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Abstract. The LMD AGCM was iteratively coupled to
the global BIOME1 model in order to explore the role of
vegetation-climate interactions in response to mid-Holo-
cene (6000 y BP) orbital forcing. The sea-surface temper-
ature and sea-ice distribution used were present-day and
CO

2
concentration was pre-industrial. The land surface

was initially prescribed with present-day vegetation.
Initial climate ‘‘anomalies’’ (differences between AGCM
results for 6000 y BP and control) were used to drive
BIOME1; the simulated vegetation was provided to a fur-
ther AGCM run, and so on. Results after five iterations
were compared to the initial results in order to identify
vegetation feedbacks. These were centred on regions
showing strong initial responses. The orbitally induced
high-latitude summer warming, and the intensification
and extension of Northern Hemisphere tropical mon-
soons, were both amplified by vegetation feedbacks. Veg-
etation feedbacks were smaller than the initial orbital
effects for most regions and seasons, but in West Africa the
summer precipitation increase more than doubled in re-
sponse to changes in vegetation. In the last iteration,
global tundra area was reduced by 25% and the southern
limit of the Sahara desert was shifted 2.5 °N north (to
18 °N) relative to today. These results were compared with
6000 y BP observational data recording forest-tundra
boundary changes in northern Eurasia and savana-desert
boundary changes in northern Africa. Although the inclu-
sion of vegetation feedbacks improved the qualitative
agreement between the model results and the data, the
simulated changes were still insufficient, perhaps due to
the lack of ocean-surface feedbacks.

1 Introduction

Pollen and macrofossil evidence from the Northern Hemi-
sphere high latitudes show that forest vegetation extended
considerably further north at 6000 years Before Present
(hereafter y BP) than it does today (Hyvärinen 1976;
Vasil’chuk et al. 1983; Ritchie 1987; Lozhkin 1993), reflect-
ing a significant increase in summer temperatures and
a lengthening of the growing season (Prentice et al. 1996).
In some regions, the northward shift of the tundra/forest
boundary was as large as 200—300 km (TEMPO Members
1996). At the same time, geomorphic and biostratigraphic
evidence suggests that conditions were very much wetter
than today in northern Africa and central Asia (Street and
Grove 1976; COHMAP Members 1988; Petit-Maire and
Page 1992; Street-Perrott and Perrott 1993; Winkler and
Wang 1993). Pollen and macrofossil evidence from these
regions show an expansion of moisture-demanding vege-
tation types into now-arid regions (Street-Perrott and
Perrott 1993; Jolly et al. in press). These changes have
been interpreted as reflecting an expansion of the Afro-
Asian monsoon (COHMAP Members 1988).

The seasonal and latitudinal distribution of insolation
at 6000 y BP was different from that of the present-day, as
a consequence of changes in the Earth’s orbital para-
meters (Berger 1988). Over the Northern Hemisphere, the
insolation was increased by 5% during June—July—August
(JJA) and decreased by 5% during December—Jan-
uary—February (DJF). Simulations with atmospheric gen-
eral circulation models (AGCMs) have shown that two
important consequences of the changes in insolation are
high-latitude warming and the enhancement of the Afro-
Asian monsoon (Kutzbach and Guetter 1986; COHMAP
Members 1988; Kutzbach et al. 1993; Liao et al. 1994; de
Noblet et al. 1996a; Kutzbach et al. in press; Hewitt and
Mitchell 1996; Hall and Valdes 1997; Masson and Jous-
saume in press). However, comparisons with palaeoen-
vironmental data suggest that the models considerably
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underestimate the magnitude of changes in these regions
(Prentice et al. 1993; Jolly et al. in press; Yu and Harrison
1996). This suggests that the effects of orbital forcing on
high-latitude and monsoon climates are amplified by
some other mechanism.

Sensitivity experiments to changes in land surface prop-
erties (such as albedo and roughness length) as a conse-
quence of changes in vegetation (e.g. Street-Perrott et al.
1990; Foley et al. 1994; TEMPO Members 1996; Kut-
zbach et al. 1996) have suggested that orbitally induced
high-latitude summer warming and monsoon intensifica-
tion may have been amplified by vegetation feedbacks.
The recent development of coupled climate-vegetation
models (Henderson-Sellers 1993; Claussen 1994; de Nob-
let et al. 1996b; Claussen and Gayler in press), which allow
for the effects of vegetation feedbacks, provides a means to
test this hypothesis. In this study, we apply the BIOME1-
LMD AGCM coupled model (de Noblet et al. 1996b) to
simulate an equilibrium state for the 6000 y BP climate
and vegetation. We then compare the output of this
coupled model at equilibrium with pollen-based recon-
structions of vegetation and lake-based reconstructions of
changes in moisture balance, in order to assess the degree
to which incorporation of vegetation feedbacks leads to
a more realistic simulation of high-latitude and monsoon
climates. The models, coupling strategy, and the basis for
data-model comparisons are presented in Sect. 2. The
response of climate and vegetation to orbital forcing and
vegetation feedbacks at 6000 y BP are quantified and
compared in Sect. 3. Comparisons with palaeoenviron-
mental data from northern Eurasia and northern Africa
are presented in Sect. 4.

2 Models and methods

2.1 The biome model

The biome model (BIOME1) reconstructs global patterns
in potential vegetation physiognomy from climate (Pren-
tice et al. 1992). In the model, the terrestrial vegetation is
represented by 14 plant functional types (PFTs). Con-
straints on the growth and regeneration of each PFT are
formulated in terms of thresholds in tolerance to coldness
and dryness, and to heat, chilling and moisture require-
ments. The cold tolerance of plants is expressed in terms of
minimum mean temperature of the coldest month. The
chilling requirement is expressed in terms of the maximum
mean temperature of the coldest month. The heat require-
ment is expressed in terms of growing-degree-days
(GDD), i.e. the annual accumulated temperature over a
threshold temperature (5 °C or 0 °C, depending on plant
type), except in the case of grasses for which the mean
temperature of the warmest month is used. The moisture
requirement is expressed as the ratio of annual actual
evapotranspiration and annual equilibrium evapotran-
spiration. In each grid cell, the model selects the set of
PFTs which could exist in a given climate. A simple
dominance criterion is applied to this set of PFTs, such
that e.g. trees are considered to be the dominant life forms
where grasses and trees can co-exist. Biomes emerge from
a combination of the dominant PFTs. The number of

biomes is not predetermined. However, in the present
application, we use the 17 biomes originally defined by
Prentice et al. (1992).

2.2 The atmospheric model

The experiments have been run with version 5.3 of the
LMD AGCM (Sadourny and Laval 1984; Harzallah and
Sadourny 1995). The LMD AGCM is a finite difference
model. The model employs a grid that is regular in longi-
tude and in the sine of latitude, such that each grid cell has
the same area. There are 64 grid points in longitude
(equivalent to 5.625°) and 50 points in latitude (equivalent
to &2° in equatorial regions and &4° to 6° poleward of
40°). The atmosphere is divided into eleven vertical sigma
levels, unevenly spaced, including four levels in the planet-
ary boundary layer. The model is run with full seasonal
cycle but no diurnal cycle for insolation. The solar radi-
ation scheme is the algorithm of Fouquart and Bonnel
(1980), the long-wave radiation scheme is from Morcrette
(1991). Three condensation schemes are used in a sequen-
tial mode: large-scale condensation, moist adiabatic ad-
justment (Manabe and Strickler 1964), and deep convec-
tion (Kuo 1965).

