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Abstract. Climate variability during the present inter- 
glacial, the Holocene, has been rather smooth in compar- 
ison with the last glacial. Nevertheless, there were some 
rather abrupt climate changes. One of these changes, the 
desertification of the Saharan and Arabian region some 4 - 
6 thousand years ago, was presumably quite important for 
human society. It could have been the stimulus leading to 
the foundation of civilizations along the Nile, Euphrat and 
Tigris rivers. Here we argue that Saharan and Arabian de- 
sertification was triggered by subtle variations in the Earth's 
orbit which were strongly amplified by atmosphere- vegeta- 
tion feedbacks in the subtropics. The timing of this tran- 
sition, however, was mainly governed by a global interplay 
between atmosphere, ocean, sea ice, and vegetation. 

1. Introduction 

During the mid-Holocene some 9- 6 thousand years ago 
(ka), the sununer in many regions of the Northern Hemi- 
sphere was warmer than today. Palaeobotanic data indi- 
cate an expansion of boreal forests north of the modern 
treeline [Tarasoy et al., 1998; Texier et al., 1997; Yu and 
Harrison, 1996]. In North Africa, data reveal a wetter cli- 
mate [Hoelzmann et al., 1998]. Moreover, it has been found 
from fossil pollen [Jolly et al., 1998] that the Saharan desert 
was almost completely covered by annual grasses and low 
shrubs. The Sahel reached at least as far north as 23øN. 

The wet phase ended around 4.5 - 4 ka (uncalibrated •4C 
data; approximately 5.0 - 4.5 ka calibrated) in the high con- 
tinental position of the East Sahara [Pachur and Altmann, 
1997]. Estimates on the timing of the transition phase at 
the end of the mid-Holocene as well as its impacts on soci- 
ety vary. There are data which suggest that the transition 
to present-day's arid climate did not occur gradually, but 
in two steps with two arid episodes, at 6.7 to 5.5 ka and 
at 4 to 3.6 ka [Petit-Maire and Guo, 1996]. The latter was 
very severe, ruining ancient civilizations and socio-economic 
systems [Petit-Maire and Guo, 1996]. Other reconstructions 
[Malville et al., 1998] indicate an earlier exodus from the Nu- 
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bian Desert around 4.8 ka but adaptation strategies of the 
Neolithic population by exploiting non-renewable groundwa- 
ter resources seem to have extended settlement until 3850 

years ago. Freshwater lakes in the Eastern Sahara began 
to disappear from 5.7 until 4 ka, when recharge of aquifers 
ceased at the end of the wet phase. Reconstructions from 
continuous pollen sequences from Morocco [Cheddadi, 1998] 
indicate a strong increase in summer temperature and a 
strong decrease in precipitation around 6 ka (•4C datum). 

The transition from mid-Holocene to modern climate was 

triggered by changes in the Earth's orbit and the tilt of the 
Earth's axis [$treet-Perrott et al., 1990; Kutzbach and Guet- 
ter, 1986]. Around 9 ka, the tilt of the Earth's axis was 
stronger than today and the time of perihelion was at the 
end of July [Berger, 1978]. This led to a stronger insolation 
of the Northern Hemisphere during sununer which amplified 
the African and Indian sununer monsoon. However, varia- 
tions in orbital parameters through the Holocene are rather 
smooth, whereas changes in North African climate and vege- 
tation were comparatively abrupt [see, e.g., Petit-Maire and 
Guo, 1996]. This suggests that there are feedbacks within 
the climate system which amplify and modify external forc- 
ing leading to marked climate variations. This hypothe- 
sis is based on earlier experiments using climate models 
which clearly reveal that positive feedbacks between climate 
and vegetation tend to amplify orbital forcing such that 
boreal climate becomes warmer (than without vegetation- 
atmosphere feedback) [Foley et al., 1994; TEMPO Members, 
1996; Texier et al., 1997] and North African climate becomes 
more humid during the mid-Holocene [Claussen and Gaylet, 
1997; Ganopolski et al., 1998a]. 

