocean water at the eastern boundary of the Pacific Ocean
with values greater than 2 °C. The warming occurs in correspondence with a decreased
upwelling in this coastal area. Moreover, the atmospheric circulation is also reorganized.
As climate models and measurements show, an El-Nino-like pattern is combined with a
weakening of the equatorial Walker circulation (e.g., Bigg 1999). Hence equatorial trade
winds are weakened which can also be seen in numerical results of the Tortonian run
(fig. 2.20). Consequently a convergence zone over the central Pacific Ocean is formed
resulting in a highly significant increase of precipitation (fig. 2.17). 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 Pa-
cific Ocean equals a permanent El-Nifio phenomenon. As it is analysed by climate model
results (e.g., Roeckner et al. 1993) there are aside from tropical atmospheric responses
also extratropical climate changes which are somehow related to the El-Nino phenomena
(teleconnections). These extratropical atmospheric responses, however, cannot be anal-
ysed for the Tortonian run. This is due to the specific Tortonian set-up which considers
several different boundary conditions in comparison to the Control run. As there exist dif-
ferent boundary constraints for the palaeo-run several atmospheric response mechanisms

are most likely overlapped.
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Figure 2.18: Averaged anomalies of precipitation minus evaporation rates in mm/a between
Tortonian run and Control for a) JJA, b) DJF, and c) the year. Shaded squares represent
"highly significant” anomalies with a local Student t-Test (p <1% ).
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Figure 2.19: Averaged anomalies surface pressure between Tortonian run and Control for a)
JJA, b) DJF, and c) the year. Isoline spacing in 1hPa. Shaded squares represent “highly
significant” anomalies with a local Student t-Test (p <1% ).
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Figure 2.20: Awveraged anomalies of wind vectors between Tortonian run and Control for a)
JJA, b) DJF, and c) the year. Reference arrow is representing 5m/s. Shaded squares represent
"highly significant” anomalies with a local Student t-Test (p <1% ).
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Figure 2.21: Standard deviation of the geopotential in 500 hPa height during DJF. The geopo-
tential is band-pass filtered. Shaded area represent positive values. a) Tortonian run. Contour

interval is 5 gpm, b) Control run. Contour interval is 5 gpm and c) Difference between Tortonian
and Control run. Contour interval is 2 gpm.
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Figure 2.22: Zonal averaged zonal wind and zonal wind anomalies with height. a) DJF with
a contour interval of 5m/s b) JJA with a contour interval of 5m/s, c¢) anomalies between
Tortonian and Control run for DJF, contour intervall is 1 m/s, d) anomalies between Tortonian
and Control run for JJA, contour interval is 1 m/s. Shaded area represent positive values.

A further study concentrates on atmospheric variability that is not represented in monthly,
seasonal or yearly averages of atmospheric variables. In order to focus on synoptic phe-
nomena at mid-latitudes, the geopotential in 500 hPa height is investigated. The variation
of the height of the geopotential in the middle of the atmosphere gives information on
directional movements of low pressure areas. Therefore the geopotential height can also
describe storm track paths and accordingly it is an indicator of storm track activity. For
this purpose the 500 hPa geopotential is time filtered using the baroclinic time filter from
Blackmon (1976). This time filter considers changes in a time span of 2.35 to 6.6 days,
which is the usual lifetime of a storm. Calculating the standard deviation gives further de-

tail on the variability of low pressure areas and their tracks during their evolution. Areas
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with higher variability are a measure of the number of passed storms. As the storm tracks
are more frequently during winter time the months DJF were taken into account. In fig.
2.21 the standard deviation is represented showing a reduction of low pressure activity
in midlatitudes. There is also an equatorial shift of storm tracks over the North Atlantic
and the North Pacific. This indicates a decrease in meridional transient transport which

can be ascribed to the diminished oceanic heat transport.

-180 -120 -60 0 60 120 180

-180 -120 -60 0 60 120 180

Figure 2.23: Averaged anomalies of wind in 200 hPa height between Tortonian run and Control
for a) JJA, b) DJF. Contour intervals are 1 m/s. Shaded squares represent ”highly significant”
anomalies with a local Student t-Test (p <1% ).
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Both the relocation of storm tracks and the position of the center of the jet-stream in
200 hPa height (fig. 2.22 and fig. 2.23) show an equatorial shifting of the planetary wave.
The southward shifting over Asia is enhanced by the reduction of the height of the Ti-
betean Plateau. Simultaneously there is an intensification of zonal mean mass transport

(fig. 2.23).

Another indicator for a change in mid-latitude circulation is the North Atlantic Oscil-
lation Index. In general the North Atlantic Oscillation (NAO) describes an atmospheric
phenomenon in the North Atlantic sector as an organized motion of Iceland Low and
Azores High. For reasons largely unknown these pressure systems feature a northward
shifting with a simultaneously strengthening of both pressure systems. The intensified
pressure gradient results in a zonal circulation providing Furope with a higher frequency
of storms, an increase in precipitation rates during winter, a warmer climate during win-
ter, and a cooler climate during summer. With regard to North America this strengthened
meridional pressure gradient provides a cooler climate during winter. With a reduction of
the meridional pressure gradient opposite climatic conditions are found. These different
atmospheric conditions are explained in detail by e.g., Osborn et al. (1999) and Paeth
et al. (1999). For this study a descriptive investigation of NAO is used instead of an

analytical calculation.

A comparison of annual averaged surface anomalies for the Control and Tortonian simu-
lations (fig. 2.19) shows a decrease in meridional pressure gradient and a slight southward
shift of the weakened pressure systems for the Tortonian time-slice. As suggested by mod-
ern climate modeling results (Méchel et al. 1998) this change induces a more meridional
circulation with less advection of warmer air to Europe. This is in agreement with a
weakened storm track over the North Atlantic (cf. fig. 2.21) and a less intense zonal wind

component in the upper troposphere above this sector (cf. fig. 2.23).

Temperature increases in Southern Asia (fig. 2.16), corresponding to the results of the
Tortonian run, can be linked with the enormous reduction of the height of the Tibetean
Plateau. The change of mountain heights is supposed to have an influence on both the
high tropospheric circulation and the regional climate. Referring to the upper-level circu-

lation, positive temperature anomalies could affect the strength of the jet-stream above
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the Tibetean Plateau. The regional climate over Asia is commonly characterized by the
monsoonal low-level flow (lowest 200 hPa layers of the atmosphere) over land connected
with heavy rainfalls over India and Southeast Asia during JJA. This feature is caused by
an intense heating of landmasses during Northern Hemisphere summer producing a warm
core structure with a low-level cyclonic circulation. In the upper troposphere, however,
an anticyclonic circulation occurs which is associated with the easterly tropical jet (cf.

e.g., Barry and Chorley 1992, Holton 1992).

For the Tortonian run a lower mountain range induces a reduced upward vertical motion
South of the Tibetean Plateau. This can be seen in the reduction of upper troposphere
wind and a less intense low-level flow (cf. fig. 2.20) from Indian Ocean to South Asia.
Therefore, less moist air is moved from open ocean surface to Asian landmasses. As a
result the precipitation rates are reduced to nearly half of present day values over India
(fig. 2.17). This is in qualitative agreement with studies from Prell and Kutzbach (1992),
Ruddiman and Kutzbach (1989), and Kutzbach et al. (1989). They calculated a precipi-
tation reduction over Asia of 20 % of present day values. It is suggested by e.g., Ding et
al. (1999) that the Tibetean Plateau may have reached a significant height in the Upper
Miocene for maintaining the East Asia monsoon system. Also Filippelli (1997) dates with
sedimentary and geochemical methods an intensification of the Asian monsoon at 8 Ma
BP. Numerical studies by Ramstein et al. (1997) and Fluteau et al. (1999) agree with the
results of the standard Tortonian run that there is an indication of a less intense Asian

monsoon system during late Miocene in comparison to nowadays.

Due to the rapid rise of the Tibetean Plateau during the Cenozoic, this region is likely
to have been sensitive to rapid climatic changes. In the Tortonian run, a weakening of
summer Asian monsoonal circulation is associated with a less intense aridification north
of the Tibetean Plateau (2.17). Today, the Tibetean Plateau prevents moist air masses
from penetrating north of the massive mountain range. However, in the Tortonian the
lower height of the Tibetean Plateau leads to a more zonal flow transporting moisture
over Asia, which can be seen in the intensified standard deviation of the geopotential
height (fig. 2.21). This is in compliance with studies by Broccoli and Manabe (1997)
and Ramstein et al. (1997). Additionally, several studies based on the commencement

of eolian deposits in central China indicate the beginning of aridification north of the
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Tibetean Plateau starting between 5.25 and 7.4 Ma BP (e.g., Ding et al. 1999, Wang et
al. 1999). Hence our numerical simulation results with regard to a more humid climate

north of Tibetean Plateau are in agreement with proxy data and other numerical studies.

2.4 Tortonian run with double CO,

Specifying an actual value of remaining carbon dioxide in the atmosphere for the Torto-
nian time-slice is difficult. There have been a variety of different studies on this topic.
Since the beginning of the Phanerozoic carbon dioxide content has decreased permanently
due to geological and biological processes (Berner 1991, Berner 1998). The reduction can
be attributed to different carbon sinks. During Earth history carbon is stored in plants
and sedimentary depositions in ocean and intramontane basins. Due to these different
kind of carbon storages there exist a variety of methods which could provide indirect

information on the variation of COy over time.

Paleogene time-slices are characterized by a warmer atmosphere with a carbon diox-
ide content up to a tripling of the preindustrial level. Cerling et al. (1997) suggest an
atmospheric carbon dioxide content above about 500 ppm based on the displacement of
Cs plants for the benefit of C4 ones. This revolution in biomass is supposed to have been
occurred at the Miocene/Pliocene boundary. Estimates from palaeosoils suggest less than
700 ppm for late Miocene/Tortonian (Cerling 1991) i.e. also indicating a significant higher
value than the present one. Studies based on fossil plants from the Upper Miocene by Van
der Burgh et al. (1993) show also in comparison to nowadays a slightly higher atmospheric
carbon dioxide concentration in the range of 380 ppm to 400 ppm. However, studies from
Pagani et al. (1999) indicate a COy content for the late Tortonian as low as the prein-

dustrial level. Their investigation is based on carbon isotopic analysis of planktonic shells.

Because of disagreement in estimated CO, levels for the Late Miocene, a simulation with
enhanced CO, was performed. The CO, content is doubled, which corresponds to the
upper limit of previous estimations. All other boundary conditions are kept the same as
in the standard Tortonian run. For simulations with increased greenhouse gases warmer
climates are expected at high and mid-latitudes, as is well known from greenhouse sce-

narios of future climate studies (e.g., IPCC scenarios composed by Houghton et al. 1995).
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The following results are calculated from the last 8 years of integration of the double CO,
run for the Tortonian time slice. Model output will be discussed with regard to changes
in atmospheric circulation pattern in comparison to the Tortonian run with single carbon
dioxide content. In order to analyse the ”greenhouse effect”, anomalies of both Torto-
nian runs are represented in the following. For a comparison of absolute values of the
discussed variables, results of the standard Tortonian run (single CO5 content) are shown

in appendix B.

A doubling of CO, in ECHAM4/ML causes an increase in global surface temperature
of about 3°C (cf. tab. 2.1). This value is comparable to that for Recent climate scenar-
ios using mixed-layer ocean models, which indicate an increase ranging from 2.5 to 4°C
(McGufhie et al. 1999). Due to higher temperatures there is an enormous change in sea
ice extension, with reductions of up to 75 % for Artic sea ice during summer and 60 %
during winter relative to the Control run (tab. 2.1). Furthermore, the changes tend to
reduce seasonal differences in sea ice volume. Because the sea-ice model used in these
runs is non-dynamic and prescribed via the heat budget (Roeckner et al. 1996, Modellbe-

treuungsgrupe 1997), reliable predictions for changes in sea ice volume are not possible.

Table 2.1: Global and hemispherical averaged values of temperature (T), precipitation (P) and
sea ice volume on the Northern and on the Southern Hemisphere .

Tin°C Pinmm/d Sea Ice Sea Ice in 10"*m?

Northern Hemisphere Southern Hemisphere

JJA  DJF JJA  DJF

Control 15.7 2.83 11.3 17.8 17.5 14.8
Tor 15.6 2.82 09.4 16.3 16.6 13.8
Tor (2xCO,) 18.6 2.92 15 6.1 12.6 102

A doubling in CO, for the Tortonian run causes a differential temperature increase over
land and oceans. Temperature increases are greater over continents due to different heat
capacities of land and ocean (fig. 2.24). The anomalies in temperatures show a great
warming at high latitudes due to the snow-albedo positive feedback mechanism (fig. 2.24).

This is initialized by a warmer atmosphere, which reduces snow cover at northern parts
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Figure 2.24: Averaged surface temperature anomalies between double COy Tortonian and single
COy Tortonian run a) JJA, b) DJF, and c) the year. Contour interval is 1 ° C.
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Figure 2.25: Total precipitation anomalies between double COs Tortonian and single COy Tor-
tonian run a) JJA, b) DJF, and c) the year. Contour interval is 1 mm/d.
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Figure 2.26: Precipitation minus evaporation anomalies between double COo Tortonian and
single COy Tortonian run a) JJA, b) DJF, and c) the year. Contour interval is 1 mm/d.
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Figure 2.27: Surface pressure anomalies between double COy Tortonian and single COy Torto-
nian run a) JJA, b) DJF, and c) the year. Contour interval is 1 hPa.
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Figure 2.28: Wind anomalies in 10 m height between double COy Tortonian and single COs
Tortonian run a) JJA, b) DJF, and c) the year. Reference arrow represents 5m/s.
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Figure 2.29: Zonal wind anomalies in 200 hPa height Tortonian and single COy Tortonian run
a) JJA, b) DJF. Contour interval is 2m/s.

of the continents. While the snow cover diminishes, the albedo becomes smaller. In addi-
tion, land is further warmed because it is getting drier as there is less moisture available
in the soil. Since there is no dynamic description of vegetation cover in the model, a
potential spreading of vegetation cover into northern parts cannot be represented. And
potential evaporation processes which would be induced by a different vegetation cover
cannot be considered. However, a change in vegetation from ice-covered bare soil to taiga
would change the albedo to lower values which would lead to a further warming. Thence,
a possible warming or cooling at high latitudes due to vegetation-temperature interac-

tions cannot by assessed without a dynamic vegetation module or a Tortonian prescribed
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Figure 2.30: Standard deviation of the geopotential in 500 hPa height. The geopotential is
band-pass filtered. Shaded area represent positive values. a) Double Tortonian run with contour

interval of 5gpm b) Differences between Double COs Tortonian run and single COy Tortonian
run with contour interval of 2 gpm.

vegetation cover. Furthermore, temperature increases are more intense on the Northern
Hemisphere due to the imbalance in global land distribution. The additional ”greenhouse
effect” attributed to carbon dioxide doubling leads to a less distinct seasonal cycle which
can be seen in a stronger warming during DJF in comparison to JJA. The contribution
of long-wave radiation makes high latitudes less sensitive to the seasonal solar cycle. A
study from Berger et al. (1998) also establishes a great sensitivity of ice volume to carbon
dioxide forcings. With their simple and not yet fully accomplished 2-dimensional model

they suggest a weakened response to astronomical forcings - these studies were performed
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Figure 2.31: Zonal averaged zonal wind and zonal wind anomalies. a) DJF with a contour
interval of 5m/s b) JJA with a contour interval of 5m/s, c) anomalies between double and
single COy Tortonian runs for DJF, contour interval is 1 m/s, d) anomalies double and single
COy Tortonian runs for JJA, contour interval is 1 m/s. Shaded area represent positive values.

for the Holocene - with an increase in carbon dioxide. As a consequence climate condi-
tions with high CO, values show a smoothed annual latitudinal temperature curve resp. a
reduced seasonal temperature cycle. A similar result representing a less intense variation
between summer and winter season was obtained by Raymo et al. (1990). They initialized
their model using a reduced sea ice cover in order to reproduce sea ice albedo-temperature

feedbacks.

