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The climate cooling and vegetation changes in the Miocene/Pliocene are generally well documented by various
proxy data. Some important ecosystem changes occurred at that time. Palaeobotanical evidence suggests that the
Sahara desert first appeared in the Pliocene, whereas in the Miocene North Africa was green. In the present study,
we investigate the Late Miocene climate response to the appearance of the Sahara desert from a climate modelling
sensitivity experiment. We compare a model experiment, which includes a full set of Late Miocene boundary
conditions, with another one using the same boundary conditions except that the North African vegetation refers
to the present-day situation. Our sensitivity study demonstrates that the introduction of the Sahara desert leads to
a cooling and an aridification in Africa. In addition, we observe teleconnection patterns related to the North
African desertification at around the Miocene/Pliocene boundary. From our sensitivity experiment, we observe
that the Sahara contributes to a cooling in Central Asia and in North America. As compared to hypsodonty data for
Central Asia, an increased aridity is underestimated in the Sahara experiment. Finally, we observe that the
introduction of the Sahara leads to a cooling in the northern high latitudes. Hence, our sensitivity experiment
indicates that the appearance of the Sahara desert is one piece to better understand Late Cenozoic climate cooling

being most pronounced in the high latitudes.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

During the Cenozoic, the climate successively changed from the
warm-humid greenhouse climate of the Paleogene into the Quaternary
icehouse phase characterised by its glacial-interglacial cycles (e.g.,
Retallack, 2001; Zachos et al,, 2001). The Miocene belongs to the late
phase of the Cenozoic cooling. The Miocene was still warmer and more
humid than today (e.g., Wolfe, 1994a,b; Bruch et al., 2004; Jimenez-
Moreno et al,, 2005; Mosbrugger et al., 2005), but towards the Pliocene it
changed into the modern situation (Fauquette et al., 2007). The late
Cenozoic climate cooling was most pronounced in higher latitudes.
Corresponding to the overall climate transition in the Cenozoic,
vegetation underwent relevant changes (e.g., Jacobs et al., 1999; Willis
and McElwain, 2002; Jacobs, 2004; Mosbrugger et al., 2005). First
grasslands appeared in the Eocene, but they were no major ecosystems
until the Oligocene or even later (e.g., Pott, 1995; Retallack, 2001; Jacobs,
2004). Palaeobotanical data indicate significant vegetation changes
from the Early to the Late Miocene (e.g., Wolfe, 1985; Strémberg, 2002;
Willis and McElwain, 2002; Stromberg, 2004; Mosbrugger et al., 2005).
In the Early Miocene, North Africa was dominated by tropical trees (e.g.,
Wolfe, 1985; Dutton and Barron, 1997; Jacobs, 2004) and vegetation
cover changed into a more open grassland vegetation towards the end of
the Miocene (e.g., Cerling et al., 1997a,b; Pickford, 2000; Jacobs, 2004).
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Africa became more arid during the latest Miocene and early Pliocene
(e.g., Cerling et al., 1997a; Jacobs et al.,, 1999; Jacobs, 2004; Behrens-
meyer, 2006). At around the Miocene/Pliocene boundary, the Sahara
desert appeared for the first time (e.g., Le Houerou, 1997; Pickford, 2000;
Vignaud et al., 2002; Willis and McElwain, 2002; Schuster et al., 2006).
Evidences from the Central Sahara suggest the presence of desert since
~7 Ma (e.g., Vignaud et al., 2002; Schuster et al., 2006).

Based on well-documented evidences from the fossil record,
several climate modelling studies analysed the processes behind the
Cenozoic cooling, but the role of vegetation has attracted relatively
little interest so far. Palaeoclimate model experiments primarily
focused on the role of mountain uplift or the effects of a different-
than-present palaeogeography in the Miocene (Ramstein et al., 1997;
Ruddiman et al., 1997; Fluteau et al., 1999; Liu and Yin, 2002; Kutzbach
and Behling, 2004; Sepulchre et al., 2006; Steppuhn et al., 2006). For
instance, the uplift of the Tibetan Plateau contributed to an
intensification of the Asian monsoon from the Oligocene to today
(Fluteau et al., 1999; Liu and Yin, 2002). In particular, Liu and Yin
(2002) demonstrated that Tibet uplift not only intensifies the
monsoon system, but also affects North Africa. The uplift of Tibet
leads to a decrease of soil moisture in North Africa (Liu and Yin, 2002).
If so, it is likely to assume that the aridification of North Africa in the
Miocene/Pliocene (cf. above) can have been related to Tibet uplift, but
this hypothesis has not yet been tested with climate model
experiments. Vegetation changes in Africa from the Miocene to the
Pliocene are also directly linked to the East African Rift system because
tectonic uplift in that region causes increased aridity in North Africa
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(Sepulchre et al., 2006). External factors such as mountain uplift,
atmospheric CO, and orbital forcing triggered the climate and, thus,
initiated the onset of the North African aridification. However, warm
polar regions in the Miocene and the high-latitude cooling during the
late Cenozoic are not sufficiently understood (e.g., Steppuhn et al.,
2006, 2007; Micheels et al., 2007).

