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[1] This paper provides the first set of quantitative reconstructions of annual
precipitation for mid-Holocene Africa, based on pollen data. The estimates of
precipitation are based on 85 pollen sites 14C dated at 6000 ± 500 years B.P and
distributed over the whole of Africa. To improve the reliability of the pollen-based
climate reconstruction, two methods are used: the ‘‘modern analogues technique’’
(MAT) and the ‘‘plant functional types’’ (PFT) methods. We then conduct a model-data
comparison for five distinct regions, allowing an evaluation of model outputs (the
Sahara-Sahel, the eastern Sahara, western equatorial Africa, East Africa, and
Madagascar). The pollen-inferred reconstructions are compared with 21 mid-Holocene
simulations yielded by Atmospheric General Circulation Models (AGCMs), and coupled
ocean-atmosphere-vegetation models (OAVGCMs). The large-scale feature of the
hydrological changes is shown to be well captured by most of the models. Data show that
during the mid-Holocene, the Sahara was considerably wetter than today (+200 to
+700 mm/yr). The results reinforce the conclusion that the AGCMs significantly
underestimate this precipitation increase in the Sahara whereas the OAVGCM
simulations are in accordance with the data. Our results show that vegetation and ocean
feedbacks do not have a strong impact in the intertropical zone and that models fail to
properly reproduce the climatic conditions in East Africa and Madagascar. The model-data
comparison also suggests that the lengthening of the dry season during boreal winter
in the west equatorial region is a robust feature although the pollen-based
reconstruction shows no change or only slight drying there.

Citation: Peyron, O., D. Jolly, P. Braconnot, R. Bonnefille, J. Guiot, D. Wirrmann, and F. Chalié (2006), Quantitative reconstructions

of annual rainfall in Africa 6000 years ago: Model-data comparison, J. Geophys. Res., 111, D24110, doi:10.1029/2006JD007396.

1. Introduction

[2] The climate of Africa has varied considerably during
the last 20,000 years [Gasse, 2000; Bonnefille and Chalié,
2000], and during the mid-Holocene period [deMenocal et
al., 2000] strong environmental changes occurred in the
Sahara. The region was densely vegetated with grasses and
shrubs [Jolly et al., 1998a; Prentice et al., 2000], and nu-
merous lakes extended beyond their present level [Hoelzmann
et al., 2004]. Paleolake Chad had a surface area of

340,000 km2 instead of its current 21,000 km2 [Servant
and Servant-Vildary, 1980; Hoelzmann et al., 2000], and
neolithic civilizations flourished in the Sahara where many
elephants, antelopes, giraffes and hippopotami lived [Petit-
Maire et al., 1993]. In contrast with the Saharan pattern, the
amplitude of the climate changes in west and east equatorial
Africa seems almost negligible compared to the present sit-
uation [Elenga et al., 2004; Bonnefille and Chalié, 2000].
The greening of the Sahara may be explained by the inten-
sification of the African summer monsoon, due to Earth
orbital changes. Indeed, experiments with atmospheric gen-
eral circulation models (AGCMs) show that all models
simulate a strengthening of the African monsoon when
mid-Holocene insolation is applied as a boundary condi-
tion [COHMAP Members, 1988; Joussaume et al., 1999;
Braconnot et al., 2000a]. However, several studies have
reported that vegetation and ocean feedbacks were needed
to strengthen the initial signal [Braconnot et al., 2004]. The
importance of the feedbacks have been investigated through
sensitivity studies which examined the response to changes
in (1) land surface [Texier et al., 1997, 2000; Claussen et al.,
1999, 2003; Brostrom et al., 1998; Doherty et al., 2000; De
Noblet-Ducoudré et al., 2000], (2) desert albedo [Bonfils et al.,
2001], and (3) ocean surface [Kutzbach and Liu, 1997;
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Hewitt and Mitchell, 1998; Braconnot et al., 2000b, 2004;
Liu et al., 2004]. All these experiments showed that, even
though the exact location and magnitude of the changes in
precipitation at 6000 years B.P. vary substantially from one
set of model results to another, land surface and ocean
feedbacks significantly increase precipitation in the Sahara.
In addition Braconnot et al. [1999] showed that ocean
feedback further increases the large vegetation feedback in
the Sahel regions.
[3] Recent reconstructions of mid-Holocene paleoenviron-

