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fects of climate change on vegetation in Central and West Africa. We chose two
climate scenarios from the IPCC Third Assessment Report, ECHAM3 with scenario B2 and HADCM3 model
with scenario A1FI, to force the dynamic vegetation model IBIS. Both climate scenarios are warmer
everywhere in the domain, wetter around Lake Chad and drier along the Atlantic coast. We chose not to
consider the physiological effect of increased CO2 on plant production and kept CO2 fixed at 350 ppmv. Our
simulations of the end of the 21st century result in less extensive tropical forests and reduced leaf area index
and net primary productivity (NPP) where forest remains. At the northern and southern limits of the forest
there is also a switch between tropical evergreen types and tropical deciduous types. With one climate
scenario, vegetation cover and NPP increase around Lake Chad. The simulated climate change also results in
widespread increase in evapotranspiration and reduction in runoff and NPP (proxies for important ecosystem
services, like freshwater availability, food, timber and fuel supply) along the Atlantic coast. Additional
simulations where only one variable is changed show that temperature, through its effect on
evapotranspiration and NPP plays a crucial role in vegetation change in the region.

© 2008 Elsevier B.V. All rights reserved.
1. Introduction
According to the Inter-governmental Panel on Climate Change
(IPCC), Africa as a whole is highly vulnerable to climate change (IPCC,
2001a,b). This region is home to a fast growing population (240
million for West Africa, 800 million for the entire continent in 2000),
and a very large diversity of ecosystems ranging from tropical
evergreen forests to savannas, grasslands and desert. The diverse
climate regimes associated with these ecosystems are subject to large
inter-annual, inter-decadal and multi-decadal variations, particularly
with regard to precipitation (Hulme et al., 2001; Nicholson, 2001).
Africa also has a very sparse observational network (IPCC, 2001a,b).
Therefore, climate change and its impacts on ecosystems and water
resources are particularly difficult to predict. The potential role of land
cover change on regional climate further complicates this task.

There is a growing number of simulations of the 21st century by
ocean–atmosphere general circulation models (AOGCMs). All models
simulate temperature increases over Africa but the amplitude of the
warming depends on the model and the socio-economic scenario
used. There is much less agreement on the simulated precipitation
changes. Joubert and Hewitson (1997) and the IPCC (2001b) report
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suggest that precipitation might increase over much of the interior of
the African continent. Further analysis shows that this result might
not be robust. First, the magnitude of the change is not large
in comparison to the precipitation variability (observed and simu-
lated, see Ruosteenoja et al., 2003) leading to results that are not
statistically significant. Second, most current AOGCMs are unable to
simulate the magnitude of the inter-decadal precipitation variability
that has been observed (Hulme et al., 2001). In a multi-model study of
the 20th century simulations of Sahel drought from the 1970s
to1990s, Lau et al. (2006) showed that half of the models are not able
to reproduce the drought and that those that do are not able to
reproduce its timing and duration. Hence, AOGCMs probably don't
capture all the processes responsible for this low frequency
variability. Recently, Neelin et al. (2006) compared the precipitation
simulated by 10 AOGCMs following IPCC's SRES A2 scenario. They
show a drying trend in the tropics, especially in the Gulf of Mexico
and central America, but little model agreement in terms of
precipitation change in Africa for June–July–August, the wet season
in the Sahel (see Neelin et al., 2006, Fig. 8). Most models simulate
precipitation increases somewhere in the Sahel with decreases along
the Gulf of Guinea, but 2 models result in the opposite pattern.
Temperature changes simulated by AOGCMs for the 21st century are
much more robust and the signal is larger than the internal variability
(Ruosteenoja et al., 2003).

With the exception of S. Africa, there are very few studies of the
impacts of future climate change on vegetation in Africa. Cao et al.
(2001) studied changes in the carbon cycle of African ecosystems due
to climate change. Hély et al. (2006) used a dynamic vegetation model
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to study the sensitivity of biomes to theoretical changes in precipita-
tion regimes and focused in particular to changes in seasonality. Africa
also appears in the global modeling study of vegetation shifts due to
climate change of Neilson et al. (1998) and in the recent modeling
study aimed at evaluating the risk of climate-induced changes in key
ecosystem processes (Scholze et al., 2006).