2. Climate Simulations 

To analyze the feedbacks in the climate system operat- 
ing during the last several thousand years we used a cli- 
mate system model of intermediate complexity, CLIMBER- 
2 (for CLIMate and BiosphERe, version 2) [Ganopolski et 
al., 1998a, b; Petoukhov et al., 1999]. We performed a set of 
consistent transient experiments with different model con- 
figurations, from an atmosphere-only version of the model 
to the fully coupled atmosphere-ocean-terrestrial vegetation 
model. CLIMBER-2 has a coarse resolution of 10 degrees 
in latitude and 51 degrees in longitude. The model encom- 
passes a 2.5-dimensional dynamical-statistical atmosphere 
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Figure 1. Summer (June, July, August) insolation (in 
W/m 2) on average over the Northern Hemisphere (A) and 
global near surface temperatures (in øC) (B) simulated for 
the last 9000 years. For all simulations, areas of inland 
ice, aerosol concentration, and atmospheric CO2 are kept 
constant at preindustrial values. Only the solar insolation 
is varied according to changes in the Earth orbit. The 
smooth curves indicate results of the atmosphere-only model 
in which ocean surface and land surface are set to mid- 

Holocene values (thin full line) and to present-day values 
(dotted line). If ocean is at mid-Holocene and vegetation 
at present-day conditions, then global temperature follows 
the dashed line, in the reversed situation (ocean at present- 
day and vegetation at mid-Holocene), we obtain the dashed- 
dotted line. In the fully coupled model, annual mean precip- 
itation (in mm/day) (C) and fractional cover of vegetation 
(D) in the Sahara region (approximately 20øN - 30øN and 
15øW- 50øE) change much more abruptly than orbital forc- 
ing, due to internal feedbacks in the climate system 

0.1 K in 3000 years (Fig.i, B) until around 5.8 ka when a 
stronger cooling (approximately 0.2 K in 300 years) appears, 
followed by a second event some 1000 years later. A similar 
trend and variations are seen in global precipitation. Obvi- 
ously, these rather abrupt events are not correlated with the 
smooth changes in orbital forcing. Inspection of spatial pat- 
terns reveals that both cooling events occur mainly at high 
latitudes over the North Atlantic. The strongest reduction 
in precipitation over land, however, is seen in the region ap- 
proximately 15øW-40øE and 20øN-30øN, called the Sahara 
region in the following (Fig.l, C). Around 5.6 ka, when pre- 
cipitation in this region decreases most strongly, a marked 
decrease in grassland appears (Fig.l, D). The fraction f of 
vegetation cover in the Sahara becomes gradually smaller 
(Af • -0.25) for the first few thousand years of the simu- 
lation, then it decreases rather abruptly (Af • -0.3) within 
just 300 years starting at approximately 5.6 ka. 

We repeated the transient simulation with different initial 
conditions. These were taken from different snapshots of 
the first run (at Dec 30th, 7999 ka, 6999 ka, and so on). In 
each case, the orbital forcing and the simulation ran from 
9 ka to present. We find that the abrupt desertification 
is a robust event. In an ensemble of ten simulations, the 
abrupt desertification in North Africa begins at 5440-]-30 
years before present (Fig. 2). 

3. Sensitivity Experiments 
To analyze why desertification in North Africa is abrupt 

- in comparison with the rather smooth orbital forcing -, 
we performed a series of simulations exploring the dynamics 
of the atmosphere-only model (model A), the atmosphere- 
vegetation model (AV) and the atmosphere- ocean model 
(AO), respectively. Firstly we have run the atmosphere- 
only model while keeping the ocean, i.e. the seasonal cy- 
cle of sea-surface temperatures (SST) and sea ice, as well 
as global vegetation pattern constant in time. In this 
case, the atmosphere follows orbital forcing rather smoothly 
(Fig.l, B). The same applies to global precipitation. Keep- 
ing sea-surface temperature, sea-ice, and vegetation at mid- 
Holocene values yields a generally warmer and wetter cli- 
mate for the following reasons. Firstly, a warmer ocean 
surface directly warms the near-surface atmosphere. Sec- 
ondly, a warmer ocean evaporates more water vapor which 
strengthens the greenhouse effect. Likewise, a more veg- 
etated land surface appears to be darker than bare soil, 
which not only increases absorption of solar radiation but 
also evaporation and, finally, the greenhouse effect. 

model, a multibasin, zonally averaged ocean model includ- 
ing sea ice, and, in contrast to [Ganopolski et al., 1998a], 
a dynamic model of terrestrial vegetation [Brovkin et al., 
1997, 1999]. Vegetation cover is represented as a composi- 
tion of trees, grass, and desert (bare soil). 

