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Abstract The bio-geophysical feedbacks during the
Last Glacial Maximum (LGM, 21 000 yBP) are investi-
gated by use of an asynchronously coupled global
atmosphere-biome model. It is found that the coupled
model improves on the results of an atmosphere-only
model especially for the Siberian region, where the
inclusion of vegetation-snow-albedo interaction leads
to a better agreement with geological reconstructions.
Furthermore, it is shown that two stable solutions of
the coupled model are possible under LGM boundary
conditions. The presence of bright sand desert at the
beginning of a simulation leads to more extensive sub-
tropical deserts, whereas an initial global vegetation
cover with forest, steppe, or dark desert results in
a northward spread of vegetation of up to some 1000
km, mainly in the western Sahara. These differences can
be explained in the framework of Charney’s theory of
a ‘‘self-induction’’ of deserts through albedo enhance-
ment. Moreover, it is found that the tropical easterly jet
is strengthened in the case of the ‘‘green’’ Sahara, which
in turn leads to a modification of the Indian summer
monsoon.

1 Introduction

It has been amply documented that vegetation plays an
important role in the climate system (e.g. Dickinson
et al. 1986; Sellers et al. 1986). Recent theoretical studies
indicate that atmosphere-vegetation feedbacks were
even capable of amplifying orbitally induced climate
changes that occurred during the last 120 000 y, the
Late Pleistocene and Early Holocene (e.g. de Noblet
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et al. 1996; Foley et al. 1994; Gallimore and Kutzbach
1996; Kutzbach et al. 1996; Claussen and Gayler 1997).
For the Late Cretaceous period (some 66 million years
ago), Otto-Bliesner and Upchurch (1997) find from
their simulations that high-latitude forest vegetation
warms the global climate by 2.2 °C. Moreover, Dutton
and Barron (1996) show in their numerical experiments
for the Miocene (23 to 5.3 million years ago) that our
inability to use the geologic record for specification of
the global vegetation distribution may introduce errors
of as much as $1 °C in globally averaged surface
temperature predictions. Therefore, investigation of the
atmosphere-vegetation feedback is interesting in two
respects. Firstly, coupled atmosphere-biosphere models
are capable of simulating their own land-surface char-
acteristics for different times of the Earth’s history. In
this way, they do not have to rely on reconstructions
from often sparse and uncertain geological informa-
tion. Secondly, the role of the atmosphere-vegetation
feedback within the climate system tends to depend on
the external boundary conditions, such as orbital para-
meters, atmospheric composition, land-sea distribution,
and land elevation. Hence a prerequisite for under-
standing the dynamics of the climate system is the
study of these feedbacks during various periods of the
Earth’s history. Here, we will focus our attention on the
bio-geophysical feedbacks during the Last Glacial
Maximum (LGM) some 21 000 years ago.

Within the framework of the Paleoclimate Modelling
Intercomparison Project (PMIP) Lorenz et al. (1997)
performed, among others, a simulation of the LGM
with the Hamburg general circulation model ECHAM.
The land-surface parameters prescribed for this simula-
tion essentially represent present-day conditions. The
equilibrium biome distribution (determined by use of
the BIOME model of Prentice et al. 1992), correspond-
ing to the simulated LGM climate, reveals differences
from geological reconstructions (Crowley 1995; Frenzel
1992; Grichuk 1992; Velichko and Isayeva 1992), espe-
cially in the boreal regions south of the Eurasian ice



sheet where the expansion of forest is overestimated by
the model. We hope that coupling the atmospheric
model ECHAM with the BIOME model will lead to
a better representation of the glacial vegetation pattern.
This method has proved to be rather successful already
in the simulation of the climate of the Holocene Opti-
mum, 6 000 years before present (e.g. Claussen and
Gayler 1997).