The appearance of the Sahara desert at around the Miocene/Pliocene
boundary was not the cause for the overall late Cenozoic climate cooling.
However, no climate modelling experiment yet focused specifically on
the global climate response to the North African vegetation change in
the Miocene/Pliocene. On the global scale, Dutton and Barron (1997)
investigated the climatic effects of the Early Miocene vegetation, which
is primarily characterised by a larger-than-present forest cover. As
compared to an Early Miocene model experiment with modern
vegetation, the study pointed out that the palaeovegetation generally
contributed to warmer polar conditions in the Early Miocene than today.
For the Middle Pliocene, Haywood and Valdes (2006) analysed the
coupled climate-vegetation system showing a global trend towards a
larger forest cover in the Pliocene and a reduced Sahara desert as
compared to today. If, however, the Early Miocene and the Mid-Pliocene
vegetation are globally so much different from the modern one, it is not
possible to identify climate patterns (e.g., teleconnections), which can
be attributed to a specific region. Quaternary model experiments
focused on the climatic changes due to a different vegetation cover in
North Africa during the Last Glacial Maximum, in the mid-Holocene, and
today (e.g., Claussen and Gayler, 1997; Brovkin et al., 2002). On the one
hand, even a greener North Africa in the mid-Holocene still represents
some deserted areas (Brovkin et al.,, 2002), which is different to the
Miocene/Pliocene situation. On the other hand, it was emphasised that
the understanding of climate-vegetation processes from Quaternary
model simulations cannot easily be transferred to the future climate
change (Claussen et al., 2003). Therefore, the general Quaternary ice-
house is also not necessarily an analogue for pre-Quaternary greenhouse
phases such as the Miocene/Pliocene.

So far, the understanding of the global climate cooling from the
Miocene to present is not complete. In particular, the question about
what climate changes are related to regional vegetation changes such as
the North African desertification in the Neogene remains insufficiently
open. Aiming to better understand the Miocene-to-present cooling, we
perform a climate modelling sensitivity experiment with an Earth
system model of intermediate complexity (EMIC), where we test the
climate response to the introduction of the Sahara desert in the late
Neogene. As compared to highly complex models, EMICs are generally
simpler, but computationally much more efficient. In terms of model
experiments, relatively little work has been done for the Miocene. In fact,
there is a need for the use of highly complex even coupled atmosphere-
ocean models, but EMICs are efficient tools for some fundamental
sensitivity studies like our present study. We concentrate more on the
global-scale climate response to the appearance of the Sahara desert and
present a modelling study, which integrates the fossil record: We
validate the consistency of climate patterns of our model experiment
with climate proxy data obtained from mammalian fossils as well as we
consider climate information available from other studies. Therewith,
the sensitivity experiment can contribute to interpret climate changes/
variability documented in the fossil record as well as the model
validation helps to assess the reliability of the model results due to
several uncertainties in the model physics and its boundary conditions.
The combined climate modelling-proxy data study contributes to better
understand the general late Cenozoic cooling trend. The intention of the
present sensitivity experiment is to understand the direct effects (e.g.,
albedo effect) of a regional vegetation change in North Africa in the
Miocene and the related teleconnection patterns; i.e. we consider only
the effects of vegetation on climate and exclude climate-vegetation-
interaction processes. Based on our approach with a prescribed regional
vegetation change, further climate modelling experiments using
dynamic vegetation modules can focus on feedback mechanisms,

which amplify or dampen signals of direct effects. Our approach of not
using a dynamic vegetation module is also motivated by the fact that
feedback mechanisms can depend on (uncertainties of) boundary
conditions. Hence, our present study is a first step to understand climatic
effects of regional vegetation changes in the Late Miocene.

2. Model description and experimental design

Analysing the climate response to the introduction of the Sahara
desert in North Africa in the Late Neogene, we use the Earth system
model of intermediate complexity Planet Simulator (Fraedrich et al.,
2005a,b) developed at the Meteorological Institute of the University of
Hamburg (http://www.mi.uni-hamburg.de/downloads-and-related-
papers.245.0.html). The spectral atmospheric general circulation
model (AGCM) PUMA-2 is the core module of the Planet Simulator.
The resolution of the model is T21 (5.6°x5.6°) with 10 vertical layers
using terrain-following o-coordinates. The atmosphere model is an
advanced version (e.g., including moisture in the atmosphere) of the
simple AGCM PUMA (Fraedrich et al, 1998; Frisius et al., 1998). As
compared to the first ‘dry-dynamics version’, the atmosphere module
was upgraded with schemes for various physical processes such as
radiation transfer, large-scale and convective precipitation, and cloud
formation. In the Planet Simulator, the atmosphere is coupled to a slab
ocean and a thermodynamic sea ice model. Both modules can either use
a flux correction to realistically represent the heat exchange with the
atmosphere or prescribed sea surface temperatures (SSTs) and sea ice.
The Planet Simulator also includes a land surface module. Amongst
others, simple bucket models parameterise soil hydrology and vegeta-
tion. As compared to highly complex general circulation models, the
EMIC conception of the Planet Simulator is relatively simple, but the
model proved its reliability. The Planet Simulator was repeatedly used
for present-day climate modelling experiments (e.g., Fraedrich et al.,
2005b; Junge et al., 2005; Grosfeld et al., 2007; Kleidon et al., 2007) and
for past climates (Micheels et al., 2006; Romanova et al., 2006; Micheels
and Montenari, 2008). For the Late Miocene, Micheels et al. (2006,
submitted for publication) presented that the Planet Simulator is
consistent to previous Late Miocene model experiments (Micheels et al.,
2007) with a complex AGCM. For a more complete model description,
we refer the reader to the documentation of the Planet Simulator
(Fraedrich et al., 2005a,b).