ments focusing on biomes [Jolly et al., 1998a; Prentice et al.,
2000] and lake levels [Kohfeld and Harrison, 2000] have
been used as benchmarks for model evaluation [Joussaume et
al., 1999; Liu et al., 2004; Braconnot et al., 2004]. A further
step for model-data comparison would be to develop quan-
titative reconstructions of climate variables based on pollen
data, such as those done for Europe [Cheddadi et al., 1997] or
East Africa [Peyron et al., 2000]. In this study, we provide the
first pollen-based quantitative reconstruction of annual rain-
fall over the whole of Africa for the mid-Holocene. This data
will then serve as a benchmark to evaluate the results of
19 AGCMs and 2 coupled model simulations (OAGCMs)
for different regions of Africa. We investigate to determine
whether the coupled simulations performed with the IPSL
(Institut de Physique Simon Laplace) coupled model taking
into account both changes in ocean circulation and in
vegetation cover [Braconnot et al., 1999] are in better
agreement with data than the atmospheric simulations of
the Paleoclimate Modeling Intercomparison Project ‘‘PMIP’’
[Joussaume et al., 1999].

2. Climate Reconstructions and Model
Simulations

[4] To improve the reliability of the pollen-inferred pale-
oclimate reconstruction, two distinct methods are used
[Peyron et al., 2000, 2005; Bonnefille et al., 2004]. In the
‘‘modern analogues technique’’ (MAT) method [Overpeck
et al., 1985; Guiot, 1990], a dissimilarity index calculated
between each fossil sample and each modern sample leads to
a selection of the ten ‘‘best’’ modern pollen analogues for
which the chord distance (i.e., a sum of differences between
square root-transformed percentages of the 178 selected taxa)
shows the lowest values. The climatic parameter recon-
structed value is the weighted average of the climatic param-
eter at the site of these 10 analogues, according to the inverse
distance. The error is defined as the lower and upper extreme
climate among these ten analogues. The second method,
already tested with success in East Africa [Peyron et al.,
2000; Bonnefille et al., 2004] is based on the ‘‘plant func-
tional types’’ (PFT)-climate relationship. Basically, a PFT is
defined in terms of functional characteristics (tree/grass, leaf
form, phenology) and bioclimatic tolerance. Both methods
are based on a modern pollen data set which includes 761
modern pollen samples from Africa and the Arabian Penin-
sula collected between 17�Wand 60�E, 30�N and 33�S at an
altitude ranging from 0 to 4000 m [Jolly et al., 1998a]. The
178 pollen taxa identified in the modern data set are each
assigned to a PFT, and then for each PFT, a numerical score is
calculated following the biomization procedure [Prentice et
al., 2000]. The PFT scores derived from modern pollen data
are calibrated in terms of climate parameters using an

artificial neural network technique [Caudill and Butler,
1992; Peyron et al., 1998]. Then, to infer mid-Holocene
precipitation values, MAT and PFT methods are applied to
the fossil pollen data set including 85 samples from Africa
compiled by Jolly et al. [1998a].
[5] Our climate reconstructions are used to evaluate model