Studies of the dynamics of the biogeophysical feed-
back reveal that the ECHAM-BIOME model can be
transitive or intransitive. Studies of Claussen (1994,
1997a, b) show that two different equilibrium states of
ECHAM-BIOME are possible under present-day con-
ditions of solar irradiation and sea-surface temper-
atures (SSTs). The most striking differences appear
in the western Sahara where either vegetation or
desert are observed, depending on the initial biome
distribution. This is explained in terms of Charney’s
(1975) theory of a ‘‘self-induction’’ of deserts through
albedo enhancement. Similar studies by Claussen and
Gayler (1997) for the Holocene Optimum show only
one stable solution of the coupled model. Independent
of the initial land-surface conditions, a vegetated
western Sahara is observed, in qualitative agree-
ment with geological reconstructions. Hence it is
interesting to explore the range of equilibrium solu-
tions of ECHAM-BIOME under LGM boundary con-
ditions.

2 The models

2.1 The atmospheric model

The ECHAM general circulation model was initially developed at
the European Centre for Medium Range Weather Forecasts in
Reading and was later modified at the Max-Planck-Institut für
Meteorologie in Hamburg. A detailed description of the model and
of its validation can be found in Roeckner et al. (1992).

Here, ECHAM (level 3) is run at T42 resolution, which corres-
ponds to a Gaussian grid of 128]64 points with a spatial resolution
of about 2.8 degrees in longitude and latitude. The vertical plane is
divided into 19 layers: sigma layers near the ground pass into
pressure isosurfaces with the last one being at 10 hPa. The time step
is 24 minutes.

For the simulation of the LGM (21000 y BP), the orbital para-
meters (eccentricity, obliquity, and day of perihelion) had to be
adapted. These values are calculated following Berger (1978). As
described by PMIP the date of the vernal equinox is set at March 21
(12.00 GMT). The solar constant is set at 1365 W/m2. The obtained
insolation differences are small in comparison with present-day
values and reach values of up to !10 W/m2 at the respective
summer pole. It should be mentioned that according to Joussaume
and Brac,onnot (1995) the definition of the calendar should be based
on the position of the Earth with respect to the vernal equinox. In
this way changes in the length of the seasons (e.g. Berger and Loutre
1994) caused by precession and by changes in eccentricity can be
considered. Our model results presented in the following chapter are
calculated using the present-day calendar. As this is the classical
procedure in climate simulations, the comparison of our results with
results of other model simulations is justified, provided all simula-
tions use the same reference date which is usually the case. As only

averages over summer and winter seasons are discussed for all our
experiments and as changes in the length of the seasons are small for
the LGM, the results themselves appear not much biased.

In addition, SSTs, sea-ice distribution, ice-sheets, orography,
land-sea distribution, and CO

2
concentration had to be adjusted

(see Lorenz et al. 1997). These values are taken from CLIMAP data
(Climate Long-Range Investigation, Mapping, and Prediction;
CLIMAP Members 1981), except for the thickness of ice sheets
which is prescribed according to more recent estimates by Tushing-
ham and Peltier (1991). The atmospheric CO

2
concentration of

200ppm is based on findings from the Vostok ice core (Barnola et al.
1987). The accuracy of the SSTs as given by CLIMAP is widely
discussed (e.g. Webb et al. 1997). In particular, the stated surface
temperature decrease for the tropical ocean of 1—2 °C is thought to
be too small and does not agree with an estimated cooling of about
5 °C for the tropical land areas (Crowley and North 1990; Jolly et al.
1996). A recent LGM simulation with a coupled 2.5-dimensional
atmosphere-ocean model indicates the cooling in SST between 20 °S
and 20 °N to reach values of up to 3.3 °C which is more consistent
with the land data as well as with more recent estimates of ocean
surface temperatures (Ganopolski et al. 1997).

There are several surface parameters in ECHAM3 controlling
energy, momentum, and moisture fluxes, i.e. background albedo, leaf
area index, vegetation ratio, forest ratio, and roughness length of
vegetation. The hydrological cycle for instance is described in terms
of three reservoirs. Soil moisture depends on transpiration, among
other factors. This variable in turn is influenced e.g. by leaf area
index and photosynthetically active radiation which, together with
a moisture-dependent water stress factor, describe the stomatal
resistance. Changes in the interception reservoir are calculated as
a function of the evaporation of intercepted water and of the vegeta-
tion ratio. The maximum skin water content also depends on the
vegetation ratio and leaf area index. The forest ratio influences the
radiation balance via the albedo of snow. The background albedo of
snowfree land is prescribed according to satellite data. The rough-
ness length of vegetation enters into the calculation of turbulent
fluxes.

