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ZUSAMMENFASSUNG

In dieser Studie werden das Klima des Tortoniums (Spätes Miozän, 11 bis 7 Ma) 
und insbesondere die Effekte der Paläovegetation auf das Klima mit dem komplexen 
atmosphärischen Zirkulationsmodell ECHAM4, welches an ein Mixed-Layer Ozeanmodell 
(ML) gekoppelt ist, untersucht. Frühere Tortonium-Simulationen berücksichtigen einen 
schwächeren paläoozeanischen Wärmetransport und eine angepaßte Paläoorographie, 
verwenden aber die rezente Vegetation (STEPPUHN, 2002; STEPPUHN ET AL., submitted; STEPPUHN 
ET AL., in prep.). Für die vorliegende Tortonium-Simulation wird die Paläovegetation 
zusätzlich zu den bisher angepaßten Tortonium-Randbedingungen berücksichtigt. Eine 
auf Proxydaten basierende Rekonstruktion der Tortonium-Vegetation wird verwendet, 
um die Oberflächenparameter des Modells ECHAM4/ML anzupassen und damit eine 
Tortonium-Simulation durchzuführen. Dabei zeigt sich, daß die Paläovegetation signifikante 
Auswirkungen auf das Klima des Späten Miozäns hat. So wird durch die angepaßte Tortonium-
Vegetation der meridionale Temperaturgradient im Vergleich zu heute reduziert. Der 
Vergleich mit Proxydaten belegt, daß eine adäquate Paläovegetation  zu einer realistischeren 
Abbildung des Tortonium-Klimas im Modell ECHAM4/ML beiträgt. Mit den ECHAM4/ML-
Modelldaten der Tortonium-Simulation wird des weiteren das Kohlenstoff-Kreislauf- und 
Vegetationsmodell CARAIB betrieben. Die von CARAIB simulierte Tortonium-Vegetation 
stimmt hinsichtlich der Grundmuster mit der Proxydaten-Rekonstruktion der Paläovegetation 
überein. Darüber hinaus zeigen Sensitivitätsexperimente mit CARAIB, daß Änderungen 
des atmosphärischen CO2-Gehalts für die Vegetation von größerer Bedeutung sind als die 
Unterschiede zwischen dem Tortonium- und dem heutigen Klima. Simulationen mit beiden 
Modellen, ECHAM4/ML und CARAIB, stimmen nicht vollständig mit Proxydaten überein, 
was letztlich zu der Schlußfolgerung führt, daß das Klima des Späten Miozäns noch immer 
nicht vollständig verstanden ist.
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ABSTRACT

In this study, the climate of the Tortonian (Late Miocene, 11 to 7 Ma) and particularly the 
effects of the palaeovegetation on the climate are investigated using the complex atmospheric 
general circulation model ECHAM4 coupled to a mixed-layer ocean model (ML). Previous 
Tortonian simulations consider an adjusted palaeocean heat transport and an adapted 
palaeorography, but use the Recent vegetation (STEPPUHN, 2002; STEPPUHN ET AL., submitted; 
STEPPUHN ET AL., in prep.). For the present Tortonian simulation, the palaeovegetation is 
considered in addition to the previously adapted Tortonian boundary conditions. A proxy-
based reconstruction of the Tortonian vegetation is used to adapt the surface parameters in 
the ECHAM4/ML model and a Tortonian climate simulation is performed. According to 
this Tortonian run, the palaeovegetation has significant effects on the Late Miocene climate. 
Due to the adapted Tortonian vegetation, the meridional temperature gradient is reduced as 
compared to nowadays. The comparison with proxy data demonstrates, that an appropriate 
palaeovegetation contributes to a more realistic representation of the Tortonian climate in 
the model ECHAM4/ML. With model results of the Tortonian run with ECHAM4/ML, 
the carbon cycle and vegetation model CARAIB is run. In its main patterns, the simulated 
Tortonian vegetation of the CARAIB model agrees with the proxy-based reconstruction of 
the palaeovegetation. CARAIB sensitivity experiments demonstrate that variations in the 
atmospheric CO2 are rather more important for the vegetation than differences between the 
Tortonian and today’s climate. However, simulations with both models, ECHAM4/ML and 
CARAIB, are not completely in accordance with proxy data. Therefore, it can be concluded, 
that the Late Miocene climate is still not completely understood.



ABSTRACT

iv



LATE MIOCENE CLIMATE MODELLING WITH ECHAM4/ML

1

1 INTRODUCTION

Since the Cretaceous, the climate changed successively from a greenhouse world to the 
glacial and interglacial states of the Holocene (fig.1.1). On the one hand, the Cenozoic cooling 
during the last 65 million years is quite well known from proxy data such as isotope records 
(PEARSON ET AL., 2001). On the other hand, modelling studies focus repeatedly on the Cretaceous 
(OTTO-BLIESNER & UPCHURCH, 1997; UPCHURCH ET AL., 1998; UPCHURCH ET AL., 1999) as well 
as on the glacials and interglacials of the Quaternary (GANOPOLSKI ET AL., 1998a; GANOPOLSKI 
ET AL., 1998b; KUBATZKI ET AL., 2000; 
LORENZ ET AL., 1996; MONTOYA ET AL., 
1998). The warmer and more humid 
climate of the Cretaceous is caused by 
the configuration of continents (BARRON 
& WASHINGTON, 1984), an increased 
poleward oceanic and atmospheric 
heat transport (DECONTO ET AL., 2000; 
HERMAN & SPICER, 1996) and a high 
concentration of atmospheric CO2 
(BERNER, 1994). In contrast to this, the 
colder and variable Quaternary climate 
is primarily affected by orbital cycles 
(BERGER, 1978) and low concentrations 
of atmospheric CO2 (JOUZEL ET AL., 
1993).

During the last couple of years, the successive Cenozoic cooling becomes also of interest 
to the community of climate modellers (DUTTON & BARRON, 1997; FLUTEAU ET AL., 1999; 
MIKOLAJEWICZ ET AL., 1993; STEPPUHN ET AL., submitted; STEPPUHN ET AL., in prep.). The Miocene 
(23.8 to 5.3 Ma) is characterised as a transitional period from the Cretaceous greenhouse mode 
to the icehouse world of the Quaternary. Although the Miocene boundary conditions such as 
the land-sea distribution are basically comparable to nowadays, modelling studies (DUTTON & 
BARRON, 1997; STEPPUHN ET AL., submitted; STEPPUHN ET AL., in prep.) and proxy data (BRUCH, 
1998; WOLFE, 1994a) suggest a warmer and more humid climate than today. In particular, 

Figure 1.1: The global average temperature from 
100Ma to present with respect to today (modified from 
CROWLEY & ZACHOS, 2000). See CROWLEY & ZACHOS 
(2000) for details and original data sources.
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the meridional temperature gradient of the 
Miocene (fig.1.2) is shallower than today 
(CROWLEY & ZACHOS, 2000; STEPPUHN ET 
AL., submitted).

Ocean modelling studies demonstrate, 
that the oceanic circulation during the 
Neogene differs significantly from present 
conditions (BICE ET AL., 2000; MAIER-REIMER 
ET AL., 1990; MIKOLAJEWICZ ET AL., 1993). 
Variations in the ocean circulation patterns 
are attributed to plate tectonic movements 
from the Neogene till today, which cause a 
different-than-today bathymetry as well as 
openings and closures of ocean gateways 
(BICE ET AL., 2000). Consequently the 
poleward heat transport in the oceans is 
affected (MIKOLAJEWICZ & CROWLEY, 1997). A weakening of the thermohaline circulation in 
the North Atlantic Ocean is caused by an open Central American Isthmus (MAIER-REIMER ET 
AL., 1990). This means that the northward heat transport in the North Atlantic Ocean is lower 
(MAIER-REIMER ET AL., 1990). During the Cenozoic, the closure of the Panama Isthmus leads 
to the development of the North Atlantic thermohaline circulation (MIKOLAJEWICZ & CROWLEY, 
1997). In order to test the response of the atmosphere to a lower ocean heat transport, COVEY 
& THOMPSON (1989) apply an atmospheric general circulation model (AGCM) coupled to a 
mixed-layer ocean model. From this study, both atmospheric heat fluxes, the latent and the 
sensible heat flux, accomplish a higher northward heat transport, which partly compensates 
the weaker oceanic heat transport (COVEY & THOMPSON, 1989).

Concerning atmospheric modelling, Miocene studies investigate the climatic effects of 
a changed palaeogeography and palaeorography as compared to nowadays (BARRON, 1985; 
FLUTEAU ET AL., 1999; RAMSTEIN ET AL., 1997). From the Oligocene till today, the shrinking 
Paratethys contributes to a change from a warmer to a cooler climate in Asia (RAMSTEIN ET AL., 
1997). The influence of the Paratethys is not only indicated for the formerly warm Siberian 
climate but also for Eastern Europe, which is more humid than today (RAMSTEIN ET AL., 1997). 

Figure 1.2: The zonal average sea surface 
temperatures (modified from CROWLEY, 2000) for 
the present Holocene interglacial, Pliocene (3 Ma), 
Miocene (16 Ma), Eocene (55 Ma), Maastrichtian 
(66 Ma) and Cenomanian (94 Ma). See CROWLEY 
(2000)  for details and original data sources.
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The same model experiments (FLUTEAU ET AL., 1999; RAMSTEIN ET AL., 1997) include the uplift 
of the Himalayan during the Cenozoic. The reduced elevation of the Himalayan is responsible 
for an Asian monsoon, which is weaker than today (FLUTEAU ET AL., 1999; RAMSTEIN ET AL., 
1997). However, these AGCM studies (FLUTEAU ET AL., 1999; RAMSTEIN ET AL., 1997) use 
Recent sea surface temperatures (SSTs).

Within a special research program (SFB 275 „Klimagekoppelte Prozesse in meso- und 
känozoischen Geoökosystemen“) at the University of Tübingen (BERICHT DES SFB 275 DER 
UNIVERSITÄT TÜBINGEN), modelling studies with the AGCM ECHAM4 coupled to a mixed-
layer ocean model (ML) focus on a realistic representation of the Tortonian (Late Miocene, 11 
to 7 Ma). In order to understand the relevant climatic processes, the lower boundary conditions 
are successively adapted to the Tortonian (STEPPUHN, 2002). A first modelling approach 
considers a weaker palaeoceanic heat transport and a lower palaeorography (STEPPUHN ET 
AL., submitted). This Tortonian run reproduces some realistic climate tendencies, but also 
some discrepancies such as a too steep meridional temperature gradient (STEPPUHN ET AL., 
submitted). Because of these insufficiencies, STEPPUHN ET AL. (in prep.) perform a sensitivity 
study taking additionally a higher CO2 concentration than previously used into account. Due 
to this CO2 forcing, particularly the equator-to-pole temperature gradient is reduced, but the 
tropics are unrealistically warm (STEPPUHN ET AL., in prep.). Thus, it is concluded that a higher-
than-present CO2 concentration cannot explain the differences between the Miocene and 
present-day’s climate (STEPPUHN ET AL., in prep.). For the Late Miocene, it is more likely to 
assume a CO2 content which is as high as today or even lower (PEARSON & PALMER, 2000).

So far several studies focus on the effects of a changed palaeogeography and a lower 
palaeorography (FLUTEAU ET AL., 1999; RAMSTEIN ET AL., 1997) as well as on a weaker oceanic 
heat transport (BICE ET AL., 2000; MIKOLAJEWICZ ET AL., 1993; MIKOLAJEWICZ & CROWLEY, 
1997; STEPPUHN ET AL., submitted). Nevertheless, the reasons particularly for the flat equator-
to-pole temperature gradient of the Miocene are still poorly understood. For the above 
mentioned Tortonian studies within a PhD thesis (STEPPUHN, 2002), the modern vegetation is 
used (STEPPUHN ET AL., submitted; STEPPUHN ET AL., in prep.). The proxy data base providing 
information about vegetation for the Miocene is rather scarce, but supports a different situation 
as today (MAI, 1995; WOLFE, 1994a; WOLFE, 1994b). During the Miocene, forests extend far 
towards the high latitudes (MAI, 1995; WOLFE, 1994a; WOLFE, 1994b). For the Early Miocene, 
a modelling study demonstrates, that a vegetation, which is characterised by a larger amount 
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of forests, leads to a polar warming (DUTTON & BARRON, 1997). Therefore, the Early Miocene 
vegetation causes a reduced meridional temperature gradient (DUTTON & BARRON, 1997). 
However, DUTTON & BARRON (1997) use a rather simple vegetation reconstruction with only 
four biome types. If numerical models should contribute to an understanding of the Miocene 
climate, particularly focusing on the rather shallow meridional temperature gradient, detailed 
information about the Tortonian vegetation is needed.

In order to simulate a realistic Tortonian climate, the present PhD thesis continues the 
above mentioned Tortonian simulations with ECHAM4/ML (STEPPUHN ET AL., submitted, 
STEPPUHN ET AL., in prep.) and considers an appropriate palaeovegetation. As the prior 
Tortonian runs (STEPPUHN ET AL., submitted; STEPPUHN ET AL., in prep.) are used as the reference 
base for the new Tortonian run, which additionally includes an adjusted palaeovegetation, they 
are summarised in the following section. The proxy-based reconstruction of the Tortonian 
vegetation is presented in sec.3, which is used for the new Tortonian run (sec.4). Concerning 
the effects of the palaeovegetation, the analysis focuses on variations of the temperature and 
precipitation patterns and also on changes of the atmospheric circulation regimes. To test 
whether the adapted palaeovegetation contributes to a more realistic representation of the 
Tortonian climate, results of the new Tortonian run are quantitatively compared to terrestrial 
proxy data (sec.5). The ECHAM4/ML output of the new Tortonian run is used for model 
simulations with the carbon cycle and vegetation model CARAIB (sec.6). This allows to 
test the performance of the model simulations in terms of vegetation. Assuming different 
atmospheric CO2 concentrations for the CARAIB runs, the relevance of variations in CO2 on 
vegetation is estimated with respect to differences between the Tortonian and present-day’s 
climate.
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2 TORTONIAN REFERENCE SIMULATIONS WITH ECHAM4/ML

At the University of Tübingen, atmospheric modelling studies for the Late Miocene started 
within a special research program, the Sonderforschungsbereich (SFB) 275 „Klimagekoppelte 
Prozesse in meso- und känozoischen Geoökosystemen“ (BERICHT DES SFB 275 DER UNIVERSITÄT 
TÜBINGEN). In a PhD thesis (STEPPUHN, 2002), the atmospheric general circulation model 
ECHAM4 coupled to a mixed-layer (ML) ocean model (DKRZ MODELLBETREUUNGSGRUPPE, 
1994; DKRZ MODELLBETREUUNGSGRUPPE, 1997; ROECKNER ET AL., 1992; ROECKNER ET AL., 
1996) is applied to the Tortonian for the first time. A major topic of these Tortonian simulations 
(STEPPUHN ET AL., submitted; STEPPUHN ET AL., in prep.) is the realistic representation of the Late 
Miocene climate and the understanding of the relevant processes. For instance, the question, 
which processes contribute to a shallower-than-today Miocene meridional temperature 
gradient, is not sufficiently answered (CROWLEY & ZACHOS, 2000).

The present PhD thesis concentrates on the effects of the Tortonian vegetation. Concerning 
setup parameters (e.g. the paleoceanic heat transport), this investigation is however based on 
STEPPUHN’s (2002) previous Tortonian model simulations, which are referred to as the Standard 
Tortonian run (STEPPUHN ET AL., submitted) and the 2×CO2 Tortonian run (STEPPUHN ET AL., in 
prep.) in the following. These prior Tortonian runs are also used as reference runs for the new 
Tortonian simulation. In the following subsections, the Tortonian reference simulations are 
reinterpreted and summarised.

2.1 The model ECHAM4/ML

The atmospheric general circulation model ECHAM (DKRZ MODELLBETREUUNGSGRUPPE, 
1994; DKRZ MODELLBETREUUNGSGRUPPE, 1997; ROECKNER ET AL., 1992; ROECKNER ET AL., 
1996) is based on a weather prediction model (SIMMONS ET AL., 1989) of the European Centre 
for Medium Range Weather Forecast (ECMWF). For the purpose of global climate modelling, 
this model was advanced at the Max-Planck Institute (MPI) for Meteorology (ROECKNER ET 
AL., 1996). It includes original routines of the ECMWF model, but some parameterisations 
underwent modifications or were replaced (ROECKNER ET AL., 1996). ECHAM4 is a spectral 
model, which is based on the primitive equations. The prognostic variables are represented by 
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a series of spherical harmonics. In the present Tortonian simulations, the series are truncated 
at wavenumber 30 (T30), which corresponds to a horizontal resolution of 3.75°×3.75°. For the 
vertical, a hybrid sigma-pressure coordinate system with 19 layers is used. The model physics 
of ECHAM4 includes schemes for land surface processes, radiation, clouds, convection et 
cetera (DKRZ MODELLBETREUUNGSGRUPPE, 1994; DKRZ MODELLBETREUUNGSGRUPPE, 1997; 
ROECKNER ET AL., 1992; ROECKNER ET AL., 1996).

For the Tortonian simulations, the ECHAM4 model is coupled to a simple 50m-mixed-
layer (ML) ocean model (STEPPUHN ET AL., submitted; ROECKNER, pers. comm.). This allows 
to describe the ocean heat transport without calculating the full ocean circulation. In order 
to perform simulations for the Tortonian, the ocean heat transport has to be adjusted. For 
this purpose, STEPPUHN ET AL. (submitted) establish a new method, which is briefly explained 
below.

2.2 The Standard Tortonian run

2.2.1 The model setup of the Standard Tortonian run

In a first ECHAM4/ML simulation for the Tortonian, STEPPUHN ET AL. (submitted) consider 
the effects of a generally weaker palaeoceanic heat transport and a generally lower Tortonian 
orography. For the setup of this Standard Tortonian run, the land-sea distribution of the 
Tortonian remains unchanged as compared to the modern one. This is justifiable, as only minor 
plate tectonic movements occur since the Late Miocene (PRELL & KUTZBACH, 1992; RAMSTEIN 
ET AL., 1997; RUDDIMAN & KUTZBACH, 1989). Furthermore, STEPPUHN ET AL. (submitted) use the 
ECHAM model in its standard horizontal resolution of T30 (3.75°). This resolution is too coarse 
to consider small variations in the land-sea distriubution. However, the orography is adapted 
to the Tortonian. According to a global reconstruction of the palaeorography (KUHLEMANN, 
pers. comm.), the height of mountain ranges is generally reduced for the Standard Tortonian 
run. For example, Greenland reaches only about a tenth of its Recent elevation. The global 
vegetation represents modern conditions, except that the Recent Greenland ice cap is replaced 
by a tundra vegetation.

In order to adapt the heat transport of the mixed-layer ocean model to the Tortonian, a new 
method is presented by STEPPUHN ET AL. (submitted). This method is based on the assumption, 
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that the near-surface ocean circulation during the Tortonian is basically comparable to the 
modern pattern and that the meridional gradient of the sea surface temperatures (SSTs) is 
a measure for the oceanic heat transport. In order to obtain the palaeoceanic heat transport, 
local palaeo-SSTs are obtained from δ18O data of foraminifera. From satellite observation 
data, a transfer function is determined to convert Recent local SSTs into Recent zonal average 
SSTs. This transformation is used to calculate the zonal average palaeo-SSTs from the local 
palaeo-SSTs. Assuming that the ratio of the meridional gradients of the Recent and palaeo-
SSTs is a zonally constant value, the palaeo-flux correction of the mixed-layer ocean model 
is calculated. With this new method of STEPPUHN ET AL. (submitted), it is possible to prescribe 
a global heat transport for a mixed-layer ocean model on the basis of a few data points. The 
reconstruction of palaeo-SSTs can be affected by several effects such as the diagenesis, but 
STEPPUHN ET AL.’s (submitted) method is quite robust concerning small variations in the oxygen 
isotope composition.

The reconstructed Tortonian ocean heat transport is characterised by a generally weaker 
northward heat and mass transport (STEPPUHN ET AL., submitted). This is in accordance to 
studies with ocean general circulation model, which investigate the effects of an open Panama 
Isthmus during the Miocene (MIKOLAJEWICZ ET AL., 1993; MIKOLAJEWICZ & CROWLEY; 1997). 
During the Miocene, the open Panama Strait causes an exchange of the higher saline Atlantic 
Ocean water and the lower saline Pacific Ocean, which weakens the thermohaline circulation 
in the North Atlantic Ocean (MIKOLAJEWICZ & CROWLEY; 1997). Studies with OGCMs 
(BARRON & PETERSON, 1991; BICE ET AL., 2000; MAIER-RAIMER ET AL., 1990) and proxy data 
(COLLINS ET AL., 1996; FLOWER & KENNETT, 1994; HAUG & TIEDEMANN, 1998; TSUCHI, 1997; 
WOODRUFF & SAVIN, 1989) indicate, that changes in the oceanic circulation during the Neogene 
are caused by the changing ocean bathymetry, and by openings and closures of seaways such 
as the Central American Isthmus.

In addition to the above described boundary conditions, the atmospheric CO2 in the 
Standard Tortonian run is specified with the present-day’s level of 353ppm. This lies within 
the spectrum of values which are given for the Miocene (CERLING ET AL., 1997, PAGANI ET AL., 
1999; PEARSON & PALMER, 2000).
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2.2.2 Results of the Standard Tortonian run

The global average temperature of the Standard Tortonian run (tab.2.1) is almost unaffected 
(–0.1°C) as compared to the one of the Recent Control run (available from the DKRZ 
Modellbetreuungsgruppe). The difference in the global average precipitation between the 
Standard Tortonian and the Control run is rather small (–4mm/a). In the Standard Tortonian 
run, a decreased sea ice volume is shown (tab.2.1). The sea ice volume is more reduced on the 
Northern than on the Southern Hemisphere in the Standard Tortonian run as compared to the 
Recent Control experiment.