results for five large regions of Africa, where the data
coverage is sufficient. The regions includes the Sahara/Sahel,
the Intertropical zone (west and east), and Madagascar, over
which the precipitation values produced by the model sim-
ulations are averaged. For each of these regions, we consider
the 19 AGCM simulations of the mid-Holocene climate
performed during the first phase of the PMIP (PMIP1
[Joussaume and Taylor, 1995]). Since model resolution
varies from 1 to 4 degrees in these regions, depending on
the model, we designed the regions to include several grid
points. Model results were averaged over several seasonal
cycles so that error bars for each simulation do not exceed
50 mm/yr. For these PMIP simulations, the Earth’s orbital
parameters correspond to the values valid for 6000 years ago
[Berger and Loutre, 1991]. The vegetation and the annual
mean cycle of sea surface temperature (SST) are fixed to
modern conditions using modern climatology (see http://
www-lsce.cea.fr for more information on the experimental
protocol). Furthermore, we take into consideration here the
OAGCM and the OAVGCM simulations of Braconnot et al.
[1999] performed with the IPSL model [Braconnot et al.,
2000b], so as to test whether ocean and vegetation feedbacks
produce results different from the PMIP ones, and whether
they are in better agreement with the data. Since AOGCMs
are not able to properly reproduce all aspects of the character-
istics of modern SST [Davey et al., 2002], the differences in
the changes in precipitation simulated with the OAGCM
may arise from (1) bias in the simulation of SST for the
modern climate and (2) the SST response to the 6ka in-
solation. To ensure discussion of the impact of the ocean
response in our comparisons, we add two additional simu-
lations with the atmospheric component of the coupled
model. The first, following the PMIP protocol, is a PMIP
simulation for which SST are prescribed to the modern
climatology estimated from observations. The second is a
PMIP- type simulation for which the SST are prescribed to
the SST simulated for the modern climate by the OAGCM.
This indicates the impact of the reference SST on the results
of the mid-Holocene simulations and also provides informa-
tion as to how the atmospheric model performs in comparison
to the whole of PMIP simulations.

3. Results and Discussion

3.1. Sahara and Sahel

[6] Results indicate that the annual precipitations recon-
structed by MAT and PFT methods are similar, showing the
same pattern across the Sahara: at 6000 years B.P. (Figures 1
and 2) it was far wetter than today. Figure 3c shows that the
chord distances of the modern analogues selected for the
6000 years B.P. climate reconstruction are very low for this
area. It implies that these analogues may be considered ‘‘very
good analogues’’ to the 6000 years B.P. pollen samples, and
thus that the climatic reconstruction is particularly robust for
the Sahara-Sahel.
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[7] Between 10 and 30�N, annual precipitation values
were greater than now by 85 mm/yr to 500 mm/yr. This is
in good agreement with lake status data shown in Figure 1
[Jolly et al., 1998b; Kohfeld and Harrison, 2000], and with
other sedimentary indicators, archaeological evidence [Jolly
et al., 1998a, 1998b; Street-Perrott and Perrott, 1993;Guo et
al., 2000; Gasse, 2000, 2005; Hoelzmann et al., 1998], and
stable isotopes studies [Abell and Hoelzmann, 2000; Gasse,
2002; Pachur and Hoelzmann, 2000].
[8] At 6000 years B.P., in western Nubian Paleolake

(eastern Sahara, Figure 2) lacustrine carbonates indicate de-
velopment of a freshwater lake that would require an annual
precipitation of 500 to 920 mm/yr [Hoelzmann et al., 2000].
Water balance calculations yielded paleorainfall values of
about 460 to 600 mm/yr over the eastern Sahara [Hoelzmann
et al., 2001]. For the southeastern Sahara, rainfall estimates
based on various and independent indicators such as
pollen and other sedimentological data indicate 550 mm/yr
[Kropelin, 1993], ranging from >300 to 550 mm/yr [Pachur,
1991; Pachur and Hoelzmann, 1991]. The highest estimate
of 700 mm/yr is provided for the crater lake of Mahla [Mees
et al., 1991]. Our reconstruction for this region at Oyo
(400 to 480 mm/yr), and El Atrun (250 to 950 mm/yr)
agrees with the paleorainfall estimates by these authors. The
hypothesis of a rainfall dipole within the Sahara is not
validated here [Renssen et al., 2006], because no significant
longitudinal difference in the magnitude of precipitation
anomalies is evidenced (Figure 2).
[9] Figure 2 shows that most PMIP AGCMs produce a

0–100 mm/yr increase in precipitation. Three models
have higher rates (100 to 200 mm/yr) and a subset of
models suggests a decrease. Previous comparisons of
these PMIP simulations have shown that all models
produce an increase in precipitation, but that some of
them have an east-west pattern with maximum increase
further east [Braconnot et al., 2002]. This has been
attributed to the way models reproduce the large-scale
atmospheric circulation in this region, which also explains
some of the differences in atmospheric simulations with
interactive vegetation [De Noblet-Ducoudré et al., 2000].
Models with a decrease in precipitation over our western
Sahara produce maximum increase either at the coast or
further east. In addition, it was shown that models producing