In the original version of ECHAM3 these surface parameters are
assumed to be time-independent or are even taken as global con-
stants. For the PMIP simulation of the LGM, present-day values of
these parameters are prescribed and are extrapolated to land areas
which emerged during the LGM owing to the lower sea level. For
coupling with a biome model the parameters are allowed to vary
with changing ground cover (see Sect. 2.3).

In contrast to the new version 4 of the model (Roeckner et al.
1996), ECHAM3 assumes all soil characteristics including the water
holding capacity to be the same over all continents. On the other
hand, in the version of the biome model used here, soil properties
can only be considered in terms of total available water capacity.
Specifying these values, especially for paleosimulations, is still
a problem. A detailed description of sensitivity studies concerning
soil-vegetation feedback in the ECHAM4-BIOME system can be
found in Stahmann (1996). They show the total available water
capacity to be the dominant characteristic, especially in the tropics.
Modified water capacity does not influence the existence of two
equilibrium states under present-day conditions as described in the
introduction.

2.2 The biome model

The BIOME model (version 1.0) of Prentice et al. (1992) determines
the potential biome distribution, i.e. the distribution of macro eco-
systems that is in equilibrium with a given atmospheric state. Migra-
tion processes and succession as well as e.g. extreme events or effects
of CO

2
are not taken into account.

Monthly mean values of near-surface temperature, precipita-
tion, and cloud cover are used to calculate the values of five bio-
climatic variables at each grid point: mean temperatures of the
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warmest and of the coldest month of the year, temperature sums
(GDD
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": (¹!¹

0
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0
"0 °C or 5 °C), and an

annual moisture availability index (the ratio of estimated actual to
equilibrium evapotranspiration).

Physiologically based minimum and maximum tolerances of these
bioclimatic variables determine which of 14 plant functional types,
i.e. plant types with similar environmental demands, can exist under
the given climatic conditions. Finally, 17 biomes result as combina-
tions of plant types that are dominant according to a dominance
hierarchy, which, in a simplified way, considers the competition
between different types.

2.3 Coupling the atmospheric model with the biome model

In this study, ECHAM and BIOME are coupled in an asynchronous
way. Firstly, a given set of climate variables calculated by ECHAM
is used for the determination of the corresponding biomes, as de-
scribed in the previous section. Secondly, a set of surface parameters
is allocated to each biome (see Table 1). Thirdly, the subsequent
integration with ECHAM is performed with the updated global set
of surface parameters. Following Claussen (1994), the first year of
each ECHAM integration is taken as adjustment time. To exclude
interannual variability, average values over the subsequent five years
are again used for the determination of biomes and so on. In the
following, each of these cycles is called an iteration.

BIOME-1.0 is not intended to simulate the dynamical behaviour
of the biosphere. Therefore, the coupled ECHAM-BIOME model
yields only stable equilibrium solutions of the vegetation-atmo-
sphere system. Hence we implicitly assume the vegetation during the
LGM to be in equilibrium with climate.

The original version of BIOME includes 17 biomes which, as
described, can be distinguished for biological reasons. Here, an
additional land surface type, sand desert, is introduced to take into
account extremely high albedo values in the interior of the Sahara
and the Arabian Peninsula (Claussen 1997a). As a clear allocation of
sand desert to climate and soil characteristics was not possible, the
distinction between this new surface type and hot desert is based on
satellite data. Wherever BIOME determines hot desert whereas
satellite data indicate an albedo of more than 30%, hot desert is

Table 1 Allocation of surface parameters used in the atmosphere
model ECHAM to biomes specified in BIOME