Version 5.3 of the LMD AGCM incorporates the
SECHIBA land-surface scheme (Ducoudré et al. 1993).
In these experiments, SECHIBA has been modified to
allow a more physiologically and ecologically realistic
treatment of canopy conductance and seasonal variations
of leaf area index (Haxeltine and Prentice 1996). The
modified version of SECHIBA uses the same 17 vegeta-
tion types as in the BIOME1 model. SECHIBA allows
a mosaic of vegetation types, with different land-surface
characteristics, to co-exist within individual AGCM grid
cells and thus can readily accept the output from BI-
OME1, even though BIOME1 is run on a finer grid than
the AGCM.

2.3 The coupling strategy

The AGCM and the BIOME1 model are asynchronously
coupled as shown in Fig. 1. Asynchronous coupling is
used, as in all other coupled experiments (Henderson-
Sellers 1993; Claussen 1994; de Noblet et al. 1996b)
because the biome model is an equilibrium model and
requires a climate averaged over several years. The
BIOME1 model is run on a 0.5° grid. AGCM ‘‘anomalies’’
(differences between the 6 ky BP experiment and the con-
trol simulation) of mean monthly temperature, precipita-
tion and cloudiness are interpolated to this grid and
superimposed on a modern climate data set from Lee-
mans and Cramer (1991). This procedure differs from that
employed by e.g. Henderson-Sellers (1993) and Claussen
(1994), where the vegetation distribution was reconstruc-
ted directly from the simulated climate at the scale of the
AGCM grid. Forcing the biome model with AGCM
anomalies rather than with AGCM direct outputs is ex-
pected to be more appropriate when the coupled atmo-
sphere-vegetation experiments are to be compared with
palaeoclimate data because it incorporates the effects of
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Fig. 1. Schematic diagram of the coupling between the AGCM and
the biome model (BIOME1)

topography on climate, thus making it possible to capture
some of the local-scale spatial pattern due to terrestrial
geography (Harrison et al. 1995). The use of anomalies is
also expected to minimise the systematic linear model
biases (Harrison and Laarif unpublished data).

The present-day climate is simulated (control run, here-
after Ctrl) using present-day vegetation and insolation.
The vegetation distribution in the control is prescribed
from a BIOME1 simulation made with the modern cli-
mate data set of Leemans and Cramer (1991). In the first
experiment (HOL0), the Earth’s orbital parameters are set
to those appropriate for 6000 y BP and CO

2
concentra-

tion is lowered from 345 ppmv to 280 ppmv, but the
vegetation distribution is held constant. Thus, this experi-
ment represents the effects of changes in insolation and
CO

2
alone.

The simulated climate from HOL0 is used to drive the
BIOME1 model, in order to produce a vegetation distri-
bution appropriate to the simulated 6000 y BP climate.
The daily evolution of leaf area is computed off-line from
BIOME3 (Haxeltine and Prentice 1996) and depends on
the ambient climatic conditions as simulated by the
AGCM. Within the AGCM, the land-surface scheme
SECHIBA computes the appropriate set of land-surface
parameters (e.g. albedo, roughness length, canopy resist-
ance) for each grid cell as a function of the biome type and
its phenological state (see Table 1).

These changes in land-surface conditions are then used
to force a new 6000 y BP simulation (HOL1) with the
AGCM. This simulation represents the first iteration of
the coupling, and represents the add-on effects of changes
in vegetation on the 6000 y BP climate. Five iterations of
the coupled model were necessary to reach an equilibrium:
HOL1 through HOL5.

2.4 The simulations

Boundary conditions for the control (Ctrl) and 6000 y BP
experiment (HOL0 through HOL5) are those defined for
the Palaeoclimate Modelling Intercomparison Project
(PMIP: Joussaume and Taylor 1995), namely: (1) orbital
parameters in the control experiment were taken as those
appropriate for 1950 AD and those at 6000 y BP were
specified from Berger (1978); (2) the atmospheric CO

2concentration was set to 345 ppmv for the control run and
to 280 ppmv for the 6000 y BP simulations, in agreement
with ice core analyses (Raynaud et al. 1993) and (3) the
present-day sea-surface temperatures (SSTs) and sea-ice
cover climatology of Gates (1992) were used for both the
control and the 6000 y BP experiment.

The climate sensitivity to the 65 ppmv lowering in CO
2between the control and the 6000 y BP experiments is

minimised because the sea-surface parameters are pre-
scribed as modern (Hewitt and Mitchell 1996). Simula-
tions performed with the LMD-LMCE model (Masson
personal communication) have shown that the cooling
induced by the lowered CO

2
, is not statistically significant

and is, in any case, much smaller in magnitude than the
orbitally induced changes. In terms of vegetation sensitiv-
ity, the possible physiologic effects of lowered CO

2
are not

included in BIOME1.
Each simulation (Ctrl, HOL0, HOL1 through HOL5)

was run for 16 years. The first year of the simulation is
considered as the time necessary for spin-up, so the cli-
mate variables used as input to the BIOME1 model are
a mean of the last 15 years of a simulation. This is longer
than the 10-y minimum recommended in the PMIP pro-
ject, but Hewitt and Mitchell (1996) have suggested that
10-y may not be long enough to get rid of the inter-annual
climate variability at high northern latitudes. A 15-y mean
therefore provides a better chance of obtaining statist-
ically significant results for this region. A Student’s test, at
a 95% level, has been applied to annual and seasonal
means of climatic variables in order to identify those
regions where the climate changes are statistically signifi-
cant.

Seasonal variations are discussed for climatic variables
using months as defined today and therefore neglecting
the changes in the length of the climatological seasons
that arise from the change in earth’s orbital parameters
(Kutzbach and Gallimore 1988; Joussaume and Bracon-
not 1996). However, daily values interpolated from the
monthly average of climatic variables are used for the
biomes and therefore directly account for changes in the
length of the seasons.

Previous experiences with asynchronous coupling (de
Noblet et al. 1996b; Claussen and Gayler in press) suggest
the modelled climate-vegetation system approaches quasi-
equilibrium in a very few iterations (3 to 7 depending on
the initial vegetation distribution). Figure 2 displays
(a) the global annual mean of air temperature, and (b) the
percentage of AGCM grid cells that show vegetation
changes between successive iterations. Temperature de-
creases slightly in response primarily to changes in insola-
tion and then to the lowering of atmospheric CO

2
, but

increases in response to changes in vegetation. This in-
crease exceeds the orbitally induced cooling. A Student’s
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Table 1. List of the land-surface
parameters prescribed and of the
subsequent variables computed
in the modified version of
SECHIBA used for these
experiments