From the zonal average temperature (fig.2.1), the northern high latitudes are shown to be 
warmer (+2°C) in the Standard Tortonian run than in the Control run. In the lower latitiudes, 
the zonal average temperatures of both runs, the Standard Tortonian and the Control run, do 
not differ much. Thus, the equator-to-pole temperature difference is reduced in the Standard 
Tortonian run. From the horizontal temperature pattern (fig.2.2a), the highest increase rates as 
compared to the Control run are observed for Greenland (+15°C) and the Himalayan (+20°C). 
These warming effects are primarily due to the lowering of the orography and the removal of 
continental ice sheets in the Standard Tortonian run. In the case of the lower Himalayan, the 
reduced annual precipitation rate (–400mm/a) indicates a weakened Asian monsoon in the 
Standard Tortonian run (fig.2.2b).

In contrast to the warmer-than-present high latitudes, the Standard Tortonian run indicates 
that mean annual temperatures decrease in the mid-latitudes (–1°C to –2°C), which is 

Ts
[°C]

ptot
[mm/a]

Sea Ice Volume
[×1012m3]

Northern Hemisphere Southern Hemisphere
JJA DJF JJA DJF

Recent Control run 15.7 1020 11.3 17.8 17.5 14.8

Standard Tortonian run 15.6 1016 9.4 16.3 16.6 13.8

2×CO2 Tortonian run 18.6 1051 1.5 6.1 12.6 10.2

Table 2.1: The global average surface temperature Ts [°C], the global average precipitation ptot [mm/a], 
and the Northern and Southern Hemisphere’s seasonal average sea ice volume [×1012m3] of the 
Recent Control run, the Standard Tortonian run (STEPPUHN ET AL., submitted) and the 2×CO2 Tortonian 
run (STEPPUHN ET AL., in prep.).
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Figure 2.1: a) The zonal average temperature [°C] of the Recent Control run (grey dashed), the 
Standard Tortonian run (black dotted) and the 2×CO2 Tortonian run (black solid). b) The zonal 
average temperature difference [°C] between the 2×CO2 Tortonian and the Control run (grey solid), 
the 2×CO2 Tortonian and the Standard Tortonian run (black solid) and the Standard Tortonian run and 
the Control run (black dashed).
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Figure 2.2: The difference between the Standard Tortonian run and the Recent Control run for a) the 
mean annual 2m-temperature [°C] and b) the annual precipitation [mm/a] (modified from STEPPUHN ET 
AL., submitted). Negative values are shown grey shaded.

a)

b)
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attributed to the weaker palaeoceanic heat transport. In Southern Europe, higher precipitation 
rates as compared to the Control experiment (fig.2.2b) indicate more frequent storm activities 
in the Standard Tortonian run. In the low latitudes, the atmospheric circulation in the Standard 
Tortonian run differs from the one in the Recent Control experiment (STEPPUHN, 2002). In the 
Pacific region, the temperature anomaly pattern (fig.2.2a) between the Standard Tortonian run 
and the Recent Control simulation is comparable to an El Niño (STEPPUHN ET AL., submitted).

2.2.3 Verification of the Standard Tortonian run

The Standard Tortonian run basically agrees with other modelling studies as well as with 
proxy data (STEPPUHN ET AL., submitted). The reduced meridional temperature gradient in 
the Standard Tortonian run agrees with an Early Miocene simulation of DUTTON & BARRON 
(1997) using the AGCM GENESIS. However, the simulation of DUTTON & BARRON (1997) 
demonstrates warmer conditions and a more flattened equator-to-pole temperature gradient 
than the Standard Tortonian run. As compared to nowadays, the amount of sea ice is slightly 
lower in the Standard Tortonian run (tab.2.1), but still more ice cover as indicated by proxy data 
(WOLF & THIEDE, 1991). Terrestrial proxy data (BRUCH, 1998; WOLFE, 1994b) suggest warmer 
conditions in the high and mid-latitudes than observed from the Standard Tortonian run. For 
the lower latitudes, the Asian monsoon is weaker in the Standard Tortonian run than today. 
Other modelling studies (FLUTEAU ET AL., 1999; RAMSTEIN ET AL., 1997) and proxy data (WU 
ET AL., 1998) also mention a weaker-than-today Miocene monsoon. Concerning the Pacific 
region, an El Niño-like pattern of the Standard Tortonian run with respect to the Control 
run can be supposed. In the eastern Pacific region, the Standard Tortonian run demonstrates 
surface temperature anomalies of  +1°C to +2°C (STEPPUHN ET AL., submitted). From modern 
remote sensing, temperature anomalies of +2°C to +4°C in the Pacific region are observed 
during an El Niño (WEBSTER & PALMER, 1997). Since using a mixed-layer ocean model, the El 
Niño phenomenon itself cannot be modelled (STEPPUHN ET AL., submitted).

Except for some discrepancies, the Standard Tortonian run reflects that the large-scale 
trends qualitatively agree quite well with proxy data (summarised in tab.2.2). Some minor 
discrepancies in the Standard Tortonian run can be ascribed to the Paratethys, which is not 
taken into account (STEPPUHN ET AL., submitted). AGCM experiments demonstrate, that the 
shrinking Paratethys contributes to the Cenozoic cooling in Central Eurasia (RAMSTEIN ET 
AL., 1997). However, the patterns of the Standard Tortonian run are basically consistent with 
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other modelling studies which include a Paratethys (RAMSTEIN ET AL., 1997). It is concluded 
that either an underestimated atmospheric CO2 or the vegetation is responsible for the major 
discrepancies in the Standard Tortonian run. For the Miocene, various estimations of the 
atmospheric CO2 concentration exist (PAGANI ET AL., 1999; PEARSON & PALMER, 2000; VAN 
DER BURGH ET AL., 1993). For the CO2 level during the Miocene, an upper limit of 700ppm is 
suggested from CERLING (1991).

2.3 The 2×CO2 Tortonian run

2.3.1 The model setup of the 2×CO2 Tortonian run

In order to test the hypothesis whether a possibly underestimated CO2 is responsible for 
the above mentioned insufficiencies of the Standard Tortonian run, a sensitivity experiment 
is performed (STEPPUHN ET AL., in prep.). For this 2×CO2 Tortonian run, the same boundary 
conditions as for the Standard Tortonian run are used, but the CO2 concentration is doubled 
(=700ppm).

2.3.2 Results of the 2×CO2 Tortonian run

The 2×CO2 Tortonian run demonstrates a global warming (+3°C) and an increased global 
average precipitation (+35mm/a) as compared to the Standard Tortonian run (tab.2.1). 
Moreover, the double CO2 simulation represents much warmer and more humid conditions 
as the Control run (tab.2.1). Because of the globally warmer conditions, the sea ice is reduced 
(tab.2.1) in the 2×CO2 Tortonian run as compared to the Standard Tortonian run and the Recent 
Control run. The loss of Arctic sea ice is relatively more during northern summer (–87%) 
than during northern winter (–66%) in the 2×CO2 Tortonian run as compared to today. During 
summer, the Arctic sea ice almost vanishes in the 2×CO2 Tortonian run. The absolute reduction 
of the Arctic sea ice volume is higher during the winter months than during summer. This 
indicates a decreased seasonal contrast due to the doubled CO2 concentration.

Focusing on the zonal average temperatures (fig.2.1), an increase across all latitudes 
is observed in the 2×CO2 Tortonian run as compared to the Standard Tortonian run. The 
strongest warming occurs in the high northern latitudes (+8°C) in the 2×CO2 Tortonian run. 
This contributes to the reduction of the Arctic sea ice volume (tab.2.1) as well as to a flattened 
meridional temperature gradient in the 2×CO2 Tortonian run.



2. TORTONIAN REFERENCE SIMULATIONS WITH ECHAM4/ML

12

LATE MIOCENE CLIMATE MODELLING WITH ECHAM4/ML

13

Figure 2.3: The average 2m-temperature anomalies [°C] between the 2×CO2 Tortonian run and the 
Standard Tortonian run for a) the annual average, b) JJA and c) DJF (modified from STEPPUHN ET AL., in 
prep.). Negative values are shown grey shaded.

a)

c)

b)
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Figure 2.4: The anomalies between the 2×CO2 Tortonian and the Standard Tortonian run for a) the 
annual precipitation [mm/a], b) the annual evapotranspiration [mm/a] and c) the difference between the 
annual precipitation and evapotranspiration [mm/a] (modified from STEPPUHN ET AL., in prep.). Negative 
values are shown grey shaded.

a)

c)

b)
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Due to the different heat capacity, the temperature increase in the 2×CO2 Tortonian run 
with respect to the Standard Tortonian run (fig.2.3a) is more pronounced over continents than 
over ocean surfaces (+2°C). Over the continents, the doubled CO2 causes warmer conditions 
of more than +5°C in the annual average. In particular, the high latitudes of the Northern 
Hemisphere are much warmer (+8°C) in the 2×CO2 scenario as compared to the Standard 
Tortonian run. Focusing on the seasonal temperature differences between both Tortonian 
runs (fig.2.3b,c), the CO2-induced warming is stronger during winter than during summer 
and the Northern Hemisphere is more affected than the Southern. During northern summer 
in the northern mid-latitudes (fig.2.3b), the 2×CO2 Tortonian run demonstrates the highest 
warming rates of about +7°C. In the high latitudes of the Northern Hemisphere, the summerly 
temperature difference between the 2×CO2 Tortonian and the Standard Tortonian run is about 
+3°C to +5°C. During the winter season of the Northern Hemisphere (fig.2.3c), this pattern is 
reversed. From the low to the mid-latitudes, winter temperatures raise modestly by about +3°C 
in the 2×CO2 Tortonian run. In the high latitudes, the 2×CO2 Tortonian run shows winterly 
temperature increases of more than +15°C as compared to the Standard Tortonian run. This 
pattern is a result of a strong ice-albedo feedback in the high latitudes in the 2×CO2 Tortonian 
run (cf. tab2.1). This feedback reduces the seasonal temperature cycle as compared to the 
Standard Tortonian run.

With a globally increased temperature in the double CO2 scenario, the hydrological cycle 
is also intensified (cf. tab.2.1), as a warmer atmosphere stores more water vapour. Over 
continental areas, the annual precipitation increases in the 2×CO2 Tortonian run (fig.2.4a). 
Focusing on Asia, an increase in precipitation of +200mm/a is observed from the Tortonian 
CO2 run. Therefore, the monsoon is enhanced, which is attributed to the doubling of CO2. In the 
tropics, the highest absolute increase rates (+400mm/a) occur in the 2×CO2 Tortonian run as 
compared to the Standard Tortonian run. In the high latitudes, the precipitation increase is also 
relatively high (+100mm/a) in the 2×CO2 Tortonian run, as the total amount of precipitation is 
generally lower than in lower latitudes.

The globally warmer conditions in the 2×CO2 Tortonian run lead to an increased 
evapotranspiration rate (fig.2.4b). Over continents, the evapotranspiration is generally 
higher in the 2×CO2 Tortonian run as compared to the Standard Tortonian run (+100mm/a). 
Considering anomalies of precipitation minus evapotranspiration (fig.2.4c), the ocean surfaces 
of the tropical and subtropical latitudes are more arid (–400mm/a) in the 2×CO2 Tortonian 
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run. In contrast to this, the oceans of higher latitudes are more humid (+200mm/a) than in the 
Standard Tortonian run. In the 2×CO2 Tortonian run, this results in a strengthened atmospheric 
moisture transport from the low towards the high latitudes over the oceans and from the oceans 
towards the land surfaces as compared to the Standard Tortonian run.

2.3.3 The comparison of model results and quantitative terrestrial proxy data

In order to validate whether the Standard Tortonian run or the 2×CO2 Tortonian run is more 
realistic, results of both model runs are quantitatively compared with terrestrial proxy data (cf. 
sec.5 for further details regarding the method and the data base). The comparison of the mean 
annual temperatures (MAT) demonstrates, that the Standard Tortonian run (fig.2.5a) represents 
cooler conditions in the high latitudes than suggested by proxy data (WOLFE, 1994b). Contrarily, 
the MATs of the 2×CO2 Tortonian run globally agree quite well to proxy-based estimations 
(fig.2.6a). For Siberia, the double CO2 scenario indicates lower temperatures than suggested 
from proxy data. For the mid-latitudes, the Standard Tortonian run tends to be cooler than 
the proxy estimations (fig.2.5a), whereas the 2×CO2 Tortonian run demonstrates a quite good 
agreement with proxy data (fig.2.6a). In the lower latitudes, the 2×CO2 Tortonian agrees worse 
with proxy data than the Standard Tortonian run. In Asia, the 2×CO2 Tortonian run indicates a 
discrepancy to proxy data of more than +5°C. For the Standard Tortonian run, the difference 
to the proxy-based estimation is about +3°C in Asia. In the 2×CO2 Tortonian run, the tropics 
and subtropics are therefore represented too warm as compared to proxy data.

From the annual precipitation (fig.2.5b and 2.6b), both Tortonian runs globally agree quite 
well with the proxy-based estimations. For tropical regions, both model runs demonstrate 
much too humid conditions (more than +2000mm/a), which indicate deficits in simulating 
realistic precipitation rates by the ECHAM model. With regard to Europe, both Tortonian runs 
agree with proxy data. In the 2×CO2 Tortonian run, Southern Europe is too dry (–350mm/a 
to –590mm/a). North America is more arid (–400mm/a) in the 2×CO2 Tortonian run than 
terrestrial proxy data suggest. Regarding the annual precipitation, the Standard Tortonian run 
is more realistic than the 2×CO2 Tortonian run.
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Figure 2.5: The differences between the Standard Tortonian run and terrestrial proxy data for a) the 
mean annual temperature [°C], and b) the annual precipitation [mm/a] (modified from STEPPUHN ET 
AL., in prep.). The European region is shown enlarged. White circles represent consistency, triangles 
represent cooler or more arid conditions, and sexangles represent warmer or more humid conditions 
in the model simulation, respectively.
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Figure 2.6: The differences between the 2×CO2 Tortonian run and terrestrial proxy data for a) the 
mean annual temperature [°C], and b) the annual precipitation [mm/a] (modified from STEPPUHN ET 
AL., in prep.). The European region is shown enlarged. White circles represent consistency, triangles 
represent cooler or more arid conditions, and sexangles represent warmer or more humid conditions 
in the model simulation, respectively.
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2.3.4 Verification of the 2×CO2 Tortonian run

Basically, the 2×CO2 Tortonian run as compared to the Standard Tortonian run demonstrates 
the same global warming (+3.0°C) as observed for Recent climate scenarios (+2.5°C to +4°C) 
by using different AGCMs coupled to mixed-layer ocean models (MCGUFFIE ET AL., 1999). 
This indicates, that the feedback to the CO2 forcing is almost independent from the different 
prescribed boundary conditions of the Recent climate studies and the 2×CO2 Tortonian run.

The seasonal cycle in the 2×CO2 Tortonian run is reduced as compared to the Standard 
Tortonian run. For the Holocene, a less distinct seasonal cycle, correlated with a lower amount 
of sea ice, is also shown (BERGER ET AL., 1998). A sensitivity study with a prescribed lower 
Arctic sea ice amount supports a reduced contrast between summer and winter temperatures 
on the Northern Hemisphere (RAYMO ET AL., 1990).

Focusing on the water cycle, the 2×CO2 Tortonian run indicates more arid conditions over 
the subtropical Atlantic Ocean. Contrarily, the conditions over the North Atlantic Ocean are 
more humid. A higher CO2 should therefore affect the North Atlantic thermohaline circulation. 
Recent climate studies, which use ocean general circulation models under high CO2 conditions 
(MIKOLAJEWICZ & VOSS, 2000; RAHMSTORF, 1995), report a decreased surface salinity due to 
an increased freshwater input in the North Atlantic Ocean. This dilution weakens the North 
Atlantic Deep Water formation (MIKOLAJEWICZ & VOSS, 2000; RAHMSTORF, 1995). At the same 
time, the circulation in the Atlantic Ocean is strengthened due to an increased evaporation in 
the subtropics (MIKOLAJEWICZ & VOSS, 2000). In total, the CO2-induced freshwater changes 
in Recent model experiments, which are comparable to the patterns in the 2×CO2 Tortonian 
run, tend to weaken the thermohaline circulation in the Atlantic Ocean (MIKOLAJEWICZ & VOSS, 
2000). However, since using a mixed-layer ocean model for the Tortonian simulations, an 
effect on the ocean circulation cannot be demonstrated.

On the regional scale, an enhanced Asian monsoon precipitation and a warming of +3°C 
to +4°C over South Asia is observed in the 2×CO2 Tortonian run as compared to the Standard 
Tortonian run. A weakening of the Asian monsoon is demonstrated from the Standard Tortonian 
run when compared to the Recent Control run (STEPPUHN ET AL., submitted) as well as from 
other modelling studies (FLUTEAU ET AL., 1999; RAMSTEIN ET AL., 1997) and proxy data (WU ET 
AL., 1998). Thus, the monsoon patterns are unrealistic in the 2×CO2 Tortonian run than in the 
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Standard Tortonian run. However, modern climate models reveal uncertainties in representing 
the Asian monsoon (DOUVILLE ET AL., 2000).

The comparison of both Tortonian runs with terrestrial proxy data demonstrates a good 
agreement of the mean annual temperatures between the 2×CO2 Tortonian run and proxy data 
(summarised in tab.2.2). The tropics and subtropics are exceedingly too warm in the 2×CO2 
Tortonian as compared to proxy-based estimations. Consequently, a higher-than-present pCO2 
solves some problems of the Standard Tortonian run, but new difficulties arise. STEPPUHN ET 
AL. (in prep.) conclude, that the main insufficiencies in the Standard Tortonian run cannot be 
explained by an underestimated pCO2.

For the 2×CO2 Tortonian run, the atmospheric CO2 concentration is 700ppm, which is the 
doubled present-day’s concentration of 353ppm as used for the Standard Tortonian run. For 
the Miocene, various estimations of the atmospheric CO2 content exist (CERLING ET AL., 1997; 
PAGANI ET AL., 1999; PEARSON & PALMER, 2000). On the one hand, the pCO2 of the Standard 
Tortonian run lies within the range of CO2 values. On the other hand, the 2×CO2 Tortonian run 
represents the upper limit. For the Miocene, CERLING ET AL. (1997) suggest an atmospheric CO2 
concentration of more than 500ppm. From CERLING (1991), a Miocene pCO2 between present-
day’s level and 700ppm is estimated. A Late Miocene value of 380 to 400ppm is estimated 
from VAN DER BURGH ET AL. (1993). PAGANI ET AL. (1999) suggest a CO2 content equal to the 

Standard Tortonian run
(STEPPUHN ET AL., submitted)

2×CO2 Tortonian run
(STEPPUHN ET AL., in prep.)

global temperature – +

- high latitudes – – O

- mid-latitudes – – O

- low latitudes O + +

precipitation – +

Arctic sea ice volume + + O

meridional temperature gradient + + O

Table 2.2: The summarised qualitative agreements (O) and the over-/underestimations (+/–) of the 
model results of the Standard Tortonian run (STEPPUHN ET AL., submitted) and the 2×CO2 Tortonian run 
(STEPPUHN ET AL., in prep.) as compared to proxy data.
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pre-industrial level (280ppm). A Miocene atmospheric CO2 concentration, which is as high as 
the Recent level or even lower, is favoured by PEARSON & PALMER (2000).

The shallow meridional temperature gradient of the Miocene is one of the major problems 
of the Standard Tortonian run (cf. tab.2.2). A higher-than-present CO2 level leads to a 
reduction of the pole-to-equator gradient, which results in an unrealistically representation 
of the tropics (cf. tab.2.2). Typical greenhouse climates such as the Cretaceous are (amongst 
others) controlled by a high CO2 level (BERNER, 1994). However, climatic differences between 
the Miocene and today basically cannot be ascribed to variations of the atmospheric pCO2. 
Thus, the causes for the differences between the modern and the Miocene climate are still not 
identified.

Both model simulations, the Standard Tortonian and the 2×CO2 Tortonian run, are based on 
the modern vegetation. However, Miocene proxy data indicate a different situation (MAI, 1995; 
WOLFE, 1994a; WOLFE, 1994b). During the Early Miocene, boreal forests extend far towards 
high latitudes and less deserts exist (DUTTON & BARRON, 1997; WOLFE, 1985). Sensitivity 
studies (DUTTON & BARRON, 1996) demonstrate a significant influence of vegetation on the 
climate system. For the Early Miocene, the palaeovegetation contributes to a flattening of 
the temperature gradient (DUTTON & BARRON, 1997). For the Cretaceous, this effect is also 
observed from sensitivity experiments (OTTO-BLIESNER & UPCHURCH, 1997; UPCHURCH ET 
AL., 1998). Thus, an appropriate palaeovegetation has to be further tested concerning its 
implications for a more realistic representation of the Tortonian climate.
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3 THE RECONSTRUCTION OF THE TORTONIAN VEGETATION

3.1 The method

In order to perform a realistic Tortonian simulation with ECHAM4/ML (cf. sec.4.1), 
detailed information about the Tortonian vegetation is demanded for each grid point of the 
ECHAM model (horizontal resolution of 3.75°). Based on palaeobotanical data such as fossil 
pollen and leaf data, and fossil carpoflora, UHL & BRUCH (pers. comm.) reconstruct the global 
Tortonian vegetation. The information about the Tortonian floras is provided from studies 
of BRUCH (1998), GRAHAM (1998), GREGOR (1982), GREGOR & UNGER (1988), JACOBS (1999), 
JACOBS & DEINO (1996), MAI (1995), MARTIN (1990), MARTIN (1998), MAY ET AL. (1999), 
MUDIE & HELGASON (1983), PLAYFORD (1982), SACHSE (unpublished data), SACHSE & MOHR 
(1996), UNGER (1983), WOLFE (1994a), WOLFE (1994b). The proxy data are interpreted and 
classified into biomes (PRENTICE ET AL., 1992; tab.3.2). Since the attribution of fossil floras to a 
special biome type is not well-defined, the number of biomes is reduced. Some related biomes 
are grouped into a combined biome: cool & cold mixed forest, cool grass & tundra, and hot, 
cool & sand desert.