Biome a
V

LAI C
V

C
F

z
0veg

1 Tropical rain forest 0.15 9.30 0.98 0.98 2.000
2 Tropical seasonal forest 0.15 6.00 0.91 0.82 2.000
3 Savanna 0.15 3.59 0.76 0.58 0.360
4 Warm mixed forest 0.15 7.62 0.95 0.79 0.716
5 Temperate deciduous forest 0.16 5.20 0.88 0.65 1.000
6 Cool mixed forest 0.15 3.80 0.78 0.54 1.000
7 Cool conifer forest 0.15 9.20 0.97 0.97 1.000
8 Taiga 0.15 4.80 0.85 0.77 0.634
9 Cold mixed forest 0.15 3.80 0.78 0.54 1.000

10 Cold deciduous forest 0.15 4.80 0.85 0.77 0.634
11 Xerophytic woods/shrub 0.18 4.33 0.82 0.19 0.111
12 Warm grass/shrub 0.20 1.50 0.45 0.00 0.100
13 Cool grass/shrub 0.19 1.98 0.55 0.00 0.055
14 Tundra 0.17 2.24 0.59 0.06 0.033
15 Hot desert 0.20 0.45 0.16 0.00 0.004
16 Cool desert 0.20 0.50 0.18 0.00 0.005
17 Ice/polar desert 0.17 0.00 0.00 0.00 0.001
18 Sand desert 0.35 0.00 0.00 0.00 0.004

Background albedo (a
V
), leaf area index (LAI), vegetation ratio (C

V
),

forest ratio (C
F
), and roughness length of vegetation (z

0veg
[m]) (after

Claussen 1997a)

replaced by sand desert. Implicit in the specification of sand desert is
the assumption that the evolution of soils takes place at much longer
time scales than a few 10 000 year periods.

3 Experiments and results

3.1 The coupled ECHAM-BIOME model

3.1.1 The experiment

To minimize spin-up, the LGM simulation with the
coupled ECHAM-BIOME model (known here as CON-
TROL) has been initialized with the last restart files of
the PMIP simulation with the (uncoupled) ECHAM
model (called PLGM). The initial values of the surface
parameters in CONTROL are diagnosed from the glo-
bal biome distribution, corresponding to mean climatic
conditions of the last ten years of PLGM.

Six iterations have been performed. Since the last five
iterations of CONTROL reveal no temporal trends in
the land areal coverage of each biome, this period is
taken as equilibrium time. In addition, the global
i values show no trends within this period when com-
paring biome distributions of successive iterations or of
individual iterations with the equilibrium distribution
of PLGM. (The i value is used as a measure of agree-
ment of two vegetation maps. It is based on the calcu-
lation of a matrix whose elements pij give the fraction of
the land area of those grid boxes that are covered by
biome i in the one and biome j in the other map. The
sum of the values on the main diagonal shows the
degree of agreement of the two maps. Consideration of
accidental agreement leads to the definition of global
i which reaches values of 1 for identical maps; see
Monserud and Leemans 1992).

Biome maps (see Fig. 1) and values of climate vari-
ables discussed in the following represent these equilib-
rium conditions.

3.1.2 Results

The most striking climatic differences between the
uncoupled and the coupled simulation can be ob-
served in the Northern Hemisphere. Above all, a large
part of Eurasia appears colder in CONTROL than in
PLGM by some 1—2 °C (see Fig. 2a, b). The greatest
cooling of more than 5 °C is found in the Siberian
region.

How can this be explained? In PLGM, the surface
parameters are held at constant values corresponding
to present-day conditions (see Table 2). In the north of
Eastern and Central Asia, these values represent large
areas of forest (Fig. 3). In CONTROL, the vegetation
can adjust to the simulated climatic conditions which
leads to more widespread polar desert and tundra in
this region.
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Fig. 1 a Equilibrium biome distribution of the LGM simulation PLGM with the atmosphere-only model ECHAM. b Same as a, but for the
simulation CONTROL with the coupled ECHAM-BIOME model. Note the southward expansion of polar desert and tundra in northeast
Asia
Fig. 5 a Equilibrium biome distribution of the LGM simulation FOREST with the coupled ECHAM-BIOME model when initialized with
the respective anomalous biome distribution. b Same as a, but for simulation BRIGHT. The vegetation patterns of the simulations STEPPE
and DARK are very similar to that of the simulation FOREST. Therefore, they are not shown here

