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Land surface feedbacks and palaeomonsoons in northern

Africa

A. Brostrom,' M. Coe,” S.P. Harrison,’ R. Gallimore,? J.E. Kutzbach,? J. Foley,” I.C.

Prentice,” and P. Behling?

Abstract. We ran a sequence of climate model experiments for
6000 years ago, with land-surface conditions based on a realistic
map of palacovegetation, lakes and wetlands, to quantify the ef-
fects of land-surface feedbacks in the Saharan region. Vegetation-
induced albedo and moisture flux changes produced year-round
warming, forced the monsoon to 17°-25°N two months earlier,
and shifted the precipitation belt =300 km northwards compared
to the effects of orbital forcing alone. The addition of lakes and
wetlands produced localised changes in evaporation and precipi-
tation, but caused no further extension of the monsoon belt.. Diag-
nostic analyses with biome and continental hydrology models
showed that the combined land-surface feedbacks, although sub-
stantial, could neither maintain grassland as far north as observed
(=26°N) nor maintain Lake “MegaChad” (330,000 km?).

1. Introduction

Northern hemisphere deserts were greatly reduced during the
early to mid-Holocene, about 12,000 to 5000 years ago
(COHMAP Members, 1988; Street-Perrott & Perrott, 1993; Jolly
et al., 1998). An important cause is the increased amplitude of the
seasonal cycle of solar radiation due to changes in orbital geome-
try which produces increased land-sea temperature contrast and
monsoons (e.g. Kutzbach & Otto-Bliesner, 1982). However, cli-
mate simulations of the response to mid-Holocene orbital changes
alone have been unable to approach the magnitude of the observed
enhancement on the Afro-Asian monsoon. Investigations of mid-
Holocene African monsoon sensitivity to orbital and land-surface
changes have separately imposed changes in albedo (Street-
Perrott et al., 1990), vegetation and soils (Kutzbach et al., 1996)
or lake and wetland area (Coe & Bonan, 1997). Each of these
component changes contributes further increases in monsoon pre-
cipitation and a northward extension of the monsoon belt. How-
ever, the enhancement of the monsoon fails to approach the mag-
nitude of the observed enhancement. Additionally, Claussen and
Gaylor (1997) and Texier et al. (1997) have investigated the sen-
sitivity of the mid-Holocene monsoon to vegetation changes with
asynchronously coupled vegetation and general circulation mod-
els. These studies suggest coupled systems may produce African
monsoon increases of the scale of the observed monsoon. Here we
present the results of a series of sensitivity experiments to investi-
gate whether realistic changes in all the components of the land-

IDept, Quaternary Geology, Lund University, Lund, Sweden.

>Center for Climatic Research, University of Wisconsin-Madison.
Max Planck Institute for Biogeochemistry, Jena, Germany.

Copyright 1998 by the American Geophysical Union.

Paper number 98GL02804.
0094-8534/98/98GL-02804$05.00

surface in northern Africa could produce a climatic effect large
enough to be self-sustaining. We used a gridded map showing the
distribution of vegetation, lakes and wetlands across northern Af-
rica and Arabia 6000 years ago (Hoelzmann et al., 1998) to derive
boundary conditions for a series of simulations in which we com-
pared the effects of orbitally-induced radiation changes (R), ra-
diation plus vegetation and soil changes (RVS), radiation, vegeta-
tion, soil plus lake area changes (RVSL) and radiation, vegetation,
soil, lake area plus wetland area changes (RVSLW) with a mod-
ern simulation (control).

2. Methods

The simulations were made with a T42 resolution
(approximately 2.8° longitude x 2.8° latitude) version of the Na-
tional Center for Atmospheric Research (NCAR) Community
Climate model (CCM3: Kiehl et al., 1996) which incorporates a
land-surface model (LSM) with an explicit treatment of vegeta-
tion, soils and water processes (Bonan, 1996). Each simulation
was run for 7.5 years and the results presented are the ensemble
average of the last five years. Coe and Bonan (1997) and
Kutzbach et al. (1996) showed that this length of simulation is
adequate for sensitivity studies. A Student’s t-test (Chervin and
Schneider, 1976) is performed on the deviations of each experi-
ment from the mean in order to assess significance. Atmospheric
CO3 concentration and sea-surface temperatures are prescribed as
modern in all the simulations. In the control, the Earth’s orbital
parameters were set to those appropriate for 1950 AD
(eccentricity: 0.0167; tilt: 23.4°, perihelion in early January). In R,
RVS, RVSL and RVSLW, the Earth’s orbital parameters were
those appropriate for 6000 years ago (eccentricity: 0.0187; tilt
24.1°, perihelion in mid-September) (Berger, 1978).