With a global temperature increase the hydrological cycle is intensified because a warmer
atmosphere can store more water vapor in form of latent heat (cf. tab. 2.1). Due to
warming evaporation is increased in the subtropical oceans (fig. 2.26) and moist air is

transported poleward. At higher latitudes (30°N - 70°N) water vapor is released and a
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gain of precipitation is noticeable over the North Atlantic and Pacific (fig. 2.25). This
additional freshwater input could reduce surface salinities at high latitudes in areas of
North-Atlantic Deep Water formation. As a result this could induce a further reduction
of the overturning cell in the North Atlantic which is shown for present day scenarios (e.g.,
Mikolajewicz and Voss 2000, Rahmstorf 1995). On the other hand a further strengthen-
ing of the overturning cell is supported by an increase in subtropical evaporation. As a
consequence more saline ocean water is transported to higher latitudes and thus the ther-
mohaline circulation is affected. These processes are investigated with a climate model
containing a more sophisticated ocean module (Mikolajewicz and Voss 2000). Due to the
deficiency of a dynamic ocean model our ECHAM4 /ML cannot represent a further weak-
ening of the overturning cell. Nevertheless, our ECHAM results represent an aridification

over the ocean in the subtropical Atlantic Ocean during DJF (fig. 2.26).

In the doubled CO5 experiment the reduction of Arctic ice cover during winter is combined
with a strong polar warming. The polar heating causes a weakening of the Polar High and
a decrease in surface pressure. Simultaneously, the Iceland Low over the North Atlantic
region is shifted further northwards (fig. 2.27). An intensification of this low pressure
region leads to an amplification in 10 m height wind speed over the North Atlantic (fig.
2.28). Studies by Raymo et al. (1990) also show a relationship between a decrease in
Arctic sea ice and stronger winds in mid-latitudes on the Northern Hemisphere. Increases
in surface winds can be attributed to an intensification in the westerlies at almost the
same latitudinal position. The cause of this intensification can be explained as follows.
The more unstable atmosphere in the double CO4y experimental run results in warmer
tropospheric temperatures. The more baroclinic condition leads to an intensification of
the jet-stream which is located in about 200 hPa height (fig. 2.29). In comparison to the
standard Tortonian run there is a northward shift of the jet-stream. A similar northward
shift of the jet-stream is also found in modern climate scenarios with enhanced carbon
dioxide studies (Hall et al. 1994). This magnified wind speed at higher levels has an
impact on the variability of the 500 hPa geopotential (fig. 2.30). As a consequence the
geopotential height variation over the North Atlantic and coastal parts of Europe is in-
tensified. The analysis of the geopotential height variability also shows a widening of the
storm track locations to the East and North. Despite this reorganization the increase in

geopotential height variation could imply a higher frequency of storm tracks (Schubert et
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al. 1998, Lunkeit et al. 1998). This can be traced back to a greater amount of latent heat

in a more humid atmosphere or to changes in local baroclinicity (Hall et al. 1994).

With regard to the North Atlantic Oscillation, Recent climate modeling studies with
enhanced carbon dioxide show an increase in the latitudinal surface pressure gradient and
an enhancement of zonal wind over the Atlantic Ocean (e.g., Paeth et al. 1999, Rogers et
al. 1998). Hence for the doubled CO, Tortonian sensitivity run stronger westerly winds
are expected over Europe. The yearly mean surface pressure (fig. 2.27) over the North
Atlantic shows a strengthening of some hPa at the location of the Iceland Low. Anoma-
lies corresponding to the Azores High result in an increase of 2-3 hPa. The enhanced
pressure gradient being more pronounced during winter indicates a higher North Atlantic
Oscillation implying a more zonal circulation in mid-latitudes (cf. fig. 2.28). The in-
crease in meridional pressure gradient leads to more zonal wind advection supplying the
European/Asian continent with higher winter temperatures (fig. 2.24). Shortly this index
provides an indicator for northern continental winter conditions. In correspondence with
a warmer winter climate over Europe, model results show a decrease in seasonality. The
model output of the COy sensitivity experiment shows that the intensified momentum-

heat flux mechanism in mid-latitudes plays an important role for the European climate.

Both present day CO, scenarios with a carbon dioxide doubling (Douville et al. 2000) and
the Tortonian CO4y experimental run cause a temperature increase of several degrees dur-
ing summer over the Asian continent (fig. 2.24). Thus the temperature gradient between
Asian continent and Indic Ocean is increased. The intensity of this horizontal tempera-
ture gradient could be of importance as it is widely assumed that the land-sea contrast
in surface temperatures drives the intensity of Asian summer monsoon (e.g., Douville et
al. 2000). The temperature anomalies over South Asia in the double COy Tortonian run
amount an increase of 3 to 4°C in the annual mean (fig. 2.24). This increase seems to
be comparable with other modern climate studies with an enhanced atmospheric carbon
dioxide (Douville et al. 2000). Numerical climate modeling studies referring to nowadays
scenarios and which were performed by Douville et al. (2000), however, suggest a general
weakening of Asian summer monsoon circulation when carbon dioxide is increased. The
authors’ analysis show that the increase of precipitation rates over South Asia is caused

by the more humid atmosphere under stronger greenhouse conditions. This also means



62 CHAPTER 2. SIMULATIONS WITH ECHAM4/ML

that a slight change in evaporation e.g., due to the vegetation cover, can affect rainfall
over land. In compliance with modern scenarios our double CO5 Tortonian run shows an
increase of precipitation over Southern Asia (fig. 2.25). However, there is an indication of
a northward shift of the Asian monsoon system which can be seen in the increased low-
level flow of the summer average (fig. 2.28) and an increase in the subtropical easterly jet
(fig. 2.31). Thus the monsoonal circulation is enhanced in the double CO, Tortonian ex-
periment. One main process which could lead to such discrepancies between present-day
experiments and the Tortonian run could be the additional effect of a reduced height of
the Tibetean Plateau. Furthermore one should consider that there are still large uncer-

tainties in climate models in representing a modified Asian monsoon system (Douville et

al. 2000).

2.5 Summary of ECHAM4 /ML studies

Tortonian time slice experiments (8 Ma BP) with the complex model ECHAM4/ML
have been performed. Therefore boundary conditions have been changed with regard
to orography, glaciers, COy forcing, and a prescribed oceanic heat transport. In order to
specify ocean properties for the Tortonian time slice, oxygen isotope data from planktonic
foraminifera were used. They provide a data base for sea surface conditions and therefore
a tool for reproducing the meridional temperature gradient. These data were used in
order to adjust the oceanic heat transport for the Upper Miocene situation. Therefore it is
assumed that the meridional temperature gradient is a measure of the heat transport in the
ocean. As the latitudinal temperature gradient of the Tortonian time-slice is smaller than
the Recent one the oceanic heat transfer is also reduced. Including the above mentioned

assumptions the performed model simulations provided the following results:

e The prescribed oceanic heat transport for the Upper Miocene is in qualitative agree-
ment with oceanic proxy data. Model results represent less intense ocean currents -
like the Gulf Stream, Kuroshio, Humboldt, and Benguela Current - on the Northern

and Southern Hemisphere.

e The results of the standard Tortonian simulation (Recent values of atmospheric car-
bon dioxide were used) shows hardly any change in the global averaged temperatures

in comparison to the Control run. Despite this fact some circulation patterns differ
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significantly from the Control run. For example the location of the North Atlantic
storm tracks is shifted equatorwards in comparison to today affecting Southern Eu-
rope with more rainfall. Furthermore the model results represent a weakening of
the Asian monsoon, which is caused by the reduction of the height of the Tibetean
Plateau. Additionally, a reduced polar sea ice distribution is represented by model

results which is in agreement with several proxy data.

e The simulation of the double CO; sensitivity run for the Tortonian represents an
increase in the global surface temperature of 3°C, which is in the same order as
predicted by modern climate scenarios with enhanced carbon dioxide. With an
increase in greenhouse gases atmospheric circulation pattern vary from the standard
Tortonian run. For instance, the COy doubling sensitivity run shows a northward
shift of storm tracks combined with a milder winter climate and a reduction in
seasonality for Europe. With regard to the Asian monsoonal circulation pattern the

results show an intensification, which is controlled by a more humid atmosphere.
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Chapter 3

Simulations with CLIMBER-2

The global climate model CLIMBER (CLIMate and BiosphERe) was developed at the
Potsdam Institute for Climate Impact Research. This model contains several components
describing a simple atmosphere, a 2-dimensional ocean, sea ice, land surface processes, and
terrestrial vegetation distribution. This model is of intermediate complexity, so several
sensitivity studies can be performed at low computational cost. One constraint, how-
ever, is its coarse resolution. Nevertheless, its features qualify CLIMBER for studies with
respect to the Tortonian time slice. It enables one to investigate the role of vegetation
in climate, especially at high latitudes, and allows one to explore the effect of different

boundary conditions such as changed sea-land distribution.

The studies in this chapter utilize these possibilities. Results are discussed corresponding
to a doubling of atmospheric carbon dioxide content, the effect of a changed Mediterranean

Sea (Paratethys), and a shifted Australian continent.

3.1 The model CLIMBER . 2.2

CLIMBER-2 has an atmospheric resolution of 10° in latitude and about 51 ° in longitude.
In order to represent an acceptable land-sea distribution the fraction of land and ocean
is considered for each grid point. The atmosphere is represented by a 2.5-dimensional
statistical-dynamical model. The model works like most general circulation models ex-
cept that the synoptic scale is parametrized (Ganopolski et al. 1998 a). Hence, a much
longer time step is allowed. The model is described in further detail by Petoukhov et al.
(2000).

65
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The zonally averaged ocean is divided into three basins (Atlantic, Pacific and Indian
Ocean) based on the model of Stocker et al. (1992). The basins are connected to each
other, but with no seaway between Atlantic and Pacific Ocean. As is the case for the
atmospheric model, the latitudinal resolution is 10°. A simple thermodynamic sea-ice

model predicts sea ice fraction and thickness together with advection and diffusion of ice.

The optional terrestrial vegetation model VECODE (VEgetation COntinous DEscrip-
tion) is written by Brovkin et al. (1997). Potential vegetation is represented by fraction
of trees, grass and bare soil (desert). These fractions are dependent on growing degree
days (sum of mean daily temperature for days with temperature above 0°C) and annual
precipitation. Changes in vegetation cover can be interpreted as changes in vegetation

zones whereby the vegetation is in equilibrium with climate.

The three modules are connected via the fluxes of momentum, heat and water at the
surface interface. There is no flux adjustment necessary, which makes different timeslice

experiments more reliable.

A comparison of CLIMBER-2 results with preindustrial climate shows good agreement of
seasonal and annual means (Petoukhov et al. 2000). It also does a good job in simulating
a large set of characteristics of the climate system, including radiative balance, tempera-
ture, precipitation, large-scale circulation patterns, ocean circulation and the cryosphere.
For the benefit of a fast turnaround time CLIMBER cannot simulate weather, inter-
decadal variabilities like El Nino/Southern Oscillation, or regional climates, in contrast
to general circulation models that can also resolve weather systems like the North Atlantic
Oscillation. Additionally CLIMBER-2 presents reasonable results for enhanced CO, ex-
periments (Ganopolski et al. 1998 a, Rahmstorf and Ganopolski 1999). So far time slice
experiments have been established for the Last Glacial Maximum (Ganopolski et al. 1998
b), the climatic Optimum during the Holocene (Ganopolski et al. 1998 a), and the Inter-
glacial Eemian (Kubatzki et al. 2000).
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3.2 Tortonian run

For the Tortonian, boundary conditions for CLIMBER-2 simulations are set as for
ECHAMA4 runs. Due to the coarse spatial resolution only the Tibetean Plateau is reduced
by half of its present height (e.g., Molnar et al. 1993, Wang et al. 1999). Additionally
Greenland glaciers are eliminated. The atmospheric carbon dioxide is set to 353 ppm for
both the Control and the Tortonian run. In order to provide a best-guess run for the
Tortonian the Atmosphere-Ocean-Vegetation-model (AOV) was used. This run enables
one to interpret responses in the ocean, the atmospheric circulation, and vegetation cover
due to Tortonian boundary conditions. Thus different results are expected in comparison

to ECHAM simulations.