CLIMBER-2 was started from an equilibrium with or- 
bital forcing at 9 ka and it was run in its fully coupled ver- 
sion for 9000 years until present day driven only by changes 
in orbital parameters [Berger, 1978]. While the latter deter- 
mine the seasonal cycle of insolation (Fig.l, A), the other 
boundary conditions, distribution of inland ice and atmo- 
spheric CO2 concentration (280 ppm), were kept constant at 
preindustrial values. Our model results indicate a slight de- 
crease in global near surface temperatures of approximately 
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Figure 2. Fraction of vegetation cover in the Sahara as 
obtained from an ensemble of 10 simulations with the fully 
coupled model. Simulations differ only by their initial con- 
ditions, while orbital forcing remains the same 
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Figure 3. Fraction of vegetation cover in the Sahara re- 
gion simulated by using the atmosphere-vegetation model. 
If the ocean surface, i.e. sea-surface temperatures and sea- 
ice coverage, is kept constant at mid-Holocene values (full 
line), then desertification starts a later than in the case of a 
present-day ocean surface (dashed line) 

If we couple atmosphere and vegetation model (model 
AV), but keep the ocean surface characteristics as in model 
A, the annual global mean temperature and precipitation 
change more strongly than in model A, but still gradu- 
ally. Only in the Sahara region we find an abrupt decrease 
in vegetation (Fig.3) from a green Sahara (f > 0.•) to a 
desert shrubland (f < 0.15) within a few hundred years. 
The abrupt regional change is caused by a feedback be- 
tween subtropical vegetation and precipitation. This feed- 
back emerges from an interaction between high albedo of Sa- 
haran sand deserts and atmospheric circulation as hypothe- 
sized by Charney [1975] and from subsequent changes in the 
hydrological cycle [Claussen, 1997, 1998]. The biogeophysi- 
cal feedback can work fast because of a quick - in comparison 
with deep ocean circulation - response time of vegetation in 
this region. In CLIMBER-2, the response time of the veg- 
etation structure to climate changes is directly related to 
the turn-over time of biomass: semidesert vegetation has a 
biomass turnover of years to a decade (as compared to a 
century for boreal forests). However, the response time r of 
vegetation is not the crucial factor determining Saharian de- 
sertification. The decrease of Saharan vegetation cover does 
not change substantially, if r is increased to a value typical 
for boreal forests. Only if we intentionally increase the re- 
sponse time of semidesert vegetation to unrealistically large 
values, of several hundred years, then climate and vegetation 
in North Africa react more smoothly to orbital forcing. At 
northern high latitudes, boreal forests cease gradually dur- 
ing the Holocene, although the response time would allow 
for a faster change. 

Numerical studies with a high-resolution, comprehensive 
atmosphere-vegetation model [Claussen, 1998] reveal that 
the biogeophysical feedback is strongest in the western part 
of the Sahara, leading to two stable solutions, a green so- 
lution and a desert solution, in present-day climate. For 
mid- Holocene conditions, only a green solution is possible 
[Claussen, 1997; Claussen et al., 1998]. When analyzing the 
stability of equilibrium solutions in North-West Africa, it 
was found [Brovkin et al., 1998] that two solutions appear 
already around 6 ka which implies the possibility of jump- 
like transitions between the green and the desert state in the 
western Sahara at the end of the mid-Holocene. Because the 

horizontal resolution in CLIMBER-2 is too coarse to distin- 

guish between western and eastern Sahara, we find only one, 
albeit quickly varying, solution at any time for the (entire) 
Sahara region. 