As a reference base of our sensitivity experiment, we use a Late
Miocene (Tortonian, 11 to 7 Ma) model experiment. In the following, this
experiment is referred to as TORT. In principle, boundary conditions of
TORT are based on Late Miocene simulations with the highly complex
AGCM ECHAM4 coupled to a mixed-layer ocean model (Steppuhn et al.,
2006; Micheels et al., 2007). Due to the coarse model resolution, the Late
Miocene land-sea-distribution in TORT (included in Fig. 2) is equal to
the modern one, but we include the Paratethys (after Popov et al., 2004).
The palaeorography is generally lower than present in TORT (Steppuhn
et al., 2006; Micheels et al., 2007). For instance, the Tibetan Plateau
reaches half of its present elevation. In fact, the southern part, the
Himalayas, could have been as high as today since the Middle Miocene
(Spicer et al., 2003), but the overall elevation of the Tibetan Plateau in
the Miocene was lower than present (e.g., Molnar, 2005). The
palaeovegetation also refers to the Tortonian (Micheels et al., 2007)
and represents a generally larger forest cover than today. In particular,
boreal forests extend far towards northern high latitudes. Deserts/semi-
deserts and grasslands are reduced as compared to nowadays. Atmo-
spheric CO, is set to 280 ppm in the Tortonian reference simulation. This
value does not only correspond to the pre-industrial level, but it is also
reasonable for the Late Miocene (Pearson and Palmer, 2000; Pagani
et al., 2005), although it could have been at present-day level or even
higher (e.g., Kiirschner et al., 1996; MacFadden, 2005). The ocean is
initialised using ‘palaeo-SSTs’ from a previous Tortonian run (Micheels
et al,, 2007). Northern Hemisphere's sea ice is initially removed. After
the initialisation with palaeo-SSTs, we continue the model integration
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using the slab ocean with a present-day flux correction. It is commonly
known that the northward ocean heat transport in the Miocene was
relatively weak as compared to today (e.g., Bice et al., 2000; Steppuhn
et al.,, 2006), whereas it was stronger-than-present in the Pliocene (e.g.,
Haywood et al,, 2000a,b). Hence, the choice of the present-day flux
correction for our experiments best represents the situation in between.

Based on TORT, we define our vegetation sensitivity scenario,
which is referred to as SAHARA in the following. For SAHARA, we
introduce the modern Sahara desert in North Africa, i.e. we replace the
Tortonian grassland to savannah vegetation with the modern Sahara

a) Late Tortonian - Late Bahean, 9.0 -7.1 Ma

desert (e.g., Fig. 2 illustrates the modified area). This may not be fully
realistic for the Miocene/Pliocene situation (e.g., Schuster et al.,
2006), but the extent of the Sahara was possibly large. Even if we
overestimate the size of the Sahara desert, this setting allows us to
estimate a maximum atmospheric response to the North African
desertification. All other boundary conditions in SAHARA remain the
same as in TORT. For both experiments, we perform integrations over
200 years and we consider the last 10 simulation years for our data
analysis. The difference between both runs, SAHARA minus TORT,
represents the climate response to the introduction of the Sahara
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Fig. 1. The large mammal hypsodonty anomalies for Asia in a) the late Tortonian, b) the Messinian, and c) the Early Pliocene. Positive/negative anomalies indicate more arid/humid
conditions with respect to the average. For mapping, values were interpolated with a cell size of 50 km, a search radius of 1000 km and a grid border of 1000 km.
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Fig. 3. The horizontal wind field (m/s) at 850 hPa for Asia of a) TORT and b) SAHARA in June-July-August, and c) and d) in December-January-February. The reference arrow

represents 10 m/s.

desert in the Late Miocene. It should be noted that in the real world
vegetation changes themselves are a response to climatic changes,
which then feedback to climate again. Only in our model domain, the
Sahara desert is the cause of climate changes (and not necessarily the
resulting climate situation is able to maintain the introduced
vegetation change).

3. Large mammal hypsodonty

In order to appropriately validate our model results, we use large
mammal hypsodonty (tooth crown height) from the NOW-database
(http://www.helsinki.fi/science/now) as proxy data. The stratigra-
phy of the NOW database is based on Steininger et al. (1996) and
Steininger (1999). In addition, we use the biochronology established
by Zhang and Liu (2005) for Chinese mammal localities. Following
these authors, the Chinese faunal unit Bahean correlates with the
Tortonian in Europe and the Baeodean is the pendant of the Messinian.
We consider only herbivorous large mammals, while small mammals
(orders Insectivora, Chiroptera, Rodentia, Lagomorpha) and carni-
vores (orders Carnivora and Creodonta) are not taken into account. In
addition, we just use localities with at least two ordained hypsodonty
scores. Showing the environmental development according to large
mammal record, we use their tooth crown height to estimate annual
rainfall (Fortelius et al., 2002). Generally, hypsodonty is regarded as an
adaptation to increased water stress (i.e., aridity). There is a fuzzy, but
statistically highly significant relationship between mean annual
precipitation and the mean hypsodonty of modern large mammal
communities (Damuth and Fortelius, 2001). Even though the method

has some limitations, it already proved its reliability to estimate
annual precipitation in Eurasia for several Neogene time intervals
(Fortelius et al., 2002, 2003; Eronen and Rook, 2004; Fortelius et al.,
2006). Hypsodonty raw data were generally processed as described in
detail in Fortelius et al. (2002). For the maps shown in the following
(Fig.1), we calculated the mean hypsodonty from all data of the three
time intervals (HYP = 1.7) and define hypsodonty anomalies as
deviations from the average (HYPa,, = HYP — HYP).