Figure 3.1: The proxy data locations and the attributed Tortonian vegetation (see text for data 
sources).
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Scarce or even no proxy data are available for some continents such as Southern Africa or 
Latin America (fig.3.1). Due to this lack of information, the Prentice biome model (PRENTICE AT 
AL., 1992) is applied by using climate data of the Standard Tortonian simulation (STEPPUHN ET 
AL., submitted [cf. sec.2.2]). From monthly average data (temperature, precipitation and cloud 
cover) of the Standard Tortonian run, the following parameters are derived: The minimum 
and maximum temperature of the coldest month (Tc,min and Tc,max), the minimum temperature of 
the warmest month (Tw,min), the temperature sum of days above 0°C and 5°C (gdd0 and gdd5) 
and a minimum and maximum moisture index (αmin and αmax), which is the ratio of the actual 
and the potential evapotranspiration (CLAUSSEN, pers. comm.; CLAUSSEN, 1993). According to 
tab.3.1, the Prentice biome model claculates plant functional types (PFTs). Considering the 
dominance hierarchy (D), these PFTs define biomes (tab.3.2). Finally, a global vegetation 
distribution is obtained from the Prentice biome model. As the previous Standard Tortonian 
run represents a slightly unrealistic climate (STEPPUHN ET AL., submitted; STEPPUHN ET AL., in 
prep.), the calculated palaeovegetation differs from the proxy-based palaeovegetation. Based 

Tc,min Tc,max Tw,min gdd5 gdd0 αmin αmax D

Trees

Tropical evergreen 15.5 0.80 1

Tropical raingreen 15.5 0.45 0.95 1

Warm-temperate evergreen 5.0 0.65 2

Temperate summergreen –15.0 15.5 1200 0.65 3

Cool-temperate conifer –19.0 5.0 900 0.65 3

Boreal evergreen conifer –35.0 –2.0 350 0.75 3

Boreal summergreen 5.0 350 0.65 3

Non-trees

Xerophytic woods/shrub 5.0 0.28 4

Warm grass/shrub 22.0 0.18 5

Cool grass/shrub 500 0.33 6

Cold grass/shrub 100 0.33 6

Hot desert/shrub 22.0 7

Cool desert/shrub 100 8

Polar desert 9

Table 3.1: The climatic restrictions for the plant functional types of the Prentice biome model (PRENTICE 
ET AL., 1992). Tc,min and Tc,max denote the minimum and maximum temperature of the coldest month [°C], 
Tw,min  the minimum temperature of the warmest month [°C], gdd5 and gdd0 denotes the temperature 
sum of days above 5°C and 0°C [°C], αmin and αmax is the minimum and maximum available moisture 
index and D denotes the dominance hierarchy.
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on the single locations where the palaeovegetation is known from proxy data, the calculated 
biome distribution is used to interpolate the palaeovegetation between these single locations. 
Fig.3.2a shows the resulting reconstruction of the global Tortonian vegetation.

In order to quantify changes between the reconstructed Tortonian palaeovegetation and the 
modern distribution, the present-day’s vegetation is also calculated with the Prentice biome 
model. From the Intergovernmental Panel on Climate Change (IPCC), monthly observation data 
(NEW ET AL., 1999) of the years 1961 to 1990 are taken to calculate the modern vegetation. This 
observation data set is available in the high horizontal resolution of 0.5°. The climatological 
30-year-averages of temperature, precipitation and cloud cover are applied to the Prentice 
biome model. Fig.3.2b shows the calculated modern vegetation distribution. Antarctica is not 
plotted, as the IPCC observation data set contains no information about this region.

Plant functional types Biome

Tropical evergreen Tropical rain forest

Tropical evergreen + tropical raingreen Tropical seasonal forest

Tropical raingreen Savanna

Warm-temperate evergreen Warm mixed forest

Temperate summergreen + cool-temperate conifer + boreal summergreen Temperate deciduous forest
Temperate summergreen + cool-temperate conifer + boreal evergreen conifer + boreal 
summergreen Cool mixed forest

Cool-temperate conifer + boreal evergreen conifer + boreal summergreen Cool conifer forest

Boreal evergreen conifer + boreal summergreen Taiga

Cool-temperate conifer + boreal summergreen Cold mixed forest

Boreal summergreen Cold deciduous forest

Xerophytic woods/shrub Xerophytic woods/shrub

Warm grass/shrub Warm grass/shrub

Cool grass/shrub + cold grass/shrub Cool grass/shrub

Cold grass/shrub Tundra

Hot desert/shrub Hot desert

Cool desert/shrub Cool desert

Polar desert Ice/polar desert

Table 3.2: The allocation of plant functional types (cf. tab.3.1) to biomes according to the Prentice 
biome model (PRENTICE ET AL., 1992).
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Figure 3.2: a) The proxy-based reconstructed Tortonian vegetation, and b) the present-day‘s vegetation 
as calculated from IPCC observation data (NEW ET AL., 1999) using the biome model of PRENTICE ET AL. 
(1992).
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To obtain some information about the fractional portions, the percentage cover of the 
biomes is determined for the modern and the palaeovegetation. The Tortonian Antarctic 
continent is excluded from this comparison, as there is no information about Antarctica from 
the IPCC data set (NEW ET AL., 1999). Fig.3.3a shows the fractional portions of the Recent 
and the Tortonian vegetation for each biome. In addition, the summed fractional portions of 
forest types (biomes no.1 to 8), grassland types (no.9 to 11) and deserts (no.12 and 13) are 
represented in fig.3.3b.

3.2 The resulting Tortonian vegetation

As shown from fig.3.2, the Tortonian palaeovegetation is generally more dense than 
nowadays. During the Tortonian, tropical forests (no.1 to 3) expand and their margins shift 
further poleward. The Late Miocene Africa is generally characterised by a tropical forest 
vegetation. Accordingly, the Sahara desert is smaller than today and consists of steppe and 
open grassland rather than sand desert. A more woody Tortonian vegetation replaces the 
present-day’s warm-arid desert, semi-desert and grassland regions. It is assumed that formerly 
no extreme sand deserts comparable to the modern Sahara desert exist. During the Tortonian, 
the extension of tropical forests (no.1 to 3) is +5% larger than today (fig.3.3). Deserts diminish 
by –17% as compared to the present-day’s situation.

For the mid-latitudes (fig.3.2), the tendency towards denser forests (no.4 to 8) in the Tortonian 
is also observed. From fig.3.3, the fractional portions of forest types no.4 to 8 globally increase 
by +1.5% to +5%. During the Tortonian, warm mixed forests and temperate deciduous forests 
replace the modern Central European forests. Cool and cold mixed forests, which represent 
the modern Central European vegetation, are found further northward as compared to today. 
During the Tortonian, cool conifer forests as well as taiga & cold deciduous forests occur far 
into the high latitudes. In particular, Greenland is assumed to be largely covered with taiga & 
cold deciduous forests instead of present-day’s ice cover. During the Late Miocene, a tundra 
vegetation covers about 4% of the global land surface (mainly northern parts of Asia and 
North America). This is a reduction of –7% as compared to nowadays

During the Tortonian, the extension of all forest types except for savanna (no.3) and taiga 
& cold deciduous forest (no.8) is almost doubled in relation to the absolute present-day’s 
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values. The relative loss of the sparse vegetation cover is in the same order of magnitude. 
This represents not only a simple shift of climate zones: Since the Tortonian (or even earlier), 
deserts and semi-deserts grow at the expense of forest vegetation. For the modern warm-arid 
and cold-continental areas, the Tortonian surface properties such as the albedo and the leaf 
area index have to differ clearly from today’s conditions.
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Figure 3.3: The fractional cover [%] of the Tortonian vegetation (black), the Recent vegetation (grey) 
and their differences (white) a) for each biome, and b) for the summed forest, grassland and desert 
types.
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4 THE PALVEG TORTONIAN RUN WITH ECHAM4/ML

4.1 The model setup

As previously emphasised (cf. sec.2), this study does not only concentrate on a more 
realistic simulation of the Tortonian climate, but also on the climatic implications of an 
adapted Tortonian palaeovegetation. It continues the previous Tortonian runs (cf. sec.2, 
STEPPUHN ET AL., submitted; STEPPUHN ET AL., in prep.). The model ECHAM4/ML (DKRZ 
MODELLBETREUUNGSGRUPPE, 1994; DKRZ MODELLBETREUUNGSGRUPPE, 1997; ROECKNER ET AL., 
1992; ROECKNER ET AL., 1996) is used in its standard resolution of T30 (3.75°). The same 
Tortonian boundary conditions as described for the Standard Tortonian run (cf. sec.2.2.1, 
STEPPUHN ET AL., submitted) are used, but not the modern vegetation. According to the 
reconstruction of the Tortonian vegetation (cf. sec.3), land surface parameters are adapted. 
To consider the changed vegetation in the ECHAM model, data for the albedo (αv) the leaf 
area index (LAI) the vegetation and forest cover (cveg and cfor, respectively) and the maximum 
soil water capacity (Ws,max) are required (tab.4.1). For each biome, these values are taken from 
CLAUSSEN (1994), except for the maximum available soil water capacity which is taken from 
HAGEMANN ET AL. (1999). For the re-grouped biomes such as cool grass & tundra, the average 
of both biome values is used. For the Tortonian, it is assumed, that extreme sand deserts do 
not occur (cf. fig.3.2a). To complete the listing in tab.4.1, the surface parameters of the biome 
type sand desert are also specified.

4.2 Model results of the PalVeg Tortonian run as compared to the Standard

      Tortonian run

For the Tortonian, an ECHAM4/ML model run is performed using the above described 
boundary conditions. In the following, this simulation is referred to as the PalVeg Tortonian 
run. After 10 of 20 simulation years, the model reaches an equilibrium state and the last 
10 years are taken into account for further analysis. In order to compare the results of the 
PalVeg Tortonian run, data of the Standard Tortonian run (STEPPUHN ET AL., submitted) and 
the Recent Control run of ECHAM4/ML (experiment EXP700-run712, available from 
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the DKRZ Modellbetreuungsgruppe) are considered. Data of each run are averaged over 
the last 10 simulation years. Appendix A includes the relevant absolute data fields of the 
PalVeg Tortonian run. To figure out the effects of vegetation on the Late Miocene climate, 
the following figures show the differences between both Tortonian model runs, the PalVeg 
Tortonian minus the Standard Tortonian run. In order to decide if the climate of the PalVeg 
Tortonian run is significantly distinct from the Standard Tortonian run, a ‘Student t-test’ 
(VON STORCH & ZWIERS, 1999) is performed. Variables at each grid point are assumed to be 
nearly normal distributed (Central Limit Theorem). The statistical test determines whether 
the mean difference of both runs is significantly distinct from zero (null hypothesis). The 
level of significance is set to p = 0.05. For the figures shown in the following, non-significant 
differences between the model runs are (dark) grey shaded (e.g., fig.4.2). In some selected 
figures (e.g., fig.4.5), the light grey shading indicates negative values, which is useful to easily 
identify specific patterns.

# Biome αv LAI cveg cfor Ws,max

1 Tropical rain forest 0.12 9.3 0.98 0.98 0.360

2 Tropical seasonal forest 0.12 4.3 0.82 0.82 0.200

3 Savanna 0.15 2.6 0.65 0.58 0.695

4 Warm mixed forest 0.15 6.0 0.91 0.79 0.300

5 Temperate deciduous forest 0.16 2.7 0.65 0.65 0.233

6 Cool & cold mixed forest 0.15 2.0 0.54 0.54 0.140

7 Cool conifer forest 0.13 9.1 0.97 0.97 0.380

8 Taiga & cold deciduous forest 0.14 3.7 0.77 0.77 0.161

9 Xerophytic woods 0.18 2.6 0.66 0.19 0.480

10 Warm grass 0.20 0.8 0.27 0 0.680

11 Cool grass & tundra 0.18 1.1 0.35 0.03 0.213

12 Hot & cool desert 0.20 0.3 0 0 0.100

        (Sand desert 0.35 0 0 0 0.100)

13 Ice/polar desert 0.15 0 0 0 0.035

Table 4.1: The allocation of surface parameters as used for the PalVeg Tortonian run with ECHAM4/
ML. αv designates the albedo [frac.], LAI the leaf area index [m2/m2], cveg and cfor the vegetation and 
forest cover [frac.], respectively, and Ws,max the maximum available soil water capacity [m]. Values are 
modified from CLAUSSEN (1994) and HAGEMANN ET AL. (1999).
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At first, the data description of the results concentrates on the global average differences of 
temperature, precipitation and sea ice of the PalVeg Tortonian run with respect to the Standard 
Tortonian  and the Recent Control run (sec.4.2.1). The following subsections focus on the 
zonal average temperatures (sec.4.2.2) and the regional anomaly patterns (sec.4.2.3) between 
the PalVeg and the Standard Tortonian simulation. The description of vegetation-induced 
climatic changes is completed with the analysis of large-scale (sec.4.2.4) and regional-scale 
(sec.4.2.5) variations in the atmospheric circulation between the PalVeg Tortonian run and the 
Standard Tortonian run. Finally, the PalVeg Tortonian run is compared to the modern Control 
run regarding the regional temperature pattern (sec.4.3.1) and the water cycle. The water cycle 
includes the global (sec.4.3.2) and zonal averages (sec.4.3.3) as well as the regional (sec.4.3.4) 
precipitation and evapotranspiration patterns.

4.2.1 The global average temperature, precipitation and sea ice

Tab.4.2 represents the global averages of the surface parameters as preset for the Standard 
Tortonian run and the Recent Control run, and the PalVeg Tortonian run. During the Tortonian, 
particularly forests occur, which extend far into the high latitudes (cf. sec.3.2). Accordingly, 
the vegetation and forest cover increase (+66% and +124%, respectively) as compared to 
nowadays. The albedo decreases by –40% in the PalVeg Tortonian run. Comparing the values 
of tab.4.2 with tab.4.1, the Recent Control run and the Standard Tortonian run represent 
globally sparse vegetation. For instance, the global land albedo (αv = 0.20) corresponds to 
desert and warm grass conditions. Contrarily, the PalVeg Tortonian run demonstrates a global 
land albedo of tropical or coniferous forests (αv = 0.12).Thus, globally increased temperatures 
are expected in the PalVeg Tortonian run. The maximum available soil water capacity (+8%) 

αv LAI cveg cfor Ws,max

Standard Tortonian run
& Recent Control run 0.20 1.8 0.32 0.21 0.247

PalVeg Tortonian run 0.12 3.2 0.53 0.48 0.267

Difference –0.08 +1.5 +0.21 +0.26 +0.020

Table 4.2: The global averages (land surface grid points only are considered) of the albedo αv [frac.], 
the leaf area index LAI [m2/m2], the vegetation and forest cover cveg and cfor [frac.], and the maximum 
available soil water capacity Ws,max [m] of the Standard Tortonian run (and the Recent Control run), the 
PalVeg Tortonian run and the difference between the model simulations.
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and the leaf area index (+83%) increase in the PalVeg Tortonian run. Hence, it is expected 
that the climatic conditions are more humid in the PalVeg Tortonian run as compared to the 
Standard Tortonian run and the Recent Control run.

From tab.4.3, the PalVeg Tortonian run demonstrates indeed a globally increased temperature 
as compared to the Recent Control run (+0.6°C) and the Standard Tortonian run (+0.9°C). 
The temperature raise is higher on the Northern Hemisphere (+1.2°C) than on the Southern 
(+0.6°C) as compared to the Standard Tortonian run. For the seasonal average temperatures of 
the Northern Hemisphere, a stronger increase in the PalVeg Tortonian run is apparent during 
winter. The Northern Hemisphere’s seasonality (the difference between summer and winter 
temperatures) is not reduced significantly (–0.1°C) in the PalVeg Tortonian run as compared 
to the Recent Control run. Contrarily, a vegetation-induced reduction of the seasonality is 
observed (–0.6°C) in relation to the Standard Tortonian run. On the Southern Hemisphere, the 
summer and the winter temperatures increase (+0.6°C) if the palaeovegetation is considered. 
Correspondingly, the Southern Hemisphere’s conditions are warmer in the PalVeg Tortonian 
run, but the seasonality is not noticeably affected as compared to the Standard Tortonian run.

T2m
[°C]

ptot
[mm/a]

global Northern Hemisphere Southern Hemisphere global

annual JJA DJF annual JJA DJF

Recent Control run 15.3 15.5 20.9 9.9 15.1 13.5 16.9 1019

Standard Tortonian run 15.0 14.9 21.0 9.5 15.0 13.1 16.8 1010

PalVeg Tortonian run 15.9 16.1 21.9 11.0 15.6 13.7 17.4 1046
Standard - Recent –0.3 –0.6 +0.1 –0.4 –0.1 –0.4 –0.1 –9

PalVeg - Recent +0.6 +0.6 +1.0 +1.1 +0.5 +0.2 +0.5 +27

PalVeg - Standard +0.9 +1.2 +0.9 +1.5 +0.6 +0.6 +0.6 +36

Table 4.3: The average near-surface temperature, T2m [°C], the global annual average, the annual and 
seasonal average temperature for both hemispheres, respectively, and the global annual precipitation, 
ptot [mm/a] of the Recent Control run, the Standard Tortonian run, the PalVeg Tortonian run and the 
differences between the model simulations, respectively.
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Regarding the annual precipitation (tab.4.3), the PalVeg Tortonian run demonstrates an 
enforced hydrological cycle. The global precipitation increases by +27mm/a in the PalVeg 
Tortonian run as compared to the Recent climate scenario. The Standard Tortonian run 
represents a slightly drier situation than today (–9mm/a). Thus, the palaeovegetation causes an 
increase in the global average precipitation (+36mm/a).

According to the warmer conditions of the PalVeg Tortonian run, the northern sea ice 
volume gets smaller (tab.4.4). During summer as well as during winter, the Arctic sea ice 
volume is reduced (–4×1012m3) as compared to the Control run. As compared to the Standard 
Tortonian run, the Arctic ice volume is diminished by –2.6×1012m3 during winter and by 
–2.1×1012m3 during summer in the PalVeg Tortonian simulation. The reduction of the Arctic 
sea ice is relatively more intense during summer (–22%) than during winter (–16%) in the 
PalVeg Tortonian run as compared to the Standard Tortonian run.

4.2.2 The zonal average temperature

The zonally averaged mean annual temperatures (fig.4.1) indicate constantly warmer 
conditions in the PalVeg Tortonian run than in the Standard Tortonian run. Again, the Northern 
Hemisphere is more affected than the Southern. The annual increase in temperature on the 

Sea Ice Volume
[×1012m3]

Northern Hemisphere Southern Hemisphere

Summer (JJA) Winter (DJF) Summer (DJF) Winter (JJA)

Recent Control run 11.3 17.8 14.8 17.5

Standard Tortonian run 9.4 16.2 13.9 16.7

PalVeg Tortonian run 7.3 13.7 14.6 17.0
Standard - Recent –1.9 –1.6 –0.9 –0.8

PalVeg - Recent –4.0 –4.1 –0.2 –0.5

PalVeg – Standard –2.1 –2.5 +0.7 +0.3

Table 4.4: The seasonal average sea ice volume for the Northern and Southern Hemisphere [×1012m3] 
of the Recent Control run, the Standard Tortonian run, the PalVeg Tortonian run and the differences 
between the model simulations, respectively.
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Figure 4.1: a) The zonal average temperatures [°C] of the Recent Control run (grey dashed), the 
Standard Tortonian run (black dotted) and the PalVeg Tortonian run (black solid). b) The difference of 
the zonal average temperatures [°C] of the annual average of the PalVeg Tortonian minus the Control 
run (grey solid), the annual average of the PalVeg Tortonian minus the Standard Tortonian run (black 
solid), the average of the PalVeg Tortonian minus the Standard Tortonian run for northern summer 
(black dotted) and the average of the PalVeg Tortonian minus the Standard Tortonian run for northern 
winter (black dashed).
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Southern Hemisphere is about +0.5 to +0.7°C and not varying with latitudes (cf. tab.4.3) in the 
PalVeg Tortonian run with respect to the Standard Tortonian run. On the Northern Hemisphere,  
the temperature differences between both Tortonian runs vary with latitude. Starting at the 
equator and proceeding further towards 70°N, the temperature differences increase steadily 
between the PalVeg Tortonian and the Standard Tortonian run. At around 70°N, a maximum 
difference of +2.3°C is reached. Further poleward, the temperature differences between both 
Tortonian runs decrease but remain positive. Thus, the warming in the PalVeg Tortonian run 
with respect to the Standard Tortonian run is stronger in higher latitudes than in mid- and low 
latitudes. The meridional temperature gradient is reduced in the PalVeg Tortonian run. In this 
context it is important to note that the palaeocean heat transport is adjusted with palaeo-SSTs, 
which are obtained from d18O data (cf. sec.2.2.1; STEPPUHN ET AL., submitted). These palaeo-
SSTs represent a shallower equator-to-pole gradient. Thus, the pattern of the PalVeg Tortonian 
run is consistent with the pattern of the reconstructed palaeo-SSTs. The reduction of the polar 
sea ice in the PalVeg Tortonian run (cf. sec.4.2.1) is a further consequence of the vegetation-
induced warmer high latitudes.

Considering the seasonal pattern of the PalVeg Tortonian run as compared to the Standard 
Tortonian run (fig.4.1b), the summerly and winterly warming of the Southern Hemisphere is 
almost the same as for the annual average (+0.6°C). On the Southern Hemisphere, seasonal 
contrasts are not reduced in the PalVeg Tortonian run. In the low and in the high latitudes of 
the Northern Hemisphere, the PalVeg Tortonian run demonstrates larger temperature increases 
during winter than during summer as compared to the Standard Tortonian run. In the low and 
in the high latitudes, the seasonality is reduced in the PalVeg Tortonian run. In the lower mid-
latitudes at around 40°N, the seasonality contrarily increases in the PalVeg Tortonian run as 
summer temperatures raise more than winter temperatures.