We prescribed changes to the vegetation distribution (RVS),
lake area (RVSL) and wetland area (RVSLW) in northern Africa
between 8.4-30.8°N and 18.3°W to 60.5°E based on data from
Hoelzmann et al. (1998). We interpolated the data from the origi-
nal 1° grid to the CCM3 2.8°%2.8° grid. The prescribed vegetation
was derived from dominant vegetation type within each 1° grid
cell of Hoelzmann et al.’s map. In RVS, the vegetation change
consisted of shifting all semidesert/hot desert/warm grassland to
savanna south of 20° N and all semidesert/hot desert to warm
grassland between 20° and 30.8°N. The available water holding
capacity of the soil was increased ~10% in cells that changed
vegetation type (i.e. from unvegetated to vegetated, or from
grassland to savanna). The prescribed lakes have a water depth of
50m and vertical mixing in the water column is explicitly pre-
dicted, while wetlands are treated as saturated bare soil. In RVSL,
the prescribed increase in lake area was equivalent to 2.5% of the
total area of the region. Almost all of this increase represents the
expansion of Lake Chad. In RVSLW, the prescribed wetlands oc-
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Figure 3. Surface water area in (Mm)?, 10° km?; for the Control,
R, RVS, RVSL and RVSLW experiments and 6000 years ago ob-
servations by Hoelzmann et al. (1998). “Total” means the total
area of surface water. Niger and Chad mean the total area of sur-
face water in the Niger and Chad Basins respectively.

of 25° N helps push the monsoon front 3° further north (to
~23°N). Although the July/August precipitation increase between
17-25°N is modest, the monsoon rains begin in May and persist
until September, increasing total precipitation from 50 mm in R to
266 mm in RVS. '

The changes to the land surface due to increased lakes (RVSL)

and wetlands (RVSLW) are relatively small and local in compari-.

son to the widespread area of the vegetation changes. As a result
the climatic impact of lakes and wetlands occurs in the vicinity of
the greatest changes in the prescribed area of lakes and wetlands
(south of 25°N - Figure 2), consistent with the results of Coe and
Bonan (1997). In RVSL, the reduced albedo and increased water
surface area leads to a significant increase in evaporation during
spring (8-17°N) and spring and summer (17°-25°N), consistent
with modest increases to the simulated spring and summer pre-
cipitation in the vicinity and to the north of the lakes (i.e. between
19° and 22°N, not shown). A similar, though weaker, phenome-
non occurs in RVSLW, but since the bulk of the wetlands are
further to the south the increase in precipitation is centered on
15°N. Surface temperature averaged over northern Africa remains
similar to RVS (Figure 1a) and there is no further large-scale mi-
gration of the monsoon front northward with added lakes and
wetlands (Figure 2).

4. Simulated Vegetation and Hydrology

The off-line biome simulations (Figure 2) show a small north-
ward migration of moisture-demanding vegetation (warm
grass/shrub, xerophytic woods/scrub, tropical dry forest/savanna)
in response to orbitally-induced climate changes. The southern
boundary of the desert occurs at 17°N in R (Figure 2). In the land-
surface feedback experiments this boundary occurs at ca 21 °N
(Figure 2). The warm grass/shrub biome is not maintained north
of 21° N, however, because the simulated precipitation is always
less than the =300 mm/year required by BIOME1 to sustain
grasslands at this latitude (Prentice et al., 1992). The maximum
northward extension of xerophytic woods/scrub occurs in RVSL.
There is a slight southward retreat of this boundary in RVSLW
(Figure 2), reflecting localised suppression of precipitation. The
simulated increase in precipitation south of 17°N produces a
northward expansion of tropical dry forest/savanna in the land-
surface feedback experiments.
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In the off-line SWAM simulations both orbital changes and
vegetation/soils feedbacks cause an increase in the simulated area
of surface water (Figure 3). The simulated area of surface water is
133% larger in R and 158% larger in RVS than in the control.
However, the area of surface water decreases in RVSL. The
simulated area of Lake Chad is less than in RVS, although only a
small reduction is seen in the Niger Basin. This spatial asymmetry
in response is also seen in RVSLW: the lake area increases to a
maximum value (55,000 km?) in the Niger Basin, but there is a
further reduction in the simulated area of Lake Chad. In both the
RVSL and RVSLW experiments, the reduction in surface water
area occurs when the prescribed area of lakes and wetlands is suf-
ficient to cause a local increase in winter evaporation and a corre-
sponding decrease in mean annual P-E (data not shown).