The time evolution of the globally averaged temperature and sea ice volume (fig. 3.1)
shows that the model reaches equilibrium after several hundred years and that only small
deviations occur after 1000 years of integration. Therefore integrations of at least 2000
years were performed. A short list of relevant experimental runs with CLIMBER is rep-
resented in appendix E. The global mean of near surface temperature for the Control
run (fig. 3.1 a) yields a value of 15.7°C. In contrast to previous ECHAM results (tab.
2.1), there is a difference noticeable of less than 0.1°C. Thus there is a good agreement
between ECHAM4 /ML and CLIMBER simulation results with regard to the Control run.
In view of the climate reconstruction of the Upper Miocene, it should be noted that the
usage of climate models of different complexity and different climate modules - such as
ECHAM4/ML and CLIMBER - renders a direct comparison of simulation results more
difficult. However, in order to enable a proper classification of our simulation results, gen-
eral conformities in atmospheric circulation pattern are described. Starting from the same
Tortonian boundary conditions, including above mentioned changes for the Tortonian run,
CLIMBER leads to a 0.8° warmer atmosphere. The temperature rise at high latitudes
causes a significant reduction of northern sea ice cover (fig. 3.1 b). This is expected
because of the elimination of Greenland ice. Additionally the positive sea ice-albedo feed-
back strengthens the warming. The comparison of sea ice cover between CLIMBER-2 and
ECHAM4/ML (fig. 2.15) is difficult, because the sea ice model in ECHAM represents sea
ice changes inadequately due to the non-dynamic description. Nevertheless, both mod-

els indicate less sea ice for the Tortonian time slice in the Northern Hemisphere. The
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Figure 3.1: Time evolution of results of Control run, Tortonian run and double carbon diox-
ide Tortonian run. a) Near surface temperature in °C, b) sea ice fraction on the Northern

Hemisphere and c) sea ice fraction on the Southern Hemisphere in 10P km?

decrease for CLIMBER and ECHAM amounts 1.5-10%km? and 0.2-10km? respectively.
Hence, both models result in a much warmer polar region for the Tortonian even though

the quantitative amounts are different.
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Figure 3.2: Near surface temperatures of Tortonian run (AOV) minus Control run (AOV). a)
JJA, b) DJF and c) annual mean. Contour interval in K.

On the following pages the comparison of selected variables and their anomalies of Control
and Tortonian run will be described. Results of this Tortonian run which are not figured

in this chapter can be found in appendix C.
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Figure 3.3: Surface precipitation rates of Tortonian run (AOV)minus Control run (AOV). a)
JJA, b) DJF and c) annual mean.

As is the case for the ECHAM runs (fig. 2.16), CLIMBER run shows a strong temper-
ature increase over Northern Hemisphere (fig. 3.2) due to the reduction of the height of

the Tibetean Plateau and the elimination of Greenland ice. Seasonal temperature vari-
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Figure 3.4: Anomalies in vegetation fraction of Tortonian run (AOV) and Control run for
forests, desert and grass.

ations differ slightly, with a warming over North Polar Sea during winter months. This
phenomenon can also be seen in the ECHAM results indicating a lower seasonal change

in temperature relative to the Control run. The annual mean in fig. 3.2 ¢) features a
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Figure 3.5: Zonal averaged zonal wind and the anomalies. a) DJF with a contour interval of
5m/s b) JJA with a contour interval of 5m/s, c) anomalies between Tortonian and Control run
for DJF, contour interval is 0.2m/s, d) anomalies between Tortonian and Control run for JJA,
contour interval is 0.2m/s. Shaded areas represent positive values.

reduced temperature gradient between North Pole and Equator, which was initially as-

sumed for the Tortonian on the basis of oceanic proxy data (cf. chapter 2).

With respect to the general precipitation patterns, significant discrepancies exist between
ECHAM (fig. 2.17) and CLIMBER (fig. 3.3) results. This is caused by a different at-
mospheric circulation which drives large-scale precipitation patterns. With regard to the
CLIMBER experiment, anomalies in precipitation rates occur mainly during northern
summer season (fig. 3.3). These changes can partly be attributed to a warmer Northern
Hemisphere caused by an ice-free Greenland shield and a reduced mountain range over
Asia. Associated with this process is an establishment of a different vegetation cover with

a greater percentage of forests (fig. 3.4). The additional vegetation cover leads to an
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Figure 3.6: Anomalies of Tortonian and Control run of zonally averaged mass transport stream-
function of the meridional overturning circulation in the Atlantic, Indo-Pacific and World ocean.
Contour interval is 0.5 Sv.

enhanced evaporation and therefore to an increase of precipitation, producing a positive

feedback mechanism. Therefore the precipitation rate is increased for both described ar-

eas.
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With regard to the Asian monsoonal circulation on the Northern Hemisphere, a further
westward shift of the wind system can be found. Therefore, over East Asia precipitation
rates are decreased, whereas they are magnified further westwards. The reorganization of
the Asian monsoon can also be seen in the slightly intensified tropical easterly jet during
JJA (fig. 3.5). The reduction of the height of the Tibetean Plateau causes a greater
flux of moisture to be transported to Central Asia, causing a wetter climate. This, in
turn, causes an increase in the fraction of grass and forests (3.4). The shift of this circu-
lation pattern is in qualitative agreement between ECHAM and CLIMBER; however, a
strengthening of the monsoonal regions is not supported by ECHAM results. As in the
ECHAM run (fig. 2.17) the African monsoon is intensified, leading to greater precipita-
tion rates over North Africa. In CLIMBER this is connected to a strong positive feedback
mechanism between vegetation and precipitation, which involves a further greening of the
North African desert belt. This effect was also found in Holocene time slice experiments

with CLIMBER (Ganopolski et al. 1998 a).

Over the North Atlantic, higher precipitation rates dilute surface waters and reduce
oceanic salinity at higher latitudes. This has a direct effect on the oceanic circulation,
because the additional input of freshwater reduces the intensity of the North Atlantic
overturning cell (fig. 3.6). This process is also predicted for future climates by different
climate modelers (e.g., Rahmstorf and Ganopolski 1999, Stouffer and Manabe 1999). The
rate of weakening of North Atlantic Deep Water for future climate scenarios or a possible

stagnancy is a matter which is still discussed.

Due to a greater precipitation rate over the northern Atlantic Ocean the overturning
cell is reduced, resulting in a reduction of more than 2.5Sv (fig. 3.6). The weakening
of North Atlantic Deep Water formation leads to a less intense oceanic heat transport in
the North Atlantic in the order of 0.1 PW (fig. 3.7). The same process also occurs in the
Pacific Ocean leading to a less effective oceanic heat transport to the North Pole. It is
important to note that the order of the variation complies with the initial changes which

were assumed for the changed oceanic heat transport of the ECHAM run.

Quantitatively there are no major changes in the zonal mean wind amount (fig. 3.5);

however, a general pattern can be found. In the Northern Hemisphere westerlies are



3.2. TORTONIAN RUN 75

ATLANTIC OCEAN

051
ES —
o
—_
-05
-1 . . , , ,
90S 60S 308 EQ 30N 60N 90N
'g‘ INDO—-PACIFIC OCEAN
o 1
—_
T
o 051
n
5
5 01—
k]
o -05
<
?
s
2
<
T 5 , , , . .
S 90S 60S 308 EQ 30N 60N 90N
WORLD OCEAN
2
151
1.
051
S
5 0
—_
-0.51
_1.
-1.51
-2 , , y . .
90S 60S 308 EQ 30N 60N 90N

Latitudes

Figure 3.7: Northward heat transport in Peta Waits for Atlantic, Indo-Pacific and World ocean.
Black line: Control run; Grey line: Tortonian run.

decreased throughout the year due to a smaller meridional temperature gradient. This
fact leads to a decreased fresh water flux in mid-latitudes resulting in drier regions in
Europe (fig. 3.3). Similar results can be seen in ECHAM simulation, where a drying is
located at high mid-latitudes due to the southward shift of storm tracks. Nevertheless,
the variations differ significantly with regard to the zonal mean wind (fig. 3.5). Here the
CLIMBER simulation represents a reduced momentum transport in contrast to ECHAM
results. Hence the warming of the Arctic Ocean and surroundings in the Tortonian run
does not depend solely on the oceanic heat transfer. The temperature rise in northern
high latitudes is driven by the removal of the Greenland ice shield and the related positive
feedback mechanism. For instance the positive snow-albedo-vegetation feedback mecha-

nism leads to warmer climate conditions.
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With respect to the Southern Hemisphere the ECHAM and CLIMBER model produce a
qualitatively similar pattern. During JJA anomalies of both models indicate a more equa-

torial shift of the mid-latitudinal frontal zone, in DJF, however, changes are negligible.

3.3 Sensitivity studies

Sensitivity studies are performed to learn how different prescribed boundary conditions
affect atmospheric circulation. One sensitivity study doubled atmospheric carbon dioxide
as in the ECHAM runs. A second sensitivity study doubled the size of the Mediterranean
Sea to understand the influence of the Paratethys Ocean. A third sensitivity run shifted
Australia further southwards as suggested by geological data (e.g., Lee and Lawver 1995,
Gahagan et al. 1988).

3.3.1 Carbon dioxide experiment

In parallel with the ECHAM sensitivity study, a CLIMBER run with doubled carbon
dioxide is performed. As known from different modern sensitivity studies with CLIMBER
(Ganopolski et al. 1998 a, Rahmstorf and Ganopolski 1999) the global averaged temper-
ature increases by 3.0 K (see also fig. 3.1) with a doubling of COs. Due to the ice melt at
the poles and the increase in forests, high latitudes are warmed the most. A horizontal
difference plot of the change in near surface temperature between the Tortonian run with
double carbon dioxide and the standard Tortonian run is shown in fig. 3.8. The tempera-
ture range between mean summer and mean winter temperatures is reduced northward of
60° N. The anomalies over landmasses are greatest whereas over ocean surface the merid-
ional temperature gradient is lower. The reduction of the seasonal temperature cycle is
more emphasized in this experiment in comparison to the standard Tortonian run. A

qualitatively similar pattern can also be seen in ECHAM results (fig. 2.16.)

The global averaged precipitation rate is increased from 2.87mm/d in the Control run to
3.15mm/d in the standard Tortonian run, a difference of 0.28 mm/d. The precipitation
rate increases almost everywhere (fig. 3.9). ECHAM results indicate an increase in the

water cycle of 0.06 mm/d. The differences between models can be ascribed partly to the
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Figure 3.8: Near surface temperature anomalies between doubling carbon dioxide Tortonian and
the standard Tortonian run: a) JJA, b) DJF, and c) the annual mean. Contour interval is 1 K.

colder polar regions in the ECHAM run. Lower temperatures cause a smaller capability
of holding water vapour in the air. In combination with the seasonal shift of the in-
tertropical convergence zone, the precipitation rate increases due to a greater availability
of vapour water in the atmosphere. This phenomenon also can be seen in the ECHAM
simulation. However, discrepancies occur over areas with extreme climatic conditions like
deserts or tundra-like (boreal forests) regions. For these areas CLIMBER results indicate
greater precipitation rates. This can be attributed to the implemented vegetation module
whereas the ECHAM results are based on Recent vegetation, i.e. potential vegetation

feedback mechanism are not represented.

In contrast to the ECHAM model, CLIMBER produces no intensification of Northern
Hemisphere zonal circulation (not shown) and in fact shows a slight decrease in the zonal

wind component. This effect can be attributed to the lower meridional temperature gra-
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Figure 3.9: Precipitation rate anomalies between doubling carbon diozide Tortonian and the
standard Tortonian run: a) JJA, b) DJF, and c) the annual mean. Contour interval is 0,2 mm/d.

dient. Additionally, due to the coarse resolution of CLIMBER, a slight northward or

southward shift of westerlies cannot be detected.

3.3.2 Paratethys experiment

The exact size of the Paratethys Ocean and its influence on palaeoclimate are still in-
tensely discussed. During middle Miocene the size of the Eastern Paratethys shrinks
drastically in combination with a closure of the Paratethys-Indic. Subsequently during
the Late Miocene (Tortonian/Pannonian) European continentalisation continued and the
Central Paratethys was confined to the Pannonian Basin and its satellite basins (e.g.,
Dercourt et al. 1993, Rogl 1998, Steininger and Rogl 1984). The existence of a residual
lake in the Pannonian Basin is also supported by palaeoclimatic proxy data (e.g., Bruch
1998). Proxy data show a damping effect on seasonal temperatures that depends on the
size of the Paratethys (Bruch 1998). Therefore, the size of the Mediterranean Sea can

play a major role for the regional and European climate (Fluteau et al. 1999). In order
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Figure 3.10: Near surface temperature anomalies between a Tortonian run with a Mediterranean
Sea of double size and the Tortonian run: a) JJA, b) DJF, and c) annual mean. Contour interval
is 1 K.

to represent the effect of a larger Mediterranean Sea the size of the ocean, i.e. the sea

fraction, is doubled in this experimental run.

As expected, the temperature anomalies show a dampening effect on the seasonal tem-
perature cycle over the Mediterranean Sea and surroundings (fig. 3.10). During summer
additional evaporation takes place due to the larger water reservoir and leads to a cooling.
Conversely, during winter months warmer water masses release heat into the atmosphere.
The contour shape is asymmetrical and spread further eastwards due to the predominantly
west winds in mid-latitudes. The above described effect is known as the ” Paratethys ef-
fect”, which is also indicated by palaeobotanical proxy data (e.g., Bruch 1998, Fluteau et
al. 1999, Ramstein et al. 1997).

Atmospheric circulation is significantly affected by the doubling of the size of the Mediter-

ranean Sea. During northern summer a stabilization and an eastward shift of the Azores
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Figure 3.11: Anomalies in precipitation rate between a Tortonian run with a Mediterranean Sea
of double size and the Tortonian run: a) JJA, b) DJF, and c) annual mean. Contour interval

is 0.2 mm/d.
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Figure 3.12: Surface pressure for JJA: a) Tortonian run, b) anomalies between Tortonian run
with a Mediterranean Sea of double size and the Tortonian run. Contour interval is 5 and
0.5 hPa correspondingly.
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High can be found (fig. 3.12). This reorganization over Southern Europe has also an
effect on the North African monsoonal system. Due to the high pressure system the
Mediterranean region experiences a more continental climate. Therefore a weakening in
North African monsoonal system is observed. This leads to a smaller precipitation rate
close to the North African coast (3.11). Because of its latitudinal position North African
region is sensitive to small differences in precipitation rates. Hence the vegetation cover
is predominantly affected. Due to the different atmospheric circulation system this region
becomes drier. Additionally, the intensified high pressure cell over the Mediterranean Sea
affects Asian monsoonal circulation. In combination with the further eastward shift of
the summer High the Asian Low is slightly reduced. This involves a reduction of low
level flow and therefore the rate of precipitation, which weakens the summer monsoon
system for the Indian region and causes an aridification north of Tibetean Plateau. In
correspondence with the decreased circulation the subtropical easterly jet is reduced by

nearly half (not shown).

The precipitation anomalies are characterized by a seesaw pattern between Europe and
Africa (fig. 3.11 ¢), with a more humid climate for Northern Europe and a more arid cli-
mate for North Africa. This pattern is supported by the reorganization of the atmospheric
circulation. The subtropics are more influenced by dry continental air masses from Asia,

while the mid-latitudes are more influenced by the westerlies.

Changes in Mediterranean outflow cannot be resolved by CLIMBER. However, there is a
noticeable process for the North Atlantic Ocean. Due to the smaller freshwater input into
the North Atlantic (fig. 3.11) an anomalous higher salinity is noticeable at 30 °N. Finally
this more saline water amplifies the thermohaline circulation and leads to an increase of

1Sv for the North Atlantic.