Biome type Minimum Maximum Maximum Canopy
i albedo (%) albedo (%), roughness height (m)

a
.*/, i

with fresh length (m) H
isnow z

0, ia
.!9, i

Polar desert 35 80 0.01 0.0
Semi-desert 25 80 0.02 0.0
Tundra 20 80 0.05 0.5
Taı̈ga 14 20 1.0 17.0
Cold deciduous forest 14 20 0.75 15.0
Cool grass/shrub 20 80 0.05 0.5
Cool conifer forest 14 20 1.0 20.0
Cold mixed forest 14 20 0.9 20.0
Cool mixed forest 14 20 0.9 20.0
Temperate decideous forest 14 20 0.75 20.0
Evergreen/warm mixed forest 14 20 1.0 20.0
Warm grass/shrub 20 80 0.05 0.5
Hot desert 35 80 0.01 0.0
Xerophytic woods/scrub 17 50 0.5 5.0
Tropical rain forest 14 20 2.0 30.0
Tropical seasonal forest 14 20 1.0 20.0
Tropical dry forest/savanna 17 50 0.25 2.0

The daily fraction of the AGCM grid-box (p
$!:, i

) that is covered by each biome is computed from the
daily evolution of leaf area index (¸AI), and so is the resulting fraction of non-covered soil ( f

$!:, i
)

p
$!:, i

"p
.!9, i

(1!exp~(0.5LAI$!:, i))

f
$!:, i

"p
.!9, i

!p
$!:, i

Mean daily surface albedo is computed from the albedo of each biome type:

a
$!:

"+

i

a
$!:, i

with

a
$!:,i

"(1!frac
4/08

) · [p
$!:,i

#f
$!:,i

· 1.2]#frac
4/08

·Ca.*/,i
#(a

.!9,i
!a

.*/,i
) · exp

!age of snow

5 D
where frac

4/08
is the part of grid-box covered with snow, computed as

frac
4/08

"

snowmass

snowmass#10
where snowmass is the thickness of the snow layer (in cm).

Mean daily roughness length is computed from the roughness length of each biome type:

z
0,$!:

"exp
+
i

[z
$!:,i

]
with

z
$!:, i

"[p
$!:, i

log(z
0, i

)]#[f
$!:, i

log(0.7 z
0, i

)]

Soil roughness length below canopy is set to 0.7 of the canopy value.
Two canopy resistances have been defined for SECHIBA (see Ducoudré et al. 1993), and are
computed daily as followed:

1 An architectural resistance"5JH
i
¸AI

$!:, i
2 A stomatal resistance"(1/¸AI

$!:,%
)R

.*/
f (PAR) f (dc) f (soil moisture)

where PAR is the photosynthetically active radiation, dc the water vapour concentration deficit of the
atmosphere, ¸AI

$!:,%
the effective leaf area index computed as:

¸AI
$!:,%

"5 (1!exp(~LAI$!:, i@5))

and R
.*/

the minimum stomatal resistance computed as:

R
.*/

"(1 /G
.!9

) (P/R¹ )

where G
.!9

is the prescribed maximum stomatal conductance (220 10~3. mol.m~2. s~1), set to the
same value for all biomes, P the surface pressure (Pa), ¹ the surface temperature (°K) and
R"8.314 J.mol~1.K~1

test was performed on the mean seasonal climatic vari-
ables: significant differences between HOL4 and HOL5
were found to be few and scattered. Vegetation distribu-
tion is sensitive to the climate change induced by the
6000 y BP orbital forcing (Fig. 2b): 19% of the AGCM
grid cells (excluding areas covered with perennial snow

and ice) change vegetation. Vegetation feedbacks induce
smaller changes: 11% of the cells change from HOL0 to
HOL1. In subsequent iterations, the vegetation changes
affect between 10 and 12% of the AGCM grid cells.
Claussen (1996) obtained a similar range (9—12%) when
reconstructing biome distributions from multiple 10-y
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Fig. 2. a Global annual mean surface air temperature; b percentage of AGCM grid cells that change vegetation type between two successive
iterations

simulated modern climatologies, suggesting that differ-
ences of this order merely reflect climate variability. These
various tests suggest that HOL5 is not far from being the
equilibrium state of our simulated vegetation-atmosphere
system, thus running more iterations did not appear ne-
cessary. There is still some uncertainty as to how best to
define the equilibrium for a coupled vegetation-atmo-
sphere except as the absence of a ‘‘trend in global averages
of land-surface parameters and climate variables’’ (Claus-
sen 1994). The elaboration of an appropriate definition is
beyond the scope of this study.

2.5 Palaeoenvironmental data and data-model comparison
strategy

In order to test whether the introduction of vegetation
feedbacks produces an amplification of the response to
orbital forcing at high northern latitudes and in the mon-
soon zone sufficient to explain observed changes in regional
climates, we have focused data-model comparisons on two
regions: northern Eurasia (65 °N to pole, 0°—170 °E) and
northern Africa (5°—25 °N, 20 °W—30 °E). These regions
were chosen because (a) we had access to a sufficient num-
ber of palaeodata sites to allow a fairly detailed palaeoen-
vironmental reconstruction for 6000 y BP, (b) they are re-
gions of relatively simple topography, faciliting compari-
sons with results derived from AGCM simulations, and (c)
previous work (both AGCM sensitivity experiments and
coupled modelling exercises) has already identified the high
northern latitudes and northern Africa as areas where there
is a potential for substantial biogeophysical feedbacks dur-
ing the Holocene (see Sect. 4).

The position of the tundra-forest boundary at
6000 y BP across northern Eurasia has been reconstruc-
ted from pollen and macrofossil data. We have extended
the compilation of pollen-derived biomes from Prentice et
al. (1996), which covers northern Europe to the Urals, by
adding biome reconstructions from 36 radiocarbon-dated
sites from Russia (Table 2).

The expansion of the monsoon at 6000 y BP in north-
ern Africa is reconstructed from two independent data
sets: changes in lake status (a semi-quantitative measure of
changes in the extent of lakes as expressed by relative
water depth or lake level) and pollen-based biome recon-

structions. Records of the changes in lake status at 35 sites
and pollen-derived biomes from 11 sites have been derived
from the compilation of Jolly et al. (in press).

The palaeoenvironmental data record climate and veg-
etation changes at discrete sites. It is possible to generalise
such data through the use of explicit or implicit interpola-
tion methods in order to obtain maps of past environ-
mental conditions (e.g. Adams et al. 1990; Velichko et al.
1992; Maslin et al. 1995; Crowley 1995). However, inter-
polation can mask the existence of data-poor regions, and
data-model comparisons using such maps can be unreli-
able because they place too much weight on regions with
relatively sparse data (Broccoli and Marciniak 1996).
Broccoli and Marciniak (1996) have recommended that
evaluations of climate model simulations should be con-
fined to the discrete sites at which palaeoenvironmental
data are available; we have followed this recommenda-
tion. Thus, the site-based biome reconstructions are com-
pared directly with the simulated vegetation distribution,
and changes in lake status between 6000 y BP and present
are compared with the simulated changes in precipitation
minus evaporation (P—E).