The albedo of polar desert and of snow-covered
tundra is higher than that of snow-covered forest. For
this reason, more solar radiation is reflected in CON-
TROL than in PLGM. As changes in net thermal
radiation are only small, the resulting lower temper-
atures in CONTROL in turn inhibit forest growth. The

vegetation-snow-albedo feedback has been amply in-
vestigated (Harvey 1988; Bonan et al. 1992; Chalita and
LeTreut 1994; Foley et al. 1994). It has even turned out
to be an important factor in the process of glaciation
and deglaciation (Galle&e et al. 1992; de Noblet et al.
1996; Gallimore and Kutzbach 1996).
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Fig. 2 a Difference CONTROL — PLGM of 2m-temperatures (°C) between the LGM simulations with the coupled ECHAM-BIOME model
and with the atmosphere-only model ECHAM in Eurasia (JJA); in the shaded areas, the differences are significant at a 5% level according to
a local Student t-test. b Same as a, but for DJF; c same as a, but for North America; d same as b, but for North America

Table 2 Mean values of
various surface parameters
and variables of the LGM
simulations with the
atmosphere-only model
ECHAM (PLGM) and with
the coupled ECHAM-
BIOME model (CONTROL)
in the regions East and
Central Asia (JJA); negative
values indicate upward fluxes.
Except for the net thermal
radiation in East Asia, all
differences
CONTROL-PLGM are
significant at a 1% level

East Asia Central Asia
(34—68 °N/108—145 °E) (28—62 °N/58—108 °E)

Variable PLGM CONTROL PLGM CONTROL

Forest ratio (%) 53 4 24 4
Surface albedo (%) 16 22 18 20
Shortwave radiation C (¼/m2) !39 !54 !55 !61
Net shortwave radiation (¼/m2) 213 202 253 247
Thermal radiation C (¼/m2) !396 !383 !402 !394
Atmospheric radiation (¼/m2) 308 298 277 271
Net thermal radiation (¼/m2) !88 !85 !125 !122
Net radiation (¼/m2) 125 117 127 125
2 m-temperature (°C) 14.9 12.6 16.1 14.5
Taiga and cold deciduous forest (%) 7.2 3.0 5.6 3.0
Tundra and ice/polar desert (%) 33.1 39.5 20.7 27.8

The reduction of forest and the southward expansion
of tundra in the coupled ECHAM-BIOME model run
is in better agreement with the geological reconstruc-
tions (Crowley 1995; Frenzel 1992d; Grichuk 1992;
Velichko and Isayeva 1992) in the Siberian region.
In this area temperature is the limiting factor for

vegetation growth. The coupled model here slightly
overestimates the annual mean cooling in comparison
with present day values (Frenzel 1992c). Whereas in-
creased winter time cooling better matches the geologi-
cal findings this is not the case for the increased cooling
during summer (e.g. Frenzel 1992a, b). The resulting
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Fig. 3 Forest ratio prescribed in the LGM simulation PLGM with the atmosphere-only model ECHAM. Shaded grid boxes indicate values
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Fig. 4 Difference CONTROL-PLGM of geopotential heights of the 500 hPa-surface (gpm) in East Asia, North America, and Europe (DJF)

temperature pattern and the subsequent shortening of
the growing season lead to the discussed vegetation
distribution in ECHAM-BIOME.

Remarkable temperature differences are also found
in North America (see Fig. 2c, d). In the northeast,
temperatures in CONTROL are lower than in PLGM
throughout the year. In the northwest, there are only
slight differences in summer, but CONTROL yields
significantly warmer winters. As these differences ap-
pear in the region of ice-sheets, climate cannot be
directly influenced by vegetation there. Presumably,
temperature differences in North America are caused
by the cooling in the Siberian region in CONTROL.
This cooling strengthens the meander of the jet stream
determined by middle tropospheric pressure distri-
bution (Fig. 4). Likewise, the change in the jet
stream leads to a wetter climate in Europe in CON-
TROL. As a consequence, we find a further expansion
of forest there which does not agree with the geological
reconstructions. Climate conditions in the Southern
Hemisphere are determined by the surrounding oceans.