4. Results

On the global scale, the Tortonian reference run has an average
temperature of 16.0 °C. This is +2.6 °C warmer than a present-day
control experiment (13.4 °C) with the Planet Simulator using the same
set of boundary conditions as the complex AGCM ECHAM5 (e.g.,
Roeckner et al., 2006) and a pCO-, of 360 ppm. In our Sahara simulation,
the global temperature (15.3 °C) is slightly lower than in TORT
(—0.7 °C). The global precipitation in SAHARA (1067 mm/a) tends to
represent drier (—19 mmy/a) conditions than the Tortonian reference
run (1086 mmy/a). Consistent to the cooling trend in SAHARA, the global
sea ice cover increases (+ 12%) as compared to TORT.

Fig. 2 illustrates mean annual temperature and precipitation
differences between SAHARA and TORT. The introduction of the Sahara
desert leads to a significant cooling of partly more than —8 °C in North
Africa (Fig. 2a), which is due to the higher albedo of desert as compared
to the grassland vegetation in TORT. Annual rainfall decreases by more
than —1000 mmy/a in Central Africa as compared to TORT (Fig. 2b),
whereas the most northern part of Africa is not noticeably drier in the

Fig. 2. a) The annual average temperature differences (°C), b) the annual average precipitation rate differences (mm/a), and c) the annual average evaporation rate differences (mm/a)
between SAHARA and TORT. Non-coloured white areas represent non-significant differences with a Student's t-test (p = 0.05). The grey line illustrates the area of the modern Sahara
desert. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Sahara run. In contrast to the north, the part south of the modified area in
North Africa gets warmer (+ 2 °C) in SAHARA (Fig. 2a), which s linked to
strongly decreased rainfall (Fig. 2b) as compared to TORT. Precipitation
in this area is reduced because of a lower evaporation (Fig. 2¢) in the
Sahara experiment. Correspondingly, evaporative cooling is reduced as
compared to TORT. This leads to a warming, which dominates over the
cooling due to the albedo effect. Hence, the more northern part of the
Sahara responds more to the increased albedo in SAHARA as it is already
an arid region in TORT. Contrarily, the more humid southern area reacts
more sensitive on evaporative cooling in our experiments.

In the Sahara simulation, Asia is significantly cooler than in TORT
(Fig. 2a). The cooling in SAHARA is most pronounced (— 2 °C) from Iran
to the Tibetan Plateau and in northern China. This indicates that the
appearance of the Sahara desert contributes to a cooling trend in Asia.
From Turkey to India, the precipitation (Fig. 2b) is significantly lower
than in TORT, indicating that the Indian summer monsoon is weaker in
SAHARA (Fig. 3). Precipitation in N- and NE-Asia does not change much
in SAHARA (Fig. 2b), but it represents a trend towards drier conditions
than in TORT. E-/SE-Asia tends to be more humid (+ 200 mm/a) than
TORT. This describes a weak intensification of the SE-Asian monsoon in
SAHARA, which is pronounced during the winter season (Fig. 3).

Focusing on the mid- and high latitudes, the Sahara experiment is
generally cooler than TORT (Fig. 2a). In North America, the North African
desertification causes a cooling of —2 °C to —4 °C. Along the eastern
coast of N-America, precipitation increases by up to +200 mm/a
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(Fig. 2b). In the circum-Mediterranean, Scandinavia and E-Europe get
cooler in SAHARA. Temperature changes in Europe are less pronounced
(less than —2 °C) than in North America. In some parts of Central
Europe, temperature differences of less than —0.5 °C are even non-
significant. SW-Europe and the Balkan region/Greece are more humid in
the Sahara simulation (Fig. 2b). This is in contrast to drying in Central
Europe in SAHARA as compared to TORT. Fig. 2a illustrates that polar
regions are also cooler (up to —2 °C) and tend to be drier in the Sahara
experiment (Fig. 2). It is partly possible to understand the cooling and
increased sea ice cover (cf. above) in the high latitudes via the ice-albedo
feedback, but this explanation is not sufficient and complete.