3 Results

3.1 Orbitally induced changes in simulated climate and
vegetation

During the mid-Holocene (6000 y BP), the seasonal con-
trast in insolation was greater than present over the
Northern Hemisphere (NH): at the top of the atmosphere,
incident solar radiation increased by 21 Wm~2 during
summertime (JJA) and decreased by 10 W m~2 during
wintertime (DJF). In response to the change in summer
insolation, the LMD AGCM simulates significantly
warmer summers at the 95% confidence level in the NH
(Fig. 3a). The summer warming is larger than 1.5 °C over
most of the land north of 30 °N, reaches 2 °C over much of
northern Eurasia and exceeds 2.5 °C over eastern Siberia,
a region characterised by a strong inter-seasonal variabil-
ity of simulated temperatures. Over the Sahel on the other
hand, summer temperatures are significantly cooled by
1 °C, and by more than 2 °C over northern India and the
Tibetan plateau. This simulated cooling results from the
enhancement and northward expansion of the summer
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Table 2. Information on the sites yielding modern and 6000 y BP vegetation data from northern Russia used in this study

Site Latitude Longitude Source of evidence Biome Biome Dating Reference
at 0 ka at 6 ka control!

Yuzhnyi (668) 70.82 57.30 Pollen Tundra Tundra 2D 10
Pur-Taz 66.00 79.00 Pollen Cold deciduous

forest
Taiga 1C 19

Lovozero 68.00 35.00 Pollen Cold deciduous
forest

Taiga 1D 3

Paanayarvi 66.27 30.00 Pollen Taiga Taiga 3D 3
Uzkoe 66.17 32.92 Pollen Taiga Taiga 1C 3
Baidara 68.85 66.90 Pollen Tundra Cold deciduous forest 1C 20
Samandon-
Kazach’e

70.78 136.26 Pollen Cold deciduous
forest

Cold deciduous forest 1D 18

Yareikhoi (14/81) 68.00 60.00 Pollen Tundra Taiga 1D 1
Pact-6 69.34 86.70 Pollen Cold deciduous

forest
Taiga 1D 19

Kovdor 67.65 30.88 Pollen Taiga Taiga 4D 5
Ladonnakh
G-119

72.00 96.33 Macrofossil Tundra Cold deciduous forest 2D 11

B. Balakhnia
(A-318)

73.30 102.63 Macrofossil Tundra Cold deciduous forest 1D 11

B. Romanikha
(XX-44)

70.82 99.08 Macrofossil Cold deciduous
forest

Cold deciduous forest 1D 11

Zakharova
Rassokha

72.78 101.62 Macrofossil Tundra Cold deciduous forest 1D 11

Mitrofanovskoe 67.83 59.00 Pollen Tundra Taiga 2D 2
B. Balakhnia 73.25 100.72 Macrofossil Tundra Cold deciduous forest 3D 12
M. Balakhnia 72.75 103.00 Macrofossil Tundra Cold deciduous forest 3D 12
Kheta 70.63 94.75 Macrofossil Cold deciduous

forest
Cold deciduous forest 1D 12

Zap. Taimyr 74.53 100.50 Macrofossil Tundra Cold deciduous forest 1D 12
Khatanga 72.78 104.63 Macrofossil Tundra Cold deciduous forest 1D 12
Novaya-
M. Balakhnia

72.55 103.50 Macrofossil Tundra Cold deciduous forest 1D 12

B. Balakhnia-27 73.37 104.35 Macrofossil Tundra Cold deciduous forest 2D 12
B. Balakhnia-28 73.43 100.52 Macrofossil Tundra Cold deciduous forest 2D 12
B. Balakhnia-29 73.31 100.53 Macrofossil Tundra Cold deciduous forest 2D 12
Mosun 72.78 104.22 Macrofossil Tundra Cold deciduous forest 3D 12
Ary-Mas 72.50 101.83 Pollen Cold deciduous

forest
Taiga 1C 16

Kuobakh-Baga 65.00 143.33 Macrofossil Cold deciduous
forest

Cold deciduous forest 1D 13

Yuribei-26 68.35 71.88 Pollen/macrofossil Tundra Taiga 2D 14, 15
Pukhuchayakha 71.43 67.96 Pollen/macrofossil Tundra Cold deciduous forest 3D 14
V. Yurubei 68.21 70.19 Pollen/macrofossil Tundra Taiga 2D 14
Igarka 67.43 86.58 Pollen Cold deciduous

forest
Taiga 1D 9

Duvannyi Yar 68.63 159.17 Pollen Cold deciduous
forest

Cold deciduous forest 2D 6

Dresvianka 68.45 55.26 Pollen Tundra Taiga 1C 17
Malaya Kheta 69.57 84.53 Macrofossil Cold deciduous

forest
Taiga 1C 7

Karginskii 69.95 83.58 Macrofossil Tundra Taiga 1D 4
Sypnoi Yar 68.90 147.58 Pollen Taiga Taiga 5D 6
Shamanovo 69.98 147.58 Pollen Tundra Cold deciduous forest 4D 8

!Dating control is a measure of the accuracy of the identification of the 6000 y BP interval, and makes use of schemes for continuous (C) and
discontinuous (D) records as given in Tarasov et al. (1996). For continuous records, a dating control of 1C indicates that there are two,
bracketing radiometric dates each within 2000 y of 6000 y BP; for discontinous records, a dating control of 1D, 2D, 3D, 4D or 5D indicates
a radiometric date within 250, 500, 750, 1000 and 1500 y respectively of 6000 y BP
1. Bolikhovskaya et al. (1988)
2. Davydova et al. (1992)
3. Elina et al. (1995)
4. Firsov et al. (1972)
5. Kagan, Koshechkin, Lebedeva (1992)
6. Kaplina and Lozhkin (1979)
7. Kind (1974) and
8. Lavrushin et al. (1963)
9. Levkovskaya et al. (1970)

10. Malyasova and Serebriannyi (1993)

11. Nikol’skaya (1982)
12. Nikol’skaya and Cherkasova (1982)
13. Shilo et al. (1971)
14. Vasil’chuk et al. (1983)
15. Parunin et al. (1984)
16. Ukraintseva (1991)
17. Veinbergs et al. (1995)
18. Velichko et al. (1994)
19. Andreev, personal communication
20. Andreev and Tarasov, personal communication

870 Texier et al.: Quantifying the role of biosphere-atmosphere feedbacks in climate change



Fig. 3a–f. Climate changes simulated in response to 6000 y BP or-
bital forcing (HOL0-Ctrl) and to the combined effects of orbital
forcing and vegetation feedbacks (HOL5-Ctrl): a June—July—August
(JJA) surface air temperature (°C) for HOL0-Ctrl; b December—

January—February (DJF) surface air temperature (°C) for HOL0-
Ctrl; c JJA precipitation (mmday~1) for HOL0-Ctrl; d JJA surface
air temperature (°C) for HOL5-Ctrl; e DJF surface air temperature
(°C) for HOL5-Ctrl; f JJA precipitation (mm day~1) for HOL5-Ctrl

monsoons (see later) because the increased precipitation
induces a significant increase in evapotranspiration and
increased cloudiness; these secondary changes both cool
the land.

In response to the decrease in insolation during winter-
time, the LMD AGCM simulates colder winters in most
of the NH (Fig. 3b) except for western Alaska where
warmer winters are simulated. The magnitude of winter
cooling ranges from 0.5 °C to 1.5 °C across the high and
mid northern latitudes whereas winter warming ranges
from 0.5 °C to 2 °C. The warming in Alaska is caused by
a deepened Aleutian low which advects warm air into the
region. However, the change in winter temperature north
of 30 °N is not significant due to the large interannual
variability of winter climate in these regions. In the
tropics, there is a large and significant cooling of 2 to 3 °C

across northern Africa and parts of central Asia, where the
insolation change is maximal.