3.3.3 Australian landmass experiment

Plate tectonic reconstructions indicate a more southerly location of Australia during the
Late Miocene than today (e.g., Lee and Lawver 1995, Gahagan et al. 1988). Therefore

an experiment was conducted with a southwardly shifted Australian continent. This is
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Figure 3.13: Anomalies in near surface temperature between a Tortonian run where Australia
is placed further south and the Tortonian run: a) JJA, b) DJF, and c) annual mean. Contour
interval is 1 K.

performed by displacing Australia continent one grid point in CLIMBER resolution (10 °)
farther to the South. In correspondence with this shift, a more humid climate is expected
for Australia as its simulated position is closer to the southern Polar Frontal Zone and
farther displaced from the subtropical anticyclone belt (Beard 1977). Proxy data indi-
cate greater precipitation rates for Southern Australian coastal areas during the Miocene.
Sluiter et al. (1995) and Martin (1998) suggest at least a doubling of present-day rainfall
values to an annual mean of about 1500 mm for Southern Australia, based on palaeo-

botanic data.

The southward shift of Australia amplifies the seasonal temperature cycle. During the
summer temperatures increase, while during the winter temperatures decrease slightly
(fig. 3.13). The southward shift induces a higher sensitivity of land masses to the sea-
sonal solar cycle. The annual mean, however, shows no essential differences. These results

are not in correspondence with the palacobotanic studies of Sluiter et al. (1995) which
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Figure 3.14: Anomalies in precipitation rate between a Tortonian run where Australia is placed

further southward and the Tortonian run: a) JJA,

interval is 0.2mm/d

b) DJF, and c) annual mean.
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Figure 3.15: Surface pressure for DJF: a) Tortonian run, b) anomalies between Tortonian run
where Australia is placed further southward and the Tortonian run. Contour interval is 5 and
0.5 hPa correspondingly.
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infer a temperature increase of several degrees. Because Sluiter et al. (1995) derive their
data from the Early and Middle Miocene, discrepancies between model simulation results

and palaeo-data may result from the comparison of different time-slices.

A slight increase in precipitation is noticeable (fig. 3.14). Changes in surface pressure
anomalies (fig. 3.15) lead to a reorganization of the subtropical High over the Indian
Ocean. A slight reduction of its intensity leads to an increase in zonal wind southward
of 30°S, which causes the southern Australian coast to be more influenced by strong
westerlies. Hence an annual increase of close to 100 mm/a is noticeable. These model re-
sults, however, obviously underestimate precipitation values derived from palaeobotanical
proxies (Sluiter et al. 1995, Martin 1998). However, the tendency of a wetter climate is
represented in the model. With regard to ECHAM results and available proxies the lack
of precipitation increase in ECHAM simulations for Southern Australia can be partly
attributed to the neglected southward shift of Australian continent during the Upper

Miocene.

3.4 Summary of CLIMBER studies

With the model CLIMBER-2 of intermediate complexity a run for the time slice Tortonian
was performed. Due to the available ocean and vegetation module the experiments allow
one to investigate specific feedback mechanisms. Model output, however, is constrained
by the low resolution and the confined ocean basins. In comparison to a complex general
circulation model like ECHAM this model enables to investigate several sensitivity runs

with a fast turnaround time.

A summary of conclusions from the CLIMBER experimental runs is listed below:

e For the standard Tortonian run CLIMBER and ECHAM show agreements in the
tendency of variations with regard to the Northern Hemisphere sea ice fraction, the
decrease in seasonality at high latitudes, an intensification of North African summer

monsoon, and a reduced heat transport in the oceans.

e However, the absolute differences (e.g., sea ice volume and temperature increase)

between Control and Tortonian run of both climate models are different.
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e These discrepancies between CLIMBER and ECHAM with respect to the standard
Tortonian runs can be attributed to the different types of implemented modules.
Hence vegetation-temperature feedbacks are only resolved by CLIMBER. This effect
can be seen in vegetation changes over Asia. Here, CLIMBER shows in contrast to

ECHAM a slight intensification of the monsoonal system.

e A CLIMBER sensitivity experiment with COs doubling is similar to ECHAM with
regards to an intensified hydrological cycle and a global temperature increase of
about 3°C. Additionally, the double CO4 sensitivity runs of both models represent
warmer climate at mid and high-latitudes with a decrease in seasonality. There is,

however, no intensification of westerlies noticeable in contrast to ECHAM results.

e An experimental run including a simulated Paratethys largely fits palaeoclimatic
reconstructions from proxy data. The changed boundary conditions result in a

reduction of the annual temperature cycle and an increase in rainfall over Europe.

e CLIMBER model results show that the precipitation rate over South Australia
is sensitive to the continent’s latitudinal position which varied during the last 8
million years. An experimental run was performed which considers a southward shift
of Australian continent. Even though the corresponding model output represents
precipitation rates quite lower than comparable proxy data, simulation results show

the tendency of a wetter climate.
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Chapter 4

Validation with proxy data

The limited number of Tortonian terrestrial sediments on a global scale provide relatively
sparse proxy data for comparison with model data. A further restriction for a widespread
analysis of the available data is the lack of precise stratigraphy. Consequently for the fol-
lowing comparison terrestrial proxy data of the time span from 11 to 7 Ma BP were taken
into account. This corresponds to the full time span of the Tortonian (Upper Miocene).
For the following investigation the comparison is divided into a quantitative and a quali-
tative analysis. Quantitative proxy data are yielded from palaeobotanical or palynological
techniques. These data provide amongst others temperature and precipitation values of
yearly, summer, and winter means. As the resolution of a climate model is quite small a
direct comparison of proxy data and climate model output is difficult (von Storch 1995,
Sloan et al. 2001). Nevertheless the constitutive climate changes supplied by the model
and the proxy data can be compared. In global circulation models the general tempera-
ture pattern can be used as a good guideline for the regional climate as the temperature
field itself is smoothed. Thus a comparison with proxy data is justifiable. The precipita-
tion field, however, is a more demanding task in climate prediction. This is not only true
for palaeo-reconstructions but also for Recent climate modeling and observations. Uncer-
tainties in the order of about 0.5 mm/d (180 mm/a) in mid-latitudes are controlled by
the global and regional temperature pattern, humidity, wind dynamics and the simplistic
parametrization of rain processes (Chahine 1992, von Storch et al. 1993). Therefore dis-
crepancies in precipitation values should not be overestimated. For example orographical
rain pattern is not resolved correctly by circulation models due to the coarse resolution.

For the following comparison these restrictions of model data should be taken into ac-
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count. First of all, a comparison between quantitative proxy data and model output is
presented with concentration on Europe and North America because of the distribution of
available climatic proxy data. Hence the evaluation of the results are confined to regional
climates. In order to test the influence of COs forcing, model results of the sensitivity
experiments are also considered. Subsequently qualitative specifications of climate condi-
tions from proxy data are compared with ECHAM and CLIMBER results. In the second
section there is a comparison of CLIMBER vegetation results with a potential Tortonian
vegetation map reconstructed from proxies. In accordance with the ECHAM comparison
the fraction of trees, grass, and deserts are discussed for the standard Tortonian and the

run with COs doubling.

4.1 Comparison of model results with temperature

and precipitation proxies

Terrestrial palaeoclimatic proxy data used for the comparison with our model output are
based, on the one hand on published specifications on fossil plant communities all over the
world related of Tortonian age. By means of the coexistence approach (Mosbrugger and
Uterscher 1997) the yearly mean temperature and precipitation rate was computed from
these fossil plants communities. On the other hand, previously analysed and published
climatic specifications were compiled and added to the above ones. The resultant data
base (Bruch and Uhl pers. comm.) covers studies by Bruch 1998, Gregor and Unger 1988,
Mai 1995, Sachse and Mohr 1996, Utescher et al. 2000, Wolfe 1994a, Wolfe 1994b and
others including climatic specifications from micro (pollen) and macro botanical (leaves)

fossils dated between 7 and 11 Ma BP.

The computation of yearly mean temperature values and precipitation rates from the
compiled Tortonian botanical data base was performed by Bruch and Uhl (pers. comm.).
Their analysis is based on the ansatz of the Nearest Living Relatives in order to determine
the palaeoclimatic environment of a fossil flora. For this, fossils are investigated on pos-
sible relationships with Recent taxa. If it is possible to affiliate a relationship between a
Recent and fossil taxons, climatic conditions of the nearest living relative are transferable

to the fossil taxon. However, some uncertainties can occur when applying this method.
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For instance, there could be a false assignment of the fossil relative to the Recent one.
Furthermore, errors could occur, if the Recent and palaeo-taxa reflect different climatic
conditions. These palaeoclimatic reconstructions are represented by specific temperature
and precipitation intervals corresponding to a particular taxon. In order to define more
specific climatic conditions the coexistence method (Mosbrugger and Utescher 1997) was
applied on the Tortonian plant communities at each location of a fossil flora. Instead of
using the temperature and precipitation intervals of each particular taxon, this approach
considers a temperature and precipitation interval which equals the joint intersection of
all intervals of the taxa. Hence this so called coexistence interval equals or is smaller
than the intervals of all taxa. This idea corresponds to the assumption that all taxa of
one sample do coexist, and, therefore, reflect the same climatic conditions. Consequently
the application of this method results in a reduced temperature and precipitation interval
for the corresponding plant community. For a comparison of climate model results with

proxy data, mean annual temperature and precipitation intervals were taken into account.

For climate model results, yearly mean temperature and precipitation values were cal-
culated of each year from the last 10 years of integration. From these values the minima
and maxima were considered for defining a corresponding temperature and precipitation
interval. Hence the comparison of proxy data with climate model results shows a good
agreement when the corresponding climate intervals overlap. Then the difference between
the climate intervals is zero. However, if these intervals do not coincide there is a gap
of some °C or mm/a. In order to specify this gap between both intervals the smallest

distance between both interval limits is determined.

The results of the inter-comparison between quantitative proxy data and climate model
results of the standard Tortonian run are shown in fig. 4.1 and 4.3 for temperature and
precipitation values respectively. In order to evaluate climatic distinctions the differences
between the temperature and precipitation intervals were determined. Subsequently the
differences between the quantitative proxy data intervals and climate model intervals from

the double COy sensitivity run are represented (fig. 4.2 and fig. 4.4).

The comparison of the temperature results of the standard Tortonian run with proxy

data shows partly good agreements with regard to mid- and low-latitudes (fig. 4.1 b)
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Figure 4.1: Differences in yearly mean temperature intervals between ECHAM results
(standard Tortonian run) and botanical prory data. a) white circles: simulated tempera-
ture maximum is smaller than minimum temperature specified by proxy data, grey stars:
temperature intervals overlap, black circles: simulated temperature minimum is greater
than mazimum temperature specified by proxy data. b) Temperature difference in absolute
values between temperature interval from simulated data and proxy data.



4.1. COMPARISON OF MODEL RESULTS WITH ... 91

a)

%

% W 0

Temperature interval differences
O T(ECHAM) < T(proxy data)
¢ T(ECHAM) = T(proxy data)
@ T(ECHAM) > T(proxy data)

3 & 0

Absolute temperature differences
O O 0-15°C
(@) O 15-3°C
@ 3-6°C
@ 6-10°C

Figure 4.2: Differences in yearly mean temperature intervals between ECHAM results
(Tortonian double COs content) and botanical proxy data. a) white circles: simulated
temperature mazrimum is smaller than minimum temperature specified by proxy data, grey
stars: temperature intervals overlap, black circles: simulated temperature minimum is
greater than maximum temperature specified by proxy data. b) Temperature difference in
absolute values between temperature interval from simulated data and proxy data.
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Figure 4.3: Differences in yearly mean precipitation intervals between ECHAM results
(standard Tortonian run) and botanical proxy data. a) white circles: simulated precipita-
tion maximum is smaller than minimum precipitation specified by proxy data, grey stars:
temperature intervals overlap, black circles: simulated precipitation minimum is greater
than mazximum precipitation specified by prozy data. b) Precipitation difference in absolute
values between temperature interval from simulated data and proxy data.
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Figure 4.4: Differences in yearly mean precipitation intervals between ECHAM results
(Tortonian double COy content) and botanical proxy data. a) white circles: simulated
precipitation mazimum is smaller than minimum precipitation specified by proxy data,
grey stars: temperature intervals overlap, black circles: simulated precipitation minimum
is greater than mazimum precipitation specified by proxy data. b) Precipitation difference
in absolute values between temperature interval from simulated data and proxy data.
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because the temperature intervals are separated from each other by less than 3°C. Con-
centrating on Europe, discrepancies between both data sets vary with latitude. In the
zoomed window in fig. 4.1 b) the circles represent a significant meridional gradient in
temperature differences. For the area around the Mediterranean Sea model results are in
good agreement with proxies (fig. 4.1 a). For the mid-European area, however, model
results tend to represent cooler conditions than proxy data (fig. 4.1 a). The differences
range from 1.5 to 6 °C whereas the coexistence approach yields temperature values of up
to 5°C higher than nowadays (Gebka et al. 1999, Utescher et al. 1997). This warming is
in contrast to our simulation results as there is no positive temperature anomaly notice-

able over European area (fig. 2.16).