Fig. 4 shows the zonal average of the mean annual vertical wind of
our experiments. It should be noted that the zonal averaging is
performed for North Africa (from 25 "W to 60 °E) and that the vertical
scale is in pressure coordinates. Negative values for the vertical wind
describe rising air masses and positive values are equivalent to a
downward movement. Fig. 4 illustrates that the Sahara desert noticeably
affects the meridional circulation. The Sahara desert leads to a cooling in
North Africa (Fig. 2a), which strengthens the descending part of the
northern Hadley cell (Fig. 4) in SAHARA. The equatorial ascending
branch of the Hadley cell is also stronger in SAHARA but less than the
downward part. Hence, the Sahara desert intensifies the mean
meridional circulation as compared to TORT because atmospheric
circulation has to compensate for the reduced release of sensible and
latent heat in North Africa. The cooling in North Africa (cf. Fig. 2a) is
equivalent to a reduced release of sensible heat to the atmosphere in
SAHARA, and more arid conditions (cf. Fig. 2c) describe a reduced source
of latent heat as compared to TORT. Moreover, the intertropical con-
vergence zone (ITCZ) is slightly farther south in SAHARA as compared to
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TORT. This small shift of the ITCZ is also represented in the precipitation
anomalies (Fig. 2b) in equatorial regions. Fig. 5 illustrates that the
tropical easterly jet over North Africa is weaker in SAHARA. For Asia, the
eastward flow intensifies in SAHARA, while contrarily westerlies are
weaker into middle to higher latitudes as compared to TORT.

The Sahara desert modifies the atmospheric circulation patterns (cf.
Figs. 4 and 5) in our experiment and it causes a cooling and drying in
North Africa (cf. Fig. 2), which is equivalent to a reduced release of
sensible and latent heat into the atmosphere in SAHARA. As a result of
these modifications, the appearance of the Sahara leads to a generally
weaker poleward heat transport (Fig. 6) as compared to TORT. Fig. 6
shows pronounced peaks in the differences between SAHARA and TORT,
which represent the slight southward shift of the ITCZ (cf. above).

5. Discussion

In the Neogene, the North African vegetation underwent significant
changes from tropical forests in the Early Miocene (Wolfe, 1985)
towards the evolution of the Sahara desert in the Miocene/Pliocene
(e.g., Le Houerou, 1997; Willis and McElwain, 2002). From a Late
Miocene sensitivity experiment with the Earth system model of
intermediate complexity Planet Simulator, we analyse the climate
response to a North African desertification. By the definition of our
sensitivity experiment, we do not include climate-vegetation-interac-
tion processes. We consider only the effects of vegetation on climate.

Our Tortonian reference run is globally +2.6 °C warmer than a
present-day control experiment. An Early Miocene model experiment
demonstrates a warming of +4 °C as compared to a present-day control
experiment (Dutton and Barron, 1997). This result agrees fairly well with
our present study, considering the Early to Late Miocene general cooling
trend and the usage of different climate models and model configurations.

5.1. North Africa

The Sahara experiment represents generally cooler and drier
conditions as compared to the Tortonian reference experiment. A
cooling and increased aridity in North Africa are consistent with the
proposed self-inducing mechanisms of the Sahara (Charney, 1975;
Claussen et al., 1998). For the Eemian and the mid-Holocene, model
experiments also represented generally warmer and more humid
conditions in a greener North Africa (Kubatzki et al., 2000; Brovkin
etal., 2002). These simulations are in general agreement to our results
for northern North Africa, even though climatic changes in the
Quaternary modelling studies are less pronounced than in SAHARA
minus TORT. Based on climate simulations for Quaternary times, it was
proposed that the vegetation-albedo feedback mechanism was a
major factor for triggering the African monsoon (e.g., Claussen and
Gayler, 1997; de Noblet-Ducoudre et al., 2000). However, a slightly
different picture was shown from Early Miocene and Pliocene model
experiments. An Early Miocene model experiment focusing on the
climatic effects of global vegetation changes (Early Miocene vs. present-
day) demonstrated a significant cooling in Africa except that the most
northern part tends to be unchanged or slightly warmer (Dutton and
Barron, 1997). Similarly for the Pliocene, an AGCM study indicated cooler
conditions and higher rainfall rates, if vegetation in North Africa is
greener (Haywood and Valdes, 2006). These Miocene and Pliocene
simulations demonstrated that evaporative cooling in North Africa is the
stronger mechanism as compared to the albedo effect. With a regional
climate model, Patricola and Cook (2007) emphasised that a greening of
the Sahel zone led to cooling at around 6 ka BP because of a reduced cloud
cover and, therefore, a lowered radiation flux. This is consistently found
for the southern part of the modified area in SAHARA (cf. Figs. 2c and 7).
However, the Pliocene study illustrated temperature increases and
increased aridity also in the more northern part of North Africa (Haywood
and Valdes, 2006), which is in contrast to our data. Temperature changes
of the Early Miocene vegetation sensitivity experiment (Dutton and

Barron, 1997) support our results. In present-day simulations and in
future climate change projections, temperature increases in North Africa
are usually related with increased aridity (Christensen et al., 2007; Meehl
et al.,, 2007), but the different model predictions do not show a fully
coherent pattern for North Africa (Meehl et al., 2007).

Discrepancies in our study as compared to other modelling studies
can be explained by the EMIC concept with its simpler parameterisation
schemes (e.g., convection) as compared to complex models. Model
results also depend on the boundary conditions. For instance, Claussen
et al. (1998) obtained two solutions for the North African vegetation
(green and desert) from an AGCM experiment forced with climatolo-
gical sea surface temperatures. However, sea surface temperature
variability has a significant effect on the variation of rainfall in the
Sahel zone (Zeng et al., 1999). Taking this into account, there is only an
intermediate equilibrium (Zeng and Neelin, 2000). Concerning the
Miocene/Pliocene, other processes such as mountain uplift, the retreat
of the Paratethys or the decrease of CO, can correspondingly lead to
some differences between our study and others. This makes it even more
important to consider available proxy data for the model validation.