There, differences between the two simulations are only
small.

3.2 Sensitivity studies

3.2.1 The experiments

To explore the range of equilibrium solutions of the
ECHAM-BIOME model under the conditions of the
LGM, four additional, anomaly runs have been per-
formed. In these simulations, all land grid points are
assumed to be covered by only one land surface type
worldwide at the beginning of the respective simulation.
The simulations have been initialized with land surface
types whose surface parameters differ drastically:

FOREST: tropical rainforest (biome 1);
STEPPE: average values over all steppe and tundra

biomes (11—14);
DARK: hot desert (15);
BRIGHT: sand desert (18).
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Table 3 Differences between the
LGM simulations with the
atmosphere-only model
ECHAM and with the coupled
ECHAM-BIOME model in
North Africa
(8—34 °N/18 °W—46 °E)

PLGM CONTROL FOREST STEPPE DARK

CONTROL 3 0.750
FOREST 5 0.497 5 0.611
STEPPE 5 0.504 5 0.611 0 0.965
DARK 5 0.488 5 0.602 0 0.923 0 0.930
BRIGHT 5 0.764 2 0.968 5 0.610 5 0.610 5 0.601

The left-hand value gives the number of biomes (out of 5) whose areas differ with a significance of at
least 95% between the respective simulations; the right-hand value indicates the value of i. Note the
similarity of simulations CONTROL and BRIGHT in one case and FOREST, STEPPE, and DARK
in the other

Again, atmospheric values have been initialized with
the PLGM simulation. Up to seven iterations have
been performed. In all cases, the last four iterations
reveal no temporal trends in the areal coverage of each
biome. In addition, neither the global nor the indi-
vidual i values show any trend for this period. The
equilibrium biome distributions of individual simula-
tions are computed from the mean climate over the
trend-free iterations. In the following, equilibrium con-
ditions of these anomaly runs and of CONTROL will
be compared.

3.2.2 Results

The most striking differences in vegetation can be ob-
served in North Africa (see Fig. 5). In the simulations in
which bright sand desert is prescribed at least in parts
of North Africa at the beginning of the model run, i.e. in
the simulations CONTROL and BRIGHT, an ex-
tended desert area is preserved. The other simulations,
FOREST, STEPPE, and DARK, show an intrusion of
warm grass, xerophytic woods, and savanna of up to
1000 km mainly into the western Sahara, but also into
the eastern Sahara and into parts of Arabia. A similar
pattern is found for the Indian region. Again, CON-
TROL and BRIGHT reveal an extended desert area,
whereas FOREST, STEPPE, and DARK show an en-
hanced vegetation cover.

These results suggest that there are only two solu-
tions of the atmosphere-biosphere system under LGM
boundary conditions. The existence of two equilibrium
solutions is corroborated by Student t-test and i statis-
tics (see Table 3). In the following, for reasons of clarity
only the simulations FOREST and BRIGHT will be
discussed as representatives for the respective equilib-
rium group. This seems justified as there are almost no
significant global or regional (North Africa and South
Asia) differences in biome coverage between simula-
tions within the equilibrium groups FOREST,
STEPPE, DARK on the one hand and CONTROL,
BRIGHT on the other hand.

What is the reason for the existence of the two
equilibrium groups? Significant differences of climate
variables are observed especially in the summer season.

Following Claussen (1994, 1997a, b), who obtained sim-
ilar results in his simulations of present-day climate,
differences in the Sahara are explained by the theory
advanced by Charney (1975) and Charney et al. (1977)
regarding a self-induction of deserts through albedo
enhancement (see Table 4).