5. Comparisons with Palaeoenvironmental Data

The BIOMEI! simulated northward migration of moisture-
demanding vegetation in R is smaller than shown by the pollen
and charcoal records (Figure 2 derived from Jolly et al., in press).
The simulated boundary between wooded (i.e. xerophytic
woods/scrubs, tropical dry forest/savanna) and non-wooded (i.e.
grassland) landscapes in R is ca 3-5° of latitude south of its ob-
served position (Figure 2). None of the simulations produce the
observed northward expansion of grasslands into regions occupied
today by desert. The data show grasslands to at least 23°N in the
western and eastern Sahara, and up to 26°N in the region north of
Lake Chad. The discrepancy between the simulated and observed
steppe/desert limit is ca 5-9° of latitude in R, and ca 2-5 ° of lati-
tude in RVS, RVSL and RVSLW (Figure 2).

The area of Lake Chad during the mid-Holocene was ca
330,000 km? (Schneider, 1967), and the area of lakes in the Niger
Basin was ca 56,000 km? (Petit-Maire, 1987). None of the SWAM
simulations are able to reproduce the observed expansion of Lake
Chad, although the simulated area of lakes in the Niger Basin is
very close to the observed value for the case using the RVSLW
conditions. Hoelzmann et al. (1998) estimated the total area of
lakes in northern Africa as ca 460,000 km®. Even in the best
SWAM case (RVS), the simulated area of lakes in northern Africa
is < 320,000 km?. '

6. Discussion and Conclusions

Land-surface feedbacks amplify the orbitally-induced changes
in the African summer monsoon. Vegetation-induced albedo and
moisture flux changes double simulated precipitation in the region
from 17-25°N during the peak of the monsoon (i.e. August). In
addition, the monsoon season at 17°-25° N is prolonged by 2-3
months which increases total precipitation more than 5-fold. The
earlier onset of the monsoon season occurs at 17°-25° because
vegetation feedbacks reverse the signal of insolation-induced
winter cooling and warm the spring by up to 5°C. Albedo and
moisture flux changes due to lakes (RVSL) and wetlands
(RVSLW) produce increased evaporation and precipitation in the
vicinity of the lake and wetland changes. In these experiments the
region of additional precipitation increase occurs equatorward of
the monsoon front location leading to no apparent change in the
position of the monsoon front in contrast to the simulations by
Coe and Bonan (1997). The response of the monsoon front to the
modest lake and wetland changes may be model and experiment
dependent.
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Although land-surface feedbacks have an important role, they
are not sufficient in this model to maintain the prescribed vegeta-
tion changes north of 20°N nor to produce the observed expansion
of lakes and wetlands. Studies by Claussen and Gaylor (1997) and
Texier et al. (1997) suggest that coupled land surface-atmosphere
models, in which the vegetation and atmosphere are allowed to
come to equilibrium with one another, may produce more exten-
sive monsoon migration in response to middle Holocene orbital
forcing. Other feedback processes not included here may also be
important. Kutzbach and Liu, (1997) and Hewitt and Mitchell,
(1998) have shown that changes in North Atlantic sea-surface
temperatures have strong effects on Sahelian precipitation, how-
ever the combined orbital forcing and ocean feedbacks are also in-
sufficient to account for the observed monsoon enhancement.

" Thus, it is possible that synergistic feedbacks involving land-
atmosphere-ocean interaction might be needed to explain the ob-
served enhancement of the African monsoon during the mid-
Holocene. Our results give added credence to the view that in at-
tempting to foresee the consequences of human modification of
the atmosphere, it is essential to work towards models in which
vegetation, land hydrology, and atmospheric and oceanic dynam-
ics are all interactively linked.
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