From the latest Miocene and early Pliocene, the fossil record
suggests that North Africa got more arid (Cerling et al., 1997a; Jacobs
et al., 1999; Jacobs, 2004; Behrensmeyer, 2006). Hence, proxy data
support the trend of decreases in annual rainfall in our Sahara
experiment, even though the local response in the most northern part
of Africa is weak. Rainfall strongly decreases from Turkey to India
(Fig. 2b) as compared to TORT. More arid conditions in the Middle East
are in agreement with the expansion of C4-grasses and the retreat of
Cs-vegetation from 8 to 6 Ma in Pakistan (Cerling et al., 1997a, 1999).

5.2. Asia

Asia tends to be generally drier in the Sahara experiment. Including a
greener-than-present Sahara, sensitivity simulations for the Eemian and
the mid-Holocene situation consistently represented increased aridity in
Asia (Kubatzki et al., 2000; Brovkin et al., 2002). However, changes in
precipitation in Central Asia are more pronounced in the Quaternary
experiments than in our study. The weak response in SAHARA can be
explained by amplifications due to climate-vegetation interactions in Asia,
which were explicitly not included by the definition of our sensitivity
scenario.

When considering Miocene/Pliocene hypsodonty data (Fig. 1), we
refer to three intervals, which are the Late Tortonian (Late Bahean, 9.1 to
7.1 Ma), the Messinian (Baodean, 7.1 to 5.3 Ma) and the Early Pliocene
(5.3 to 3.4 Ma). From the Late Miocene to the Early Pliocene in Central
Asia, fossil mammal faunas indicate that the climate changed into drier
conditions, which are also represented in the model and by other studies
(e.g., Fortelius et al., 2002). In contrast, hypsodonty data suggest humid
conditions in Late Bahean in south-eastern Asia, and these conditions
spread to north-eastern China during the Baodean (Fig. 1a,b). Compar-
ing the hypsodonty data (Fig. 1a,b) with the Sahara experiment (Fig. 2b),
we observe large consistency between both. Hence, the stepwise pattern
of spreading humid conditions in East Asia during the Late Bahean —
Baodean (Fig. 1a,b) can have been linked to the successive spreading of
aridity in North Africa. Of course, the uplift of the Tibetan Plateau was the
dominating factor for the evolution of the Asian monsoon (e.g., Kutzbach
et al,, 1993; Ramstein et al., 1997; Liu and Yin, 2002; Sun and Wang,
2006). Since the Oligocene, Tibet Uplift caused increased aridity in
Central Asia, while conditions in East Asia got continuously more humid.
Our hypsodonty data suggest that at least during the late Miocene Tibet
Uplift and the appearance of the Sahara influenced Asia in similar ways:
precipitation increases in East Asia and it decreases in Central Asia. Later
on in the Early Pliocene (Fig. 1c), the Central Asian aridity pattern seems
well established, but only few data for East Asia were included and are
hard to interpret. Before the Pliocene, the large mammal hypsodonty
data seem to indicate a trend towards more humid conditions in E-/SE-
Asia during 8 to 5 Ma ago (Fig. 1a,b) such as represented in SAHARA.
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illustrates the position of the modern Sahara desert. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Then, climate went over into some more arid conditions in East Asia in
the Early Pliocene (Fig. 1b,c). This disagrees with the model and suggests
that Tibet Uplift and the spreading of grasslands in Central Asia might
have had a more relevant influence on climate than the appearance of
the Sahara desert.

In SAHARA, the SE-Asian monsoon slightly intensifies as compared to
TORT. The onset of the Asian monsoon was at around 20 Ma (Sun and
Wang, 2006), but due to the low elevation of the Tibet Plateau it was
generally weak as compared to today (Ding et al., 1999; Sun and Wang,
2006). In the latest Miocene to early Pliocene, the Asian monsoon
intensified (Sun and Wang, 2006) and got even stronger than in the
Holocene (Ding et al., 1999, 2001). The explanation of a strong monsoon
at that time is not fully clear as Tibet uplift still continued (Ding et al.,
1999). Our results suggest that the evolution of the Sahara contributed
to a strengthened SE-Asian monsoon, even though Tibet was still low. In
Asia, the response to the appearance of the Sahara is weak in our study.
Therefore, the results should not be over-estimated and regarding the
evolution of the Asian monsoon due to Tibet uplift in the Cenozoic we
refer the reader to other studies (e.g. Ramstein et al., 1997; Fluteau et al.,
1999; Kutzbach and Behling, 2004).

5.3. Europe

SW-Europe is cooler and tends to be slightly more humid in the
Sahara simulation. For the W-Mediterranean region (Spain/North
Africa), however, palaeobotanical data indicate some warmer and
drier conditions in the Early Pliocene than in the Tortonian (Fauquette
et al, 2007). Moreover, there occurred a transition from temperate-
humid into subtropical-dry conditions in NE-Spain in the Late Miocene
(Alonzo-Zarza and Calvo, 2000). The small and large mammal record of
central-eastern Spain also indicate increasingly dry conditions from the
late Miocene into the Pliocene (Fortelius et al., 2002; Eronen and Rook,
2004; Fortelius et al., 2006; van Dam, 2006). These findings disagree
with our model results, but can be explained by other processes such as
the intensification of the thermohaline circulation in the North Atlantic

(e.g., Mikolajewicz and Crowley, 1997), which were probably more
important for the SW-European climate evolution.