As a consequence of the strengthened land-sea temper-
ature gradient in summer, the African and Asian mon-
soons are intensified and penetrate further inland. There is
a significant increase in summer precipitation, that (in
terms of regional means) exceeds 3 mmday~1 over the
Sahel, 4 mmday~1 over the Tibetan plateau, and reaches
3 mmday~1 over Indonesia (Fig. 3c). The simulated in-
crease in summer precipitation over the Sahel cor-
responds to a northward expansion of the intertropical
convergence zone by about 2.5° latitude. Summer precip-
itation decreases over west-central Africa, southern India
and Indochina, and over southeastern China. These
changes in rainfall are determined by the shift in the
main convergence cells: northeastward in Africa and
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Fig. 4a–c. Mean simulated 200 hPa velocity potential
(]106 m2 s~1) in June—July—August for a the present-day climate
(Ctrl); mean change in the simulated 200 hPa velocity potential
(]106 m2 s~1) in June—July—August for b the orbitally induced cli-
mate change (HOL0-Ctrl); c the orbitally and vegetation induced
climate change (HOL5-Ctrl). Negative contours (i.e. regions with
upper-level divergence) are dashed and shaded

Fig. 5a–c. Simulated vegetation distribution: a modern, based on
climatological data (Leemans and Cramer 1991); b from experiment
HOL0, based on 6000 y BP orbital conditions and present vegeta-
tion; c from experiment HOL5, based on 6000 y BP orbital condi-
tions and vegetation from HOL4

northwestward in Asia as discussed in de Noblet et al.
(1996a). Indeed, Fig. 4 shows that, with orbital forcing
alone the upper-level divergence (i.e. the low-level conver-
gence) is decreased over the western Pacific and the Bay of
Bengal, and increased over the Asian monsoon region and
particularly over Africa. When vegetation feedbacks are
included, the reinforcement of the upper-level divergence
is even more pronounced.

These changes in regional climates produce a change in
the distribution of terrestrial vegetation (Fig. 5b com-
pared with Fig. 5a), the major features of which are (1) a
reduction of the tundra area at high northern latitudes,
(2) an expansion of warm grassland in mid-latitudes and
(3) a reduction of hot desert. At high northern latitudes,
summer warming leads to an increase in the length of the
plant growing season resulting in a northward shift of the
forest/tundra boundary. The area of tundra is reduced by

20%. In mid-latitudes, the summer warming induces
a shift from cold to warm grasslands: the area of cold
grassland is reduced by 31% compared to present. The
simulated mid-latitude summer warming is accompanied
by drier conditions and a concomitant reduction in avail-
able soil moisture. As a result warm grassland also ex-
pands into regions occupied today by boreal or temperate
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Table 3. Changes in surface albedo, roughness length and canopy resistance to evapotranspiration are computed over the restricted part of
the region that changes vegetation; changes in climate are computed over the entire region: (a) high northern latitudes: from 55 °N to 90 °N
and from 180 °W to 180 °E; (b) northern Africa: from 5 °N to 25 °N and from 20 °W to 30 °E. Means computed over West Africa (20 °W to
12 °E) are in italic; means computed over eastern northern Africa (12 °E to 30 °E) are underlined

Ctrl Orbitally induced Vegetation induced Orbitally and vegetation-
changes changes induced changes
HOL0-Ctrl HOL5-HOL0 HOL5-Ctrl

Surface air temperature (°C)
JJA 19.94 #1.70 #0.42 #2.12
SON !0.66 !0.27 #0.10 !0.17
DJF !12.91 !0.54 #0.28 !0.26
MAM 0.39 !0.78 #0.32 !0.46

Absorbed solar radiation
(Wm~2) JJA 219.17 #13.12 #1.81 #14.93

Latent heat flux
(Wm~2) JJA 72.60 #3.60 #0.70 #4.30

Sensible heat flux
(Wm~2) JJA 59.70 #6.42 #1.20 #7.62

Tundra 8080502.00 km2 !20.00% !5.00% !25.00%

Surface albedo (%)
JJA 18.33 !1.33 !0.33 !1.66
SON 32.00 !3.00 !1.33 !3.33
DJF 48.00 !4.00 !2.33 !6.33
MAM 41.66 !4.00 !1.66 !5.66

Roughness length (m)
JJA 0.28 #0.12 #0.06 #0.18
SON 0.27 #0.11 #0.06 #0.17
DJF 0.27 #0.11 #0.06 #0.17
MAM 0.27 #0.11 #0.06 #0.17

Canopy resistance to evapo-transpiration (sm~1)
JJA 876.84 !61.60 !15.73 !77.33
SON 1643.00 !866.10 #106.56 !759.54
DJF 1019.00 !340.00 !612.40 !952.40
MAM 542.10 !233.30 #26.20 !207.10

forests. In the tropics, increased soil moisture allows
moisture-demanding vegetation to expand. The area of
hot desert is reduced by 5% in the NH. In Africa, the
southern limit of the Sahara moves northward by 0.5° of
latitude west of about 12 °E, and by between 1 to 2° east of
about 12 °E such that the simulated area of the Sahara is
reduced by 9%.

The northward shift of the treeline at high northern
latitudes induces a decrease of the mean surface albedo of
about 1% in summertime and 4% in the presence of snow
cover (Table 3a). The largest increase in surface solar
radiation reflectivity occurs during the snow season be-
cause the forests, unlike the low tundra vegetation, pro-
trude above the snow cover and partly mask it (Federer
1968; Bonan et al. 1992; Chalita and Le Treut 1994; Foley
et al. 1994). The change from tundra to forest also induces
an increase in summertime vegetation roughness length
by 0.12 m over the boreal latitudes and a large decrease in
canopy resistance to evapotranspiration. In the mid-latit-
udes, the change from cold to warm grasslands does not
affect land-surface characteristics in a significant way.
However, the expansion of grasslands into areas now-
occupied by boreal or temperate forests results in an
increase in surface albedo, a decrease in roughness lengh
and an increase in canopy resistance to evapotranspira-
tion. In general, these changes only affect rather small,

discrete areas and thus their subsequent impact on climate
is limited. In eastern Siberia, however, the replacement of
boreal forest by cold grassland significantly enhances win-
ter cooling (see later). The expansion of moisture-demand-
ing vegetation into the desert induces a decrease in albedo,
an increase in roughness length and a decrease in canopy
resistance to evapotranspiration. In northern Africa, for
example, albedo decreases by 2% (Table 3b) and rough-
ness length increases by 0.08 m.

These changes in land-surface parameters are used to
drive the AGCM, in order to produce a new simulation of
the 6000 y BP climate (HOL1). This procedure is iterated
until HOL5. Through the successive iterations (from
HOL1 to HOL5), the direction of changes in vegetation
distribution are similar to those produced by orbital forc-
ing but the magnitude of the changes decreases.