Another method of obtaining palaeo-temperatures is based on Recent and fossil macro
botanical data, which is performed by Wolfe (1994a). For the time range 12MA to 10Ma
BP Wolfe (1994a) collected leaves in mid-latitudes of North-America. The author found
out that the mean annual temperatures were in the range from 9.8 to 12.3 °C. These given
mid-latitudinal palaeo-temperatures are nearly 3°C higher than the values represented by
numerical model results referring to the standard Tortonian run (see also fig. 4.1). Re-
garding high latitude regions such as Beringia and Alaska the discrepancies between proxy
data and model results are smaller. For example, Wolfe (1994b) found out that in the
Upper Miocene mean annual temperatures were about 2 to 4°C higher than today. He
proposes that these higher temperatures were caused by an anomalously warmer climate
during winter months. This process is also supported by a pollen analysis from White
et al. (1997). The corresponding temperature differences between simulation data of the
standard Tortonian run and proxy data can also be seen in fig. 4.1. For Alaska differences
in simulation data of the standard Tortonian run and Control run represent an increase
in temperatures of about 1°C in the yearly mean (fig. 2.16). Proxy data, however, in-
dicate a warmer palaeoclimate with temperatures up to 1.5°C higher. A tendency to a
warmer high-latitudinal climate is also represented by the simple model CLIMBER (fig.
3.2). CLIMBER results of the standard Tortonian run show increases in annual mean
temperature of about 2 °C in comparison to the Control results. Additionally the above
mentioned high-latitudinal reduction in seasonality indicated by proxy data is supported
by CLIMBER results of the standard Tortonian run whereas numerical results of ECHAM

only represent this reduction over the polar ocean.
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For high latitudes the standard Tortonian simulation produces mean annual temperatures
that are too low in comparison to proxy data. However, for low latitudes this pattern
is reversed, as model output yields higher temperatures than suggested by proxy data.
These temperature discrepancies, which can be nearly 6°C for Africa could be due to
different reasons. First, during the Neogene the tropics may have been significant colder
than today. In contrast to this there is the assumption that there was no greater tem-
perature increase in the tropics of more than 2°C between the Palaeogene and today
(Greenwood and Wing 1995). Nevertheless, there is no significant temperature decrease
in the tropics represented by our model results which could explain the discrepancies be-
tween proxy data and simulation results. On the other hand it could be possible that
the nearest living relative is nonexistent for the coexistence approach. This could result
in a palaeoclimate reconstruction which is not matching the fossils’ climate conditions.
Finally climate model results of the standard Tortonian run could also differ from palaeo-
climatic conditions. This could be caused by a different representation of the tropical
atmospheric circulation (e.g., down branch of the Hadley cell could be shifted poleward
or equatorward during the Tortonian). Thus temperature and precipitation pattern could
not be represented accurately. Due to these sources of errors an interpretation of temper-
ature discrepancies and also the precipitation discrepancies in the tropics should be done

carefully.

In contrast to the results for the standard Tortonian run, the double CO5 scenario shows
a better agreement with proxy data in general on the global scale (fig. 4.2). There are
only small discrepancies for Europe and America with maximum deviations of 4.3°C
and 1.2°C respectively. Despite some outliers there is widespreaded agreement between
temperature intervals of proxy data and model output overlap, which means that there
are no significant differences in climatic specifications. Like the standard Tortonian run,
though, discrepancies are significant in the tropics. These differences can be ascribed to
the additional greenhouse effect in the double CO5 run, which also warms the atmosphere
in the tropics. Thus, temperature discrepancies between proxy data and climate results

are increased (fig. 4.2).

Precipitation rates show a slightly different pattern when comparing model results of

the standard Tortonian run and proxy data (fig. 4.3). Over Southern Europe precipita-
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tion rates are up to 180 mm/a higher when comparing ECHAM results for the standard
Tortonian run and the Control run (cf. fig. 2.17). European proxy data also suggest an
increase in precipitation relative to modern values. Both data sets show a good agreement
for absolute values in western Europe. This region is strongly controlled by a maritime
climate, i.e. it is provided with high precipitation rates. However, proxies for the East-
Mediterranean show greater discrepancies, which can be attributed to the fact that the
actual size of the Paratethys during the Upper Miocene is not represented in the ECHAM
model. Due to the lack of a larger ocean there are no additional evaporation processes to
supply surrounding areas with a more humid climate. This could explain drier regions in

model results as compared to proxy data.

For the locality corresponding to Papua New-Guinea a precipitation rate of 1096 to
1864 mm/a is suggested by proxy data. This value is more than 2000 mm/a lower than
simulated by the model for the standard Tortonian run. In this case proxy data values
can also be controlled by local effects which could also lead to this great discrepancy.
Additionally, Southern Australian proxies suggest a much more humid climate which is
not represented by climate model results of the standard Tortonian run. Such differences
in rainfall specification might also be related to the geographical position of Australian
continent. It is assumed that the Australian continent was located further southwards
during the Upper Miocene than today (Beard 1977). Naturally, the latitudinal position

of a landmass can have a significant influence on the annual precipitation rate.

Precipitation rates of the double COs sensitivity run and the standard Tortonian run
differ only slightly (fig. 2.17 and fig. 2.25). Thus the difference between model results
and proxy data is also small (fig. 4.4). The double COs sensitivity run, however, shows
better agreements with proxy data in the regions of Iceland, Southern Asia, and Southern
Australia, which show greater rainfall. For these regions regions higher rainfall result
from the northward shift of the Polar Frontal Zone, a reorganization of Asian monsoonal

circulation, and a moister atmosphere due to a regional enhanced hydrological cycle.

Regarding European climate a major role plays the change of climatic conditions around
Mediterranean Sea. van Dam and Weltje (1999) reconstructed the climate on the Iberian

peninsula for the Late Miocene using rodent palaeocommunities. Their investigation
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which is related to the time-span 10.5 to 8.5 Ma BP provides cooler and more humid
climate conditions in contrast to the precedent time-slice. van Dam and Weltje (1999)
suggest that the time-span from 10.5 to 8.5 MA BP is a temperature determined episode
as there is no shortcoming of rain. The time-span between 10.5 and 8.5 Ma BP is sepa-
rated from the succeeding time-span which has a precipitation controlled character. These
changed climate conditions are characterized by warmer and more arid conditions. This
arid climate condition in direct vicinity to the Mediterranean Sea is assumed to be the first
indication of the starting point of the Messinian Crises. Likewise proxy data results from
Alonso-Zarza and Calvo (2000) and Bertini (1994) show same climatic conditions for the
corresponding Upper Miocene time spans whereas their studies are based on sedimentary
records in Spain and palynological investigations in Italy respectively. Furthermore it is
assumed by Alonso-Zarza and Calvo (2000) that their investigation region in Spain repre-
sents a boundary between a humid and subtropical-dry climatic belt . This corroborates
that some Mediterranean surroundings like Spain are sensitive regions to slight changes in
circulation patterns. With regard to climate modeling the ECHAM results corresponding
to Spain of the standard and double CO, Tortonian run represent consistently a slight
increase in precipitation rate in comparison to the Control run (cf. fig. 2.17 and fig. 2.25).
Thus our numerical results of the Tortonian represent a more humid climate condition for

the Mediterranean area which is comparable with above described results from proxy data.

Fox (2000) suggests a correlation between climatic change and habitat change of North
American mammals. The author’s investigation concentrates on fossil records for the Late
Miocene. Fox (2000) found out that the incremental growth of Gomphotherium tusks re-
flect climate changes. The results show that in contrast to the Miocene Climate Optimum,
the Upper Miocene was more arid and had a distinct wet season. These results for the
interior of North-America (Oklahoma and Nebraska) are consistent with ECHAM results.
Simulation data from both Tortonian scenarios represent dry conditions with a high sea-
sonal temperature range for the area corresponding to Oklahoma and Nebraska. Climate
conditions in the standard Tortonian run are slightly colder than today representing a cool
temperate climate. Yet a validation of absolute temperatures is not possible as the climate
conditions derived from proxy data are compared with Mid-Miocene climate conditions.
In contrast to the Control run, the CO4 sensitivity run provides higher temperatures in

the North American interior, which is more in agreement with above-freezing cold month
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means as suggested by e.g. Markwick (1998) on the basis of fossil crocodilians. Likewise
palynological studies by Pazzaglia et al. (1997) concentrated on the east coast of North
America suggest a change from a Mid-Miocene warm-temperate or subtropical climate to

cool temperate conditions during Pliocene with an enhanced seasonality in mid-latitudes.

Model results from regional palaeontological and meteorological climate reconstructions
(Utescher et al. 1997, Gebka et al. 1999) indicate temperatures for the lower Rhine em-
bayment that are several degrees higher than today (cf. fig. 4.1). Both the proxy data and
the mesoscale model results of Utescher et al. (1997) and Gebka et al. (1999) give higher
temperatures than the standard Tortonian run. However, one main aspect which should
be considered is the different resolution between a mesoscale model and a global climate
model. The coarse resolution in a global climate model like ECHAM restricts the pos-
sibility representing regional temperature anomalies. Despite the discrepancies of proxy
data and the standard Tortonian run, the CO4 sensitivity experiment gives temperatures
nearly as high as those suggested by Utescher et al. (1997). In general the differences are
smaller than 1.5°C (fig. 4.2). Nevertheless, for the standard Tortonian run CLIMBER
and ECHAM agree in a lower intensity of west winds over Northern Europe. This fact
coincides with the assumption for the Tortonian mesoscale model performed by Gebka et
al. (1999). In contrary to the work of Gebka et al. (1999), westerlies are intensified in the
COs2 experiment. In contradiction to the regional climate modeling results of Gebka et
al. (1999), our study shows that a warmer European climate is associated with a stronger
west wind in high mid-latitudes. In the work of Gebka et al. (1999) it is assumed that less
intense westerlies maintain a warm climate over Europe. In contrast to this assumption,
ECHAM results with double CO4 support a higher intensity of westerlies. One possibility
for explaining these discrepancies could be the propagation of polar ice sheets. As the
polar regions are still covered by great ice sheets in our ECHAM results the meridional
temperature gradient is still high. As a consequence strong westerlies are maintained
which are shifted further north. Due to this shift Europe is affected by warmer and
wetter climate conditions. Hence, a precise determination of the expansion of polar ice
volume is necessary for climate reconstruction as this could affect the general atmospheric
circulation pattern. Moreover, an accurate description of ice modules in numerical models

is an important matter for palaeoclimate studies.
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In comparison to the Northern Hemisphere only sparse data are available for the South-
ern Hemisphere with respect to the Tortonian time-slice. Thus the model set-up is much
more reliable for the Northern Hemisphere,which means that discrepancies between model
and proxy data are more likely to occur on the Southern Hemisphere. An example for
northeast Australia indicates such differences between proxy data and model results. In-
vestigations of tropical reef growth rates for northeast Australia indicate significant cooler
water for the Late Miocene (7-11 Ma BP) with temperatures close to 20°C (Isern et al.
1996, Betzler 1997). These low temperatures are not reproduced by model results, which
could be attributed to an insufficient data base for the initial boundary conditions in the
Southern Hemisphere. However, there could also be another explanation for these low
temperatures. The geographical position of Australian continent was farther south than
today. This different condition could induce an ocean circulation which transports colder

water masses to North East of Australia.

4.2 Comparison of model results with vegetation dis-

tribution

CLIMBER model calculates a fraction of trees, grass, and bare soil that is in equilibrium
with climate and is based on changes in temperature and precipitation values (Brovkin
et al. 1997). The corresponding results are shown in fig. 4.5 and fig. 4.6 for the standard
Tortonian run and the CO, doubling experimental run, respectively. These values are
compared with a vegetation map suggested by Uhl and Micheels (pers. comm.) which is
based on plant communities and divided into biomes after Claussen (1993). Unfortunately
for the global scale there is not sufficient information available. Thus for the regions with
deficiencies in Tertiary sediments and plant fossils a best-guess interpolation of vegetation
zones is used. The reconstructed vegetation zones are transformed into fraction of trees
and grass using the classifications after Brovkin et al. (1997). The results are represented

in fig. 4.7.

There are some remarkable differences between Tortonian vegetation cover and that of to-
days. At high latitudes a complete lack of tundra vegetation is assumed based on proxies.

The tundra is replaced by taiga and there is a noticeable northward shift of vegetational
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Figure 4.5: Vegetation fraction of Tortonian run (AOV) for forests, deserts, and grassland.

zones. In contrast to the present-day, the potential vegetation zones are widened, indi-

cating a smoothed transition from equatorial to polar regions. Another distinct change is

the replacement of subtropical deserts by grassland and shrubs.
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Figure 4.6: Vegetation fraction of Tortonian run (AOV) with double COy for forests,
deserts, and grassland.

Dutton and Barron (1997) demonstrate that a boreal forest induces positive feedbacks
that lead to warmer climates in northern areas. There are several studies with regard
to changes in vegetation distribution at high latitudes. Forested areas existed at the

Arctic fringes far north of the present-day forest-tundra boundary until about 2 Ma BP
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Figure 4.7: Best-guess vegetation fraction of forests, deserts, and grassland based on plant
distributions (see text).

(e.g., Carter et al. 1986, Nelson and Carter 1985). Carter et al. (1986) and Nelson

and Carter (1986) show a decrease in forest vegetation for the Quaternary. White et al.

(1997) found, on the basis of pollen and spores, a trend from a dense to a more open

forest canopy during the last 10 Ma. Furthermore they suggest a significantly warmer
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climate for 8 Ma BP than today. This change in climate conditions during the last 8 Ma
years could be a response to global orographical changes causing global climatic changes
and variations in vegetation cover. The tendency of a warmer high latitudinal climate is
only slightly represented in the standard Tortonian ECHAM simulation. An evaluation
of quantitative values is difficult as there is a non-dynamic vegetation formulation in the
ECHAM model which lacks in representing vegetation-temperature feedbacks. With the
model CLIMBER, however, it is feasible to compare the reconstructed vegetation cover
with model results (see below). In general the standard Tortonian run and the COy dou-
bling scenario show an increase in forest vegetation at high latitudes (fig. 3.4, fig. 4.5,
and 4.6). In the double COy experimental run of CLIMBER the areal extent of forests is
slightly increased for North America and Greenland. These changes are caused by the in-
crease in temperature which also amplifies the high latitudinal precipitation rate and the
vegetation cover leading to a positive feedback mechanism. The reconstructed vegetation
map for the Tortonian time slice (fig. 4.7) agrees with CLIMBER results in that way that
there is a greater vegetation cover at high-latitudes. However, small differences indicate
that numerical results do not represent the widened vegetation zones as reconstructed
by proxy data. In order to yield such results higher high-latitudinal temperatures are
needed to maintain a taiga vegetation. Nevertheless, CLIMBER model results generate

a tendency to a much warmer climate for northern Eurasia and North American continent.

As proxy data suggest (Wang et al. 1999) a drying in Central Asia is caused by the
rise of the Tibetean Plateau. Therefore a widespreaded region with low plants is assumed
for Asian interior. CLIMBER results also represent a higher fraction of grass than forests.
This shows that this area is affected by the presence of the high mountain range. In cor-
respondence with the reconstructed vegetation, the North African desert belt vanishes
in the CLIMBER run and is replaced mainly by grass. For this change the increase in
North African monsoonal circulation plays an important role providing subtropics with

more precipitation.

Because boundary conditions are changed only for the Northern Hemisphere, CLIMBER
produces few climate changes for the Southern Hemisphere (cf. fig. 3.1). As a result the
fraction of trees and grass on the Southern Hemisphere does not differ from that of the

Control run. The proxy vegetation map (fig. 4.7), however, shows a spreading of tropical
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forests that is nearly symmetrical with respect to the equator. Likewise the Australian
continent is more covered by tropical rain and seasonal forests as indicated by Martin
(1998). The more southerly location of this landmass, which is suggested by e.g., Lee
and Lawver (1995), Gahagan et al. (1988) can partly explain the greater vegetation cover
of this continent. With regard to Neogene climate change of Australia, Kennett (1993)
considers that the continental shift alone is too slow to account for the climatic changes.
Thus it is likely that other processes e.g., an additional greenhouse warming or a different

ocean conveyer belt could play an important role for Southern Australia climate.