4.2.3 The regional temperature, precipitation and evapotranspiration patterns

Temperature

Comparing the PalVeg with the Standard Tortonian run, the horizontal pattern of the mean 
annual temperature (fig.4.2a) indicates larger increases in temperature over land surfaces than 
over the oceans. Over the oceans, the temperatures rise moderately (+0.5°C) in the PalVeg 
Tortonian run. For North Africa, an increase in temperature of +3°C is observed from the 
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Figure 4.2: The average near-surface 2m-temperature anomalies [°C] between the PalVeg Tortonian 
and the Standard Tortonian run for a) the annual average, b) JJA and c) DJF. Shaded areas represent 
‚nonsignificant‘ anomalies with a local ‚Student t-test‘ (p = 0.05).

a)

c)

b)
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Figure 4.3: The annual average anomalies between the PalVeg Tortonian and the Standard Tortonian 
run of a) the total precipitation [mm/a], b) the evapotranspiration [mm/a] and c) the total precipitation 
minus the evapotranspiration [mm/a]. Shaded areas represent ‚nonsignificant‘ anomalies with a local 
‚Student t-test‘ (p = 0.05).

a)

c)

b)
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PalVeg Tortonian run. For North America and Eurasia/Asia, a raise of +4°C is demonstrated as 
compared to the Standard Tortonian run. On the Northern Hemisphere, temperatures increase 
more than on the Southern as compared to the Standard Tortonian run. This is a result of the 
different landmass distribution between both hemispheres.

Regarding the seasonal average temperatures (fig.4.2b,c) of the Southern Hemisphere, the 
summerly (DJF) and winterly (JJA) situation is about the same as described for the annual 
average  pattern of the PalVeg Tortonian run as compared to the Standard Tortonian run. On 
the Northern Hemisphere, significant seasonal temperature anomalies between both Toprtonian 
runs are demonstrated, which differ from the annual average pattern. For the area of the Recent 
Sahara desert, the PalVeg Tortonian run indicates a summerly cooling of more than –2°C. In 
North Africa during northern winter (DJF), a temperature increase of about +4°C occurs as 
compared to the Standard Tortonian run. Thus, the seasonal contrast in North Africa is smaller 
in the PalVeg Tortonian run. For the northern parts of Eurasia, winter temperatures rise by 
maximally +7°C in the PalVeg Tortonian run, whereas it is just about +1°C during summer. 
For the high latitudes of Eurasia, a significant reduction of the seasonality is demonstrated in 
the PalVeg Tortonian run.

Precipitation and evapotranspiration

The annual total precipitation rate is shown in fig.4.3a. As mentioned above (cf. sec.4.2.1), 
the changed vegetation induces the tendency to a more humid atmosphere in the PalVeg 
Tortonian run. This is similar to an enforced hydrological cycle as compared to the Standard 
Tortonian run. In the tropics, the rainfall over continents intensifies significantly in the PalVeg 
Tortonian run. Particularly in Southeast Asia and in the recently warm-arid area of the Sahara 
desert the rainfall raises more than +400mm/a as compared to the Standard Tortonian run. 
For the cold-continental region of Siberia, the precipitation is +100mm/a higher in the PalVeg 
Tortonian run. For the high latitudes, the precipitation increase in the PalVeg Tortonian run is 
relatively high as the absolute rates are lower than in the tropics.

For the Tortonian, the vegetation is generally more dense than today (cf. sec.3). Hence, 
it is expected that not only the precipitation increases in the PalVeg Tortonian run (cf. 
sec.4.2.1) but also the evapotranspiration (fig.4.3b). Over the continents, large increases in 
evapotranspiration are demonstrated from the PalVeg Tortonian run (fig.4.3b). North Africa 
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and Southeast Asia indicate the highest increase rates (+400mm/a) as compared to the Standard 
Tortonian run. In the mid- and high latitudes, the intensified rainfall (+100mm/a) in the PalVeg 
Tortonian run is also noticeable. There, the relative amplification with respect to the Standard 
Tortonian run is remarkable as the absolute evapotranspiration is lower than in tropical regions 
(cf. precipitation).

Over the tropical Atlantic Ocean, the precipitation minus the evapotranspiration, ptot – E, 
(fig.4.3c) indicates a water deficit in the PalVeg Tortonian run as compared to the Standard 
Tortonian runs. Over the Northern Atlantic Ocean, the precipitation increases noticeably more 
than the evapotranspiration in the PalVeg Tortonian run. This demonstrates an increased 
moisture transport from the tropics towards higher latitudes over the Atlantic Ocean in the 
PalVeg Tortonian run. Regarding the land surfaces, the resulting difference of precipitation 
and evapotranspiration is also of interest. For Southeast Asia, the PalVeg Tortonian simulation 
demonstrates more humid conditions (+100mm/a). For large areas, the precipitation (fig.4.3a) 
as well as the evapotranspiration (fig.4.3b) rates are higher in the PalVeg Tortonian run (cf. 
above), but ptot – E (fig.4.3c) is almost zero between both Tortonian runs. Consequently, there 
is an intensified internal turnover of moisture in the PalVeg simulation.

4.2.4 The large-scale atmospheric circulation patterns

For all atmospheric layers, the atmosphere is generally warmer (fig.4.4a) and more 
humid (fig.4.4b) in the PalVeg Tortonian run. Particularly at around 20°N, the specific 
humidity demonstrates a near-surface increase of more than +1g/kg, which is attributed to 
the palaeovegetation. Corresponding to the temperature (fig.4.4a) and humidity (fig.4.4b) 
pattern, the total heat flux from the surface to the atmosphere (fig.4.4c,d) increases in the 
PalVeg Tortonian run. However, changes in the sensible heat flux are of minor importance 
(fig.4.4c) in the PalVeg Tortonian run. The more dense palaeovegetation releases primarily 
an additional amount of latent heat energy into the atmosphere. Considering the radiation 
budget (fig.4.4e,f), the changes in the sensible and latent heat flux in the PalVeg Tortonian run 
correlate with a generally positive radiation budget as compared to the Standard Tortonian 
run. For some latitudes (e.g., at around 10°N), the solar radiation flux (fig.4.4e) is lower in 
the PalVeg Tortonian run as compared to the Standard Tortonian run. The increase in the 
atmospheric water content (fig.4.4b) causes higher precipitation rates (fig.4.3a), which are 
equal to an increased cloud cover and thus a higher absorption of solar radiation (fig.4.4e) in 
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Figure 4.4: The zonal and annual average differences between the PalVeg Tortonian run and the 
Standard Tortonian run for a) the temperature [°C] with respect to the height (in pressure coordinates 
[hPa]), b) the specific humidity [g/kg] with respect to the height (in pressure coordinates [hPa]), c) the 
surface sensible heat flux [W/m2] (black), d) the surface latent heat flux [W/m2] (black), e) the surface 
solar radiation flux [W/m2] (black) and f) the surface terrestrial radiation flux [W/m2] (black). The grey 
curves in c) and d) represent the total (sensible + latent) surface heat flux differences [W/m2] and in 
e) and f) the total (solar + terrestrial) surface radiation flux differences [W/m2] between the PalVeg 
Tortonian run and the Standard Tortonian run. The contour intervals are 0.5°C for a) and 0.1g/kg for b). 
Negative values of the temperature are grey shaded in a).

a)

e)

c)

b)

f)

d)
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the PalVeg Tortonian run. On the one hand, the lower albedo (e.g., in North Africa at around 
20°N) partly compensates the reduced incomming solar radiation flux in the PalVeg Tortonian 
run (fig.4.4e). On the other hand, the solar radiation deficit is compensated by a decreased 
terrestrial radiation outflux (fig.4.4f) as compared to the Standard Tortonian run. For almost 
all latitudes, more heat is transported from the surface into the atmosphere in the PalVeg 
Tortonian run.

A higher atmospheric energy turnover in the PalVeg Tortonian run affects the atmospheric 
circulation patterns as compared to the Standard Tortonian run (fig.4.5). The global circulation 
in the PalVeg Tortonian run is intensified as compared to the Standard Tortonian run (fig.4.5). 
From the zonally averaged zonal wind component (fig.4.5a), a generally intensified zonal 
mass flow is indicated in the PalVeg Tortonian run. Regarding the vertical circulation cells 
such as the Hadley cell, the PalVeg Tortonian simulation demonstrates a poleward shift of 
these cells (fig.4.5c; cf. also fig.A.6 in the Appendix A). The surface pressure patterns (fig.4.6) 
support the poleward shift of the vertical circulation cells in the PalVeg Tortonian run. As 
indicated from fig.4.4c,d, this shift is caused by the additional energy release from the surface 
to the atmosphere, which produces an upward component of the vertical wind in the PalVeg 
Tortonian run (fig.4.5c). It should be noted that because of the pressure coordinate system 
negative anomalies of the vertical wind component (fig.4.5c) denote upward movements.

The zonal average vertical wind component (fig.4.5c) demonstrates that particularly the 
down branch of the Northern Hemisphere’s Hadley cell shifts northward for slightly less than 
one grid cell as compared to the Standard Tortonian run. Due to the resolution of the ECHAM 
model (3.75°), a more exact specification of this northward shift is not reasonable. The northern 
Hadely cell enlarges for more than 300km in its meridional extension in the PalVeg Tortonian 
run. The Ferrel and the Polar cell are slightly smaller (fig.4.5c) as compared to the Standard 
Tortonian run. The meridional wind (fig.4.5b) indicates a weakening of the Hadley circulation 
in the PalVeg Tortonian run. Within the Ferrel and the Polar cell, the meridional mass and 
heat transport increases due to the palaeovegetation (fig.4.5b). Particularly in the mid- and 
high latitudes, the intensified meridional transport in the PalVeg Tortonian run contributes 
to a reduction of the equator-to-pole temperature gradient (cf. sec. 4.2.2) as compared to the 
Standard Tortonian run.
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Figure 4.5: The zonal average differences of a) the zonal wind [m/s], b) the meridional wind [m/s] and 
c) the vertical wind [10-2Pa/s] between the PalVeg Tortonian run and the Standard Tortonian run with 
respect to the height (in pressure coordinates [hPa]). The contour intervals 0.5m/s for a), 0.05m/s for 
b), and 0.1´10-2Pa/s for c), respectively. Negative values are grey shaded.

a)

c)

b)
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As previously mentioned, the surface pressure (fig.4.6) supports the poleward shift of the 
vertical circulation cells in the PalVeg Tortonian run with respect to the Standard Tortonian 
run. In addition, the surface pressure indicates a more zonal circulation in the PalVeg Tortonian 
run. The near-surface (1000hPa) wind field (fig.4.7a) also demonstrates the intensified zonal 
mass flow of the PalVeg Tortonian run. On both hemispheres, the westward trade winds of the 
lower latitudes and the westerlies of the mid-latitudes are more intense than in the Standard 
Tortonian run. Considering higher atmospheric levels, this pattern is also backed by the wind 
speed field (fig.4.8) and the streamfunction (fig.4.9). Especially in the mid-latitudes, the 
PalVeg Tortonian run represents an intensification of the wind speed (fig.4.8). The variation 
of the horizontal wind field at 200hPa (fig.4.8b) together with the meridional cross-section of 
the zonal wind (fig.4.5a) indicates not only a poleward shift of the vertical circulation but also 
an intensification of the jet streams in the PalVeg Tortonian run. Thus, a shift of the planetary 
wave, which is attributed to the palaeovegetation, is observed in the PalVeg Tortonian run.

The above described altered circulation patterns of the PalVeg Tortonian run with respect 
to the Standard Tortonian run refer to the annual average situation. The surface pressure 
(fig.4.6b,c) and the near-surface wind field (fig.4.7b,c) also demonstrate seasonal variations. 
As compared to the Standard Tortonian run, changes of the surface pressure in the PalVeg 
Tortonian run (fig.4.6b,c) are more pronounced during winter than during summer of each 
hemisphere, respectively. On the Southern Hemisphere, the summerly (DJF) variations of the 
surface pressure are of low significance in the PalVeg Tortonian run (fig.4.6c). Consequently, 
the summerly horizontal wind field (fig.4.7c) is almost unaffected in the PalVeg Tortonian run. 
During summer, the PalVeg Tortonian run still demonstrates a slightly increased zonal mass 
flow as compared to the Standard Tortonian run. During southern winter (JJA), the subtropical 
high and the mid-latitudes low are more intense (fig.4.6b) in the PalVeg Tortonian run. On the 
Southern Hemisphere, this generates stronger winterly westerlies and trade winds as compared 
to the Standard Tortonian simulation. Thus, the zonal mass flow of the Southern Hemisphere 
intensifies primarily during southern winter in the PalVeg Tortonian run.

On the Northern Hemisphere, the varied surface pressure pattern (fig.4.6b,c) is more 
pronounced during winter than during summer in the PalVeg Tortonian run as compared to 
the Standard Tortonian run. Significant pressure variations in the PalVeg Tortonian run are 
seen during northern summer (fig.4.6b). Over the tropical Atlantic Ocean, a higher pressure 
occurs during summer as compared to the Standard Tortonian simulation. Due to the increased 
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Figure 4.6: The average surface pressure difference [hPa] between the PalVeg Tortonian and the 
Standard Tortonian run for a) the annual average, b) June-July-August (JJA), and c) December-
January-February (DJF). The contour intervals are 0.5hPa. Shaded areas represent ‚nonsignificant‘ 
anomalies with a local ‚Student t-test‘ (p = 0.05).

a)

c)

b)
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Figure 4.7: The difference of the horizontal wind [m/s] at 1000hPa between the PalVeg Tortonian and 
the Standard Tortonian run for a) the annual average, b) June-July-August (JJA), and c) December-
January-February (DJF). Differences of less than 0.5m/s for a), and 0.75m/s for b) and c) are not 
shown. The reference arrow is 5m/s.

a)

c)

b)
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Figure 4.8: The annual average difference of the wind speed [m/s] between the PalVeg Tortonian and 
the Standard Tortonian run a) at 500hPa and b) at 200hPa. The contour intervals are 0.5m/s. Negative 
values are grey shaded.

a)

b)
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Figure 4.9: The annual average difference of the streamfunction [10-6m2/s] between the PalVeg 
Tortonian and the Standard Tortonian run at a) 500hPa and at b) 200hPa. The contour intervals are 
0.5×10-6m2/s. Shaded areas represent ‚nonsignificant‘ anomalies with a local ‚Student t-test‘ (p=0.05).

a)

b)
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surface pressure there, the meridional exchange of air masses intensifies in the in the PalVeg 
Tortonian simulation (fig.4.7b). On the one hand, warmer (cf. fig.4.2) and wetter (cf. fig.4.3) 
air is transported from the lower towards higher latitudes in the PalVeg simulation. On the 
other hand, relatively cooler and drier air moves towards the tropical/subtropical latitudes 
as compared to the Standard Tortonian run. For the North Pacific, this summerly intensified 
exchange of air masses is also observed in the PalVeg simulation (fig.4.6b and 4.7b). This 
contributes to a strengthened moisture transport from the low to the mid-latitudes in the PalVeg 
Tortonian run as compared to the Standard Tortonian run (cf. sec.4.2.3). This intensified 
transport also leads to a reduction of the meridional temperature gradient (cf. sec.4.2.2) as 
compared to the Standard Tortonian run.

During winter, the surface pressure (fig.4.6c) indicates a shift of the vertical circulation 
cells on the Northern Hemisphere: The mid-latitudes get under higher pressure in the PalVeg 
Tortonian run, whereas the surface pressure of polar regions is reduced as compared to 
the Standard Tortonian run. The Northern Hemisphere’s near-surface wind field (fig.4.7c) 
consequently indicates a strengthened winterly zonal wind component in the PalVeg Tortonian 
run. During winter, parts of Northern Europe are provided with warmer and more humid air 
masses from the Atlantic Ocean in the PalVeg simulation (cf. sec.4.2.3). On the Northern 
Hemisphere, the stronger meridional component (fig.4.7c) demonstrates a strengthened 
winterly northward flow in the PalVeg Tortonian simulation. Particularly during northern 
winter, the palaeovegetation thus compensates for weaker palaeoceanic heat transport. The 
meridional temperature gradient during winter is consequently more reduced than during 
summer in the PalVeg Tortonian run (cf. fig.4.1).

4.2.5 Regional atmospheric circulation patterns

The Asian monsoon

For the Himalayan, a summerly warming in the PalVeg Tortonian run was previously 
mentioned (cf. sec.4.2.3). This warming causes a lower summerly surface pressure over 
the Himalayan as compared to the Standard Tortonian run (fig.4.6b). During summer, the 
horizontal near-surface wind field (fig.4.10) indicates a more south-west flow of the PalVeg 
Tortonian run as compared to the Standard Tortonian run. Thus, the palaeovegetation causes a 
strengthening of the Asian summer monsoon as the thermal contrast between land and ocean 
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is higher in the PalVeg Tortonian run than in the Standard Tortonian run. The zonal averages 
of the summerly zonal and meridional wind components (fig.4.11a,b) supports the intensified 
Asian summer monsoon in the PalVeg Tortonian run. During summer, the zonally averaged 
zonal wind (fig.4.11a) indicates a northward displacement of the jet stream in the PalVeg 
Tortonian run.

As previously mentioned (cf. sec.4.2.3), the warming of the Himalayan is weaker during 
winter than during summer in the PalVeg Tortonian run. For the Himalayan and its northern 
flank, the winterly surface pressure (fig.4.6c) increases in the PalVeg simulation. During 
winter, the zonal average wind field (fig.4.11) demonstrates a northward shift of the subsiding 
branch of the Hadley cell of about one grid cell as compared to the Standard Tortonian run. 
For the Indian subcontinent, the winterly near-surface wind pattern (fig.4.10) does not indicate 
significant differences between both Tortonian runs. The Asian winter monsoon remains 
unaffected in the PalVeg Tortonian run as compared to the Standard Tortonian run.

Figure 4.10: The difference of the horizontal wind at 1000hPa [m/s] between the PalVeg Tortonian run 
and the Standard Tortonian run shown for Asia (EQ to 50°N and 40°E to 130°E). The left diagram represents 
months June, July and August (JJA), the right diagram the months December, January and February 
(DJF), respectively. Values of less than 0.5m/s are not shown and the reference arrow represents 
4m/s. Shaded areas represent ‚nonsignificant‘ anomalies with a local ‚Student t-test‘ (p = 0.05).
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Figure 4.11: The zonal average difference between the PalVeg Tortonian run and the Standard 
Tortonian run for a) the zonal wind [m/s], b) the meridional wind [m/s] and the vertical wind [10-2Pa/s] for 
Asia (EQ to 50°N and 40°E to 130°E) with respect to the height (in pressure coordinates). The left diagrams 
represent the months June, July and August (JJA), the right diagrams the months December, 
January and February (DJF), respectively. The contour intervals are 0.5m/s for a), 0.2m/s for b) and 
0.2´10-2Pa/s for c), respectively. Negative values are grey shaded.

a)

b)

c)

Asia (EQ to 50°N and 40°E to 130°E)
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Figure 4.12: The zonal average difference between the PalVeg Tortonian run and the Standard 
Tortonian run for a) the latent (solid) and sensible (dotted) heat fluxes at the surface [W/m2] and 
b) the solar (solid) and terrestrial (dotted) radiation fluxes at the surface [W/m2] for North Africa 
(EQ to 50°N and 20°W to 50°E). The left side represents the months June, July and August (JJA), the right 
side the months December, January and February (DJF), respectively. Negative anomalies represent 
an increased heat flux from the surface to the atmosphere (a) and a decreased radiation flux from the 
atmosphere to the surface (b).

Northern Africa and the Mediterranean

For North Africa, a warm grass and savanna vegetation replaces the modern Sahara desert 
(cf. fig.3.2) in the PalVeg Tortonian run. This Tortonian vegetation has a lower albedo than the 
modern one (cf. tab4.1). Because of the albedo effect, the summerly solar radiation input at 
the surface is higher in the PalVeg Tortonian run (fig.4.12b). During summer, this additional 
amount of energy as compared to the Standard Tortonian run is primarily converted into 
latent heat (fig.4.12a). More water vapour is brought into the atmosphere during summer in 
the PalVeg Tortonian run. On the one hand, the higher summerly evapotranspiration leads to 
decreasing summer temperatures (–2°C) in the PalVeg Tortonian run (fig.4.13a). On the other 
hand, the summerly rainfall increases (+100mm/mon) as compared to the Standard Tortonian 
run (fig.4.13b). At around 20°N, the heat flux increases during summer in the PalVeg 
Tortonian simulation (fig.4.12a), which generates an additional upward movement in the 

a)

b)

JJA

JJA DJF

DJF

Africa (EQ to 50°N and 20°W to 50°E)
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PalVeg Tortonian run (fig.4.14c). This indicates a summerly shift of the subsiding branch of 
the Hadley cell towards the north (about one grid cell) as compared to the Standard Tortonian 
run. The summerly vertical wind anomalies (fig.4.14c) represent a weakening of the Hadley 
circulation in the PalVeg Tortonian run. During summer, the atmospheric circulation (fig.4.14) 
and the precipitation (fig.4.13b) patterns indicate a strengthened African summer monsoon in 
the PalVeg Tortonian run.