We know however from paleoenvironmental data that vegetation
in Central andWest-Africa can experience large shifts. Around 5500 yr
before present, the climate of the Sahara abruptly switched from the
wet conditions that prevailed during the early to mid-Holocene to the
present desert conditions. Less humid conditions led to important
shifts in structure and composition of African lowland rainforest
during the late Holocene (Vincens et al., 1999; Ngomanda et al., 2007).
Pollen data from the central part of Gabon revealed concurrent major
changes in the lake-levels and rainforest dynamics over the past
1500 yr. The northern hemisphere “Medieval Warm Period” (~1100–
800 cal yr BP) was characterized by decadal-scale fluctuations of lake-
levels coinciding with the opening and persistence of canopy gaps in
the mature forest cover. During the Little Ice Age (500–200 BP), lake-
levels were low, tropical rainforest cover decreased and composition
shifted from evergreen species to more deciduous ones (Ngomanda
et al., 2007). In the 20th century, a shift in forest species was also
observed in the West African Sahel (Gonzales, 2001).

Here, we use a dynamic vegetation model, forced with AOGCM
output, to examine the impact of climate change on vegetation in
Central and West Africa. We run our dynamic vegetation model with
the results of two different AOGCMs and two different scenarios
giving contrasting climate results over Central and West Africa.
Because of the uncertainty in precipitation, we chose not to limit our
study to the effect of rainfall changes on vegetation but include all the
available GCM simulated variables: rainfall, temperature, cloudiness,
humidity, and wind speed. We then separately analyze the influence
of rainfall and temperature on vegetation changes.

2. IBIS-2: model description

In this study,we use an updated version of the IntegratedBiosphere
Simulator (IBIS2.6), a process-based dynamic global ecosystem model
(Foley et al., 1996; Kucharik et al., 2000). IBIS (version 2) is a
comprehensive model of terrestrial biospheric processes, and includes
land-surface physics, canopy physiology, plant phenology, vegetation
dynamics and competition, and carbon cycling.

The IBIS land-surface module is based on Thompson and Pollard's
(1995a,b) LSX model and simulates the energy, water, carbon, and
momentum balance of the soil-vegetation–atmosphere system on an
hourly timestep. The module includes two vegetation layers (i.e.,
“trees” and “grasses and shrubs”) and six soil layers to simulate soil
temperature, soil water, and soil ice content over a total depth of 4 m.
Physiologically-based formulations of C3 and C4 photosynthesis,
stomatal conductance (Farquhar et al., 1980; Collatz et al., 1991,
1992), and respiration (Amthor, 1984) are used to simulate canopy gas
exchange processes. This approach provides a mechanistic link
between the exchange of energy, water, and CO2 between vegetation
canopies and the atmosphere. Budburst and senescence depend on
climatic factors following the empirical algorithm presented by Botta
et al. (2000).

IBIS represents vegetation in 12 plant functional types (PFT) that
differ in their form (trees, shrubs, grasses), leaf type (broadleaf or
needleleaf), patterns of leaf display (evergreen or deciduous), and
photosynthetic pathway (C3 or C4). The 12 PFTs compete for light
and water and their relative abundance in each gridcell is based on
the annual carbon balance. For example, where trees and grasses
coexist, trees are able to capture light first but the rooting profile of
grasses gives them first access to water as it infiltrates through the
soil. In drought conditions, grasses will be favored, trees will
accumulate less carbon, will grow fewer leaves and eventually die.
Competition between grass types or between tree types results from
differences in carbon allocation, phenology, leaf type, or photosyn-
thetic pathway.

For this study of Central and West Africa where wildfires play an
important role, we added the Thonicke et al. (2001) fire module to
IBIS. This fire module was originally developed for the LPJ dynamical
vegetation model (Sitch et al., 2003) and needed few adjustments to
work within the framework of IBIS. The simulated wildfires in Central
and West Africa tend to favor savannas at the expense of tropical
deciduous forests (Delire et al., in preparation).

The standard input data to IBIS are a global soil texture dataset
(Global Soil Data Task Group, 2000) and monthly averaged values of
temperature, precipitation, relative humidity, cloudiness, temperature
range, wind speed, and number of rainy days from Climate Research
Unit's dataset (Mitchell and Jones, 2005). IBIS then uses a stochastic
weather generator to infer the hourly data needed for the land-surface
module.

IBIS has been extensively tested against site-specific biophysical
measurements (Delire and Foley, 1999; El Maayar et al., 2001;
Kucharik et al., 2006) as well as spatially extensive ecological
(Kucharik et al., 2000) and hydrological data (Lenters et al., 2000;
Coe et al., 2002).