As vegetated areas show a lower albedo than deserts,
the surface in FOREST reflects less solar radiation
than the surface in BRIGHT. At the same time, an
extended cloud cover in FOREST leads to a decrease in
incident solar radiation. As a result, differences in the
net shortwave radiation between the two simulations
are only small, the net longwave radiation is more
important. The lower temperatures in FOREST result
in a decrease in outgoing longwave radiation. More
clouds lead to an enhanced atmospheric radiation. As
a consequence, FOREST loses less longwave radiation
than BRIGHT, leading to more available energy.

As a result of lower surface temperatures, FOREST
shows a diminished sensible heat flux. The surplus
energy is used for evaporation. The total energy (sen-
sible plus latent heat) imparted to the atmosphere is
increased. This leads, with the increase of the negative
vertical gradient of moist static energy (Charney et al.
1976), to enhanced convection mainly over the north-
western part of the Sahara (see Fig. 6a, b) and to
enhanced convective precipitation in FOREST.
Finally, increased precipitation in turn leads to a more
widespread vegetation cover. The fact that precipita-
tion exceeds evaporation, in FOREST more pro-
nounced than in BRIGHT, indicates a strengthened
summer monsoon which has to compensate enhanced
convection.

The increased latent heat release in the middle tropo-
sphere in FOREST over the now vegetated part of the
Sahara between 20 and 30 °N results in an increase of
the thickness of the atmospheric layers and thereby in
enhanced divergence at 300—100hPa. By means of the
Coriolis force the tropical easterly jet (at \200hPa/
12 °N) as well as the westerly winds to the north are
strengthened (see Fig. 6c, d), the former extending far-
ther over the Atlantic Ocean with higher wind speeds.
Enhanced high-level convergence over the North At-
lantic is clearly depicted e.g. by changes in the velocity
potential (see Fig. 7).
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Table 4 Mean values of various
surface parameters and climate
variables of the LGM
simulations BRIGHT and
FOREST with the coupled
ECHAM-BIOME model
(initialized with the respective
anomalous biome distribution)
in the regions North Africa and
South Asia (JJA); negative
values indicate upward fluxes.
Except for the net shortwave
radiation, all differences are
significant at a 1% level in
North Africa and at a 5% level
in South Asia

North Africa South Asia
(8—34 °N/18 °W—46 °E) (8—31 °N/69—114 °E)

Variable BRIGHT FOREST BRIGHT FOREST

Vegetation ratio (%) 28 46 45 56
Background albedo (%) 25.5 21.9 19.1 18.5
Cloud cover (%) 36 42 45 49
Shortwave radiation C (¼/m2) !73 !59 !44 !43
Shortwave radiation B (¼/m2) 297 281 289 284
Net shortwave radiation (¼/m2) 224 222 244 241
Surface temperature (°C) 29.2 27.8 25.7 25.3
Thermal radiation C (¼/m2) !468 !460 !460 !457
Thermal radiation B (¼/m2) 366 371 379 381
Net thermal radiation (¼/m2) !102 !89 !81 !76
Net radiation (¼/m2) 122 133 164 166
Sensible heat flux (¼/m2) !45 !41 !45 !40
Evaporation (mm/mon) !48 !65 !68 !75
Latent heat flux (¼/m2) !46 !63 !65 !73
Total precipitation (mm/mon) 75 102 81 98
Relative soil moisture (%) 34 41 24 28
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Fig. 6 a Vertical atmospheric motion (10~3Pa/s) at different altitudes for the simulation BRIGHT in North Africa and India (JJA, averaged
over 20—30°N); negative values indicate upward motion. b Same as a but for difference FOREST—BRIGHT. Note the enhanced convection
over the northwestern Sahara and over India in FOREST. c Wind at 200 hPa (m/s) for the simulation BRIGHT in North Africa and India
(JJA); d Same as c but for difference
FOREST—BRIGHT

In addition, the African easterly jet (at
\700hPa/15 °N) is weakened in FOREST over North
Africa (not shown here). This can be explained by the
same mechanism. In BRIGHT, convection is strongest

below 700hPa, leading to the strongest divergence in
the level of the African easterly jet. The higher convect-
ing air masses over the ‘‘green’’ Sahara in FOREST no
longer support the African but the tropical easterly jet
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Fig. 7 a velocity potential (km2/s) at 200 hPa of the simulation
BRIGHT (JJA). Positive values indicate convergent conditions.
b Same as a, but for difference FOREST—BRIGHT

as described already. Intensification of the tropical
easterly jet during wet summers in the Sahel versus dry
summers and weakening of the African easterly jet at
the same time are consistent with model results of
Laval and Picon (1986) and of Xue and Shukla (1993),
which show good agreement with observational data.