Figure 4.13: The difference between the PalVeg Tortonian run and the Standard Tortonian run for 
a) the 2m-temperature [°C] and b) the total precipitation [mm/mon] for North Africa (EQ to 50°N and 
20°W to 50°E). The left side represents the months June, July and August (JJA), the right side the 
months December, January and February (DJF), respectively. The contour intervals are 1°C for a), 
and 25mm/mon for b). Shaded areas represent ‚nonsignificant‘ anomalies with a local ‚Student t-test‘ 
(p = 0.05).

a)

b)



4. THE PALVEG TORTONIAN RUN WITH ECHAM4/ML

52

LATE MIOCENE CLIMATE MODELLING WITH ECHAM4/ML

53

Figure 4.14: The zonal average difference between the PalVeg Tortonian run and the Standard 
Tortonian run for a) the zonal wind [m/s], b) the meridional wind [m/s] and c) the vertical wind [10-2Pa/s] 
for North Africa (EQ to 50°N and 20°W to 50°E) with respect to the height (in pressure coordinates). The 
left side represents the months June, July and August (JJA), the right side the months December, 
January and February (DJF), respectively. The contour intervals are 0.5m/s for a), 0.2m/s for b) and 
0.2´10-2Pa/s for c), respectively. Negative values are shown grey shaded.

a)

b)

c)

Africa (EQ to 50°N and 20°W to 50°E)
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During winter in North Africa, the solar radiation flux at the surface increases (fig.4.12b) 
in the PalVeg Tortonian run. This is attributed to the albedo effect. Contrarily to the summer 
situation, the winterly latent heat flux in North Africa (fig.4.12a) is almost unaffected as 
compared to the Standard Tortonian run. During winter, primarily the increased sensible heat 
flux (fig.4.12a) transports heat into the atmosphere in the PalVeg simulation. Accordingly 
fig.4.13a shows that the North African winter temperatures rise (+4°C) as compared to the 
Standard Tortonian run. The winterly rainfall does not demonstrate significant differences 
between both Tortonian runs (fig.4.13b).

The vertical wind during winter (fig.4.14c) demonstrates that the subsiding branch of 
the Hadley cell over North Africa extends further northward in the PalVeg Tortonian run. 
Corresponding to about two grid points, the winterly Hadley cell over North Africa enlarges 
for more than 700km towards the Mediterranean in the PalVeg Tortonian run as compared to 
the Standard Tortonian run. During winter in North Africa, the zonal averages of the meridional 
and vertical wind components (fig.4.14b,c) represent a weakening of the Hadley circulation in 
the PalVeg Tortonian run. As the atmospheric circulation patterns for North Africa are affected 
particularly during winter in the PalVeg Tortonian run, implications on the European climate 
during winter are expected.

Europe and the North Atlantic storm tracks

The surface pressure during winter (fig.4.6c) indicates an increased winterly Azores high in 
the PalVeg simulation. During winter, the Iceland low decreases as compared to the Standard 
Tortonian run. Thus, the winterly North Atlantic Oscillation (NAO) index is higher in the 
PalVeg Tortonian run. For the North Atlantic and European region during winter, the winterly 
horizontal wind patterns during winter (fig.4.7c) demonstrate a more north-eastward flow 
during winter in the PalVeg Tortonian run. This indicates an intensified cyclone activity as 
compared to the Standard Tortonian run.

To figure out the storm activity during winter, the standard deviation of the 500hPa 
geopotential of both Tortonian runs is band-pass filtered (fig.4.15a,b) using a baroclinic filter 
(BLACKMON, 1976). In the mid-latitudes of both hemispheres during winter, the resulting 
standard deviation of the 500hPa geopotential demonstrates an increased winterly storm 
activity in the PalVeg simulation (fig.4.15a). This is in accordance to the above mentioned 
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higher NAO index in the PalVeg simulation. For the North Atlantic Ocean and Europe during 
winter, the time filtered deviations of the geopotential field (fig.4.15b) indicate that the winterly 
storm tracks shift northward as compared to the Standard Tortonian run. For this region, the 
band-pass filtered standard deviations of the geopotential field (fig.4.15b) represent a more 
frequent storm activity during winter in the PalVeg Tortonian run. During winter, particularly 
south of Greenland over the North Atlantic Ocean and Northern Europe demonstrate  positive 
geopotential anomalies (fig.4.15b) as compared to the Standard Tortonian run. For these 
regions, this patterns correlates with increases in precipitation (+20mm/mon) during winter in 
the PalVeg Tortonian run (fig.4.15c).

Figure 4.15: The difference between the PalVeg Tortonian run and the Standard Tortonian run during 
winter (DJF) for a) the band-pass filtered standard deviation of the 500hPa geopotential [gpm], b) the 
standard deviation of the band-pass filtered standard deviation of the 500hPa geopotential [gpm] for 
the North Atlantic and Europe (15°N to 75°N and 60°W to 60°E) and c) the precipitation rate [mm/mon] for 
the North Atlantic and Europe. The contour intervals are 5gpm for a), 1gpm for b) and 5mm/mon for c), 
respectively. Negative values are shown grey shaded, respectively.

a)

b) c)
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The horizontal wind (fig.4.7c) and precipitation patterns (fig.4.15c) during winter indicate 
an increased winterly moisture transport from the subtropical Atlantic Ocean to the North 
Atlantic Ocean and from the North Atlantic Ocean towards Europe in the PalVeg Tortonian 
run. In the mid-latitudes, the increased winterly storm activity thus contributes to a more 
efficient heat and moisture transport towards the higher latitudes as compared to the Standard 
Tortonian run. During winter, this more efficient heat transport leads to a reduction of the 
pole-to-equator temperature gradient particularly in the mid- and high latitudes (fig.4.1) in the 
PalVeg Tortonian run (cf. sec.4.2.2).

4.3 The PalVeg Tortonian run compared to the Recent Control run

The effects of palaeovegetation were demonstrated from the comparison of the PalVeg 
Tortonian with the Standard Tortonian run. To see the differene between the Tortonian 
climate and the Recent situation, the PalVeg Tortonian run is compared to the Recent Control 
experiment. This comparison concentrates on the temperature (sec.4.3.1) and precipitation and 

Figure 4.16: The mean annual 2m-temperature anomalies [°C] between the PalVeg Tortonian run and 
the Recent Control run. Shaded areas represent‚ nonsignificant‘ anomalies with a local ‚Student t-test‘ 
(p = 0.05).



4. THE PALVEG TORTONIAN RUN WITH ECHAM4/ML

56

LATE MIOCENE CLIMATE MODELLING WITH ECHAM4/ML

57

evapotranspiration patterns (sec.4.3.2). Within a master thesis, which was supervised within 
the context of the present PhD thesis, ENGVALL (2003) focuses in detail on the description of 
differences between the Tortonian and the present-day’s water cycle. The results of this master 
thesis (ENGVALL, 2003) are also briefly summarised in the following.

4.3.1 The regional temperature patterns

Fig.4.16 shows the mean annual temperature differences between the PalVeg Tortonian run 
and the Recent Control experiment. For Greenland and the Himalayan, the highest increase 
rates of more than +15°C are indicated as compared to today (fig.4.16). This is in accordance to 
results of the Standard Tortonian run (cf. fig.2.2). In the lower latitudes, modest warming rates 
(+0.5°C to +1°C) occur in the PalVeg Tortonian run. For the mid-latitudes, the mean annual 
temperatures are almost equal or slightly lower than today (–0.5°C) in the PalVeg Tortonian 
run. Thus, the palaeovegetation in the PalVeg Tortonian run partly compensates for the cooling 
effect of the weaker-than-today ocean heat transport in Standard Tortonian run (cf. fig.2.2). 
For the Northern flank of the Himalayan, cooler conditions (–2°C) than today are observed 
from the PalVeg Tortonian run (fig.4.16). During the Tortonian, parts of Southern Europe and 
North Africa are warmer by +0.5°C to +1°C as compared to the Recent Control simulation. In 
the high latitudes, the PalVeg Tortonian run represents generally warmer conditions than today 
(fig.4.16). Particularly for Siberia and Alaska, the PalVeg Tortonian simulation demonstrates a 
difference of +2°C to +4°C with respect to present-day’s conditions.

Global Northern 
Hemisphere

Southern 
Hemisphere

Total Sea Land Total Sea Land Total Sea Land

Recent Control run
ptot 1019 1123 754 991 1183 685 1047 1079 902
E 1023 1223 516 969 1290 461 1077 1173 635

PalVeg Tortonian run
ptot 1046 1126 843 1023 1174 783 1069 1090 972
E 1050 1234 585 1003 1297 539 1097 1187 684

PalVeg Torton – Control

∆ptot +27 +3 +89 +32 –9 +98 +22 +11 +70

∆E +27 +11 +69 +34 +7 +78 +20 +14 +49

∆ptot –∆E ±0 –8 +20 –2 –16 +20 +2 –3 +21

Table 4.5: The annual average rates [mm/a] of the precipitation, ptot, the evapotranspiration, E, for the 
Recent Control run, the PalVeg Tortonian run and the differences between them. The annual averages 
are shown globally, for both hemispheres and split into land and sea, respectively.
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4.3.2 The global average precipitation and evapotranspiration

For the Tortonian, it is indicated that the global average precipitation (ptot) and 
evapotranspiration (E) increase by +27mm/a as compared to the Recent Control run (tab.4.5). 
Over ocean surfaces, the global precipitation (+3mm/a) and evapotranspiration (+11mm/a) 
in the PalVeg Tortonian simulation are less affected. Over continental areas, higher increase 
rates (Dptot=+89mm/a and DE=+69mm/a) are observed from the PalVeg Tortonian run. On 
the global scale, the Tortonian conditions over land surfaces differ more from those over the 
oceans.

For the Tortonian, the net water balance, the precipitation minus the evapotranspiration 
(Dptot–DE), is negative over the oceans (–8mm/a) as compared to nowadays (tab.4.5). Land 
surfaces demonstrate more humid conditions than today (+20mm/a). Thus, the transport of 
water from the oceans towards land surfaces globally increases in the Tortonian run with 

Figure 4.17: The zonal average difference rates [mm/a] of the total precipitation (black solid), the 
evapotranspiration (dark grey dashed) and the precipitation minus the evapotranspiration (light grey 
dotted) between the PalVeg Tortonian run and the Recent Control run.
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respect to the Control run. Due to the different landmass distribution, variations on the 
Northern Hemisphere are more pronounced than those on the Southern.

4.3.3 The zonal average precipitation and evapotranspiration patterns

The global precipitation and evapotranspiration patterns increase in the PalVeg Tortonian 
run. The zonal averages of both, precipitation and evapotranspiration, reveal more sophisticated 
patterns (fig.4.17). In the equatorial region, the zonal average precipitation increases (+120mm/
a) as compared to the Control experiment. For the subtropics, the Tortonian rainfall is lower 
than today (–40mm/a). Further towards the mid- and high latitudes, the Tortonian precipitation 
is higher than today (fig.4.17). There, the Northern Hemisphere demonstrates higher increases 
(+80mm/a) than the Southern (+60mm/a). In higher latitudes, the increases in precipitation in 
the PalVeg Tortonian run are relatively higher than those in the low latitudes.

Figure 4.18: The zonal average difference rates [mm/a] of the total (black solid), the large-scale (dark 
grey dashed) and the convective (light grey dotted) precipitation between the PalVeg Tortonian run 
and the Recent Control run.
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Fig.4.17 shows that the Tortonian evapotranspiration rate generally increases as compared 
to nowadays. These differences in the evapotranspiration have a smaller amplitude than 
those of the precipitation. At around 40°N, a reduced evapotranspiration rate (–25mm/a) is 
indicated from the PalVeg Tortonian run. In tropical regions between 30°S and 30°N, the 
evapotranspiration is higher by +40mm/a to +75mm/a in the Tortonian run as compared to the 
present-day’s Control run (fig.4.17). In mid- and high latitudes, the increases are about +20mm/
a to +40mm/a as compared to nowadays. As compared to the absolute evapotranspiration 
rates, these increases in the higher latitudes are relatively higher than in the tropics. This is 
similar to the precipitation pattern (cf. above). In the tropical and mid- to high latitudes, the 
differences between the precipitation and the evapotranspiration (fig.4.17) indicate a water 
excess in the PalVeg Tortonian run. The subtropical and lower mid-latitudes demonstrate a 
deficit as compared to the Control run.

In the tropical and higher latitudes, the large-scale (advective) precipitation (fig.4.18) 
increases as compared to today. The more humid Tortonian conditions in the tropical and 
higher latitudes (fig.4.17) can be attributed to an increased moisture transport as compared to 
nowadays. During the Tortonian, the atmospheric heat flux is thus more important than today. 
This is similar to a more efficient northward energy transport contributing to a shallower-than-
present meridional temperature gradient (cf. sec.4.2.2) in the PalVeg Tortonian run.

On the Northern Hemisphere, the convective precipitation generally increases in the PalVeg 
Tortonian simulation (fig.4.18). Primarily over land surfaces, the convective precipitation is 
higher as today (ENGVALL, 2003) because land surfaces provide a larger amount of water (cf. 
tab.4.5) during the Tortonian.

4.3.4 The regional precipitation and evapotranspiration patterns

Over continents, the annual precipitation (fig.4.19a) increases in the PalVeg Tortonian 
run. For North Africa, the precipitation rate is strongest enhanced (+500mm/a) in the PalVeg 
Tortonian run as compared to the present-day simulation. Mostly, this high increase is attributed 
to the palaeovegetation (+400mm/a; cf. fig.4.3a). For Greenland, the Tortonian precipitation 
is higher (+200mm/a) than nowadays (fig.4.19a), but the contribution of the palaeovegetation 
(+50mm/a; cf. fig.4.3a) is less than for North Africa.
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Figure 4.19: The anomalies between the PalVeg Tortonian run and the Recent Control run for a) the 
annual precipitation [mm/a], b) the annual evapotranspiration [mm/a] and c) the differences between 
the annual precipitation and evapotranspiration [mm/a]. Shaded areas represent ‚nonsignificant‘ 
anomalies with a local ‚Student t-test‘ (p = 0.05).

a)

c)

b)
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For the oceans, the precipitation generally decreases (–200mm/a) in the PalVeg Tortonian 
run as compared to the Recent Control run (fig.4.19a). Over oceans of the southern mid- and 
high latitudes, the precipitation of the PalVeg Tortonian run is almost the same as for the 
Control run. Tropical ocean areas indicate  more humid (+200mm/a) conditions than today. 
The North Atlantic west of Europe indicates an increase in precipitation of +100mm/a in 
the PalVeg Tortonian run (fig.4.19a). From the subtropical Atlantic Ocean towards the North 
Atlantic Ocean, the transport of moisture increases in the PalVeg Tortonian run as more arid 
conditions are demonstrated in the low latitudes and more humid conditions in the high 
latitudes as compared to today.

Regarding the annual evapotranspiration (fig.4.19b), an increase is observed for the 
continents in the PalVeg Tortonian run. Mostly, the higher-than-present evapotranspiration 
is caused by the palaeovegetation (cf. fig.4.3b). The larger amount of water vapour in the 
atmosphere then increases the precipitation as compared to today (cf. above). For North 
Africa, +300mm/a are evaporated into the atmosphere as compared to today. Almost 
completely, this increase is attributed to the palaeovegetation (cf. fig.4.3b). For ocean surfaces, 
the evapotranspiration patterns of the PalVeg Tortonian run and the Control run do not differ 
much. Ocean surfaces of the equatorial region demonstrate increases in evapotranspiration 
(+100mm/a) as compared to the present-day’s situation (fig.4.19b). For the regions of the 
Gulf Stream and the Kuroshio current, evapotranspiration rates are lower (–100mm/a to 
–200mm/a) than present in the PalVeg Tortonian run. This reduction partly contributes to 
reduce the precipitation as compared to the Control run.

In equatorial latitudes as well as in the high latitudes, the net balance of precipitation minus 
evapotranspiration (fig.4.19c) represents more humid (+100mm/a to +300mm/a) conditions 
in  the PalVeg Tortonian run. For ocean surfaces of the mid-latitudes, more arid (–100mm/a to 
–200mm/a) conditions than today are observed (fig.4.19c). Thus, this indicates the strengthened 
transport of moisture from the lower towards the high latitudes in the Tortonian simulation.
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4.4 Discussion

In the following subsection 4.4.1, the weak points of the ECHAM model and insufficiencies 
in the model setup for the Tortonian are discussed. In oder to verify the PalVeg Tortonian run, 
its results are compared to other modelling studies (sec.4.4.2). As Miocene modelling studies 
are quite rare in literature, various model studies for periods such as the Holocene or the 
Cretaceous are also considered. A comparison to proxy data is not presented in this chapter 
but will follow later on (sec.5).

4.4.1 Weak points of the model and of the setup of the PalVeg Tortonian run

It should be noticed that models themselves include some systematic weak points. The 
vegetation module of ECHAM4 is such an example of a simplifying parameterisation (DKRZ 
MODELLBETREUUNGSGRUPPE, 1994). In ECHAM4, the biosphere is simply treated as a non-
dynamical system. If the biosphere is represented as a dynamical parameter, SCHNITZLER ET 
AL. (2001) demonstrate some more realistic model results (e.g., the variability of rainfalls). 
Even though some weak points are obvious, ECHAM demonstrates a quite good performance 
for multiple present-day and Quaternary palaeostudies (LATIF & NEELIN, 1994; LORENZ ET AL., 
1996; MONTOYA ET AL., 1998). However, the mentioned Tortonian simulations, the Standard 
Tortonian run (STEPPUHN ET AL., submitted), the 2×CO2 Tortonian run (STEPPUHN ET AL., in 
prep.) and the PalVeg Tortonian run (cf. sec.4) represent the first approaches of applying the 
ECHAM model to the Tertiary.

Amongst these systematic difficulties of the model itself, some weak points and 
uncertainties in the setup regarding the vegetation in the PalVeg Tortonian run have to be 
mentioned, as it is the only changed parameter compared to the previous Standard Tortonian 
run (cf. sec.4.1). Proxy data of a single (small) location are assumed to be representative for a 
whole grid cell. This assumption is needed but not satisfied necessarily at each location. Fossil 
data include some uncertainties (UHL & BRUCH, pers. comm.). In addition, the calculated 
palaeovegetation distribution using a biome model (cf. sec.3) is not fully correct since using 
the slightly unrealistic data of the Standard Tortonian run (STEPPUHN ET AL., submitted). 
Moreover, the Prentice biome model itself produces some inaccuracies (PRENTICE ET AL., 1992; 
CLAUSSEN, 1993). Despite the weak points, it can be assumed that the reconstructed Tortonian 
vegetation is quite realistic. At last for the purpose of global climate modelling, it also includes 
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a larger number of biome classes in a slightly higher spatial resolution than previous global 
reconstructions (WOLFE, 1985) used for model simulations of the Early Miocene (DUTTON & 
BARRON, 1997).

In order to consider the Tortonian vegetation, surface parameters applying to vegetation 
are adapted in the palVeg Tortonian run (cf. sec.4.1). Surface roughness lengths (z0) remain 
unchanged as compared to the Standard Tortonian run. Comparing the Recent and the Tortonian 
vegetation, some differences are apparent (cf. sec.3). According to CLAUSSEN (1994), variations 
of the vegetation roughness length (z0,veg) of different biomes are in the order of a few decimetres 
when replacing the modern with the Tortonian vegetation. The orography also influences 
the surface roughness (z0,oro). It is known that the height of the mountain ranges generally 
increases since the Late Miocene (cf. sec.2.2.1 and sec.4.1). However, the reconstruction of 
the palaeorography includes some uncertainties for the elevation (KUHLEMANN, pers. comm.) 
and, therefore, uncertainties for z0,oro. CLAUSSEN (1994) calculates the surface roughness length 
from the following equation:

.

Particularly in mountaineous regions, this equation indicates that uncertainties (d) in the 
roughness lengths of the orography can be of more importance than those of the vegetation 
(dz0,oro p dz0,veg). Accordingly CLAUSSEN (1994) emphasises that variations of the surface 
roughness z0 due to changes in vegetation are rather small in mountaineous regions. Thus, 
an unrealistic representation of the Tortonian climate in the PalVeg Tortonian run can be 
rather more attributed to uncertainties in the palaeorography than to the unchanged vegetation 
roughness lengths.

In addition, DUTTON & BARRON (1996) mention that effects of varying roughness lengths 
due to an altered vegetation are of minor importance as compared to the albedo-effect and 
the effect on the water cycle. During the Earth’s history, particularly the water cycle plays an 
important role in the climate system (BARRON ET AL., 1989). For the ECHAM4 model, KLEIDON 
& HEIMANN (2000) demonstrate a sensitivity of modelling results to the rooting depth and, 
hence, the maximum available soil water capacity, which is adapted for the PalVeg Tortonian 
run (cf. sec.4.1). Therefore it can be concluded that the unchanged roughness lengths of 
the PalVeg Tortonian run are of minor importance in relation to the uncertainties of other 
parameters such as the maximum available soil water capacity.
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4.4.2 The comparison of the PalVeg Tortonian run with other model results

Climatic changes over ocean surfaces are observed from the PalVeg Tortonian run as 
compared to the Standard Tortonian run (cf. sec.4.2). These represent teleconnection patterns, 
which are attributed to the palaeovegetation. The atmospheric pattern of the Pacific region 
in the PalVeg Tortonian run resembles a permanent El Niño (cf. sec.4.2). This pattern is also 
stated for the Standard Tortonian run (STEPPUHN ET AL., submitted). However, the El Niño-
phenomenon (BIGG, 1999, LATIF & NEELIN, 1994), which is caused by interactions between 
the atmosphere and the oceans, cannot be simulated with a simple mixed-layer ocean model. 
The PalVeg simulation demonstrates a higher NAO index and a response of the North Atlantic 
storm tracks as compared to the Standard Tortonian run (cf. sec.4.2.5). This can be related to 
the El Niño-like pattern in the Pacific region. Based on Recent simulations, CARILLO ET AL. 
(2000) accordingly observe an effect on the storm track regimes during El Niño.