4.3 Summary of the comparison of proxy data with

simulation results of ECHAM and CLIMBER

In this chapter quantitative and qualitative proxy data are compared with numerical
results of ECHAM and CLIMBER simulations. This juxtaposition of reconstructed tem-
perature and precipitation proxies with simulated data are in partial agreement with the
standard Tortonian and double CO, experimental run. The analysis with ECHAM results

shows that quantitative proxies coincide best with the CO5 doubling scenario.

The main consequences with regard to the ECHAM simulation derived from the com-

parison above is listed in the following:

e A validation of rainfall is difficult as such coarse climate models like ECHAM in
T30 resolution lack in representing precipitation pattern accurately. However, there
are conformities between simulated precipitation rates and proxy data indicating
an increase in rainfall in mid-latitudes. This increase occurs in both the standard

Tortonian run and the double CO, experimental run.

e A decrease in seasonality at high latitudes is indicated by proxy data and indicated

by the results of the standard Tortonian run and the CO, sensitivity experiment.

e The validation between model results and proxy data for tropical regions shows
great discrepancies. These inconsistencies may be due to the coarse climate model
resolution, regional orographical effects, or deficiencies in assigning the next living

relative of the corresponding fossil.
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e An exact validation of Mediterranean Sea climate and its surroundings is difficult
as these regions are sensitive to a change in climate zones (subtropical to warm
temperate during the Tortonian). Nevertheless, model results can represent well
the anomalous temperature and precipitation fields for the Tortonian time-slice for

Southern Europe.

e The double COs scenario with ECHAM is in very good agreement with the tem-
perature pattern of the proxies. This experiment enables to explain a warmer and
wetter climate in mid-latitudes. Simultaneously there is also a good conformity with

high-latitudinal temperatures at the corresponding proxy locations.

e Deficiencies in the standard Tortonian run can be explained by the positive vegetation-
temperature feedbacks not represented in ECHAM. This mechanism plays an im-

portant role in controlling high-latitudinal temperatures.

A validation of temperature and precipitation proxy data with CLIMBER simulation
results is more difficult because of the coarse resolution. With an intermediate model
variables are smoothed so that no direct comparison is feasible on the horizontal plane
with proxy data from borehole locations. In order to circumvent this difficulty and take
advantage of the model’s possibilities a comparison of vegetation cover between proxy
data suggestions and simulated values is performed. Therefore a vegetational map is
reconstructed based on qualitative proxy data and is downscaled on CLIMBER resolution.

The main results of this comparison are summarized below:

e A tendency in temperature increase and an increase in boreal forests is noticeable.
Thus CLIMBER results and the reconstructed vegetation map show especially good

agreement at high-latitudes.

e For the numerical and reconstructed palaeo-information a decrease of subtropical
deserts is noticeable up to a complete disappearance. As for the ECHAM runs,
CLIMBER model results for the double CO, experiment are even closer to the

suggested vegetational map.

e Due to the vegetation-temperature feedback mechanism a widespread greening with
regard to Northern Africa and central Asia can be seen from the results. These data
are in good agreement with vegetation distributions derived from Miocene botanical

data.
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Both models show similarities in their tendency to a warmer climate and to an intensified
precipitation cycle affecting Europe with more rain fall. The CO5 doubling experiment,
however, shows in general a better agreement with proxy data. This is valid for temper-

ature and precipitation fields as well as for the distribution of vegetation.



Chapter 5

Discussion

Generally speaking, models are simplified pictures of reality. Although the models used
in this study differ in their complexity, none is able to represent Tertiary conditions com-
prehensively. They are not able to correctly represent all parts of climate system, namely
the atmosphere, hydrosphere, biosphere, geosphere, pedosphere, and cryosphere. This is
due to the fact that the time for computing such a complexity would exceed a reasonable
amount. Naturally a higher resolution would give more specific results about regional cli-
mates but this would also raise computational costs. However, proxies also confine climate
modeling resolution because they are sparse on the global scale and limit an accurate set-
ting of boundary conditions. Moreover, for this time slice experiment time-homogeneous
boundary conditions are assumed corresponding to at least one million years. Proxy data,
however, cannot represent such a long time period which would assume constant sedimen-

tation, an exact dating, and a precise process for proxy data probing.

Apart from these constraints, however, an accurate choice of models enables one to recon-
struct climate and climate processes for the Upper Miocene quite well. In the following
basic results of the models ECHAM and CLIMBER and the validation with proxy data
will be presented. Furthermore, the outcomes will be discussed with studies from different
authors. With regard to palaeoclimate modeling, the significance of our results will be
debated. And there will be several alternative suggestions for further investigations on

Tortonian climate.

107
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Oceanic Heat Transport

To adjust the model ECHAM to Tortonian boundary conditions, oceanic properties such
as the heat flux (and thus the momentum flux) were changed. Because proxy data can-
not provide sufficient information on reconstructing the whole palaeo-ocean circulation or
oceanic properties for the world oceans, a method was developed to change heat transport

in a slab ocean model.

In general a change in oceanic heat transfer can be attributed to a different continen-
tal distribution and to different sea-ways, which change through geological time. Also
important is ocean bathymetry. For example, there can be no formation of deep con-
vection zones in a shallow ocean basin. For resolving such complex circulation patterns
a three dimensional ocean model is needed but because this type of model needs high
computation time a mixed-layer ocean model was used. In order to adjust oceanic heat
transport in a slab ocean model one approach must be chosen for this performance. An
alternative to our approach would be the application of an iterative method based on
interactive variations of the flux correction (oceanic heat transport). At this the flux
correction could be adjusted until the simulated sea surface temperatures do best fit the
given palaeo-temperatures. When using this method one should consider that few data
are available on the horizontal plane for specifying changes in heat transport for the global
ocean. Thus such variations are not necessarily more reliable than using a less complex
idea such as that used for our studies. In this work the variation of heat transport in the
ocean is based on a simple model. In order to represent a changed oceanic heat transport
for the Upper Miocene the meridional temperature gradient was chosen as a representative
of the general heat transfer in the ocean. The comparison of model results regarding the
extention of polar sea ice and descriptive proxy data yield good agreements. Furthermore,
the change in vertical and horizontal flow pattern represents a circulation pattern which

is similar to characteristic ocean patterns indicated by Tortonian proxy data.

From the simpleness of this method and the qualitative structure it follows that the re-
sults cannot be applied to palaeoceanographic predictions. Additionally it is self-evident
that this procedure is a rough simplification of oceanic processes. Our approach provides

an adjustment to a different ocean forcing which should not be neglected for simulating
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a different time-slice. An investigation of the sole effect of a changed heat transport

is already in process and will follow this work.

Whether oceanic heat transport in the past differed from that of today is still a con-
troversial topic. One problem is derived from the nature of the ocean. In contrast to
heat transport that is prescribed as a latitudinal-dependent variable, the ocean basins are
three-dimensional. Rind and Chandler (1991) discuss that a different ocean orography
is one possible factor for changing the ocean circulation, i.e. the ocean conveyer-belt.
Furthermore, Bice et al. (2000) found out that changes in the ocean geography both on
the Northern and Southern Hemisphere play a significant role for the intensification of the
heat transport. Another problem with the oceanic heat transport is the interactions at
the atmosphere-ocean interface, which are as well still not completely understood. Model
experiments show that an increased oceanic heat transport can be partly compensated by
decreased atmospheric heat transfer or vice versa (see also Covey and Thompson 1989,
Bice et al. 2000, Crowley 1996). Additional experimental runs are needed to explain
the contribution of the oceanic and atmospheric heat transport to different palaeocli-
mates. A third problem with the oceanic heat transport mechanism is the question of
whether increased or decreased heat transfer could be responsible for a warmer climate
during the Tortonian. Investigations of Pliocene climate by Rind and Chandler (1991)
and Chandler et al. (1994) show an increase in oceanic heat transport associated with
a warmer global climate. Rind and Chandler (1991) show that there is an increase in
oceanic heat transport while the high-latitudinal temperature gradient is reduced. The
authors try to explain this fact with feedback mechanisms concerning the thermohaline
circulation. Correspondingly Haywood et al. (2000) assume that the Pliocene warming
would increase precipitation and most significantly evaporation in the oceans. This has
the effect of altering the salinity and density of ocean waters, which could modify the
thermohaline circulation. These assumptions seem to contradict ocean set-up, which con-
tains a presumed reduced oceanic heat transport corresponding to a reduced latitudinal
temperature gradient (see also fig. 2.5). Our approach, however, is justifiable as it is a
plain application of the gradient law and a different ocean circulation is not considered.
Despite discrepancies between Pliocene modeling results and our simulation results there
are agreements between our results and Late Miocene modeling simulations. The studies

by Bice et al. (2000) of the Cenozoic ocean are based on three-dimensional ocean models.
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Their simulations show an intensification of oceanic heat transport from the Palaeogene
to the Neogene coupled, with an intensification of the Northern Hemisphere overturning
cell and a reduction of the latitudinal temperature gradient. On the one hand this study
reinforces our approach, which implies a reduction of oceanic heat transport and a reduc-
tion of Northern Hemisphere temperature gradient for the Tortonian time-slice. On the
other hand this work by Bice et al. (2000) emphasizes the complexity of the palaeo-ocean

which should be taken into account for further palaeo-studies.

Results of the standard Tortonian run with the complex model ECHAM show that a
change in oceanic heat transport has a main influence on the climate of the mid-latitudes.
This is indicated by a temperature reduction of several degrees that is probably associated
with the reduction of oceanic heat transfer. With regards to the Neogene, the palaeo-
ocean was slightly different from that of today (e.g. an open Panama Strait) and, thus, it
is quite likely that the ocean could had a main influence on the atmospheric circulation.
Consequently, it is necessary to consider at least the oceanic heat transport for further

palaeoclimate studies of the Neogene.

ECHAM model

Two experimental runs were performed with ECHAM4 /ML with regard to both a present-
day value of atmospheric carbon dioxide and a doubling of CO,, including a changed
oceanic heat transport. To provide an analysis of atmospheric and oceanic circulation
patterns, data from both runs are compared with regional proxy data. Consequently, in
the case of a good agreement model results can represent the corresponding predominant
circulation pattern for that region. On the other hand if the comparison of simulation
data and proxy data show disagreements, then either climate model results, proxy data,

or both could be inaccurate in representing the Tortonian climate.

With regard to proxy data there are sources of errors in specifying climate conditions
due to different methods (e.g., Wolfe 1995, Mosbrugger and Utescher 1997). Different
methods could result in different values of climatic proxy data for the same sample (cf.
Mosbrugger and Schilling 1992). This fact also causes problems in comparing climatic
proxy data with simulation results. Another problem with proxy data is that even though

the time-span proxy data refer to is broadened with geological time, proxy data do not
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represent constant conditions of one million years which it is also assumed for the Torto-
nian time-slice. Beyond this climate model results for the Jurassic have been compared
with proxy data for an interval of about 10 million years (e.g., Sellwood et al. 2000).
Thus, disagreements between proxy data and results of general circulation models should

be judged carefully.

The results of the double CO, sensitivity run show a good agreement with quantita-
tive and qualitative temperature and precipitation fields from proxy data representing
our best-fit Tortonian climate. With regards to mid and high-latitudes, proxy data and
the results of the double COy sensitivity run suggest a warmer Tortonian climate than
today. The corresponding simulation shows that the elimination of the Greenland ice cap
provides a distinctly warmer climate at high latitudes. Additionally, the replacement of
glaciers with vegetation amplifies the warming of the Arctic Ocean. Due to a positive
vegetation-temperature feedback mechanism the yearly temperature cycle is smoothed
and leads to a less distinctive seasonality. Additionally, the enhanced greenhouse effect
heats the atmosphere. Thus a conformity regarding sea ice volume between proxies and
model results is yielded. Due to the source of proxies there is no quantitative estimation
of ice volume available. However, even indirect data derived from studies of ice rafted de-
bris (Wolf and Thiede 1991) indicate an existence of glaciers around 9 Ma BP. Therefore
the comparison shows an agreement between calculated and derived data inasmuch that
there is a tendency of less ice on the Northern Hemisphere compared to today. As a re-
sult of initially changed boundary forcings - mainly referring to the Northern Hemisphere
- in comparison to today a significant anomalous climate on the Northern Hemisphere
can be observed. With regard to the Southern Hemisphere changes in ice volume are
relatively small. An approximately unchanged ice cover (model results represented in
this study correspond to a reduced sea ice fraction and not to a reduction of inland ice
masses) over Antarctica is also supported by proxy data. Furthermore, a reduction in the
latitudinal temperature gradient is evident in both numerical results from other authors
corresponding to the Miocene (Dutton and Barron 1996, Dutton and Barron 1997) and
in our results. Consequently the assumed boundary conditions and a doubling of atmo-
spheric carbon dioxide for the Tortonian seem to be reasonable with regard to several

model and proxy results.
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With regard to the Asian atmospheric circulation, both the standard Tortonian run and
the double CO; sensitivity run result in a change of the Asian monsoonal circulation
system. Mainly these variations are caused by the reduction of the height of the Ti-
betean Plateau. It is widely assumed that the uplift of the Tibetean Plateau during the
Late Neogene is the major cause of the intense formation of the Asian summer monsoon
(Kutzbach et al. 1989, Prell and Kutzbach 1992, Ding et al. 1999). Combined with
the onset of the Asian summer monsoon during the Late Neogene is a significant change
in regional and large-scale flow resulting in different surface wind and precipitation pat-
terns. Therefore, several investigations concerning the influence of the height of Tibetean
Plateau on the global circulation have been performed. Studies by Rind et al. (1997)
and Hay (1996) show that a reduction in mountain heights has an influence on poleward
heat and moisture transports. In order to investigate such processes mountain heights
were eliminated, which yielded a reduced meridional temperature gradient. In our study
the orographical effect on the planetary wave pattern is supposed to be quite small as
the global mountain range differences are small in comparison to the above mentioned
studies. Nonetheless, the interactions between atmosphere and ocean could be of impor-
tance for the Tortonian climate. Therefore further investigations on the sensitivity of
mountain heights and a changed ocean conveyer-belt representing Tortonian conditions
is needed. Several numerical experiments have been performed in order to investigate
regional changes in the Asian summer circulation. In compliance with numerical studies
by Prell and Kutzbach (1992) the standard Tortonian results show a weakening of Asian
monsoonal circulation in summer relative to today. In contrast to the standard Tortonian
run, the double CO, experimental run produces a monsoonal circulation that is more
intense than in the standard Tortonian run. Thus, in the double CO; sensitivity run the
precipitation rates are close to present-day rates. Hence the intensification of Asian sum-
mer monsoon is not controlled solely by mountain heights (cf. also Douville et al. 2000).
The more intense monsoonal circulation is caused by a more moist atmosphere and the
capability of advecting moisture. Palaeo-sensitivity studies by Fluteau et al. (1999) also
indicate that in comparison to present-day the greater extent of the Paratethys into the
Asian interior during the Neogene contributes to a decrease in rainfall over the Himalaya
for the Tortonian. The size of the Paratethys is also responsible for the release of latent
heat, which strengthens the moisture advection in comparison to today (Fluteau et al.