Figure 1. Reconstructed 6000 years B.P. annual precipita-
tion (mm/yr), expressed as anomaly (6000 years B.P. to
modern) values, estimated with (a) the MAT and (b) the PFT
method. (c) Lake status [Jolly et al., 1998b], expressed
as anomaly (6000 years B.P. to modern). For each method the
error bars are calculated by applying the method to the
modern samples and by plotting the distribution of
the observed modern values by classes of predicted values.
For each predicted class we calculate the 5th and the 95th per-
centile providing a 90% confidence interval of the recon-
struction. Large changes at 6000 years B.P. are inferred when
they are significantly different (at that 90% level) from the
modern value, i.e., when the modern value does not belong to
the interval. We also consider smaller changes defined by a
modern value outside the [25th, 75th] interval because a set of
values of low significance may be meaningful simply by
mutual coherency.
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Figure 2
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a modern ITCZ too far north in the simulation of the modern
climate also produce precipitation changes further north
when compared to the other models. This explains in part
why four models produce larger increases in precipitation.
[10] The model-data comparison confirms that all the

PMIP simulations consistently underestimate the precipita-
tion increase shown by the data in the Sahara (Figure 2), as
found in previous comparisons with pollen or lake data
[Joussaume et al., 1999; Jolly et al., 1998b; Harrison et
al., 1998; Coe and Harrison, 2002]. At 6000 years B.P. the
biome distribution shows that steppe vegetation replaces
desert as far north as 23�N [Jolly et al., 1998a]. An increase
of 200 to 300 mm/yr of precipitation is required for most
PMIP models to sustain steppe at 23�N [Joussaume et al.,
1999], and here we show that at least an additional amount of
100 to 400 mm/yr of precipitation is required to concur with
our reconstruction for this area. This discrepancy underscores
the fact that the biome-based estimates of climate change are
minimum values only [Joussaume et al., 1999].
[11] The results of the coupled simulations show that

although the ocean feedback helps to enhance the African
monsoon, only the ocean and vegetation feedbacks produce a
precipitation increase in good agreement with the pollen data
(Figure 2). The comparison of the two PMIP-type simula-
tions with the atmospheric component of the IPSL model
suggests that errors in the simulation of modern SSTwith the
OAGCM do not alter the response of the atmospheric model
to insolation forcing. It also shows that this atmospheric
model substantially amplifies the monsoon rain compared to
other PMIP simulations. The ocean feedback alone only
slightly increases the precipitation change. Results including
both the vegetation and ocean feedbacks are clearly different
from the other simulations and in better agreement with data.
[12] In the eastern Sahara all PMIP simulations produce a

precipitation increase of 0–100 mm/yr, which is also insuf-
ficient compared to our reconstruction. In this region differ-
ent SST for the control simulation have no impact on the
model results, and ocean feedback marginally increases
the precipitation amount. The only simulation that matches
the pollen-inferred climatic reconstruction is the one
including ocean and vegetation feedbacks. It is also note-
worthy that this is the only simulation able to produce an
increase both in the eastern and western parts of the
Sahelian band.

3.2. Intertropical Zone

[13] The reconstructed climate is comparable to the present
one (Figures 1 and 2). However, between 10�N and 20�S, and
from west to east the results are more contrasted than in the
Sahara.
3.2.1. East Africa
[14] To check the reliability of the reconstruction, the

rainfall values estimated here have been compared, in
Figure 2, to two spatial climate reconstructions available

for East Africa, also based on the MAT and/or the PFT
method [Peyron et al., 2000; Bonnefille and Chalié, 2000].
These studies show similar climatic patterns in East Africa
at 6000 years B.P. It is to be noted that the climate is slightly
wetter in the MAT-inferred reconstruction. Nevertheless,
Peyron et al. [2000] have shown that the results are more
spatially homogeneous with the PFT method than with the
MAT for East Africa.
[15] Results show that in East Africa, the amplitude of

rainfall increase is almost negligible compared to the present
situation and in contrast with the Saharan pattern (Figures 1
and 2). This conclusion is in good agreement with previous
precipitation estimates inferred from several peat bog
sequences in equatorial East Africa [Bonnefille and Chalié,
2000; Chalié, 1995; Beuning and Russell, 2004], and from
oxygen isotope data fromMounts Kenya [Barker et al., 2001]
and Kilimanjaro [Thompson et al., 2002].
[16] All but two of the PMIP simulations indicate drier