The oceans

In the North Atlantic Ocean, a higher freshwater input can be assumed due to an increased 
precipitation in the PalVeg Tortonian run (cf. sec.4.2.3). The conditions over the Central 
Atlantic Ocean are more arid than in the Standard Tortonian run. A change in the hydrological 
cycle over ocean surfaces in the PalVeg Tortonian run alters the ocean salinity. Consequently, 
the influence of the palaeovegetation should reach the oceans and should affect the oceanic 
heat transport. An effect on the ocean circulation cannot be demonstrated from the PalVeg 
Tortonian run because of the used mixed-layer ocean model (STEPPUHN ET AL., submitted). 
However, it can be supposed that lower saline high latitude Atlantic Ocean water weakens 
the poleward oceanic heat transport, whereas higher saline conditions in the subtropical 
Atlantic Ocean strengthen it. A weak ocean heat transport would be consistent with ocean 
modelling studies, which demonstrate that an open Panama seaway, as it existed before 3Ma, 
causes a weaker northward heat transport in the Atlantic Ocean (MAIER-REIMER ET AL., 1990; 
MIKOLAJEWICZ & CROWLEY, 1997). From a Recent model study, MIKOLAJEWICZ & VOSS (2000) 
observe an increased freshwater influx in the North Atlantic Ocean, which is attributed to 
an increased atmospheric CO2 concentration. This causes a weakening of the poleward heat 
transport in the ocean (MIKOLAJEWICZ & VOSS, 2000). However, the study also demonstrates 
that the circulation in the Atlantic Ocean is intensified due to an increased evaporation in the 
subtropics (cf. sec.4.2.3), though it is not strong enough to compensate for the weaking in the 
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high latitudes (MIKOLAJEWICZ & VOSS, 2000). For the last glacial period, models indicate that 
small changes in the hydrological cycle affect the thermohaline circulation in the Atlantic 
Ocean, which lead to an abrupt climate change (CLARK ET AL., 2002; MANABE & STOUFFER, 
1997).

The ocean circulation is not only affected by salinity effects, but also by wind stress. An 
altered ocean circulation can be expected when considering the different-than-today wind 
field in the PalVeg Tortonian run (cf. sec.4.2.4). OGCM studies, which  investigate the effects 
of an open Central American Isthmus during the Miocene, often use observed present-day’s 
wind data (MAIER-REIMER ET AL., 1990; MIKOLAJEWICZ ET AL., 1993; MIKOLAJEWICZ & CROWLEY, 
1997). To perform uncoupled OGCM runs, BICE ET AL. (2000) use data of simple Early Eocene 
(~55 Ma) to Middle Miocene (~14 Ma) AGCM simulations. According to these simulations, 
the development of ocean basins is more important for the ocean circulation than the surface 
forcing (BICE ET AL., 2000). BICE ET AL. (2000) do not use different atmospheric forcings for the 
same basin configuration at a specific time slice. Therefore, the effects of a different surface 
forcing cannot be separated from those, which are caused by basin changes (BICE ET AL., 2000). 
For the Recent situation, MIKOLAJEWICZ & VOSS (2000) perform a high CO2 model simulation 
using a coupled ocean-atmosphere general circulation model. Attributed to a northward shift 
of the atmospheric wind patterns in this study, the subtropical and subpolar gyre in the Atlantic 
and Pacific Ocean shift northward (MIKOLAJEWICZ & VOSS, 2000). The shift of the ocean gyres 
under warmer-than-present conditions implies a strengthened northward ocean heat transport 
(MIKOLAJEWICZ & VOSS, 2000). This can also be supposed to be the case in the PalVeg Tortonian 
run as a northward displacement of the atmospheric wind patterns is observed (cf. sec.4.2.4 
and 4.2.5).

In the case of the PalVeg Tortonian run as compared to the Standard Tortonian run, 
palaeovegetation can weaken or strengthen the North Atlantic thermohaline circulation. On 
the one hand, salinity effects in the low latitudes and the different wind stress forcing could 
strengthen the poleward oceanic heat transport. On the other hand, the dilution of the North 
Atlantic Ocean water masses could weaken the thermohaline circulation. However, it cannot 
be answered, which process dominates.
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The global atmospheric pattern

The change from the Recent vegetation to an appropriate palaeovegetation is noticeable on 
the global scale, where the PalVeg Tortonian run demonstrates a global warming of +0.9°C as 
compared to the Standard Tortonian run (cf. sec.4.2.1). This is consistent with other findings. A 
global average warming/cooling of ±1°C attributed to changes in vegetation is reported from 
sensitivity experiments with the GENESIS model (DUTTON & BARRON, 1996). Ascribed to a 
more dense forest vegetation during the Early Miocene, DUTTON & BARRON (1997) demonstrate 
a warming of globally +2°C, which is more pronounced on the Northern than on the Southern 
Hemisphere. For the Cretaceous, a vegetation-induced global warming of +2°C is observed 
from OTTO-BLIESNER & UPCHURCH (1997).

The zonal average pattern

Focusing on the zonal average temperature, the PalVeg Tortonian run as compared to the 
Standard Tortonian simulation indicates a reduced equator-to-pole temperature difference (cf. 
sec.4.2.2). STEPPUHN ET AL. (submitted) observe a flattening of the meridional temperature 
gradient in the Standard Tortonian run with respect to the Recent Control experiment (cf. 
sec.2.2). Thus, the PalVeg Tortonian run demonstrates the shallowest gradient as compared 
to the Standard Tortonian and the Recent Control run. For the Early Miocene (24 to 16 Ma), 
DUTTON & BARRON (1997) perform two simulations with the GENESIS model. The first Miocene 
run includes Miocene boundary conditions combined with the Recent vegetation, while the 
second one uses Miocene boundary conditions with an appropriate palaeovegetation (DUTTON 
& BARRON, 1997). Analogous to the Tortonian experiments with ECHAM4/ML (cf. sec.2.2 
and 4.2.2), DUTTON & BARRON’s (1997) Miocene simulation with adapted palaeovegetation 
demonstrates the shallowest meridional temperature gradient. This is most evident on the 
Northern Hemisphere when compared to the Miocene run with Recent vegetation and the 
Recent Control run (DUTTON & BARRON, 1997).

Results of the PalVeg Tortonian run with ECHAM4/ML agree quite well with those of 
the Early Miocene GENESIS study (DUTTON & BARRON, 1997), but some differences are 
observed. It must be noticed that DUTTON & BARRON (1997) use surface temperatures, whereas 
the analysis of the PalVeg Tortonian run considers the 2m-temperatures (cf. tab.4.3). In the 
following, the surface temperatures of the PalVeg Tortonian run are compared to results of 
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DUTTON & BARRON‘s (1997) Early Miocene study. The GENESIS model simulates warmer 
conditions for the Early Miocene (TNH = 22.2°C, TSH = 14.4°C) than it is observed from the 
PalVeg Tortonian run with ECHAM (TNH = 17.0°C, TSH = 15.8°C). Regarding the Recent 
Control experiments, the GENESIS model (Tglobal,ctrl = 14.4°C) represents cooler conditions 
than the ECHAM model (Tglobal,ctrl = 15.7°C). Simulations of future greenhouse scenarios 
with various models also reveal such differences between the models, although the boundary 
conditions for these experiments are the same (IPCC, 2001).

Regarding both palaeosimulations, it must be noticed that the climate successively cools 
during the Miocene (cf. fig.1.1; CROWLEY, 2000; PARTRIDGE ET AL., 1995), which is attributed 
to changing boundary conditions. The Early Miocene run (DUTTON & BARRON, 1997) and 
the PalVeg Tortonian run (cf. sec.4.1) differ in their setup (e.g. the land-sea distribution). 
Accordingly, some climatic differences are induced as DUTTON & BARRON (1997) use a simple 
Early Miocene vegetation distribution, while the PalVeg Tortonian run uses a more detailed 
Late Miocene palaeovegetation (cf. sec.3). Additionally, the PalVeg Tortonian run includes a 
weaker-than-present ocean heat transport (cf. sec.4.1; STEPPUHN ET AL., submitted). It can be 
assumed that DUTTON & BARRON‘s (1997) Early Miocene simulation includes an increased 
northward oceanic heat transport. DUTTON & BARRON (1997) do not describe the ocean 
setup, but this could explain the warmer Northern (DTNH = +5.2°C) and the cooler Southern 
Hemisphere (DTSH = –1.4°C) in the GENESIS simulation with respect to the PalVeg Tortonian 
run. In a simulation of the last interglacial, an increased northward oceanic heat transport also 
causes a cooling of the Southern Hemisphere (CROWLEY, 1992).

For the PalVeg Tortonian run, a weaker palaeoceanic heat transport is prescribed (cf. 
sec.2.2.1 and 4.1). In contrats, the latent heat flux indicates a more efficient atmospheric heat 
transport in the PalVeg Tortonian run (cf. sec.4.2.3 and 4.3.3). Consistently AGCM sensitivity 
studies with a varying ocean heat transport demonstrate that the atmospheric heat transport 
partly compensates for a weaker ocean heat transport (COVEY & THOMPSON (1989). In the 
same study, the latent heat transport is more affected than the sensible heat transport (COVEY 
& THOMPSON, 1989).
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The high latitudes

Attributed to a strong albedo-effect, cold-continental regions such as Siberia are warmer 
in the PalVeg Tortonian run (cf. sec.4.2.3), the Arctic sea ice volume decreases as compared 
to today (cf. sec.4.2.1) and the Tortonian water cycle is intensified as compared to today (cf. 
sec.4.2.3). Other modelling studies also report a significant albedo-effect in the high latitudes 
due to changes in the vegetation (DUTTON & BARRON, 1996; DUTTON & BARRON, 1997; 
OTTO-BLIESNER & UPCHURCH, 1997; UPCHURCH ET AL., 1998). A sensitivity study (DUTTON & 
BARRON, 1996) demonstrates a significant influence of vegetation on the water cycle, which is 
comparable to the PalVeg Tortonian run.

Asia

The Miocene monsoon is weaker than nowadays in the Standard Tortonian run (STEPPUHN 
ET AL., submitted). Due to the Tortonian vegetation, a strengthening of the Asian summer 
monsoon is observed in the PalVeg Tortonian run (cf. sec.4.2.5). However, the Asian monsoon 
remains weaker than today in the PalVeg Tortonian run. Several authors discuss the Neogene 
uplift of the Tibetan Plateau and its influence on the Asian monsoon (FLUTEAU ET AL., 1999; 
RAMSTEIN ET AL., 1997). According to these studies, the Miocene Asian monsoon is weaker 
than today. Simulations of the Mid-Holocene demonstrate a strengthened Asian summer 
monsoon, which is attributed to variations in vegetation (GANOPOLSKI ET AL., 1998a).

North Africa

For North Africa, the replacement of the modern Sahara desert with warm grass vegetation 
induces more humid conditions during summer and a strengthened African summer monsoon 
in the PalVeg Tortonian run (cf. sec.4.2). From Holocene sensitivity experiments, a self-
inducing mechanism (CHARNEY, 1975) is found when greening the Sahara desert (CLAUSSEN 
ET AL., 1999; DE NOBLET-DUCOUDRE ET AL., 2000; GANOPOLSKI ET AL., 1998a). During the 
Holocene, vegetation feedback processes such as a greening of the Sahara desert tend to 
increase convection (CLAUSSEN ET AL., 1998), which strengthens the African summer monsoon 
(DOHERTY ET AL., 2000).
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Europe

The PalVeg Tortonian run indicates a high winterly NAO index correlated with an 
intensification of the winterly storm track activity as compared to the Standard Tortonian 
run (cf. sec.4.2.5). For a CO2-induced warm Recent climate, LUNKEIT ET AL. (1998) describe 
variations of the storm tracks. Due to an increased CO2 in the atmosphere, storm tracks 
shift eastward and the cyclone density north-eastward (SCHUBERT ET AL., 1998). Based on 
the analysis of Recent observation data, BLENDER ET AL. (1997) suggest a link between the 
variability of the winterly NAO index and moisture transport. A high NAO index is related 
to an increased north-eastward moisture transport (BLENDER ET AL., 1997) as consistently 
observed in the PalVeg Tortonian run (cf. sec.4.2.5). As found out from present-day’s data 
analysis (ROGERS, 1997), the winterly variability of the storm tracks correlates with changes 
in winter temperatures in Northern Europe. ROGERS (1997) observes a strengthening of the 
westerlies with an increased maritime flow during winter, which is correlated to milder winters 
in Europe. This is consistent to the PalVeg Tortonian run.

Generally, the PalVeg Tortonian run is largely consistent with other Miocene modelling 
experiments (DUTTON & BARRON, 1997; FLUTEAU ET AL., 1999; RAMSTEIN ET AL., 1997). 
Simulations for various periods of the Earth’s history (CLAUSSEN ET AL., 1998; DUTTON & 
BARRON, 1997; OTTO-BLIESNER & UPCHURCH, 1997; UPCHURCH ET AL., 1998) support the 
effects of the Tortonian vegetation, as outlined from climatic differences between the PalVeg 
Tortonian run and the Standard Tortonian run. It can therefore be assumed that the appropriately 
considered palaeovegetation contributes to a realistic representation of the Tortonian climate 
in the PalVeg Tortonian run. In order to validate this, model results of the PalVeg Tortonian run 
are compared to proxy data in the following chapter.
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5 VALIDATION OF MODEL RESULTS WITH PROXY DATA

As compared to proxy data, STEPPUHN ET AL.’s (submitted) Standard Tortonian run represents 
some unrealistic patterns (cf. sec.2.3.3). In order to test whether the palaeovegetation contributes 
to a more realistic representation of the Tortonian climate in the ECHAM model, results of the 
PalVeg Tortonian run are now compared with proxy data covering the whole Tortonian (11 to 
7 Ma). The comparison is separated into a quantitative (sec.5.2) and a qualitative part (5.3). 
The qualitative comparison is based on so-called ‘soft’ proxy data such as fossil mammals. 
Quantitative climate information is obtained from ‘hard’ proxy data: micro- (pollen) and 
macro- (leaves) botanical fossils.

5.1 Methods and data

In order to validate the PalVeg Tortonian run quantitatively, UHL & BRUCH (pers. comm.) 
provide Tortonian proxy data for mean annual temperature (MAT) and mean annual 
precipitation (MAP). On the one hand, UHL & BRUCH (pers. comm.) use the coexistence 
approach (MOSBRUGGER & UTESCHER, 1997) to specify the Tortonian climate from fossil floras. 
The coexistence approach (MOSBRUGGER & UTESCHER, 1997) is based on the assumption of a 
relationship between a fossil taxa and its nearest living relative: As the climatic environment 
of Recent taxa is known, for each related taxon of a fossil flora a specific minimum-maximum 
range for the MAT and MAP is derived. The joint-intersection of all taxa intervals results in the 
so-called coexistence interval. These coexistence intervals for MAT and MAP, respectively, 
are equal are smaller than each of the single intervals.

On the other hand, the compilation of Late Miocene proxy data (UHL & BRUCH, pers. 
comm.) includes results of other studies, which use the leaf margin analysis (WOLFE, 1979) 
and the CLAMP method (WOLFE, 1993). Both approaches are based on the physiognomic 
characters of leaves: The leaf physiognomy of plants is assumed to be an adaptation to its 
climatic environment (WOLFE, 1979; WOLFE, 1993). The CLAMP method (WOLFE, 1993) is 
an improvement of the leaf margin analysis (WOLFE, 1979). From modern plant distributions 
and modern climate observations, a calibration dataset is obtained, which considers the leaf 
physiognomy. If the percentage composition of the physiognomic characters of a fossil flora 
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is known, average values (with an assigned standard deviation) of climatic parameters such as 
the mean annual temperature or the annual precipitation can be determined (WOLFE, 1993).

For the present comparison of model results and proxy data, the mean annual temperature 
and the annual precipitation for the Tortonian are finally derived from studies of BRUCH (1998), 
BRUCH ET AL. (submitted), GRAHAM (1998), GREGOR & UNGER (1988), JACOBS (1999), JACOBS 
& DEINO (1996), MAI (1995), MARTIN (1990), MARTIN (1998), MUDIE & HELGASON (1983), 
PLAYFORD (1982), SACHSE & MOHR (1996), UTESCHER ET AL. (2000), WOLFE (1994a), WOLFE 
(1994b). Fig.5.1 summarises the comparison of the PalVeg Tortonian run with terrestrial proxy 
data of each location for MAT and MAP, respectively (cf. fig.2.2).

According to the ECHAM T30 grid, the proxy-based mean annual temperatures are 
additionally zonally averaged. Fig.5.2 shows these zonal average proxy temperatures 
including the corresponding minimum-maximum range. Considering land surface grid points 
of the ECHAM model, the zonal average temperatues of the PalVeg Tortonian simulation are 
compared to the proxy-based zonal average temperatures. As most proxy data between 30°N 
and 60°N refer to Europe (cf. fig.5.1), the European zonal average temperatures of the PalVeg 
Tortonian run are also plotted in fig.5.2.

5.2 The quantitative comparison

Generally, the mean annual temperatures of the PalVeg Tortonian run and the terrestrial 
proxy data are consistent (fig.5.1a). This agreement is better than for the Standard Tortonian 
run and proxy data (cf. fig.2.2a). For North America, the temperatures of the PalVeg Tortonian 
run are still below the proxy-based estimations (fig.5.1a). In Alaska, a difference of about 
–5°C is observed between the PalVeg Tortonian run and proxy data. Further south of Alaska, 
the differences are smaller between the PalVeg run and proxy data. In Siberia, the PalVeg 
Tortonian run is much cooler (–10°C) than proxy data suggest. A western Iceland location 
indicates a difference of –3°C between the PalVeg Tortonian run and proxy data. For a more 
eastern part of Iceland, the PalVeg Tortonian simulation and proxy data agree. The model 
overestimates the MAT of China by +3°C. For Kenya, the temperature in the Tortonian model 
run is only +1°C to +2°C higher than the proxy estimations suggest. For New Guinea, the 
PalVeg Tortonian run agrees with proxy data. On the one hand, the tropical regions tend to 
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Figure 5.1: The differences between the PalVeg Tortonian run and terrestrial proxy data for a) the 
mean annual temperature [°C], and b) the annual precipitation [mm/a]. The European region is shown 
enlarged. White circles represent consistency, triangles represent cooler or more arid conditions, and 
sexangles represent warmer or more humid conditions in the model simulation, respectively.
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be slightly too warm in the PalVeg Tortonian run. On the other hand, the high latitudes still 
remain too cool as comparted to proxy data. Thus, the meridional temperature gradient of 
the PalVeg Tortonian simulation is not as shallow as proxy data suggest. The discrepancies 
between model and proxy data are smaller in the PalVeg Tortonian run than in the Standard 
Tortonian run. Focusing on Europe, where most quantitative proxy data are available, the 
Mediterranean region such as Crete is slightly warmer (+1°C) in the PalVeg Tortonian run than 
suggested by proxy data (fig.5.1a). For Central Europe and particularly the Alps, the PalVeg 
Tortonian run underestimates MATs of maximally –6.7°C as compared to proxy data. On the 
Balkan, the PalVeg Tortonian run agrees to the proxy estimations.

As evident from fig.5.2, the tropics and subtropics are represented warmer in the PalVeg 
Tortonian run as it is suggested from proxy data. This is also demonstrated in the Standard 
Tortonian run. The high latitudes are cooler in both Tortonian model simulations. Thus, 

Figure 5.2: The zonal average temperature for land surfaces of the Recent Control run (grey solid), 
the Standard Tortonian run (black dashed), the PalVeg Tortonian run (black solid) and terrestrial proxy 
data (diamonds) with the vertical bars indicating the minimum/maximum range. In order to obtain the 
zonal averages of terrestrial proxy data, the single data locations are transformed into the grid point 
resolution (3.75°) of the model ECHAM4/ML. For Europe, the zonal average temperatures of the model 
runs are shown separately.
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the meridional temperature gradient is still too steep in the PalVeg Tortonian run, but the 
discrepancies to proxy data are smaller than for the Standard Tortonian run. Regarding Europe, 
the PalVeg Tortonian run is closer to proxy data than the Standard Tortonian run (fig.5.2). In 
particular from 35°N to 45°N, the agreement between the PalVeg Tortonian run and proxy 
data is quite good. Further northward, the PalVeg and the Standard Tortonian run do not differ 
much with respect to the zonal average temperatures (fig.5.2 [cf. sec.4.2.2]) and the deficits of 
the Standard Tortonian run still remain in the PalVeg Tortonian run.

Focusing on the precipitation, the PalVeg Tortonian run is globally quite consistent to proxy 
data (fig.5.1b). In the high latitudes of the Northern Hemisphere, the precipitation pattern 
agrees with proxy data in the PalVeg Tortonian run. Just for a single location in North America 
the PalVeg Tortonian run underestimates (–270mm/a) the MAP of proxy data. For the southern 
mid-latitudes of Australia, the climatic conditions of the PalVeg Tortonian run are drier than 
terrestrial proxy data suggest (–280mm/a to –780mm/a). Contrarily, the tropics are too humid 
in the model. For China, the PalVeg Tortonian run overestimates the annual precipitation with 
+400mm/a as compared to proxy data. For New Guinea, the MAP in the PalVeg Tortonian run 
is even +2200mm/a higher than proxy data suggest. The northern mid-latitudes of the PalVeg 
Tortonian simulation agree with proxy data. For a Crete location, the PalVeg Tortonian run 
represents drier conditions (–300mm/a to –550mm/a) than the proxy-based estimations (cf. 
Australia). Thus, the lower mid-latitudes of both hemispheres (30° to 40°) tend to be too dry 
in the PalVeg Tortonian run as compared to proxy data.

5.3 The qualitative comparison

Europe

In comparison to terrestrial proxy data, the PalVeg Tortonian run is more consistent to proxy 
data than the Standard Tortonian run (cf. sec.5.2). For the Mediterranean region, the PalVeg 
Tortonian run represents some warmer and drier conditions than today (cf. sec.4.3). For the 
south of the Iberian Peninsula, a temperate climate during the latest Tortonian is indicated 
from proxy data (BRACHERT, 1996). During the Late Miocene, the north-eastern part of Spain 
is a transitional region from a temperate humid to a subtropical dry climate (ALONSO-ZARZA 
& CALVO, 2000). For central and northern Italy during the late Tortonian, BERTINI (1994) 
demonstrates subtropical to warm temperate conditions, which shift to a warm-temperate 
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climate during the Zanclean. Before and after 10.5 and 8.5 Ma, fossil small mammals from 
Spain indicate more arid and warmer conditions (VAN DAM & WELTJE, 1999). This is consistent 
with the PalVeg Tortonian run. VAN DAM & WELTJE (1999) demonstrate a more humid and 
cooler climate in Spain between 10.5 and 8.5 Ma. An aridification in the Mediterranean 
is reported for the following era of the Messinian (7 to 5.3 Ma) finally culminating in the 
Messinian Salinity Crisis (BENSON ET AL., 1995; BLANC, 2000).