3.2 The response of climate and vegetation to 6000 y BP
orbital forcing and vegetation feedbacks

The main effects of the simulated vegetation changes (ie.
experiments HOL5-HOL0) are to produce (1) a surface
warming throughout the year, at high and mid latitudes
(Fig. 3d—e); and (2) an enhancement of the orbitally-in-
duced summer rainfall increase (Fig. 3f ) in the tropics.
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Table 3b

Ctrl Orbitally induced Vegetation induced Orbitally and vegetation-
changes changes induced changes
HOL0-Ctrl HOL5-HOL0 HOL5-Ctrl

Annual precipitation 1.70 #0.32 #0.35 #0.67
1.95 /1.47 #0.34 /#0.24 #0.40 /#0.30 #0.74 /#0.54

Summer (JJA) precipitation 3.70 #0.82 #0.61 #1.43
(mm day~1) 4.32 /2.96 #0.73 /#0.66 #0.86 /#0.55 #1.60 /#1.21

Annual latent heat flux
(Wm~2) 36.52 #4.20 #4.20 #8.40

Annual sensible heat flux
(Wm~2) 56.57 !3.86 #0.10 !2.86

Annual P-E balance
(mmday~1) #0.60 #0.21 #0.26 #0.47

Annual total cloud cover 29.44 #2.84 #2.37 #5.21
(%)

Hot desert area 5 328 560.5 km2 !9.00% !10.50% !19.50%

Surface albedo
(%) JJA 22.33 !2.00 !1.00 !3.00

Roughness length
(m) JJA 19.66 #0.08 #0.06 #0.14

Canopy resistance
to evapo-transpiration
(sm~1) JJA 535.30 !10.34 !15.73 !26.07

Incorporation of vegetation feedbacks leads to a statist-
ically significant enhancement of the orbitally induced
summer warming of about 0.5 °C over most of North
America and 0.5 °C to 1.0 °C over the Eurasian high
latitudes between 30° to 120°E. In southwestern Europe,
northern Africa, Arabia and Central Europe, a similar
enhancement of summer temperatures (0.5 °C) is
simulated (Fig. 3d compared to 3a). Over northern Africa
and Arabia the simulated summer warming is consequent
on the strengthening of the African monsoon: increased
convection in this region is, as expected, accompanied by
an increase in subsiding air further north (with adiabatic
warming). In the southern Sahara, the changes in rough-
ness length and canopy resistance caused by the north-
ward extension of sahelian vegetation induces an increase
in evapotranspiration and therefore in convective rainfall
(see later) leading to a cooling of the land-surface. The
increase in roughness length and the decrease in canopy
resistance prevail over the effects of decreasing surface
albedo which would otherwise warm the surface.

In winter (DJF) and spring (MAM), the surface warm-
ing in mid and high northern latitudes results from the
shading effects of tall vegetation on snow reflectivity, and
reduces the orbitally-induced cooling (Table 3a). At high
latitudes, the simulated extension of forested areas pro-
duce a significant winter warming over north-western
America (Fig. 3e), that ranges from 0.5 °C to 2 °C com-
pared to present. Over northern Russia on the other hand,
more specifically east of the Urals and over northeastern
Siberia, the orbitally induced winter cooling is enhanced
despite the northward migration of the treeline, but is not
significant due to the large climate variability in winter in
these regions. In Mongolia winter cooling is significantly

enhanced due to the intrusion of large patches of grass-
lands in forested areas, that induces an increase in surface
albedo.

The steepened thermal gradient across northern Africa
(HOL5-Ctrl compared to HOL0-Ctrl) is such that rainfall
penetrates further north. Precipitation significantly in-
creases over northern Africa by 5 mmday~1 compared to
the control simulation. Similar effects are seen on the
Tibetan Plateau and over Indonesia, where precipitation
significantly increases by 5 mmday~1 and 7.5 mmday~1
respectively, compared to present.

The changes in simulated climate in response to the
combined effects of orbital forcing and vegetation feed-
backs at 6000 y BP (i.e. HOL5-Ctrl) produce a significant
change in vegetation distribution (Fig. 5c). The boreal
forests expand further north, in response to the simulation
of warmer summers and a longer growing season. The
area of tundra is reduced by 25% of its present-day extent,
compared to the 20% reduction produced by orbital forc-
ing alone (HOL0-Ctrl). In the mid-latitudes, the area of
warm grassland also expands further: the increase is 62%
compared to 46% in response to orbital forcing alone.
The further amplification of the summer monsoons leads
to an expansion of moisture-demanding vegetation at the
expense of desert. In the tropics, hot deserts are reduced
by 11% compared to 8% in response to orbital forcing
alone; the changes are particularly significant in northern
Africa, where the Sahara is reduced by 19.5% compared
to 9% in response to orbital forcing alone.

The regions which show the largest changes in vegeta-
tion distribution in response to orbital forcing (HOL0-
Ctrl) and to the associated vegetation feedbacks (HOL5-
HOL0) are the same (Fig. 6a—b). The magnitude of the
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Fig. 6a, b. Percentage of an AGCM grid cell that changes vegeta-
tion cover in response to a 6000 y BP insolation changes (HOL0-
Ctrl); b 6000 y BP vegetation feedbacks (HOL5-HOL0)

changes in climate and vegetation distribution as a result
of the inclusion of vegetation feedbacks are generally
smaller than those due to orbital forcing. Thus, orbital
forcing warms the summer temperatures in the high latit-
udes of the NH by 1.7 °C and increases the annual precipi-
tation over northern Africa by 0.32 mmday~1 relative to
present; the associated vegetation feedbacks produce an
additional summer warming of 0.42 °C and an increase in
the African annual precipitation of 0.35 mmday~1
(Table 3a—b). The orbitally induced climates change re-
duce the tundra by 20% and the tropical hot deserts by
8% of their present-day area; the tundra area is reduced
by a further 5% and the hot deserts by a further 3% when
vegetation feedbacks are taken into account. The greater
sensitivity to orbital forcing than to vegetation feedbacks
is also reflected in the overall magnitude of vegetation
change in response to orbital forcing and vegetation feed-
backs (Fig. 6a—b). In the mid-latitudes of Eurasia, for
example, there are large areas where more than 20% of
each grid cell undergoes a change in vegetation cover in
response to orbital changes and peak values are more
than 60% (Fig. 6a); the area with values of more than 20%
change is smaller in response to vegetation feedbacks and
peak values are always less than 60% (Fig. 6b). A similar
situation occurs in the tropics, where the area with values
of less than 40% is larger in response to orbital changes
than in response to vegetation feedbacks.

However, there are specific regions where the vegeta-
tion response to vegetation feedbacks is larger than the
response to orbital forcing. On the West African coast, for
example, the change in vegetation distribution as a conse-
quence of orbital changes affects less than 20% whereas
the change due to vegetation feedbacks affects more than
80% of each grid cell. To the west of Lake Chad, orbital
forcing alone produces an increase in summer precipita-
tion of 0.73 mmday~1 whereas vegetation feedbacks pro-
duce a further increase of 0.86 mmday~1 (Table 3b). In
terms of annual means, the magnitude of the rainfall
increase induced by vegetation feedbacks is stronger than
the orbitally induced signal, over the whole of northern
Africa (Table 3b). The potential importance of vegetation
feedbacks in certain regions is emphasised by data-model
comparisons, dealt with in the following section, which
show that coupled model simulations still underestimate
the observed vegetation shifts.