3. Simulation design

We ran two sets of IBIS simulations: 1) to simulate the natural
vegetation in the 20th century using observed climate data, b) to
simulate the vegetation at the end of the 21st century, using results from
two different climate models forced with two different IPCC Third
Assessment Special Report on Emissions Scenarios (SRES) (Nakicenovic
et al., 2000). We chose the HADCM3 model (Johns et al., 2003) with
scenario A1FI and the ECHAM4 model (Roeckner et al., 1999) with
scenario B2a. The HADCM3 atmospheric horizontal resolution is
2.5°×3.75° and the ECHAM4 atmospheric horizontal resolution is
2.8125°×2.7673°. Both sets of IBIS simulations were performed on a
0.5° longitude by 0.5° latitude spatial grid using the same soil texture
data set (Global Soils Data Task Group, 2000) and interpolating the
climate data as explained later. The study was conducted between 5.5°S
and 16°N, and 17.5°W and 18°E.

We chose not to consider the physiological effect of increased CO2

on plant production and kept the CO2 atmospheric concentration
constant at 350 ppmv for both sets of simulations. Increased CO2 levels
tend to favor carbon assimilation by directly enhancing photosynth-
esis and improving water-use efficiency. It thus affects both ecosystem
functioning and structure. This so-called CO2 fertilization effect is well
established in young-stand temperate forests (Norby et al., 2005). But
there are very few data on the effect of higher CO2 levels in mature
forests, especially in tropical regions (Norby et al., 2005). There are no
free-air CO2 enrichment (FACE) experiments in tropical forests for
instance, although these ecosystems represent 50% of the terrestrial
biomass (Ainsworth and Long, 2005). Also, there are few data in sub-
tropical arid and semi-arid environment. Inverse modeling studies of
the carbon sources and sinks during the 1980s and 1990s indicate that
natural ecosystems in the tropics from 30 N to 30 S took up
anthropogenic CO2 counterbalancing the deforestation carbon flux.
But there is no consensus on whether this uptake of carbon is due to
CO2 fertilization effect (Prentice et al., 2001). If it were to be true in the
tropics, it could have very large effects. Jolly and Haxeltine (1997) for
instance showed with the BIOME model that low atmospheric CO2

alone during the last glacial maximum 21000 yr ago could explain the
large vegetation changes in tropical African montane vegetation
deduced from pollen data. IBIS, like most dynamical global vegetation
models (DGVM) does not incorporate the effect of nutrient limitation
(like nitrogen) on assimilation because of the lack of data and
scientific consensus. This version of IBIS, like many other DGVMs, also
doesn't include the photosynthetic downregulation under high
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Fig. 2. Same as Fig. 1 but for annual precipitation. Gray = decrease, White = increase.
Contours are displayed every 50 mm/yr from −150 to 450 mm/yr for ECHB2 and every
100 mm/yr from −800 to 300 mm/yr for HADA1F.

Fig. 1. Difference between annual mean temperature for the 2080s and the 1980s as
simulated by a) the ECHAM model with scenario B2 (ECHB2) b) the HADCM3 model
with scenario A1FI (HADA1F), interpolated at the 0.5° resolution. The time averages are
taken from 2070 to 2099 for the 2080s and 1961 to 1990 for the 1980s. Contours are
displayed every 0.2 °C from 2.4 °C for ECHB2 and every 0.8 °C from 3.2 to 7.2 °C for
HADA1F.
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ambient CO2 concentration that occur in some plant species (Sharkey,
1985). In a recent modeling study, El Maayar et al. (2006) showed that
neglecting this downregulation effect significantly bias predictions of
net primary productivity under high CO2 concentration, mainly in the
mid to high latitude. Therefore, like Higgins (2007) we preferred to
maintain CO2 concentration constant at the value used in IBIS
validation (350 ppmv).

The model is first spun up for 200 yr with the 1961–1990
climatology of monthly average temperature, precipitation, relative
humidity, cloudiness, wind speed, temperature range and number of
rainy days compiled by New et al. (1999). From there, the model is run
for the 20th century with the 1901–2000 time-series of the same
variables from the CRU TS2.1 dataset (Mitchell and Jones, 2005).

The 21st century climate was determined from the AOGCM's
monthly mean anomalies and the observed climate variability from
the 20th century. The monthly mean temperature, precipitation,
humidity, radiation and wind speed simulated by the AOGCMs were
first interpolated at the 0.5° resolution using bilinear interpolation. The
monthly mean climatology for 2070–2099 was then computed as the
sum of the observed climatology for 1961–1990 and the difference
between the mean interpolated AOGCM output for 2070–2099 and for
1961–1990. The observed variability from the 1901–2000 CRU TS2.1
dataset was then imposed on the monthly mean climatology for the
2070–2099. Using the simulated anomalies is preferred than using the
direct GCM output to avoid well-recognized errors in the mean climate
simulated by AOGCMs. Moreover the climatic forcing at the end of the
21st century has the same inter-annual variability and the same trend as
the climate of the 20th century given by the CRU TS2.1 dataset.We could
use the changes in climate variability simulated by the two AOGCMs. In
Africa however, andmore precisely in the Sahel, inter-annual variability
of the precipitation dependsmost likely on the interaction of the ocean,
the vegetation and the atmosphere (Zeng et al., 1999; Nicholson, 2000;
Wang and Eltahir, 2000). The GCMs used in the SRES phase don't
simulate vegetation dynamics and none are able to reproduce the long-
term evolution of the precipitation over the Sahel during the 20th
century (Lau et al., 2006). We therefore chose to use the observed 20th
century inter-annual variability thereby neglecting the likely changes in
climate variability.