The reasons for these abrupt vegetation changes are, by 
and large, the same in the AV and the AOV experiments. 
However in model AV, the timing of desertification depends 
on SST and sea-ice conditions. The Saharan desertification 

occurs earlier, around 5.8 ka, if SST and sea ice are kept 
at present-day values (run AV-S0k). If SST and sea ice 
are prescribed at mid-Holocene values, i.e. at 9ka (run AV- 
S9k), the transition is found later, at around 5.3 ka (Fig. 3). 
This result is independent of initial conditions. On annual 
and global average, we find a warmer and wetter climate 
in AV-S9k than in AV-S0k - for reasons similar to what 

was described in the atmosphere-only simulations. More- 
over the large-scale meridional temperature gradients differ: 
the strongest temperature differences between AV-S9k and 
AV-S0k can be found at high northern latitudes (some 2.5øC 
on zonal average), while only small differences are seen in 
the tropics and subtropics (some 0.3øC on zonal average). 
Because the area of Arctic sea ice is smaller (by some 3-106 
km 2) in AV-S9k than in AV-S0k and the Arctic SSTs are 
higher, the climate at high northern latitudes is warmer. 
Subsequently, boreal tree cover is always larger in AV-S9k 
than in AV-S0k at the expense of tundra and bare soil. As 
the albedo of snow-covered trees is much lower than that 

of snow-covered tundra or bare soft, summer warming over 
northern Eurasia is amplified - as already found in earlier 
studies [TEMPO Members, 1996; Ganopolski et al., 1998a; 
deNoblet et al., 1996]. Hence owing to the vegetation-snow- 
albedo feedback, the seasonal large-scale meridional temper- 
ature pattern and the African and Asian summer monsoon, 
stay closer - and longer- to mid-Holocene conditions in AV- 
S9k than in AV-S0k. Thus we conclude that conditions at 

high northern latitudes contribute to the timing of Saharan 
desertification in model AV. 

In the fully coupled model (model AOV), the timing 
depends on a global interplay between atmosphere, ocean 
and vegetation. Starting from mid-Holocene conditions, 
the summer cooling at high northern latitudes due to or- 
bital forcing is amplified by a southward migration of boreal 
forests. In contrast to simulation AV-S9k, the Arctic sea ice 
responds to this trend. The sea-ice area expands, thereby 
further amplifying the initial cooling. This synergism be- 
tween vegetation-snow- albedo feedback and sea-ice-albedo 
feedback finally, by changing large-scale temperature distri- 
butions, leads to an earlier transition in Saharan vegetation 
than observed in AV-S9k. The same reasoning, but with op- 
posite sign, can explain differences in timing between model 
AOV and AV-S0k. 

If we couple atmosphere and ocean model (model AO), 
but keep the global vegetation pattern constant in time, then 
we do not find any abrupt change in the subtropics. Hence 
we can safely state that the abrupt transition in Saharan 
climate at the end of the mid-Holocene can be traced back 

to the time evolution of an atmosphere-vegetation feedback 
in which the ocean plays only a minor role. 

4. Conclusions 

In conclusion, our results indicate that the long-term 
cooling and drying from mid-Holocene to present-day is 
triggered by subtle changes in the Earth's orbit. How- 
ever, the abrupt desertification in North Africa during the 
mid-Holocene can be explained only in terms of internal, 
mainly regional, vegetation-atmosphere feedbacks in the cli- 
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mate system whereas the timing of this event depends on the 
state of the global climate system. Further experiments are 
necessary to more precisely quantify the contribution of low 
latitudes versus high northern latitudes, oceanic feedbacks 
versus biospheric feedbacks, to the timing. 

Our simulations suggest that Saharan desertification, the 
largest change in land cover during the last 6000 years, was 
a natural phenomenon as it can be described in terms of 
climate-system dynamics only. Although humans lived in 
the Sahara and used the land to some extent, we hypothesize 
that ancient land use played only a negligibly small role in 
mid-Holocene Saharan desertification. 
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