4 Data-model comparisons

4.1 Northern Eurasia

The data show a significant northward shift of forest
biomes at 6000 y BP (Fig. 7d—e). In northern Scandinavia,
the modern vegetation of tundra and taiga was replaced
by cold mixed forest and cold deciduous forest. In western
Siberia, taiga extended northward to the Arctic coast into
regions now occupied by tundra. In eastern Siberia, the
tundra was replaced by cold deciduous forest. Of the
available sites from Russia, only three register tundra
vegetation at 6000 y BP (Table 2).

According to the simulated biome maps, orbital chan-
ges produce a northward shift of the tundra-forest bound-
ary (HOL0: Fig. 7b). In the west, taiga replaced tundra in
response to the simulated increase in the length of the
growing season. In the east, the simulation of cold winters
prevented the expansion of boreal evergreen conifers, and
thus the simulated increase in the growing season is regis-
tered by an expansion of cold deciduous forest. The in-
crease in the area of cool grass/shrub in eastern Siberia
(Fig. 7b) is a consequence of the simulated increase in
aridity. The incorporation of vegetation feedbacks
(HOL5: Fig. 7c) results in a further northward migration
of the treeline, particularly in central and eastern Siberia,
and a further expansion of cool grass/shrub in eastern
Siberia. In Scandinavia, a slight winter warming leads to
the expansion of cool conifer forest at the expense of taı̈ga.
However, the changes due to vegetation feedbacks are
small compared to those produced by orbital forcing
alone. Thus, orbital forcing alone leads to a reduction of
tundra by 27% in this region compared to present, while
the combined effects of orbital forcing and vegetation
feedbacks results in a reduction of tundra to 34% of its
modern extent.

The simulated changes in the position of the treeline in
response to orbital changes is qualitatively in agreement
with the palaeoenvironmental data, but significantly
underestimates the magnitude of the northward shift in
central Siberia. The incorporation of vegetation feedbacks
produces a further shift in the tundra-forest boundary, but
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it is still insufficient to capture the full extent of the
observed changes. For example, the data show forest at
several sites on the Yamal and Taymyr peninsulas up to
2—3° beyond the position of the simulated boundary of
forest. The currently available data from northern Eurasia
do not yet permit us to evaluate the realism of the
simulated expansion of cold grass/shrub.

4.2 Northern Africa

The lake data show conditions significantly wetter than
present across the Sahara (Fig. 8e). This is consistent with
the occurrence of warm grass/shrub or xerophytic
woods/scrub at several sites in regions now occupied by
desert (Fig. 8a, d). Further south, on the coast of West
Africa, the trend towards wetter conditions was registered
by the replacement of warm grass/shrub and xerophytic
woods/scrub by tropical dry forest/savanna.

According to the simulated biome maps, orbital chan-
ges produce a northward shift in the position of the
southern margin of the desert (HOL0: Fig. 8b) in response
to the simulation of a more positive water balance than
present. The northward shift is greatest in the region east
of Lake Chad. The shift towards wetter conditions is also
registered by a northward shift of xerophytic woods/scrub
and tropical dry forest. In central Africa, tropical seasonal
and tropical rainforest expanded at the expense of tropical
dry forest, again in response to an increase in moisture.
The incorporation of vegetation feedbacks results in a fur-
ther increase in P-E south of about 15 °N (Fig. 8f ) and
a further northward migration of the vegetation belts in
northern Africa (HOL5: Fig. 8c). In contrast to HOL0, the
largest changes in vegetation distribution occur in West
Africa.

The simulations significantly underestimate the extent
of wetter conditions in northern Africa in response to
orbital forcing. However, to the south of about 15 °N
there is reasonable agreement between the observed cli-
mate and vegetation and that simulated in response to
orbital forcing. The incorporation of vegetation feedbacks
produces an enhancement and extension of the region of
more positive moisture balance. South of about 15 °N, this
enhancement is sufficient to produce an improved match
to the data. For example, the northward shift of vegeta-
tion zones on the coasts of West Africa in response
to orbital forcing is insufficient to produce tropical dry
forest at the sites which registered such conditions at
6000 y BP, but the additional effects of vegetation feed-
backs lead to the simulation of xerophytic woods/scrub
and tropical dry forest at these sites. However, north of
about 15 °N, the extension of wetter conditions in re-
sponse to vegetation feedbacks is too limited to correct the
mismatch between simulated climate and the biome and
lake data.

5 Discussion and conclusion

In response to changes in the Earth’s orbital parameters at
6000 y BP, the LMD AGCM produces warmer summers
and cooler winters in the NH, drier summer conditions in

the mid-latitudes and an enhancement of the Afro-Asian
summer monsoons. In response to these climatic changes,
the tundra-forest boundary was shifted northwards, grass-
lands expanded at the expense of temperate and boreal
forests, there was a shift from cold to warm grasslands in
the mid-latitudes, and the NH deserts were reduced. The
inclusion of vegetation feedbacks produces an amplifica-
tion of the orbitally induced summer climate and vegeta-
tion changes both at high northern latitudes and in the
African monsoon region. Comparative analyses of the
sensitivity of the atmosphere/biosphere system to the two
forcings suggest that, for these two regions, the climate
response to vegetation forcing is generally somewhat
smaller than the sensitivity to orbital forcing. Thus, the
change in summer and winter temperatures in the zone
north of 55 °N are respectively #0.42 °C and #0.28 °C in
response to vegetation forcing alone compared to
#1.70 °C and !0.54 °C for orbital forcing alone. The
change in summer precipitation along the southern mar-
gin of the Sahara is #0.82 mmday~1 in response to
orbital forcing and #0.61 mmday~1 in response to veg-
etation feedbacks.

The changes in regional climates simulated by the
LMD AGCM in response to orbital changes are compa-
rable to other published 6000 y BP simulations (e.g. Kutz-
bach and Guetter 1986; Kutzbach et al. 1993; Mitchell
1993; Liao et al. 1994; de Noblet et al. 1996b; Hall and
Valdes 1997; Hewitt and Mitchell 1996; Kutzbach et al. in
press), as are the resulting changes in vegetation (e.g.
Kutzbach et al. in press; TEMPO Members 1996; Har-
rison et al. (in press). Differences in the magnitude of the
vegetation response to orbital forcing as simulated by
AGCMs with prescribed oceans are rather small at a
zonal scale. Harrison et al. (in press), for example, showed
that the area of tundra north of 30 °N simulated with
BIOME1 driven by output from several PMIP AGCM
simulations was reduced to between 74—83% of its mod-
ern extent; in the HOL0 experiment, this value is 78%.

Our simulations are made with fixed, modern SSTs.
Simulations with computed SSTs show that sea-ice feed-
backs can amplify the effects of orbital forcing in the high
northern latitudes (Kutzbach and Gallimore 1988;
Mitchell et al. 1988). However, the incorporation of
a mixed-layer ocean leads to much larger differences be-
tween GCMs in the simulated magnitude of the vegeta-
tion response to 6000 y BP orbital forcing, with a reduc-
tion in the area of tundra of between 70% and 97% of its
modern extent, than are observed between the same
AGCMs run with fixed SSTs (TEMPO Members 1996). It
therefore seems premature to rely on these models in
experiments designed to isolate the climate response to
vegetation feedbacks.