We use the results of the 200-year spin-up run of IBIS with the
present-day climatology as initial conditions for the 21st century runs.
We then run IBIS for 200 yr with the 21st century climate forcing
described above and analyze the results of the last 50 yr and compare



Fig. 3. Standardized value of satellite-derived peak-season NDVI (from Hickler et al.,
2005), annual precipitation from the CRU TS2.1 dataset (Mitchell and Jones, 2005), and
modeled peak-season leaf area index (pLAI), averaged over the Sahel [12W–35E, 10N–
16N].
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them to the last 50 yr of the present-day IBIS run. Our results are near
equilibrium results for the vegetation.

4. Climate scenarios

The IPCC Third Assessment Report Scenarios (SRES TAR) A1FI and
B2 are at the opposite ends in terms of socio-economic development
assumptions (Nakicenovic et al., 2000). Scenario A1FI describes a
future world of very rapid economic growth relying on fossil-fuels
while Scenario B2 describes a future where local development and
sustainability are a concern (Nakicenovic et al., 2000). The resulting
CO2 concentration by 2100 reaches about 600 ppmv in the case of
scenario B2 and 925 ppmv for A1FI. A detailed description of all the
greenhouse gas concentrations, ozone, sulfur and sulfate aerosols
input to the HADCM3 model is given in Johns et al. (2003). The
resulting change in total radiative forcing at the tropopause in 2100
relative to 1900 is much higher for scenario A1FI (7.9 W m−2) than for
B2 (5.3 W m−2) in the case of the HADCM3 model (Johns et al., 2003).
In terms of global temperature change, scenario B2 results in global
temperature increases between 2 and 3.5 °C, while scenario A1FI
produces global temperature increases between 3 and 6 °C, depending
on the climate model (IPCC, 2001a).

Here, we use the results of the HADCM3 model with scenario A1FI
(Johns et al., 2003) and the results of ECHAM4/OPYC (Roeckner et al.,
1999) to force our vegetation model and simulate the impact of these
climate changes on the vegetation in West Africa. We chose these two
climate scenarios because one results in a very large climate change
signal over Africa (the HADCM3 model with A1FI) and the other in a
more moderate “average” climate change (the ECHAM model with
scenario B2).

The temperature increase simulated by ECHAM4/OPYC with
scenario B2 (here and after ECHB2) over West Africa is between 2
and 4 °C, with most of the regions experiencing increases of about 2 to
3 °C (Fig. 1a). With HADCM3 under scenario A1FI (HADA1F), the
warming is more intense, above 4 °C for most regions and reaching
7 °C in the south of the domain (Fig. 1b). The spatial pattern of heating
is rather similar for both models, with maximums in the northwest
and south of the domain, and minimums around Lake Chad.
The seasonality of the precipitation in the region is linked to the
migration of the inter tropical convergence zone (ITCZ). North of about
9°N, the climate is marked by one wet season peaking in August and
one dry season from November to March. Around the equator, there
are two wet seasons, one peaking in March–April and the other in
October–November, separated by two drier seasons, the short dry
season in December and the dry season from June to September.

Most of the precipitation changes according to ECHB2 occur in
June, July, and August (JJA) with a drying along the Atlantic and
increases inland between 10 and 12°N in the Sahel (Fig. 2). With
HADA1F, precipitation changes are more dramatic, with a strong
decrease in precipitation during the November wet season and during
the short dry season in December, January and February (DJF). In
boreal summer, the pattern of change is similar in HADA1F and ECHB2,
with precipitation increases centered south of Lake Chad and
decreases elsewhere. The amplitude of the decrease is bigger with
HADA1F than with ECHB2. According to Johns et al. (2003), this JJA
increase in precipitation in the HadCM3 model is due to a northward
shift of the ITCZ associated with the greater warming of the Northern
Hemisphere displacing the thermal equator northward. A similar
northward move of the ITCZ was obtained with another AGCM forced
by HADCM3 SSTs (Caminade et al., 2006). The pattern of precipitation
change with ECHB2 (positive anomalies N of the ITCZ on the tropical
oceans and negative anomalies S, not shown) suggests a similar
explanation. Chou and Neelin (2004) and Chou et al. (2006) attribute
this result to a general pattern of increasing precipitation in
convective zones and drying at its margins. Due to the high inter-
annual variability of precipitation in the region, the GCM simulated
precipitation changes are not necessarily statistically significant (see
Ruosteenoja et al., 2003). In their study of 10 AOGCMs, Neelin et al.,
(2006) showed that there is little model agreement in the exact
location of the precipitation changes for the 2080s in this region of
Africa for June–July–August (Neelin et al., 2006, Fig. 7). However, most
models simulate a statistically significant increase in precipitation
somewhere around Lake Chad and decrease along the Atlantic coast.