For Central Europe, the PalVeg Tortonian run indicates a climate, which is almost as warm 
as today but more humid (cf. sec.4.3). For the Lower Rhine Embayment during the Tortonian, 
a Cfa climate with temperatures between 15°C to 20°C is suggested (GEBKA ET AL., 1999). 
During the Late Miocene, a transition from a warm and dry Southern European climate to 
a wet-dry seasonal climate in Northern Europe occurs (VAN DAM & WELTJE, 1999), which 
tends to agree better with the PalVeg Tortonian run than with the Standard Tortonian run (cf. 
sec.2).

North America

For the mid-latitudes of the North American continent, the PalVeg Tortonian run represents 
almost the same mean annual temperature than today but rainfalls are higher (cf. sec.4.3). 
From the mammal fauna of North America (FOX, 2000), a change from a low seasonal Early 
Miocene climate towards a more highly seasonal climate during the Late Miocene is suggested. 
FOX (2000) demonstrate an increase in aridity in North America during the Late Miocene with 
a distinct wet season. This pattern is not observed from the PalVeg Tortonian run. For the east 
coast of North America during the Late Miocene, the climate changes from warm temperate 
to cool temperate conditions (MCCARTAN ET AL., 1990), which is qualitatively consistent to the 
PalVeg Tortonian run. Since the end of the Middle Miocene, summer temperatures of North 
America decrease (WOLFE, 1994a). Coastal regions of western North America at around 13Ma 
indicate some higher MATs than the interior of the North American continent (WOLFE, 1994a), 
which is consistent to the PalVeg Tortonian run.

In the high latitudes, generally warmer climatic conditions are observed in the PalVeg 
Tortonian run as compared to the Recent Control run (cf. sec.4.3). However, these temperatures 
are still lower than proxy data suggest (cf. sec.5.2). From 12 to 8 Ma, temperatures decline in 
Alaska (WOLFE, 1994b). During this period, the decreasing summer temperatures in the Alaska 
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region are more affected than the winter temperatures (WOLFE, 1994b). At about 6 to 5 Ma, the 
Alaska summer temperatures are almost the same as today (WOLFE, 1994b). For Canada and 
Alaska between 9.7 and 5.7 Ma, WHITE ET AL. (1997) suggest a cooling trend. In Beringia, the 
Late Miocene mean annual temperatures are +2°C to +4°C higher than nowaydays (WOLFE, 
1994b). This temperature difference is consistent to the difference between the PalVeg 
Tortonian and the Recent Control run (cf. sec.4.3).

Asia

As previously mentioned (cf. sec.4.2), the Asian summer monsoon is strengthened in 
the PalVeg Tortonian run as compared to the Standard Tortonian run. Due to the effects 
of vegetation and orography, the PalVeg Tortonian run represents warmer and more arid 
conditions than today in southern parts of Asia (cf. sec.4.3). At 8 to 7 Ma, a drying of the 
Quaidam Basin and northern Pakistan is related to a strengthening of the monsoon system 
(WANG ET AL., 1999). The Asian monsoon is stated to begin at 8 to 7 Ma (GRIFFIN, 2002). At 
10 Ma, the Asian summer monsoon is mentioned to exist (SAKAI, 1997) and possibly stronger 
than during the Holocene (DING ET AL., 1999). During the Latest Miocene, the winter monsoon 
is not noticeable (WU ET AL., 1998). Thus, the PalVeg Tortonian run demonstrates a good 
representation of the Asian monsoon during the Miocene.

South America

For the South American continent no quantitative proxy data are available (cf. sec.5.2). 
Generally, the PalVeg Tortonian run suggests slightly warmer and more humid conditions 
than today (cf. sec.4.3). In the Bolivian Andes at 10 Ma, evidence of a widespread grassland 
vegetation with temperate or even tropical grasses is derived from δ13C values of fossil mammal 
teeth (MACFADDEN ET AL., 1994). In the Central Andes at the same time, the terrigenous influx 
to the Amazon fan increases (GREGORY-WODZICKI, 2000). This indicates a higher rainfall in this 
region as also represented in the PalVeg Tortonian run (cf. sec.4.3).

For regions of South America south of 30°S, the PalVeg Tortonian run demonstrates more arid 
conditions than today (cf. sec.4.3). For the Atacama desert between 14.7 and 8.7 Ma, an onset 
of aridity with a transition to hyperarid conditions is mentioned (GREGORY-WODZICKI, 2000).
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Australia

Australia is almost as warm as today in the PalVeg Tortonian simulation (cf. sec.4.3.1). 
The PalVeg Tortonian run demonstrates higher rainfall rates than today (cf. sec.4.3.4), but it 
still indicates too arid conditions as compared to southern Australian proxy data (cf. sec.5.2). 
From Late Miocene carbonate deposits at the north-east of Australia, non-tropical conditions 
are suggested (BETZLER, 1997). For north-east Australia, surface water temperatures of about 
17°C to 19°C are estimated as coral reef growth is absent (BETZLER ET AL., 1995). These are 
cooler conditions than in the PalVeg Tortonian run.

The Northern Hemisphere’s ice cover

On the Northern Hemisphere, the PalVeg Tortonian run demonstrates the lowest amount 
of sea ice as compared to the Standard Tortonian and Recent Control run (cf. sec.4.2.1). For 
the Miocene, the Arctic sea ice volume tends to be less than today (WOLF & THIEDE, 1991). 
However, detailed information about the Miocene Arctic ice cover does not exist (SCHAEFFER 
& SPIEGLER, 1986; THIEDE ET AL., 1998). At 11 Ma, the North Atlantic and Greenland glaciation 
begins (HELLAND & HOLMES, 1997). During the Late Pliocene (3.5 to 2.4 Ma), a successive 
onset of a large-scale glaciation of the Atlantic region occurs (KLEIVEN ET AL., 2002).

5.4 Discussion and summary

The poor Miocene data base (MOSBRUGGER & SCHILLING, 1992) is a major problem to validate 
model results. For most parts of the world, quantitative Tortonian proxy data are insufficiently 
available. Model results can be verified only for selected regions. It is questionable if single 
locations are really representative for a whole model grid cell. Due to the limited resolution of 
climate models, small scale effects are parameterised. Parameterisations such as the cumulus 
convection scheme of the ECHAM model (ROECKNER ET AL., 1996) include uncertainties.

The Tortonian (11 to 7 Ma) corresponds to a time span of about 4Ma. Regarding the 
palaeoclimate information, studies can differ as they refer to specific time intervals within 
the Tortonian (VAN DAM & WELTJE, 1999). On the one hand, MUDIE & HELGASON’s (1983) 
eastern Iceland location, which is dated between 10.3 and 9.5 Ma, represents the same climatic 
conditions as the PalVeg Tortonian run (cf. fig.5.1). On the other hand, a more western Iceland 
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location is dated between 11 to 5.3 Ma (MAI, 1995) but indicates different climatic conditions 
than the PalVeg Tortonian run. Regarding European proxy data (VAN DAM & WELTJE, 1999), 
the PalVeg Tortonian run tends to correspond to the situation during the Late Tortonian.

Generally, proxy-based methods for climate reconstructions such as the used CLAMP 
(WOLFE, 1993) or coexistence approach (MOSBRUGGER & UTESCHER, 1997) include 
uncertainties. The CLAMP method is calibrated on climate observations and leaf distributions 
predominantly from North America (WOLFE, 1993). It is questionable, if this method can be 
used for palaeoclimate reconstructions of European regions. When applied to Late Oligocene 
to Middle Miocene European locations, TRAISER (submitted) demonstrates that the CLAMP 
method produces systematically lower mean annual temperatures than the coexistence 
approach. Despite such shortcomings, CLAMP achieves reasonable results (GREENWOOD & 
WING, 1995; WOLFE, 1993; WOLFE, 1994a).

The coexistence approach (MOSBRUGGER & UTESCHER, 1997) also includes uncertainties. 
During the Cretaceous or Eocene, the tropics are assumed to be warmer than present (PEARSON 
ET AL., 2001). Modern plant communities can only represent Recent climatic conditions. From 
the relationship between modern and fossil plants, it is not possible to estimate the upper 
temperature limit of such ‘supertropic’ palaeosituations. Thus, the coexistence approach 
cannot be applied to situations whose conditions are not found today. But as the Late Miocene 
climate is basically comparable to the modern situation (BRUCH, 1998), this argument does 
not apply for the present study. However, it can be difficult to find a next living relative. 
Consequently, the climate interval of a particular taxon can be (more or less) incorrect. The 
coexistence approach uses the joint intersection interval of all taxa, which keeps single errors 
small. Similar to the CLAMP method, the coexistence approach demonstrates its capability for 
palaeoclimate reconstructions (BRUCH, 1998; BRUCH & MOSBRUGGER, 2002; UTESCHER ET AL., 
1997; UTESCHER ET AL., 2000).

When compared to proxy data, the PalVeg Tortonian run demonstrates more realistic results 
than the Standard Tortonian run. The PalVeg Tortonian run still reveals some shortcomings 
such as a too steep meridional temperature gradient, which is reflected in too cool high 
latitudes (cf. fig.5.2). For Beringia, a temperature difference of +2°C to +4°C is presented in 
the PalVeg Tortonian run as compared to the Recent Control run (cf. sec.4.3.1). During the 
Late Miocene, proxy data (WOLFE, 1994b) also suggest Beringian temperatures being +2°C to 
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+4°C higher than today. Considering the precipitation patterns of the tropics, the difference 
is assumed to be reasonable between the PalVeg Tortonian run and the Recent Control run 
(cf. sec.4.3.4). The PalVeg Tortonian run demonstrates an unrealistically high tropical rainfall 
when compared to proxy data (cf. sec.5.2). The direct comparison of the PalVeg Tortonian run 
with proxy data is problematic. But tendencies, the PalVeg Tortonian minus Recent Control 
run and Tortonian proxy data minus modern observation data, are quite consistent.

As compared to the Standard Tortonian run, the PalVeg Tortonian simulation indicates 
higher precipitation rates in the high latitudes (cf. sec.4.2.3). As a higher freshwater influx in 
the ocean produces lower δ18O values, the palaeo-sea surface temperatures, which are used 
to determine the ocean heat transport (STEPPUHN ET AL., submitted), can be overestimated in 
the high latitudes. Other model studies support that SSTs are overestimated, if the freshwater 
influx increases (WERNER ET AL., 1999). Contrarily, the palaeo-SSTs can be underestimated in 
the low latitudes, as the δ18O rises because of an increased evaporation in the PalVeg Tortonian 
run as compared to the Standard Tortonian run. For the Late Cretaceous and the Eocene, 
underestimated tropical SSTs are mentioned from PEARSON ET AL. (2001). Tropical SSTs are 
almost as high (or even higher) as today during the Late Cretaceous and the Eocene (PEARSON 
ET AL., 2001). This indicates that, if STEPPUHN ET AL. (submitted) underestimate tropical 
SSTs and overestimate the SSTs in high latitudes, the reconstructed Tortonian meridional 
temperature gradient is too flat. Hence, STEPPUHN ET AL. (submitted) underestimate the oceanic 
heat transport. This can explain the too cool high latitudes in the PalVeg Tortonian run (cf. 
sec.5.2).

The reconstructed oceanic heat transport has to be scrutinised, as the reconstructed palaeo-
SSTs are probably unrealistic. Particularly the North Pacific region tends to be too cool in the 
PalVeg Tortonian run, whereas the North Atlantic Ocean is represented quite well (cf. sec.5.2). 
Thus, the heat transport in the Atlantic Ocean can be realistic, but not in the Pacific Ocean. 
Considering the data base for the reconstruction of the oceanic heat transport (STEPPUHN ET 
AL., submitted), the SSTs of the high latitudes are almost exclusively based on isotope data 
from the North Atlantic. Due to this lack of isotope data, the palaeoceanic heat transport in the 
Pacific Ocean could be underestimated. A strengthened heat transport in the Pacific Ocean, as 
compared to the prescribed weakened one, could produce some warmer conditions in the high 
latitudes of the Pacific region such as in Siberia. As a result, discrepancies between model and 
proxy data should become smaller.
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Regarding the palaeogeography, the Paratethys is not included neither in the Standard 
Tortonian run nor in the PalVeg Tortonian run (cf. sec.2.2.1 and 4.1). RAMSTEIN ET AL. (1997) 
demonstrate that the shrinking of the Paratethys during the Cenozoic contributes to a cooling 
of the Central Eurasia climate and particularly in Siberia (RAMSTEIN ET AL., 1997). Due to the 
Paratethys, the former times Eastern European climate is more humid than today (RAMSTEIN ET 
AL., 1997). Thus, inconsistencies particularly in Siberia and the Mediterranean region can be 
attributed to a missing Paratethys in the PalVeg Tortonian run.
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6 VEGETATION MODELLING WITH CARAIB

With a proxy-based reconstruction of the Tortonian vegetation (cf. sec.3), an ECHAM4/
ML simulation, the PalVeg Tortonian run, was performed (cf. sec.4). On the one hand, the 
vegetation-induced effects on climate were figured out when the PalVeg Tortonian run was 
compared with the Standard Tortonian run (cf. sec.4.2). On the other hand, differences between 
the Tortonian and the present climate were pointed out (cf. sec.4.3). The model results of the 
PalVeg Tortonian run were validated with proxy data (cf. sec.5). In the present section, the 
climatological fields of the PalVeg Tortonian run are used to run the carbon cycle and vegetation 
model CARAIB (FRANCOIS ET AL., submitted). CARAIB simulates the Tortonian vegetation, 
which is compared to the proxy-based reconstruction of the palaeovegetation. In the case of 
discrepancies, it has to be considered whether models are not sufficiently able to simulate 
palaeoclimate (cf. sec.5) and/or palaeovegetation or the proxy-based reconstruction has to 
be revised. With a lower-/higher-than-present atmospheric CO2 in the CARAIB simulations, 
the fertilisation effect on the Tortonian vegetation is investigated. Finally, CARAIB allows to 
simulate differences between the Tortonian and the present-day’s carbon cycle.

6.1 The CARAIB model and its setup for the Tortonian

In its original version, CARAIB is a pure carbon cycle model, which describes processes 
like stomatal regulation, C3 and C4 photosynthesis or organic matter decomposition in the soil 
(GERARD ET AL., 1999; NEMRY ET AL., 1996 ; WARNANT ET AL., 1994). Later on, plant functional 
types (PFTs) are added as a further module (OTTO ET AL., 2002). PFTs calculated from the net 
primary production (NPP) are used to obtain biomes. CARAIB is a combined carbon cycle 
and vegetation model, which is able to reproduce the Recent vegetation patterns quite well 
(OTTO ET AL., 2002). It is applied to past periods such as the last glacial maximum (OTTO ET 
AL., 2002) or the Eocene (FRANCOIS, pers. comm.). Within the EEDEN (Environments and 
Ecosystem Dynamics of the Eurasian Neogene) framework funded by the ESF (European 
Science Foundation), the CARAIB model is applied to the Tortonian using data of the 
PalVeg Tortonian run (cf. sec.4). Regarding the Late Miocene carbon cycle and model-based 
reconstruction of the Tortonian vegetation, the main aspects of the CARAIB modelling are 
summarised (FRANCOIS ET AL., submitted).
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In order to apply CARAIB to the Tortonian, climatological 10-year-average data from the 
PalVeg Tortonian run and the Recent Control experiment with ECHAM4/ML are provided (cf. 
sec.4). These data include monthly means of the near-surface 2m-temperature, precipitation, 
cloud cover (inversely giving the sunshine hours), air relative humidity and near-surface wind 
speed in the standard resolution of T30 (3.75°×3.75°). However, CARAIB does not use the 
real model output, but anomalies to climatological reference fields (FRANCOIS ET AL., 1999). 
The differences between the PalVeg Tortonian and the Control run are used, not the absolute 
values. To obtain the CARAIB input fields, a higher resolved present-day’s observation 
dataset (2.5°×2.5°) is transformed to the corresponding ECHAM T30 grid (FRANCOIS ET AL., 
submitted). The deviations of the PalVeg Tortonian run with respect to the Control run (∆q) are 
added to the reference data base (qobs) yielding the CARAIB input fields (q):

q = qobs + Dq.

The atmospheric CO2 has to be prescribed in the CARAIB model. For the PalVeg Tortonian 
run, the atmospheric CO2 is set to the Recent level of 353ppm (cf. sec.4.1). Without altering 
the climate forcing, different CO2 concentrations can be considered in the CARAIB model. 
The biogeography module of CARAIB is calibrated with the pre-industrial CO2 of 280ppm 
(OTTO ET AL., 2002). In accordance to the CARAIB control simulation PD280, the pCO2 of 
the first Tortonian CARAIB run (referred to as Torton280) is set to 280ppm. To figure out 
the fertilisation effect of CO2, a low CO2 (200ppm) and a high CO2 (560ppm) sensitivity 
experiment with CARAIB are performed (FRANCOIS ET AL., submitted). These runs are referred 
to as Torton200 and Torton560, respectively.

6.2 Results of CARAIB simulations

6.2.1 The simulated vegetation

In contrast to the modern Greenland glaciers of PD280, Torton280 demonstrates interior 
grasslands and boreal forest along coastal areas (fig.6.1). This is in accordance with the 
warmer and more humid conditions in Greenland in the PalVeg Tortonian run as compared 
to the Recent Control run (cf. sec.4.3). Primarily due to the lower elevation of Greenland 
during the Late Miocene (cf. sec.2.1.1), the temperature increase is rather strong in the PalVeg 
Tortonian run as compared to today (cf. sec.4.3.1). Increases in precipitation are just moderate 
in the PalVeg Tortonian run (cf. sec.4.3.4), which prevents the occurrence of boreal forests in 
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Figure 6.1: The biome distribution of a) the PD280 and b) the Torton280 simulation with CARAIB 
(modified from FRANCOIS ET AL., submitted).
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Figure 6.2: The biome distribution of a) the Torton200 (low CO2) and b) the Torton560 (high CO2) 
simulation with CARAIB (modified from FRANCOIS ET AL., submitted).
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the interior of Greenland in Torton280. For the Himalayan, which has about half of its Recent 
height during the Tortonian (sec.2.1.1), mostly grassland but also some semi-desert and boreal 
forest cover exist in Torton280 instead of PD280’s ice and tundra vegetation. Globally, there is 
less evidence of extreme deserts in Torton280. Tropical seasonal and warm temperate forests 
are more relevant in Torton280 as compared to PD280 (fig.6.1). This pattern is quite similar 
to the proxy-based reconstructed Tortonian vegetation (cf. fig.3.2a). Due to the higher rainfall 
rates of the PalVeg Tortonian run (cf. sec.4.2.3), semi-desert and tropical seasonal forest areas 
grow at the expense of deserts in Torton280 as compared to PD280 (fig.6.1).

Fig.6.3 quantitatively illustrates the change in vegetation from the Tortonian (Torton280) 
till today (PD280). PD280’s deserts are almost halved in Torton280 (–11.4×106km2) and are 
replaced by a larger extension of tropical seasonal forests (+10.3×106km2) than in PD280. Ice 
cover and tundra are reduced by –2.4×106km2 and –2.6×106km2, respectively, in Torton280 as 
compared to PD280 (fig.6.3). In turn, semi-desert areas (+2.8×106km2) and boreal evergreen 
forests (+3.8×106km2) are more extended in Torton280.

Regarding forest, grassland and desert type biomes, the CARAIB vegetation of Torton280 
and PD280 (fig.6.3) can be compared with the proxy-based reconstruction of the Tortonian 
vegetation and the modern one as obtained from the Prentice biome model (cf. fig3.3). For 
both cases, the trend between the Tortonian and the modern vegetation is consistent. Forests 
in Torton280 cover 65% of the Earth’s surface. In the proxy-based reconstruction, the 
forest cover is 82%, a difference of +17% to Torton280. This is consistent with the too cool 
conditions in the PalVeg Tortonian run (cf. sec.5). The present-day’s forest cover of PD280 and 
the “Prentice distribution” is quite similar (about 55%). Torton280 demonstrates less grassland 
(–2.4%) than PD280 (fig.6.3). Contrarily, the proxy-based Tortonian reconstruction represents 
larger extended graslands (+8%) than today (cf. fig.3.3). The desert cover of Torton280 (18%) 
is larger than the one of the proxy-based reconstruction (1%).

From the lower CO2 (200ppm) scenario Torton200 and the higher CO2 (560ppm) scenario 
Torton560, the fertilisation effect of atmospheric CO2 can be estimated (fig.6.2). In Torton560 
(fig.6.2b), the amount of deserts globally decreases as compared to PD280 and Torton280 
(fig.6.1). Grassland or savanna biomes expand at the expense of deserts in Torton560 as 
compared to Torton280. When increasing atmospheric CO2, tropical seasonal forests are more 
important in tropical and temperate climate zones. Contrarily, Torton200 (fig.6.2a) demonstrates 
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the lowest amount of tropical seasonal forest of all Tortonian CARAIB simulations and also 
as compared to PD280 (fig.6.1a). Tropical seasonal forests are reduced by –13.3×106km2 in 
Torton200 when compared to Torton280. Between Torton560 and Torton280, seasonal forests 
increase by +12.8×106km2 (fig.6.3). Accordingly, the areas of deserts and semi-deserts are 
larger (+10.0×106km2 and +5.9×106km2) at low CO2 as compared to Torton280. Torton560 as 
compared to Torton280 demonstrates a reduced desert and semi-desert cover (–9.7×106km2 
and –4.3×106km2). The more frequent occurrence of tropical seasonal forests in Torton560 
with respect to Torton280 can be explained by the dependence of the net primary productivity 
on the availability of water. This dependence is reduced when stomata close at higher CO2 
concentrations. In the case of low CO2 (Torton200), this mechanism is inverted. Thus, tropical 
seasonal forests have an advantage/disadvantage as compared to other biomes in water stress 
regions if CO2 is high/low.
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Figure 6.3: The global biome area [106km2] of the CARAIB simulations PD280, Torton280, Torton200 
and Torton560 (modified from FRANCOIS ET AL., submitted). The biome cover [%] for the summed forest, 
grassland and desert type biomes is additionally represented in the smaller figure (cf. fig.3.3).
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Figure 6.4: The total carbon storage [Gt C] of the CARAIB simulations PD280, Torton280, Torton200 
and Torton560 (modified from FRANCOIS ET AL., submitted).