conditions in East Africa, from 0 to –400mm/yr. This pattern
may be in agreement with the data located north of 4�S.
However, in central southeast Africa, pollen data and high
lake levels (Figure 1) indicate unambiguously humid con-
ditions [Vincens et al., 2005] confirmed by the overflow of
Lakes Tanganyika, Victoria, Albert and Kivu during the mid-
Holocene period [Gasse, 2000].
[17] One reason explaining this mismatch between model

and data and the wide spread in model results might be the
underestimation of the topography in this region, given the
spatial resolution of the atmospheric model used here. This
underestimation is such that most of the monsoon flow
penetrates far to the east over the ocean and is only poorly
affected by mountains, or that it produces a local increase in
precipitation over high elevations to the north of the equator
(not shown). Our results also show that SST of the control
simulation has an impact on the simulated change in precip-
itation, and that the vegetation feedback tends to dry the
climate, at least in the model used here. These results suggest
that the models do not accurately reproduce east African
precipitation and that including ocean and vegetation feed-
backs does not improve model performance.
3.2.2. West Africa
[18] In western equatorial Africa, mid-Holocene hydro-

logical conditions reconstructed by the PFT method were
similar to or wetter than now, while the MAT-based recon-
structions depict the occurrence of similar to or drier con-
ditions than today (Figure 2). To understand such a surprising
pattern, and to check whether the discrepancies observed in
Figure 2 can be explained by a bias induced by the modern
data, we have plotted the actual precipitation values (calcu-
lated at each modern pollen site) versus the values inferred
from the modern pollen samples belonging to the dominant
biomes in West Africa, namely the ‘‘tropical seasonal forest’’
and ‘‘tropical rain forest’’ biomes (Figure 3a). Figure 3a
shows that today in West Africa the PFT method under-

Figure 2. Data-model comparison of the mid-Holocene climate for five African key areas. Simulations of annual
precipitation based on 19 PMIP models, 1 coupled ocean-atmosphere and 1 coupled ocean-atmosphere-vegetation model
[Braconnot et al., 1999] are plotted together with pollen-based annual precipitation estimates (MAT and the PFT methods).
Additional simulations with the atmospheric component of the coupled model are shown. The first is a PMIP simulation, and
the second is a PMIP-type simulation for which the SSTare prescribed to the SSTsimulated for the modern climate. All results
are expressed as anomaly (6000 years B.P. to modern) values. Pollen-based annual precipitation estimated for East Africa with
the MAT and/or the PFT methods [Peyron et al., 2000; Bonnefille and Chalié, 2000] are also plotted for comparison.
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estimates precipitation values above 2000 mm, and that
neither method is capable of reproducing modern precipita-
tion around 3000 mm/yr. At 6000 years B.P., the MAT-based
spatial reconstruction of the West Africa climate thus seems
more reliable. However, our results should be interpreted
with caution because they are characterized by deterioration
in the quality of the analogues (an increase in chord distance)
as well as by numerous ‘‘no-analogue’’ situations (Figure 3c).
These deviations generally correspond to features of pollen
assemblages interpreted in different ways by the two meth-
ods. It is also noteworthy that in contrast to west Africa, the
scatterplot of the MAT versus PFT precipitation reconstruc-
tions for the entire African continent (Figure 3b) demon-
strates that the PFT method does not underestimate the
magnitude of the precipitation relative to the MAT method
for the mid-Holocene period.
[19] Elenga et al. [2004] showed that in western equato-