For France, SAHARA demonstrates no significant cooling as
compared to TORT. This is consistent to Montuire et al. (2006)
proposing that there were no major environmental changes between
the Late Miocene and the Pliocene in E-Spain and S-France.
Palaeobotanical evidences from SW-France also support these find-
ings (Fauquette et al., 2007). However, a flora from the Massif Central
indicated a cooling trend between 7 and 5.5 Ma (Roiron., 1991). This
agrees with the trend of our sensitivity study, even though tectonic
uplift played an important role for climate evolution in Europe (e.g.,
Spiegel et al., 2001; Bruch et al., 2006).

E-/SE-Europe is cooler in SAHARA than in TORT. Palaeobotanical
evidences consistently show that Hungary became slightly cooler in
the Late Miocene and only minor environmental changes occurred
from the Sarmatian to the Pliocene (Hably, 2003). In the Balkan
region/Greece, precipitation increases in the Sahara experiment. This
is in contrast to the overall European drying trend as compared to
TORT, but plant megafossils for this region support a cooling trend and
slightly more humid conditions from the Late Miocene to the Pliocene
(Kovar-Eder et al.,, 2006). According to fossil mammals evidence,
humid conditions at that time were prevalent just north of the Alps
and in the Pannonian Basin (Fortelius et al., 2002; Eronen and Rook,
2004; Fortelius et al., 2006). For the Pannonian Basin, the sensitivity
experiment is consistent to proxy data. More humid conditions north
of the Alps cannot be seen in SAHARA, but can be explained by e.g.
tectonic changes and their impact on climate not represented in
SAHARA. Also, the evolution of the North Atlantic thermohaline
circulation at that time had a relevant influence on the European
climate (e.g., Mikolajewicz and Crowley, 1997; Haywood et al., 2000b).

5.4. North America

In North America, the desertification of North Africa leads to a
cooling. The fossil record consistently indicates that the Great Plains

Fig. 6. The vertically and zonally integrated time averages of a) the dry static, b) the latent, and c) the total heat transport of TORT (red), SAHARA (blue), and the differences between
SAHARA and TORT (green). Units are PW (10'® W). Absolute values are shown against the left axis; differences refer to the right axis. In a) differences between SAHARA and TORT are
split up into the sensible (dotted) and potential (dashed) heat transport. The grey-shading in a) to c) illustrates the position of the modern Sahara desert. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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experienced a cooling from 6.4 Ma to 2.5 Ma (Fox and Koch, 2004).
Fossil crocodilians became more restricted to southern parts of North
America from the Miocene to the Pliocene (Markwick, 1998), where
the cooling in SAHARA minus TORT is less pronounced. This supports
our results. Based on SAHARA, the long-term cooling trend in North
America is partly related to the introduction of the Sahara.

5.5. Atmospheric circulation

From our sensitivity experiment, we observe that the appearance
of the Sahara leads to a weakening of the tropical easterly jet and the
westerlies. Similarly, Quaternary sensitivity studies with global
atmospheric general circulation models demonstrated that the
tropical easterly jet and westerlies are weaker in the case of a
deserted North Africa as compared to a greener-than-present Sahara
(Kubatzki and Claussen, 1998; Kubatzki et al., 2000). In contrast, Cook
(1999) emphasised that the formation of the tropical easterly jet is
linked to solar forcing and aridity in North Africa during the summer
season. Using a regional climate model, Patricola and Cook (2007)
accordingly demonstrated that an increase in precipitation due to a
greener-than-present North Africa at around 6 ka does not allow for
the formation of the easterly jet. This contradicts our results as well as
others (e.g., Kubatzki and Claussen, 1998), but can be explained by the
coarse spatial resolution of global models as compared to regional
models and by simplified representations of physical processes in our
EMIC as compared to complex models.

The intensification of the meridional circulation in the lower lat-
itudes (cf. above) increases the southward transport of sensible heat
towards equatorial regions as compared to TORT (Fig. 6a). This ex-
plains the warming south of the Sahara (cf. Fig. 2a). For the Southern
Hemisphere, the sensible heat flux in SAHARA indicates a reduced
transport towards the equatorial zone. The decrease of the latent heat
transport (Fig. 6b) in SAHARA indicates an increased transport of
moisture towards the equator. This leads to enhanced rainfall as
compared to the Tortonian reference experiment (cf. Fig. 2b). Both the
sensible and latent heat fluxes decrease in the Sahara experiment. For
the part north of the zero-crossing of the graphs, this would mean a
less efficient poleward (i.e., northward) heat transport in SAHARA.
Contrarily for the southern part, it would describe a more efficient
poleward (i.e., southward) heat transport than in TORT. This is, how-
ever, not shown from the total atmospheric heat transport (Fig. 6¢)
because the potential energy transport is largely modified (Fig. 6a) in
SAHARA as compared to TORT. On the one hand, the increased
potential energy flux is equivalent to a slightly more efficient north-
ward transport in the Northern Hemisphere in SAHARA. On the other
hand, the increased potential heat flux in the Southern Hemisphere
describes a less efficient southward transport than in the Tortonian
reference run. Hence, the atmospheric poleward heat transport in the
low latitudes is generally less efficient in SAHARA (Fig. 6¢).