1999, Ramstein et al. 1997). Even though a greater size of Paratethys is not considered
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in our standard Tortonian run, there is an increase in moisture flux North of the Asian
mountain range in our model results. This feature is in compliance with investigations on
proxy data (e.g., Ding et al. 1999). In conclusion, it can be seen from several numerical
simulations that since the onset of the Asian summer monsoon this circulation pattern is
at least influenced by both boundary conditions such as palaeogeography and the level of

greenhouse gases which should be considered for reconstructing Tortonian climate.

One problem in global palaeoclimate modeling is the coarse resolution of such models.
In contrast to climatic proxy data, modeled temperature and precipitation specifications
represent a greater horizontal space. Additionally the temperature and precipitation fields
are smoothed whereby local climate effects in comparison to proxy data become indis-
tinct. Thus in order to represent Tortonian climate conditions more accurately on the
regional scale an adjustment of both the palaeontological data base and meteorological
features would be of advantage. For minimizing errors between those different data bases
a geological-palaeontological and mesoscale modeling approach was used by Gebka et al.
(1999) and Utescher et al. (1997) to reconstruct Tortonian climate for Northern Germany.
Contrary to regional climate modeling based on nesting methods (a mesoscale model is
"nested” in a global general circulation model), this approach has the benefit of represent-
ing a self-contained climate system which coincides with proxy data. Nevertheless, due
to gaps in boundary conditions on the global scale for the Tortonian time-slice, inconsis-
tencies in climate predictions - see also our results - could occur when comparing global
climate modeling results with such mesoscale modeling results as performed by Gebka et
al. (1999). In contrast to this, disagreements in climate model results do not exist when
applying nesting techniques. However, when using a nested mesoscale model, discrepan-
cies between proxy data and climate model results are likely to occur and probably tend

to be greater.

One deficiency in the complex model ECHAM is the description of the vegetation. There
have been a variety of numerical studies concerning the past vegetation cover and their
feedbacks with climate regarding selected time-slice experiments (e.g., Upchurch et al.
1998, Dutton and Barron 1996). A vegetation cover different from that of today could
cause enhanced evapotranspiration, which affects such factors as the strength of the

African summer monsoon (Fluteau et al. 1999, Kutzbach et al. 1996). Thus, a greening
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of North Africa leads to an intensification of the North African monsoon. Investigations
on vegetational effects of boreal forests during the Late Miocene represent positive feed-
back mechanism (Dutton and Barron 1996) that is assumed to be one main factor for
providing high-latitudes with greater warming. In order to calculate the sole effect of the
Tortonian vegetation cover a sensitivity run has been performed in correspondence to our
former runs (Micheels pers. comm.). In general, the results of this standard Tortonian
run including a Tortonian vegetation cover yields considerably agreements with proxies.
Thus the question has to be answered if the consideration of the Tortonian vegetation
map alone could explain Tortonian climate and climate processes or if the amount of
atmospheric carbon dioxide plays a major role in the Tortonian climate system. Accord-
ing to above mentioned initial results of this numerical experiment with a reconstructed
vegetation cover (Micheels pers. comm.), the setting-up of vegetation maps should be one

main interest in pre-Quaternary time-slice experiments.

CLIMBER model

Experimental runs with CLIMBER-2 investigate sensitivity studies regarding COs forc-
ing and changes in land-sea distributions. These runs were performed analogous to the
ECHAM model; however, due to the model’s possibilities the ocean and vegetation mod-
ules were included. In realizing such runs the question is traced if the model reproduces
an adequate imprint of Tortonian climate comparable with ECHAM results. If so, a much
more simple model like CLIMBER could be sufficient for pre-Quaternary sensitivity stud-
ies. This would be of advantage because of the low costs, the possibility of investigating
small changes in boundary conditions, and in analysing specific feedback mechanisms for

understanding past-climate changes (cf. also Kubatzki et al. 2000).

CLIMBER results of the standard Tortonian run are in partial agreement with the results
of the ECHAM standard Tortonian run and proxy data. Consistent patterns include a
warming at high latitudes, an increase in high-latitudinal forests, and a greening in cen-
tral Asia. Furthermore, with a doubling of CO, the fraction of boreal forests increases
further still reproducing palaeo-data fairly well. Admittedly, CLIMBER cannot resolve a
mass transfer of ocean water through the supposed Panama Strait. Therefore information
on possible Tortonian oceanic properties get lost. Nevertheless, a reduced oceanic heat

transport is yielded by CLIMBER which is in the same order as in the initialized heat
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transport for ECHAM. Due to quite similar changes in oceanic properties there is a pos-
sibility in comparing CLIMBER results with ECHAM results. Therefore model results

are opposed even though models of different complexity were used.

However, there are also discrepancies between both models with regard to Asian summer
monsoon. Here CLIMBER represents a strengthening of Asian monsoonal circulation
in contrast to ECHAM results. This is assumed to be caused by the additional vegeta-
tion cover enhancing evaporation and therefore the vertical motion. Thus the biosphere
contributes additionally to the intensification of Asian monsoonal flow. There is also a
change in circulation pattern combined with a greening of North Africa. Thus CLIMBER
model results seem to be sufficient for a comparison with ECHAM even though there are
disagreements between both models. A further sensitivity experiment with CLIMBER
with exact the same boundary conditions used for ECHAM would be of advantage. This
would mean that the same oceanic heat transport should be used as it was set-up for the

ECHAM model.

Combination of ECHAM and CLIMBER results

Even though ECHAM results of the double COs sensitivity run are in good agreement with
proxy data there are still some deficiencies which can be revealed by using CLIMBER.
These discrepancies were investigated by changing the palaeogeography in CLIMBER per-
forming further sensitivity runs. These variations are based on further geological proxy
data which are dated for the Late Miocene. In changing the boundary forcings in the
CLIMBER model it is assumed that this variation might have an influence on the large-
scale atmospheric circulation. Therefore for evaluating changes in atmospheric circulation,

the size of the Paratethys and Australia were matched to Tortonian situation.

The simulation results yield a better agreement with proxies at least in the tendency of a
further shift from control data to Tortonian climate conditions. Hence a consideration of
the size of the Paratethys extension and the latitudinal position of Australian continent
are important for leastwise the corresponding regional climate. CLIMBER results rep-
resent an increase in moisture flux over Europe/Asia due to a greater Paratethys. This
feature is also found in numerical results represented by Fluteau et al. (1999) and Ram-

stein et al. (1997). Beyond this an investigation with a combination of several changed
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boundary conditions could also lead to a different amplification factor which would be of
special interest. With regard to temperature and precipitation fields, these above men-
tioned boundary conditions could be applied to ECHAM and could possibly result in a

better agreement with proxies.

To conclude, the performed studies demonstrate several feedback mechanisms and in-
teractions between ocean, atmosphere and biosphere that significantly influenced Torto-
nian climate. Related to the mentioned hypotheses exposed in the introduction both the
ocean-atmosphere interactions and the description of the ocean conveyer-belt are impor-
tant factors which should not be neglected for palaeoclimate studies as these changes
remarkably influence atmospheric circulation. This is shown with a reduced oceanic heat
transport applied for the complex model ECHAM. By means of our numerical approach
several agreements between proxy data and model results are demonstrated, which are
best for the double CO, experiment. These include a reduced latitudinal temperature gra-
dient, a reduced sea ice cover, a slight reduction of Asian monsoon, an intensification of
African monsoon and warmer climates in mid-latitudes. Beyond this, further CLIMBER
studies show deficiencies of the ECHAM model which are mainly the numerical descrip-
tion of the sea ice and vegetation code. Furthermore, these studies can explain climate
processes, e.g. positive vegetation-temperature feedback mechanisms, leading to a warmer
Tortonian climate as indicated by proxy data. Thus the conformities between proxy data
and numerical results validate the combined usage of a complex and a simple model. This
approach of using models of different complexity as used for our results is also applicable
to different Neogene studies. Despite good agreement, there still are some discrepancies
between numerical results and Tortonian proxy data. Apart from the physical constraints
of our used numerical models these deviations can also be caused by the terrestrial proxy
data base which is mainly confined to the Northern Hemisphere and poorly dated. In
order to eliminate such deviations the implementation of a Tortonian vegetation cover, or
the usage of a complex model containing an atmosphere, three-dimensional palaeo-ocean,

and/or a vegetation module would be of advantage.



Chapter 6

Summary

In this work the climate of the Upper Miocene (Tortonian dated with ~ 8 Ma BP) was
simulated with general circulation models. For this purpose two models of different com-
plexity were used to provide a climate reconstruction with regard to different forcings.
Simulation runs were performed with the complex model ECHAM4 coupled to a slab
ocean and with the more simple model CLIMBER-2 which contains out of an atmo-

sphere, ocean, and vegetation module.

For the Tortonian simulations the orography and glaciers were changed on information
from available proxy data. For the slab ocean a reduction of oceanic heat transport was
applied. The corresponding approach is based on §*¥Q values of planktonic foraminifera.
The qualitative comparison of the results show that there are good agreements between
models results and marine proxy data. Furthermore, less intense ocean currents on the
Northern Hemisphere (e.g., Gulf Stream, Kuroshio) as represented by the model are also

indicated by proxy data.

ECHAM model output of the standard Tortonian run reproduces partly the climate con-
ditions specified by proxy data. There are agreements with regard to a reduced latitudinal
temperature gradient and a wetter climate for Europe. The double CO4 sensitivity run,
however, shows great agreements with quantitative temperature and precipitation proxies
related to the Tortonian time-slice. The corresponding results indicate a reduction in
sea ice extent, a reorganization of the Asian summer monsoon, an intensification of the

African monsoon, a warmer climate at high-latitudes and a warmer and wetter climate
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over Europe. Additional, numerical results represent a stronger influence of westerlies for
the Tortonian affecting the European region with greater precipitation rates and higher

temperatures.

The comparison of numerical results of the model with intermediate complexity (CLIM-
BER) and of the general circulation model (ECHAM) show agreements corresponding to
a reduction of the Northern Hemisphere sea ice fraction, a decrease in high-latitudinal
seasonality and a reduced oceanic heat transport. These agreements enable us to com-
pare both models of different complexity. Thus the simple model CLIMBER with a fast
turnaround time enables to investigate changes in palaeogeography and their effect on
regional climates. Further experimental runs with CLIMBER result in a noticeable sen-
sitivity of atmospheric circulation to the size of the Paratethys and to the latitudinal
location of Australian continent. Additionally CLIMBER enables to reconstruct a palaeo
vegetation which agrees quite well with our reconstruction of a vegetation distribution

based on macro and micro fossils.

Finally, our numerical investigations on Tortonian climate show that the two climate mod-
els can be used to reconstruct Late Miocene climate. There are, however, still deficiencies
which can be attributed to feedback mechanisms associated with the palaeovegetation as
well as with the palaeoocean feedback mechanisms. Nevertheless, several studies have

already been started in order to solve these problems.
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Appendix A

Marine carbon isotope data of the

Tortonian

Table A.1: Short list of averaged planktonic and benthic §*® O data in per mil compiled by Geiger
pers. comm. 1998 plus own complements as represented in fig. 2.2. Corresponding references

are listed below.

borehole planktonic §'*0O benthic 6'®0 references

16 0.92 Kennett 1995.

62.1 -1.24 1.66 Kennett 1995, Woodruff and Savin 1989
77B -1.19 2.03 Kennett 1995, Woodruff and Savin 1989
116 2.07 Woodruff and Savin 1989

158 -1.54 1.63 Kennett 1995, Woodruff and Savin 1989
167 2.67 Woodruff and Savin 1989

206 2.35 Woodruff and Savin 1989

208 -0.2 Kennett 1995

214 -0.57 2.45 Kennett 1995, Woodruff and Savin 1989
216 -0.333 3.041 Seto 1995

237 -0.56 2.41 Kennett 1995, Woodruff and Savin 1989
238 -0.75 2.55 Kennett 1995, Woodruff and Savin 1989
249 2.46 Woodruff and Savin 1989

253 1.24 3.343 Seto 1995
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borehole planktonic 'O benthic 6'**0O references

289 -1.26 2.26 Kennett 1995, Woodruff and Savin 1989
292 -1.27 2.56 Kennett 1995, Woodruff and Savin 1989
296 -0.64 2.0 Kennett 1995, Woodruff and Savin 1989
310 -1.13 2.24 Kennett 1995, Woodruff and Savin 1989
317B -0.62 2.33 Kennett 1995, Woodruff and Savin 1989
319 -0.35 2.82 Kennett 1995, Woodruff and Savin 1989
334 2.11 Woodruff and Savin 1989

357 2.25 Woodruff and Savin 1989

360 -0.34 2.276 Kennett 1995, Wright et al. 1991

362 -0.66 Kennett 1995

366 2.57 Seto 1995

372 -0.72 Grazzini 1978

408 1.89 Woodruftf and Savin 1989

502 -1.96 1.72 Keigwin 1982

503 -2.53 1.81 Keigwin 1982

516A 0.62 2.42 Kennett 1995, Woodruff and Savin 1989
519 2.333 Seto 1995

521A 2.39 Woodruff and Savin 1989

525 0.39 2.998 Seto 1995

526A 0.44 2.41 Kennett 1995, Woodruff and Savin 1989
527 3.165 Seto 1995

552A 2.33 Woodruff and Savin 1989

558 2.11 Woodruff and Savin 1989

563 1.956 Wright et al. 1991

574 2.46 Woodruff and Savin 1989

588 2.02 Woodruff and Savin 1989

590B -0.52 1.71 Kennett 1983, Woodruff and Savin 1989
591B 2.16 Woodruff and Savin 1989

608 2.01 Wright et al. 1991

667 2.34 Woodruff and Savin 1989
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borehole/location  planktonic 6'*O  benthic §'®0  references

704 1.742 2.829 Mueller et al. 1991, Seto 1995
709 3.17 Seto 1995
714 -1.985 2.64 Seto 1995
744 3.131 Seto 1995
751 3.489 Seto 1995
752 1.84 Seto 1995
754 2.078 Seto 1995
756 2.523 Seto 1995
757 2.825 Seto 1995
758 -1.71 2.535 Seto 1995
811 -0.5 1.73 Isern et al. 1996
Monte del Casino/ -0.1 Kouwenhoven et al. 1999
Italy
References:

Grazzini, C.V., 1978: Miocene and Pliocene oxygen and carbon isotopic changes at DSDP
sites 372, 374, and 375; implications for the pre-Messinian history of the Mediterranean. Initial
Reports of the Deep Sea Drilling Project, 42, Partl, 829-836.