The effects of the incorporation of vegetation feedbacks
on high northern latitude climates have been previously
examined by Foley et al. (1994). They used version 1 of
GENESIS AGCM coupled to a mixed-layer ocean to
simulate the effects of expanding the northern boreal
forests to the Arctic coast. The prescribed change led to
a warming of 3—4 °C in spring and 1.6 °C in the annual
average in the zone between 60—90°N: values significantly
larger than those obtained in our experiments and which
would suggest that vegetation feedbacks are significantly

Texier et al.: Quantifying the role of biosphere-atmosphere feedbacks in climate change 877



878 Texier et al.: Quantifying the role of biosphere-atmosphere feedbacks in climate change



b&&&&&&&&&&&&&&&&&&&&&&&&

Fig. 8a–f. Simulated and observed climate and vegetation of north-
ern Africa (5—25 °N, 20 °W—30 °E). Simulated: a modern, based on
climatological data (Leemans and Cramer 1991); b from experiment
HOL0, based on 6000 y BP orbital conditions and present vegeta-
tion; c from experiment HOL5, based on 6000 y BP orbital condi-
tions and vegetation from HOL4. Observed: d 6000 y BP vegetation
reconstructed from pollen data at specific sites (from Jolly et al. in
press); e changes in lake status at 6000 y BP reconstructed from
geomorphic and biostratigraphic evidence (from Jolly et al. in press);
f change in annual P—E simulated in response to the combined
orbital and vegetation forcings (HOL5-Ctrl)

more important determinants of high-latitude climates
than we estimate. The prescribed change in the extent of
the northern boreal forests in Foley et al.’s (1994) experi-
ments is much bigger than the change simulated in our
(and other) experiments in response to orbital changes,
and probably about twice as big as the observed change at
6000 y BP (TEMPO Members 1996). Thus, the actual
magnitude of the boreal forest feedback on temperature
may have been smaller than suggested by Foley et al.
(1994). It is important to investigate how strongly non-
linear the relationship between changes in the extent of
boreal forest and the consequent warming is, in order to
determine whether this provides a complete explanation
for the discrepancy between our results and those ob-
tained by Foley et al. (1994). The use of a mixed-layer
ocean may also contribute to the discrepancy between our
results and those of Foley et al. (1994).

The effects of the incorporation of vegetation feedbacks
on the African monsoon has previously been examined by
Kutzbach et al. (1996) and Claussen and Gayler (in press).
Kutzbach et al. (1996) used version 2 of the NCAR Com-
munity Climate Model (CCM2) which includes a land-
surface model (LSM) with an explicit treatment of vegeta-
tion and soil processes to examine the effects of changing
the vegetation between 15—30 °N from desert to grassland.
The prescribed change leads to an enhancement of sum-
mer precipitation in the eastern Sahara (between
15—22 °N and from 0—50 °E) of 6% compared to an in-
crease of 12% as a consequence of orbital forcing alone.
The relative importance of orbital forcing and vegetation
feedbacks in this experiment is about the same as obtained
in our simulations, although the rainfall value for the
control run is about twice as large in CCM2 than in the
LMD AGCM, while the initial increase in summer pre-
cipitation simulated by the CCM2 is considerably less
than the increase simulated for this region in HOL0. In
our experiments, orbital forcing increases rainfall by 60%
and vegetation feedbacks further increase rainfall by 30%.
Claussen and Gayler (in press) used the ECHAM model
asynchronously coupled to BIOME1. As in our experi-
ments, the coupled model produces a significant enhance-
ment of monsoon precipitation over northern Africa. Al-
though, the orbitally induced change in rainfall simulated
by the ECHAM model is smaller than the change ob-
tained in HOL0, Claussen and Gayler (in press) were able
to produce a much larger amplification of the monsoon as
a result of vegetation feedbacks such that the southern
limit of Sahara was pushed to approximately 20 °N after
3 iterations whereas the southern limit of the Sahara is
only pushed to approximately 18 °N after 5 iterations

(HOL5) in our experiments. An intercomparison study is
currently underway to examine the reasons for this dis-
crepancy .

The response to vegetation feedbacks can exceed the
sensitivity to orbital forcing in certain seasons and re-
gions. One such region is West Africa, where our results
suggest that vegetation feedbacks more than doubles the
increase of summer precipitation produced by 6000 y BP
orbital forcing. The absence of significant change in the
extent of the monsoon over West Africa has been a per-
sistent feature of AGCM simulations of mid-Holocene
climates (Jolly et al. in press; Harrison et al. (in press).
Changes in the ocean sea-surface temperature off the West
African coast can produce a significant increase in mon-
soon precipitation onshore (J. E. Kutzbach and Z. Liu
personal communication 1996). Our results and those of
Claussen and Gayler (in press) suggest that vegetation
feedbacks may also enhance monsoon precipitation in this
region. The incorporation of more accurate land and
ocean-surface conditions, or the use of coupled vegetation
and ocean models, could therefore be necessary to provide
a fully realistic simulation of the 6000 y BP climate of
West Africa.

Pollen data indicate that, despite the lower insolation,
high-latitude winters in Europe were warmer during the
mid-Holocene than today (Huntley and Prentice 1993;
Cheddadi et al. 1996). This situation can be explained by
the fact that direct effects of orbital changes may be
moderated by indirect effects, including changes in
oceanic heat advection consequent on changes in atmo-
spheric circulation and/or sea-ice feedbacks (Harrison
et al. 1992). Vegetation feedbacks may also play a role in
moderating the effect of orbital changes on seasonal cli-
mates. The orbital forcing at 6000 y BP enhances the
seasonal contrast in the NH, leading to warmer summers
and cooler winters. Vegetation forcing, however, tends to
act in the same direction throughout the year. In the
high-northern latitudes, for example, vegetation feedbacks
lead to a year-round warming thus enhancing orbital
changes in summer and opposing them in winter. Al-
though our experiments do not produce winters warmer
than present in the high-latitudes of Europe or northern
Eurasia, they do show winters warmer than present over
much of northern Canada.

Although incorporation of vegetation feedbacks am-
plifies both high-latitude warming and monsoon precipi-
tation, it is still not sufficient to eliminate the differences
between observed and simulated climate and vegetation in
northern Eurasia and northern Africa. This is doubtless
a reflection of the absence of other relevant feedbacks,
including changes in ocean and other land-surface condi-
tions. Sensitivity experiments suggest that the African
monsoon may be more sensitive to changes in soil proper-
ties (albedo and available water holding capacity) caused
by changes in vegetation than to the vegetation change
itself (Kutzbach et al. 1996). Other factors that could lead
to a further enhancement of the African monsoon include
the changes in the ocean sea-surface temperature to the
west of northern Africa (Kutzbach and Liu unpublished
data) such as those induced by changes in the strength of
upwelling. In the absence of fully coupled models of these
sub-systems, it would be appropriate to see whether the
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incorporation of a realistic prescription of ocean and
land-surface conditions across northern Africa at
6000 y BP is sufficient to improve the match between
simulated and observed monsoon climates. Since sea-ice
feedbacks undoubtedly played an important role in mid-
Holocene climate changes in the high-latitudes, our ex-
periments could be repeated with a mixed-layer ocean
model. However, given the large range in the response of
mixed-layer ocean simulations to orbital forcing
(TEMPO Members 1996), it will be important to under-
take such studies in the context of systematic model inter-
comparison such as those being undertaken by PMIP.
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