The intensification of the tropical easterly jet is most
pronounced over Africa and the Atlantic. However,
some influence is noticeable east of this region, over the
Indian ocean and the Indonesian archipelago (see Fig.
6b, d). Consistent with enhanced convection are an
increase in precipitation in FOREST, mainly to the
southwest of the Himalayas, and a more extended
vegetation cover in the Indian region (see Table 4 and
Fig. 5).

A positive feedback between vegetation, snow, and
albedo, as described in the previous Sect. 3.1.2, is not
found in the anomaly runs. The feedback would imply
the preservation of vegetation in the simulations in-
itialized with an extended vegetation cover. In fact,
rather the opposite is observed (see Fig. 5).

4 Discussion and conclusion

The most striking differences between the simulation
with the atmosphere-only model ECHAM and the

coupled ECHAM-BIOME model appear in the boreal
regions of Siberia.

In the atmosphere-only model run, surface para-
meters representing large forest areas in that region are
prescribed. The resulting climatic conditions lead
to a considerable expansion of tundra, according to
BIOME. With the inclusion of the vegetation-snow-
albedo interaction, the coupled model yields temper-
atures which are up to 5 °C lower in Siberia. As a conse-
quence, forests are further reduced and a southward
expansion of tundra and polar desert is observed. The
climate in North America, and possibly also in Europe,
is influenced by this cooling via a stronger meandering
of the jet stream.

The sensitivity studies reveal two equilibrium states
of the coupled model, depending on the initial vegeta-
tion distribution. Prescribing bright sand desert
(a"35%) at the beginning of a simulation, at least in
parts of North Africa, leads to extensive areas of sub-
tropical deserts, whereas the initial absence of sand
desert (i.e. a420%) results in a northward expansion
of warm grass, xerophytic woods, and savanna of up to
1000km, especially in the western Sahara.

Analysis of surface-energy budgets corroborates
Charney’s (1975) theory of a ‘‘self-induction’’ of deserts
through albedo enhancement. By means of enhanced
convection, more widespread vegetation in the Sahara
leads to an intensification of the tropical easterly jet.
Consistent with stronger convection over the Indian
subcontinent is an enlarged vegetation cover in that
region.

Our model has been run under LGM boundary
conditions, i.e. orbital parameters, SSTs, sea-ice dis-
tribution, ice sheets, orography, land-sea distribution,
and CO

2
concentration. In this work we focus on

interactions between atmosphere and vegetation.
However, as a next step the behaviour of a fully
coupled atmosphere-vegetation-ocean system should
be investigated. In such a system, additional feed-
backs, concerning for example extent of sea-ice and
monsoon circulation, can be expected (e.g. Bonan
et al. 1992; Kutzbach and Liu 1997). Changes of
the ocean circulation and thereby of the meridional
heat transport should be observed (Ganopolski et al.
1997).

In conclusion, under the given LGM boundary con-
ditions two equilibrium solutions of ECHAM-BIOME
are possible. This bifurcation is also found for present-
day climate (Claussen 1994, 1997a, b). By contrast, for
the period of the Holocene Optimum only one stable
solution, the ‘‘green’’ Sahara, is obtained (Claussen and
Gayler 1997). The question remains as to why the
ECHAM-BIOME system is almost intransitive and
whether this bifurcation pattern is a peculiarity of the
ECHAM-BIOME model or whether it can be repro-
duced by other models. Further investigation should
also concentrate on the question of whether the African
monsoon region and the areas of boreal forests are the
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only regions, so to speak ‘‘hot spots’’, sensitive to atmo-
sphere-vegetation feedbacks.
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