rial Africa, the greatest extension of dense forest occurred
during the interval 10,500–4000 years B.P. However, nu-
merous pollen sequences in west Africa suffer from chro-
nology uncertainties for this time period (bad dating control,
low sedimentation rate. . .). The attribution of the 6000 years
B.P. age is then very problematic, except for the well-dated
sequence of Lake Barombi Mbo [Maley and Brenac, 1998].
Nevertheless, the reconstruction of climatic conditions sim-
ilar to today’s is actually in agreement with the occurrence of
the tropical seasonal forests in almost all the sites from
western equatorial Africa [Jolly et al., 1998b]. This pattern
also agrees with the beginning of sedimentation from
6000 years B.P. in small basins lying in theGuineo-Congolian
realm [Reynaud-Farrera, 1995], with a low sedimentation
rate at Ngamakala in the Congo from 6500 years B.P. [Elenga
et al., 1994], and with an SST decrease in the Guinean Gulf
between 6500 and 4000 years B.P. [Morley and Dworetsky,
1993]. In southwest Cameroon [Reynaud-Farrera, 1995;
Giresse et al., 2005], like-today conditions are consistent also
with low percentages of mature rain forest taxa (Caesalpinia-
ceae, Sapotaceae) associated with relatively high percentages
of Alchornea (heliophilous element linked to disturbed rain
forest), and Afromontane elements (Podocarpus and Olea
capensis) recognized in Lake Ossa sediments. In the western
Cameroon highlands, the lake Bambili record showed that,
the precipitation minus evaporation balance was low at 6000
years B.P [Stager and Anfang-Sutter, 1999]. For Lake Bar-
ombi Mbo, a lower elevation site in western Cameroon, our
reconstruction does not show any significant climatic
change when compared with today (Figure 1).This result
agrees with the lake status inferred by Talbot et al. [1984] and

Figure 3. Validation of the pollen-based climatic recon-
struction performed on (a) the modern pollen data set. The
figure shows, for the modern pollen records belonging to the
‘‘tropical seasonal forest’’ and ‘‘tropical rain forest’’
equatorial biomes, the pollen-derived annual precipitation
(in mm/yr) estimated with the PFT and the MAT methods
versus observed precipitation values. (b and c) The 6000 B.P
pollen data. Figure 3b is a scatterplot of the MAT versus PFT
precipitation reconstruction (in mm/yr) for all sites. In
Figure 3c, for the five African key areas, the calculated chord
distance of the closer and the less close of the 10 best modern
analogues selected by the MAT is plotted.
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with the observed low frequencies of the main taxa of the
Biafran evergreen forest at 6000 years B.P. [Maley and
Brenac, 1998].
[20] The contradiction between the MAT and PFT results

certainly deserves more investigation. Additional modern
samples will be required from equatorial Africa to improve
the reconstruction of the complex climatic conditions occur-
ring during this period.
[21] A previous model-data comparison [Jolly et al.,

1998b] has concluded that the model simulation at
6000 years B.P. was not reliable in central Africa because
simulated annual precipitation values were 300 mm/yr lower
than the modern ones over Cameroon, Gabon, and the
Congo. Here, all PMIP simulations show that annual precip-
itation was lower than today by 0–200 mm/yr (Figure 2).
Furthermore, the OAGCM and OAVGCM simulations show
similar results, suggesting that the precipitations of this
region are only poorly affected by the ocean and vegetation
feedbacks. The whole response is thus dominated by the
response of atmospheric circulation to insolation forcing.
[22] A more detailed analysis of the model results suggests

that it appears reasonable to find no change or a slight drying
in this region. The climate of the tropical zone is governed by
the seasonal movement of the Intertropical Convergence
Zone (ITCZ) in response to changes in the location of
maximum solar heating. Lower rainfall in West Africa may
be due to the extent of the ITCZ migration northward

during the northern hemisphere summer and southward
during the corresponding winter. This hypothesis might
imply that the ITCZ will not be blocked for some months
within the intertropical area like today. This should lead to a
longer dry season in winter or/and in summer.
[23] This hypothesis of a longer dry season inwinter or/and

in summer is confirmed by the results of the IPSL 6ka
AOGCM and 6 ka AOVGCM experiments (Figure 4a).
Seasonal rainfall distribution within the year averaged from
9�E to 17�E and 5�S to 5�N, shows that both the winter and
summer dry season terminate almost one month later at 6ka
than today in the two coupled simulations. We know that the
control simulation is too dry during the winter dry season and
we correct this bias by adding the simulated anomalies (6 ka
minus control) to the CRU (Climatic Research Unit) modern
climatology [Hulme, 1992]. Figure 4b shows that this cor-
rection has no impact on the lengthening of the winter dry
season while the summer dry season is not really changed.
The budget of these changes over the year is a small change of
about 100 mm/yr, in agreement with theMAT reconstruction.
The change in rainfall seasonality in western equatorial
Africa thus appears to be a good benchmark for model-data
comparison. Statistical reconstruction of this seasonality
from pollen data is difficult and will require the use of a
vegetation model to test the effect of changes in dry season
length versus changes in annual precipitation.