Isern, A.R., J.A. McKenzie, D.A. Feary,, 1996: The role of sea-surface temperature as a
control on carbonate platform development in the western Coral Sea. Palaeogeography, Palaeo-
climatology, Palaeoecology, 124, 247-272.

Keigwin, L.D. Jr., 1982: Stable isotope stratigraphy and paleoceanography of sites 502 and
503. Initial Reports of the Deep Sea Drilling Project, 68, 445-453.

Kennett, J.P., 1983: Miocene to early Pliocene oxygen and carbon isotope stratigraphy in
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Project, 90, Part 2, 1383-1411.
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Society of America, Boulder, Colorado.
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Appendix B

ECHAM4 /ML - Standard Tortonian

rumn

Figures B.1 to B.6 show the summer, winter, and annual means of the standard Tortonian run
with regard to surface temperature, total precipitation, precipitation minus evaporation, surface
pressure, 10 m height wind field, and the zonal wind in 200 hPa height.
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Figure B.1: Surface temperature of Tortonian run in ° C for a) JJA b) DJF, and c) the
year. Contour interval is 5° C
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Figure B.2: Total precipitation for Tortonian run in mm/d.

year. Contour interval is 2mm,/d.
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Figure B.3: Precipitation minus evaporation for Tortonian run in mm/d. a) JJA b) DJF,
and c) the year. Contour interval is 2mm/d.
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Figure B.4: Surface pressure of Tortonian run in hPa for a) JJA b) DJF, and c) the year.
Contour interval is 5hPa.



X APPENDIX B. ECHAM4/ML - STANDARD TORTONIAN RUN

v \ddddadd
B R VLV Vbbb LiLLLicaeii<tetSENNENITIIIIIICICY

a TTCTTCCCTTTCCCCLLCLLLLL Vbbb bbbbbbbhbbbbbbbk CEETTETTEEcc<ccecT
€L Lehbbbbbl Chbbbbbbbbbbpbphbbbbif et eOKEEETTTE€CCCCCEEETT
<LLLLii<<<<E bobliibh o PP R2 < o4 AT r Y

Db b b 2% NINVVECTRAA7S VLS T rRRA4T <TTTr<

1% Lrirvvy Ll VVNNNNNVESERAATTZ>7 RERRAAT7 >SS A bl

60_,,‘! 173 V.V Ly v <<,<<4,W,w~4,~4~4wV,VA4411,71>14M~r:rxLVW L<g

N> g 7723 Vviby AARNAAD>I333222A54441777>23>4 1< L
>¥77AAATTISY NV FTTTTA449>33330343 7111995538V V L << Ada>

b7 2 AAAT 2 2y Vv 777777777>334443>571997>>3334vVvEi<crrrhA4477 7577

e e A NSV 77 >>23449¥777>335332333> KrrpR1TTTTT 777
1/7/7/7/7/72/7,7_)’“\ <v SN VQI yuVV 17> IVI> > 330357 A AR RAT T 11777 7]

AAAAT 7Ty >SNy ~F Wy v VA3AVVLASO IS SENARENIAAAA 177
AMMAAARLY Yy, AR NV ELPpp v vV Y Yy VI as e \'rb»?hh'*hhh/\ 44

ARR vyvyyyVIdIVVY corcatkrrr FrRERFE R REN

30 i krv\?(‘f‘iﬁlt 7
=

P $355 2174 ST PP ITETR R RS R eees]
CEMARATT Lr L LA FEEERRR,
2 A

AN

RS
[RERRRRRRE ® € € € € £ U\
NENRERNRRAAR L LbbLfieesRe RN
7444441777753 >sa85344>744 4
- 3 O TPA3327 77T IS5 uumwnwei» >
ass
hss.

>
>>>>>77777.

A3»77AAAAATT 753 33733335555 S L I NSNS ) YISV
h3s5577774707777727 57755555 auNANALAN AD S>> g v>>>>¢4<wvu‘w‘,“w“44
- PI>FIFSIFIAAAAAAFAATA AT F T F SR IAINYV VY 4 A DS SFIALIERY 55525 5 L& 9 ViV 3 N 3
i«)????7»#2;’:::422%222237??)1qvb« Lisll>>>>r 222777, 3

KAAAAAAAAA AAAMAANN Y €Ly 4<ATTTTATIAAN
AAag777714ANKRRRRNS 133 Rug7IAr >

=N

4 ¥V Y RRRRRRSS R&Wé/

S
IM\H/ L1 |wav:”“>”

-180 -120 -60 0 60 120 180

20

Lblbl€<<ESTSEFFERNFNFERENNARARANARRARNRNAAAAAAA47>DIId 4449y
kkkkkk(—(—(—(—ééﬁ@?@?:::é:vYr:{{r RAMMAARNNEVV VYV VYV b vy
Leslies “tt‘/f‘%‘(; CESSERRRRT N N pAR A, 4411 7 e s AL Ly
VS AR AATLANERN AN 4755335 NARAT > SaSNaTTyy
Ne SRRAR e v AAAARFRREE Ry >>3>51 pTCLbvyyayyyy
v Clcs s SENRR < <CXEFFEFTEAAARETFECCRAT7.72>3yy v,
> A AAAAAAAD I TERRPEEEERAAAAARARRAAAAA TS Saqyy f
Ny L ATAANNRERREERAAAAAR R DA 2755 (U0 »l 4,
N 574 777117757 nAFTEETERAAAMMAAA 7555 3 (NN Ay, L/w f
s> >>>2ZILT TP A7, TI2AZTA gL PERARA pepT >335 s snun LA kq:uxuu
4 A 7> £<a > >335 ¢
\\Wﬂﬂaaw K 7774444 <N >5447 777 vy 8 \
227 AAN Ly ) A NNIIBDIITTTTTA P A AT NN > > 53> l\fv:"!V!‘MAt“:"jS‘)’ 3 SRS S>>
TANRTL Ly ) YUy v Y P YITT1TArT <cbrpefeppl < VTALqvyINIVY yybVVELV>a e \ ANV IIvww=y
VYVINA <eeeeny T GO L LSS cecetizg pekbiibyyy )+ yLvv VVEEEEV Py
btz by A CUU ]

Wrvewces
fz%

Vv
///K ]
LLLINE S LA
x

3 v N 7
WEEEY YL “ vy
?/ z/m/?/l/z; Vi
B AN
S
ek Y»:A’w'» AIOEING / /é/w
NI N i t‘k‘i‘i‘ﬁl

X
X, £233
syaas R N .
SN >><H7A ‘M««_««\\x\\,\x\
I:,\ \\ ' EOPBLEI Ry N
PRV & ,
T L,«_(-f\'\\ AN AN oy \ v\\
[SESSERSSSecccc L LLece™™ L r e SN L g ) '\

- [ PP R ER RN R Ly vertR VA RO o evvewedisoz € ¢ vFN AR st veq
LALSSSETERTREAANG S 3aa3340 b LLLyidasns>TT K >3r3>33dddaudary Al > AR
W22 3>7 7777 >335 533333337/ 14 B T N e NSRRI IITTT T 77T 29NN
SR el ad
et
NN ; - SN D

ANSSSss s> Rt L e A GO EIEAAR R T D N
bl 3535359523 323555357 7 7y > 3N LALLLX, AR
LNNNDURIDIIDDIIIIDPFIFTFIFI>S>344NNY Y FCRAAATTTTITTTAATLE << RRNN vy
SEVNIAAS > 7 71 9 AAAAAAR L L bk b bANCKTRAAA 4 A T Y e se e e T R AR RNNA AR W
ANR R VY €pprr F ERRKRRRRRES PN, o=
P44 AN<iL [W$sxxkkkk'ﬁ't\'\&\wkzz“ v
W ;LLVAA:;A;‘\ Vi) \y*«li)7l\h??‘f($€é(l~&4)},;};?‘
v e 3 £}
PRRRRR R KR n///fﬁ”“”l L YN aNNdddas>yy 7 7Y

-180 -120 -60 0 60 120 180

20

VVVVVV P bbbbbbblbliites

C) NVVYVVVY Vb b bbbbldt<<<<<gc<<cllibviy
bhpppbbbbbbilibih
<<<

i
60 ¥7%%
e
4555
has>>77
A S V7.
2.7. A2 AT, B4 s
ss32227727 55 AL N R A AT E A NN
st O] AAS>>FATAAT 175> N > VILLIVIsI Va5 555 LrWg (3 33335555
PRPEZTIIII> Vv y\n < v,*yv,"?'*ﬁ&*ruk,z‘(t AAIAVVYVNYyvVIIVNIS fncllvfy yydaass>>r>>a]
ViUbleeseeryy N LE<TY TR rTSeryy YNV YYT EVI L Cce iy Y vV b VLl
kkkkkkkkkn{(/} ) L SN Tty AVVAAW N bl b keccecsceed
“i )’ S Ss<tezzzzy g T
LLLbts
j % ker z
2//:///;4% I T %
vt < i At: Triccoco,
Le<< Chblbleiy
0 s ssssssS N CeRE Cilbbbbkisiy
&YQ SN, A i bbbkt
e 3 FERETE NN C<bbbberd
& &kl S REKF reER Nrsec<cd
e << ceccres KA A A RN Y
SN D DRSS
RNSS s e<csss A N T
SEENEEC € €€ £ £ £4i<eeSS A AN
SREEENRRCE € € € £ £ £ £ SNNN SRRRRRR]
SSRRRRRRRRRE < LhbbeLerR N A A\ [ A N TYEEREY
- TFOTETEERRER ERAAAS Y3483 4 - L LCCCCTECITTIAAA AN 7 TARAA
3333777777777 72%>3333335>7 A> 3333333 3333555>> 3377, >>>>>> >
Lasss’ (.
o D> V74
[~ %‘ 7 B el d
s >3
—60' 33> . S ISISSALAS 533 S8
S SS35333555553957 7777555535344V V V> > 7 2> 5535777733 <
KEDA7>>2 777994434 44AAR< b s £NAAT 71777 A NESRESSERR 3
AN AAA4 774 AREERRRRRRAES 114 N
44V Tz AAves, ~=RRN

VRS, M»kkk&k;‘z//v
111 ‘vawvvvv\lvA)))?ﬂﬁ/’

. Y

2/ : ;
-180 -120 -60 0 60 120 180

 —

20

Figure B.5: Wind field of Tortonian run in 10m height for a) JJA b) DJF, and c) the

year. Reference arrow indicate 20m/s.
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Figure B.6: Zonal wind in 200hPa height of Tortonian run for a) JJA b) DJF, and c)
the year. Contour interval is 4 m/s.
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APPENDIX B. ECHAM4/ML - STANDARD TORTONIAN RUN



Appendix C

CLIMBER-2 - Standard Tortonian

rumn

Figures C.1 to C.3 show the summer, winter, and annual means of the standard Tortonian run
with regard to near surface temperature, total precipitation, and the oceanic streamfunction for
the ocean basins.
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xiv APPENDIX C. CLIMBER-2 - STANDARD TORTONIAN RUN
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Figure C.1: Near surface temperature of Tortonian run in ° C for a) JJA b) DJF, and c)
the year. Contour interval is 5° C
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Figure C.2: Total precipitation of Tortonian run in mm/d. a) JJA b) DJF, and c) the
year. Contour interval is 1 mm/d.
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Figure C.3:

APPENDIX C. CLIMBER-2 - STANDARD TORTONIAN RUN
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Streamfunction of Tortonian run in ° C for a) Atlantic Ocean b) Indo-Pacific

Ocean, and c) the World Ocean. Contour interval is 2 Sv.



Appendix D

List of Symbols

DJF

Co

divT,

f

Jo
FC

gradSST

Jkg ! K7t
Jm2 K1t

Jm2s!

Jm™ st K!

J kgt

December, January, and February

specific heat capacity of ocean water at constant pressure

effective heat capacity of the oceanic mixed-layer with depth h,

divergence of the oceanic heat transport corresponding
to the depth A,

coriolis parameter

quotient of sea surface temperature gradients

flux correction

meridional sea surface temperature gradient

depth of ice sheet

depth of the oceanic mixed-layer

atmospheric heat flux at the sea surface

heat flux through the ice sheet of depth

June, July, and August

thermal molecular conductivity of the ice sheet with depth h;
latent heat of fusion of water

size of the sample of differences p

significance level

measured isotope ratio

mean radius of the earth

sample variance of the differences p
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xviii APPENDIX D. LIST OF SYMBOLS

SST K sea surface temperature

ts Student t-Test Statistic

T K temperature

T K temperature of the oceanic mixed-layer

T, K temperature at the bottom of the ice sheet
T, Jm™'s™!  oceanic heat transport

T K skin temperature of the ice sheet

wp ms! vertical velocity at the base of the Ekman-layer
x longitudinal direction

Y latitudinal direction

I3 m~ts! variation of Coriolis parameter with latitude
0 reduced quotient of isotope ratios R

S, 8180 of carbonate relative to PDB

Ow 50 of ocean water relative to SMOW

A m longitude

I mean difference of anomalous and control climate at one grid point
Q rad s—* earth’s angular speed of rotation

10) m latitude

p kg m™3 density of atmosphere

i kg m™3 density of ice

Do kg m~3 density of ocean water

T kg m~! s72 wind stress

v horizontal streamfunction



Appendix E

List of CLIMBER sensitivity runs

Table E.1: Short list of relevant CLIMBER runs. A=Atmosphere, O=Q0cean, and V= Vegetation

module (only selected runs are represented).

time-slice modules CO; (in ppm) ”+” changed boundary conditions
Recent AO 280
Recent AOV 280
Recent AO 353
Recent AOV 353

Tortonian AOV 280
Tortonian AO 353
Tortonian AO 2353
Tortonian AOV 353
Tortonian AOV 2 - 353

Tortonian AO 353 boreal forests
Tortonian AOV 353 Paratethys
Tortonian AOV 353 Australian shift
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