The atmospheric heat flux in the northern mid- to high latitudes is
not much affected by the introduction of the Sahara. This seems to be
enigmatic because obviously the Sahara contributes to a cooling of
higher latitudes (Fig. 2a). Fig. 7 illustrates the radiation budget at the
Earth's surface and the total cloud cover between SAHARA and TORT.
Focusing on the high northern latitudes, the surface radiation energy
budget in SAHARA is reduced. This correlates with a lower cloud cover
than in TORT. From the mid- to high latitudes of the Northern
Hemisphere, the northward latent heat flux (Fig. 6b) in SAHARA is
only slightly less efficient than in TORT. However, this small reduction
is enough so that some little more moisture remains in the mid-
latitudes (slightly increasing cloud cover and precipitation, cf. Fig. 2b)
and a little less moisture reaches polar regions. Correspondingly, the
cloud cover in high latitudes is reduced as compared to TORT and less
radiation energy can be trapped in the Earth system (Fig. 7). As a result
of the slightly reduced northward latent heat transport, the cloud-
radiation feedback process leads to the cooling of the high latitudes in

the Sahara experiment. This cooling in SAHARA is slightly amplified by
the sea ice-albedo feedback mechanism (cf. above).

The Sahara experiment represents cooler conditions in the higher
latitudes as compared to the Tortonian reference experiment. In the
late Cenozoic, global cooling was most pronounced in middle to high
latitudes, which increased the meridional temperature gradient (e.g.,
Wolfe, 1994a,b; Bruch et al., 2004; Mosbrugger et al., 2005; Fauquette
et al., 2007). The appearance of the Sahara desert in the Miocene/
Pliocene can contribute to a less efficient northward heat transport in
the atmosphere. In particular, a small reduction of the northward
latent heat flux in the Sahara experiment is important to induce a
cloud-radiation feedback process in higher latitudes, which leads to a
cooling of polar regions. For this reason, the introduction of the Sahara
desert provides a mechanism to partly explain the cooling and drying
of higher latitudes in the late Cenozoic.

6. Conclusions

Our sensitivity experiment demonstrates that the North African
vegetation change from grassland to desert significantly changes the
Miocene climate on the Northern Hemisphere. The introduction of the
modern Sahara desert leads to a general cooling (albedo effect) and to
increased aridity (reduced evapotranspiration) in the most arid part of
Africa. In contrast to the cooler north, the more humid southern part
of the Sahara and Central Africa get warmer because the reduced
evaporative cooling dominates over the albedo effect. Thus, the
climate response to the appearance of the Sahara desert strongly
depends on the hydrological regime. In our Sahara simulation, the
meridional circulation intensifies and the tropical easterly jet is
slightly displaced towards the south over North Africa. Furthermore,
we observe teleconnection patterns related to the North African
desertification in our Late Miocene sensitivity experiment: Central
Asia is cooler and more arid, and North America gets cooler. As
compared to hypsodonty data for Central Asia, the model represents a
too weakly increased aridity due to the Sahara desert. This might be
due to the excluded vegetation changes in Central Asia as well as the
further uplift of the Tibetan Plateau.

Overall, the North African aridification in the low latitudes during
the Miocene contributes to a cooling of the middle and high latitudes
in the Miocene/Pliocene. Thus, vegetation changes (which are
themselves caused by other factors such as mountain uplift) towards
more open landscapes in subtropical latitudes provide a mechanism to
partly explain the Late Cenozoic climate cooling. Finally, we observe
that the North African aridification is related with higher rainfalls in
E-/SE-Asia. Hence, the appearance of the Sahara can partly explain
why the Asian monsoon in the Pliocene can have been stronger than in
the Holocene even though the Tibet Plateau was still low.

Vegetation changes in the Miocene were not necessarily the
original causes of climatic changes, but they contributed or even
amplified them. Such as represented in our Late Miocene sensitivity
experiment, the opening of the landscapes and the desertification in
tropical/subtropical latitudes can have altered climatic conditions in
other regions (teleconnections). When exceeding critical thresholds
e.g. in mid-latitudes, further feedbacks such as the expansion of
grasslands in Central Asia can be induced or amplified. Then, this again
can have led or contributed to a cooling in higher latitudes. The
appearance of the Sahara desert is not the very beginning in
explaining the Cenozoic cooling, but it is one piece in the puzzle.
The climate response represented in the model should not be over-
interpreted. It is, however, encouraging that the simulation demon-
strates largely consistent patterns as compared to the fossil record.

From our sensitivity experiment, we observe that in North Africa
the climate response to the introduction of the Sahara desert is more
pronounced than in Quaternary climate modelling studies (e.g.,
Kubatzki et al., 2000; Brovkin et al., 2002). On the one hand, this
indicates that climate sensitivity can be different in a hothouse
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(Miocene) as compared to an icehouse (Quaternary) situation. On the
other hand, the different models can cause slightly different results
such as reported for future climate change scenarios (e.g., Meehl et al.,
2007). There are also some uncertainties in our set of Late Miocene
boundary conditions (e.g., ocean heat transport). Further experiments
should test how robust our results are with respect to modified
boundary conditions. Last but not least, vegetation is a prescribed
parameter in our study and further experiments could use dynamic
vegetation modules to get deeper knowledge about climate-vegeta-
tion feedback mechanisms.
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