3.3. Madagascar

[24] Between 10 and 20�S, there is a complete lack of
available pollen data on the continent, but drier conditions are
also found for Madagascar (annual precipitation mean
around –400 mm/yr). This result concurs with the relatively
dry conditions suggested at Tritrivakely (�20�S) by multi-
proxy paleoenvironmental reconstructions [Williamson et al.,
1998; Gasse and van Campo, 1998]. Furthermore, Figure 3c
shows that the climatic reconstruction for Madagascar can be
considered reliable because the chord distances of the mod-
ern analogues selected are very low for this area.
[25] Here, most PMIP simulations match our reconstruc-

tion well, although several PMIP simulations produce a 0 to
100 mm/yr precipitation increase (Figure 2). Results with the
IPSL model suggest that the coupled OAGCM has trouble
reproducing both the modern SST conditions and the way
SST changes at 6000 years B.P. in this region. Indeed, the
addition of the different feedbacks deteriorates the model
results in this region strongly influenced by oceanic con-
ditions. It is not clear why ocean and vegetation feedbacks
would worsen the fit to the data; this requires further
investigation.

4. Summary and Conclusions

[26] This study provides the first quantitative pollen-based
reconstruction of precipitation for all of Africa at 6000 years
B.P., compared with outputs of AGCMs and coupled ocean-
atmosphere-vegetation models. Pollen data show that
Saharan precipitation was 200–700 mm/yr greater than at
present, versus the 200–300 mm/yr estimate based upon
biome-scale shifts in the vegetation. The model-data com-
parison demonstrates that the inclusion of vegetation feed-
backs in a coupled ocean-atmosphere-vegetation model
considerably improves the data-model matches for the

Figure 4. Monthly rainfall distribution (mm/month) in
western Africa [9�E to 17�E, 5�S to 5�N]: (a) simulated for
the control experiment (CTRL), 6 kyr coupled OAGCM sim-
ulation (CPL), and 6 kyr coupled OAVGCM simulation
(CPLv) and (b) CRU present climatology (CRU data), CRU
climatology plus anomalies between 6 kyr OAGCM and
control (CRU+ dPR CPL), and CRU climatology plus
anomalies between 6 kyr OAVGCMand control (CRU+ dPR
CPLv).
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Sahara. In contrast to previous studies, this analysis also took
other regions of Africa into account. Our results show that the
models considered here fail to properly represent the changes
in precipitation in eastern equatorial Africa. Results with the
IPSL model where ocean and vegetation feedback are intro-
duced show that these feedbacks are not well reproduced in
eastern equatorial Africa or Madagascar. A poor representa-
tion of the topography in East Africa and the difficulties in
properly simulating SST in the Indian Ocean may be the
cause of these model drawbacks. In western equatorial
Africa, the apparent contradiction between the results in-
ferred by the MAT and the PFT methods certainly deserves
further investigation so as to improve the reconstruction of
complex climatic conditions occurring during this period.
However, model results show that the lengthening of the dry
season during the boreal winter in the west equatorial region
seems to be a robust feature across model simulations. It is
attributed to the fact that the ITCZ is located further north
compared to modern conditions during boreal summer and
further south during boreal winter. Thus the time spent by the
ITCZ in west equatorial Africa is reduced, thereby increasing
the length of the dry season.
[27] Our paleoclimatic data set can now be used to evaluate

further model simulations on the scale of the entire African
continent. It is crucial to provide such climatic information in
several regions of Africa to be able to evaluate the consis-
tency of the simulated climate, not only its local features, but
also its potential longitudinal and latitudinal gradients or
contrasts. Although the spatial distribution of the data needs
to be improved, particularly in the intertropical region, this
data set will be used, in the future, to fully test coupled model
simulations (PMIP2) and help to better infer the role of the
ocean and vegetation feedbacks on this continent. This will
be completely achieved by a better evaluation of data, as well
as model simulations, in particular concerning the monthly
distribution of precipitation.
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