6.2.2 The carbon cycle

The vegetation is affected by the different climate in the PalVeg Tortonian run compared 
to the Recent Control simulation. Hence, the carbon storage is affected (tab.6.1). In total, the 
carbon stock of Torton280 is modestly higher (+159Gt C) than for PD280 with nearly the same 
contributions of the biosphere (+84Gt C) and the soil (+75Gt C) storage. The carbon stock 
of tropical seasonal forests in Torton280 rises (+188Gt C) as compared to PD280 (fig.6.4). 
Within boreal evergreen forests, the storage increases by about +77Gt C in Torton280. The 
carbon stock decreases for the biomes tundra (–58Gt C), tropical rain forest (–36Gt C) and 
grassland (–20Gt C) in Torton280 in relation to PD280. For other biome types, changes in the 
total carbon stock of Torton280 as compared to PD280 are of minor importance (fig.6.4).

From tab.6.1, the carbon storage is clearly shown to depend on atmospheric CO2. As compared 
to Torton280, the total carbon stock of Torton200 is reduced (–831Gt C), while it increases 
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in Torton560 (+1727Gt C). The importance of the atmospheric CO2 for palaeovegetation 
reconstructions is evident, even though the fertilisation effect can be overestimated because of 
the absence of nutrient cycles in the CARAIB model. The carbon stocks (fig.6.4) of tropical 
and tropical seasonal forests increase (+441Gt C and +723Gt C) in Torton560 as compared 
to Torton280. For these biomes, the carbon stocks are reduced (–226Gt C and –280Gt C) 
in Torton200. For other biome types, a sensitivity of the carbon stock to pCO2 can also be 
observed. For example, the carbon storage is slightly higher in cases of boreal evergreen forest 
and in savanna (+183Gt C and +152Gt C) in Torton560 as compared to Torton280. For the 
same biomes, the carbon stock decreases (–100Gt C and –25Gt C) in Torton200 as compared 
to Torton280. From differences between Torton280 and PD280 and between Torton560 and 
Torton200, it can be concluded that variations in CO2 are more important for the carbon cycle 
than differences between the Tortonian and present-day’s climate.

6.3 Discussion

Basically, FRANCOIS ET AL.‘s (submitted) CARAIB simulation Torton280 (cf. sec.6.2.1) 
supports some main characteristic of the proxy-based reconstruction of the Tortonian 
vegetation (cf. sec.3). The extension of boreal forests far into the Arctic high latitudes 
during the Tortonian is also in accordance with other proxy data (BOULTER & MANUM, 1997). 
The model-based palaeovegetation reconstructions demonstrate an expansion of tropical 

vegetation soil total

PD280 900 1228 2128

Torton280 984 1303 2287

Torton280 – PD280 +84 +75 +159

Torton200 (low CO2) 626 830 1456

Torton560 (high CO2) 1721 2293 4014

Torton560 – Torton200 +1095 +1463 +2558

Table 6.1: The global carbon stocks [Gt C] of the vegetation, the soil and in total for the CARAIB 
simulations PD280, Torton280, Torton200, Torton560 and the differences between Torton280 
and PD280 and between Torton560 and Torton200, respectively (modified from FRANCOIS ET AL., 
submitted).
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forests (particularly tropical seasonal forests in Torton280) at the expense of deserts. This is 
consistent with the proxy-based reconstruction (cf. sec.3) as well as other proxy data (HOORN 
ET AL., 2000; IVANOV ET AL., 2002; STRÖMBERG, 2002).

There are differences between Torton280 and the proxy-based reconstruction (cf. 
sec.6.2.1). It should be noticed that a different vegetation classification is used in both cases. 
The used Prentice biomes (PRENTICE ET AL., 1992) differ from those of CARAIB (FRANCOIS ET 
AL., submitted). For instance, the area of the Recent Sahara desert is characterised as a warm 
grassland in the proxy-based Tortonian reconstruction (cf. fig.3.2a), whereas it is partly semi-
desert in Torton280. It is the question, whether a biome ‘semi-desert’ is comparable to a biome 
‘warm grass’ or not.

The CARAIB model demonstrates a strong sensitivity to the carbon dioxide forcing (cf. 
sec.6.2). Some differences between Torton280 and the proxy-based reconstruction can be 
caused by an underestimated CO2 in the CARAIB simulation (280ppm). However, there is 
more evidence for an atmospheric CO2 at approximately the pre-industrial level or even lower 
during the Late Miocene (PEARSON & PALMER, 2000).

Regarding the carbon cycle modelling (cf. sec.6.2.2), the soil carbon stock of PD280 agrees 
with other Recent studies (ADAMS ET AL., 1990; FRANCOIS ET AL., 1998; FRANCOIS ET AL., 1999; 
PRENTICE & FUNG, 1990). PD280 demonstrates a vegetation carbon stock (900Gt C), which 
is within the upper range of other author’s estimations (ADAMS ET AL., 1990; FRANCOIS ET AL., 
1998; FRANCOIS ET AL., 1999; PRENTICE & FUNG, 1990). Additionally, PD280 represents the 
natural equilibrium. Studies, which suggest a today’s value of 610Gt C for the vegetation 
carbon, include the human influence (CLIMATE CHANGE, 1995). FRANCOIS ET AL. (submitted) 
conclude that an overestimation of tropical forests in the CARAIB model produces some 
differences in the CARAIB carbon stock as compared to other studies (HAXELTINE & PRENTICE, 
1996; MATTHEWS, 1983; MELLILO ET AL., 1993). The natural biomass burning is a regulation 
process within the carbon cycle (THONICKE ET AL, 2001), which is missing in CARAIB and 
causes some discrepancies. A present-day’s CARAIB simulation in the higher resolution of 
0.5°×0.5° demonstrates a vegetation carbon stock of 761Gt C (OTTO ET AL., 2002). Thus, the 
performance of the CARAIB model also depends on the used spatial resolution (FRANCOIS ET 
AL., submitted).
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Regarding the variation of the total carbon stock between Torton280 and PD280 (+159Gt C), 
this value appears to be quite small (cf. sec.6.2.2). For the last glacial maximum (LGM), 
CARAIB demonstrates a difference in the total carbon storage of –840Gt C in the LGM 
simulation as compared to the modern control experiment (OTTO ET AL., 2002). This variation 
is attributed to the climate change from the LGM till today (OTTO ET AL., 2002). A range of the 
total carbon stock is spanned from 1891Gt C for a pre-industrial scenario (PRENTICE & FUNG, 
1990) to present-day’s 2190Gt C (CLIMATE CHANGE, 1995). This range of +299 Gt C is almost 
twice as high as the difference between Torton280 and PD280 (+159 Gt C). However, the 
absolute total carbon stock of Torton280 (2287 Gt C) is higher than for the above mentioned 
Recent studies (CLIMATE CHANGE, 1995; PRENTICE & FUNG, 1990).
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7 SUMMARY AND CONCLUSIONS

For the present PhD thesis, a proxy-based reconstruction of the Tortonian vegetation (cf. 
sec.3) is used to perform a more realistic climate model simulation for the Tortonian, the 
so-called PalVeg Tortonian run (cf. sec.4), using the ECHAM4/ML model. The Tortonian 
vegetation (cf. fig.3.2) is characterised by a larger amount of forests as compared to the 
modern vegetation. During the Tortonian, forests extend far towards the high latitudes of the 
Northern Hemisphere. Today’s widespread desert areas such as the Sahara desert of North 
Africa almost vanish in the Tortonian. As a consequence, the global albedo of the PalVeg 
Tortonian run decreases (–40%) as compared to the Standard Tortonian run. The global 
average leaf area index and the maximum available soil water capacity increases by +83% and 
+8%, respectively, in the PalVeg Tortonian simulation (cf. sec.4.2.1).

The  effects of the Tortonian vegetation

Due to the adjustment of surface parameters applying to vegetation, the PalVeg Tortonian 
run demonstrates a strong influence of the Tortonian vegetation on the climate system as 
compared to the Standard Tortonian run (cf. sec.4). The PalVeg Tortonian run indicates 
globally warmer (+0.9°C) and more humid (+36mm/a) conditions than the Standard Tortonian 
run (cf. sec.4.2.1). Particularly the high northern latitudes are warmer in the PalVeg Tortonian 
run than in the Standard Tortonian run. Accordingly, the PalVeg Tortonian run demonstrates 
the shallowest meridional temperature gradient (cf. sec.4.2.2) as well as the lowest Arctic 
sea ice volume (cf. sec.4.2.1) when compared to the Recent Control run and the Standard 
Tortonian run.

The warming in the PalVeg Tortonian run occurs primarily over continental areas (cf. 
sec.4.2.3). In the today’s cold-continental high latitudes, PalVeg Tortonian run demonstrates 
the maximum increases in the mean annual temperatures (+4°C) run, which is attributed to the 
replacement of the Recent tundra vegetation with boreal forests as compared to the Standard 
Tortonian. The winter temperatures in the high latitudes raise with maximally +7°C in the 
PalVeg Tortonian run, while summer temperatures just modestly increase as compared to the 
Standard Tortonian run. In the high latitudes, the seasonal temperature cycle is reduced in the 
PalVeg Tortonian as compared to the Standard Tortonian run. For North Africa, the summer 



7. SUMMARY AND CONCLUSIONS

94

LATE MIOCENE CLIMATE MODELLING WITH ECHAM4/ML

95

temperatures are lower in the PalVeg Tortonian than in the Standard Tortonian simulation. 
This summer cooling is attributed to the replacement of the Recent Sahara desert with warm 
grassland.

The water cycle globally intensifies in the PalVeg Tortonian run. Over the continents, 
variations in precipitation and evapotranspiration are more pronounced than over the 
oceans in the PalVeg Tortonian run (cf. sec.4.2.3). The continents demonstrate increased 
evapotranspiration and precipitation rates as compared to the Standard Tortonian reference 
simulation. In North Africa and Asia, the annual precipitation is higher by more than +400mm/
a in the PalVeg Tortonian simulation. Regarding the absolute precipitation rates in the high 
latitudes, the relative increase rates are remarkable in the PalVeg Tortonian run. Beyond the 
influence of the palaeovegetation on continental areas, a moderate warming occurs over ocean 
surfaces in the PalVeg Tortonian run (cf. sec.4.2.3). The PalVeg Tortonian run demonstrates an 
increased moisture transport from equatorial regions towards higher latitudes over the oceans 
and from the oceans to the land surfaces.

As a consequence of the larger energy supply from the surface in the PalVeg Tortonian run, 
the atmospheric circulation regimes are affected (cf. sec.4.2.4). Particularly a strengthened 
northward heat transport in the atmosphere contributes to a reduction of the equator-to-pole 
temperature difference in the PalVeg Tortonian run as compared to the Standard Tortonian run. 
On the regional scale, the change of the Recent to the palaeovegetation causes a strengthened 
Asian summer monsoon in the PalVeg Tortonian run (cf. sec.4.2.5). The Tortonian Asian 
monsoon is, however, still weaker than nowadays, which is in accordance to proxy data 
(SAKAI, 1997; WU ET AL., 1998). For North Africa, the PalVeg Tortonian run demonstrates a 
northward shift of the Hadley cell particularly during summer as compared to the Standard 
Tortonian run. The PalVeg Tortonian run indicates a strengthened African summer monsoon as 
compared to the Standard Tortonian run. For Europe and the North Atlantic Ocean, the PalVeg 
Tortonian run represents a high NAO index situation as compared to the Standard Tortonian 
run. The North Atlantic storm track regimes displace towards the north in the PalVeg Tortonian 
simulation. This causes an increased temperature and moisture advection towards Northern 
Europe. The shift of the storm tracks contributes to a more efficient northward heat transport 
in the PalVeg Tortonian run. This reduces the meridional temperature gradient in the PalVeg 
Tortonian run.
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Validation of the PalVeg Tortonian run with terrestrial proxy data

In comparison to terrestrial proxy data, the PalVeg Tortonian run demonstrates a generally 
better performance than the Standard Tortonian run (cf. sec.5). The precipitation pattern of 
the PalVeg Tortonian run agrees with proxy data. But in the tropics, the annual rainfalls are 
overestimated in the PalVeg Tortonian run. This weak point is attributed to the ECHAM model 
itself and not to the Tortonian boundary conditions. The simulated mean annual temperatures 
are more realistic in the PalVeg Tortonian run than those in the Standard Tortonian run. In the 
high latitudes and in Central Europe, the PalVeg Tortonian run indicates cooler conditions than 
proxy data suggest. For the North Pacific region, the too cool conditions in PalVeg Tortonian 
run demonstrate that the palaeoceanic heat transport could be underestimated. The meridional 
temperature gradient is too steep in the PalVeg Tortonian run as compared to proxy data.

CARAIB modelling

The CARAIB model (cf. sec.6) reproduces the main features of the proxy-based 
reconstruction of the Tortonian vegetation (cf. sec.3). This demonstrates that the models 
ECHAM4/ML and CARAIB simulate the palaeoclimate and palaeovegetation quite realistic. 
Some insufficiencies in the simulated Tortonian vegetation represent weak points in the 
PalVeg Tortonian run. Other weak points are due to the CARAIB model. Regarding North 
Africa, the CARAIB model represents rather more desert and semi-desert conditions than 
warm grassland, as it is indicated from the proxy-based reconstruction. CARAIB sensitivity 
experiments demonstrate a strong sensitivity to the CO2 forcing: Variations in CO2 are even 
more important for the vegetation than the climatic differences between the PalVeg Tortonian 
run and the Recent Control experiment.

Conclusions

In general, ECHAM4/ML simulates a quite realistic Tortonian climate, when considering 
the effects of a weaker ocean heat transport and the lower palaeorography as well as the 
palaeovegetation (tab.7.1). However, some insufficiencies such as a meridional temperature 
gradient, which is steeper than suggested from proxy data, still remain in the PalVeg Tortonian 
run. These shortcomings can partly be attributed to effects of an unrealistic palaeogeography in 
the model setup. For instance, the Paratethys is not included neither in the Standard Tortonian 
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run (cf. sec.2.2; STEPPUHN ET AL., submitted) nor in the PalVeg Tortonian run (cf. sec.4.1). 
RAMSTEIN ET AL. (1997) emphasise the contribution of the Paratethys in warming northern parts 
of Asia and Eastern Eurasia being more humid. A quite crucial parameter is also the ocean heat 
transport. The PalVeg Tortonian run indicates that the northward heat transport in the Pacific 
Ocean could be underestimated (cf. sec.5.3). The method to adapt the flux correction of the 
mixed-layer ocean model includes some simplifications (STEPPUHN ET AL., submitted), which 
can lead to an underestimated palaeoceanic heat transport in the Pacific region. During the 
Late Miocene, the atmospheric CO2 is comparable to the pre-industrial level (280ppm) or even 
lower (PEARSON & PALMER, 2000). For the Tortonian simulations with ECHAM4/ML, a higher 
CO2 (353ppm) is assumed. If the assumed Tortonian CO2 concentration is overestimated in the 
PalVeg Tortonian run, discrepancies between the model and proxy data should increase.

So far, the Late Miocene climate with its shallower-than-present meridional temperature 
gradient is still poorly understood. For the Late Miocene, further model simulations should 
be performed using coupled atmosphere-ocean general circulation models. To estimate the 
influence of the atmosphere on the ocean circulation, ECHAM4/ML model data for the 
Tortonian should also be used to run an ocean circulation model. In turn, Miocene OGCM 
results for the oceanic heat transport should be used to perform further Tortonian AGCM 
simulations. If the Standard Tortonian run and the PalVeg Tortonian run are used to run an 
OGCM, this would allow to estimate the influence of the palaeovegetation on the ocean 
circulation.

Standard Tortonian run
(STEPPUHN ET AL., submitted) PalVeg Tortonian run

global temperature – O

- high latitudes – – –

- mid-latitudes – – O

- low latitudes O O

precipitation – O

Arctic sea ice volume + + +

meridional temperature gradient + + +

Table 7.1: The summarised qualitative agreements (O) and the over-/underestimations (+/–) of the 
model results of the Standard Tortonian run (cf. tab.2.2) and the PalVeg Tortonian run as compared to 
proxy data.
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APPENDIX A - THE PALVEG TORTONIAN RUN WITH ECHAM4/ML

To figure out the effects of the palaeovegetation and to see the difference between the 
Tortonian and the present-day’s climate, differences plots (the PalVeg Tortonian run minus 
the Standard Tortonian and the PalVeg Tortonian run minus the Recent Control) were used in 
sec.4. Figures A1 to A11 show selected absolute data fields of the PalVeg Tortonian run.
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Figure A.1: The 2m-temperature of the PalVeg Tortonian run [K] for a) the annual average, b) JJA and 
c) DJF. The contour intervals are 10K and the 273K-isotherme is shown grey dotted.

a)

c)

b)
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Figure A.2: The annual and zonal averages of the PalVeg Tortonian run for a) the total precipitation 
rate [mm/a], b) the evaporation rate [mm/a], c) the large-scale precipitation rate [mm/a] and d) the 
convective precipitation rate [mm/a].

a)

c)

b)

d)
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Figure A.3: The total precipitation rate of the PalVeg Tortonian run for a) the annual average [mm/a], 
b) JJA and [mm/mon] c) DJF [mm/mon]. The contour intervals are 500mm/a for a) and 50mm/mon for 
b) and c).

a)

c)

b)
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Figure A.4: The evaporation rate of the PalVeg Tortonian run for a) the annual average [mm/a], b) JJA 
and [mm/mon] c) DJF [mm/mon]. The contour intervals are 500mm/a for a) and 50mm/mon for b) and 
c).

a)

c)

b)
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Figure A.5: The annual and zonal averages of a) the temperature [K], b) the specific humidity [g/kg], 
c) the surface sensible heat flux [W/m2], d) the surface latent heat flux [W/m2], e) the net surface solar 
radiation flux [W/m2] and f) the surface terrestrial radiation flux [W/m2] of the PalVeg Tortonian run. a) 
and b) are shown with respect to height (in pressure coordinates). The contour intervals are 5K in a) 
and 2g/kg in b).

a)

d)

c)

b)

f)

d)
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Figure A.6: The annual and zonal averages of a) the zonal wind [m/s], b) the meridional wind [m/s] and 
c) the vertical wind [Pa/s] with respect to height (in pressure coordinates [hPa]) of the PalVeg Tortonian 
run. The contour intervals are 5m/s for a), 0.1m/s for b) and 0.5´10-2Pa/s for c).

a)

c)

b)
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Figure A.7: The same as in fig.A.6 but for JJA.

a)

c)

b)
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Figure A.8: The same as in fig.A.6 but for DJF.

a)

c)

b)



APPENDIX A - THE PALVEG TORTONIAN RUN WITH ECHAM4/ML

A10

LATE MIOCENE CLIMATE MODELLING WITH ECHAM4/ML

A11

Figure A.9: The surface pressure of the PalVeg Tortonian run [hPa] for a) the annual average, b) JJA 
and c) DJF. The contour intervals are 50hPa.

a)

c)

b)
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Figure A.10: The horizontal wind at 1000hPa of the PalVeg Tortonian run [m/s] for a) the annual 
average, b) JJA and c) DJF. The reference arrow is 20m/s.

a)

c)

b)
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Figure A.11: The annual average wind speed of the PalVeg Tortonian run [m/s] at a) 500hPa and b) 
200hPa. The contour intervals are 2m/s in a) and 5m/s in b).

a)

b)
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Figure A.12: The annual average streamfunction of the PalVeg Tortonian run [106m2/s] at a) 500hPa 
and b) 200hPa. The contour intervals are 10×106m2/s in a) and 30×106m2/s in b).

a)

b)
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Figure A.13: a) The 500hPa-geopotential field of the PalVeg Tortonian run [gpm] (DJF) and b) the 
band-pass filtered standard deviation of the 500hPa-geopotential field of the PalVeg Tortonian run 
[gpm] (DJF). The contour intervals are 100gpm in a) and 5gpm in b).

a)

b)
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APPENDIX B - LIST OF SYMBOLS

av
[-] albedo of vegetation

amin [-] minimum moisture index
amax

[-] maximum moisture index
cveg [-] fractional vegetation cover
cfor [-] fractional forest cover
D denotes differences of any variables
D [-] dominance hierarchy
d denotes uncertainties of any variables
d18O [%] oxygen isotope ratio
DJF months December, January and February
E [mm/a],[mm/mon] evaporation rate
gdd0 [°C] temperature sum of days above 0°C
gdd5 [°C] temperature sum of days above 5°C
JJA months June, July and August
LAI [m2/m2] leaf area index
MAT [°C], [K] mean annual temperature
MAP [mm/a] mean annual precipitation rate
NAO North Atlantic Oscillation index
p [-] level of significance used for the Student t-test
ptot [mm/a], [mm/mon] total precipitation rate (= large-scale + convective precipitation rate)
PFT plant functional type
q climatological field variable 
qobs observed climatological field variable
SST [°C], [K] sea surface temperature
T [°C], [K] temperature
T2m [°C], [K] temperature at 2m height
Tc,min [°C], [K] minimum temperature of the coldest month
Tc,max [°C], [K] maximum temperature of the coldest month
Tglobal [°C], [K] global average temperature
TNH [°C], [K] average temperature of the Northern Hemisphere
TSH [°C], [K] average temperature of the Southern Hemisphere
Ts [°C], [K] surface temperature
Tw,min [°C], [K] minimum temperature of the warmest month
Ws,max [m] maximum available soil water capacity
z0 [m] surface roughness length
z0,oro [m] orography roughness length
z0,veg [m] vegetation roughness length
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