5. Simulated vegetation

5.1. Present-day

Before discussing the simulated vegetation changes, we briefly
examine how well IBIS simulates 20th century vegetation in West
Africa. Recently, using the Normalized Difference Vegetation Index
(NDVI) derived from satellite measurements, Eklundh and Olsson
(2003) showed that vegetation greenness increased in the Sahel
region from 1982 to 1998. Hickler et al. (2005) used the LPJ dynamical
global vegetation model (Sitch et al., 2003) forced by the CRU dataset
(New et al., 2000) to show that climatic changes and mainly
precipitation changes are the major driver for this greening trend.
We obtain a similar result with IBIS (Fig. 3).

The version of IBIS used here only simulates natural vegetation
(Fig. 4a). To compare with a map of present-day vegetation, we use
Ramankutty and Foley's (1998) map of fractional crop cover at the 0.5°
resolution to mask out agricultural land. Each gridcell where the
cropland fraction is larger than 0.1 is mapped as a mosaic between
crop and forest or crop and grassland according to the original IBIS
simulated vegetation type in the gridcell (Fig. 4b). We compare the
corrected simulated vegetationwith the GLC2000 vegetation of Africa
map (Mayaux et al., 2003). IBIS effectively represents the gradient
from the equator to the tropic, simulating tropical evergreen forest
and woodland around the equator, deciduous forests at the northern
and southern limits of the evergreen forest, and further north,
savannas, grassland, shrubland and desert. There are differences
however. Compared with the GLC2000 vegetation map, IBIS correctly
simulates the vegetation in 65% of the area. IBIS tends to overestimate
the forest cover, mainly north of about 4°N and south of 4°S (Fig. 4).



Fig. 4. Simulated and observed distribution of vegetation/land cover types a) simulated by IBIS forced with the present-day CRU TS2.1 climate, b) same as a) but corrected by
Ramankutty and Foley (1998) cropland dataset c) derived from satellite observations (Global Land Cover 2000—GLC200, Mayaux et al., 2003), d) simulated by IBIS forced with the
ECHB2 anomalies for the end of the 21st century, e) simulated by IBIS forced with the HADA1F anomalies for the end of the 21st century. 4 c) Inwhite: country names cited in the text,
in black: geographic features cited in the text.
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Fig. 5. Difference in fractional tree cover between the end of the 21st and 20th centuries
simulated by IBIS a) forced with the ECHB2 anomalies b) forced with the HADA1F
anomalies. Gray = decrease, White = increase. Contours are displayed every 0.2 from
−0.6 to 0.4 (−60 % to+40%) for ECHB2 and every 0.2 from −0.8 to 0 (−80% to 0%) for
HADA1F.
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The so-called “Dahomey Gap” in Ghana, Togo and Benin, for instance,
is not well represented by the model. IBIS forced with 20th century
climate data simulates a closed canopy forest in the region (tropical
evergreen and deciduous forest); in reality, observed tree cover
Table 1
Area covered by vegetation types, average NPP (net primary productivity) and LAI (leaf area in
(control) and the ECHB2 and HADA1F climate anomalies for the 2080s

Area

(km2)

Vegetation types Control ECHB2 HADA1F

Tropical evergreen forest/woodland 2.12 1.86 1.34
Tropical deciduous forest/woodland 0.96 0.91 0.65
Savanna 1.02 1.26 0.97
Grassland/steppe 1.49 1.81 2.27
Open shrubland 0.42 0.28 0.59
Desert 0.10 0.02 0.32
doesn't exceed 40% and the forest canopy is open. Paleo-evidence has
shown that vegetation cover in this region of Africa has changed
substantially during the last 20000 yr. During the mid-Holocene,
closed canopy forest covered the whole region but was replaced with
open savannas by 5000 BP (Salzmann and Hoelzmann, 2005). Since
then, the landscape has remained open. Similarly, forest cover is too
extensive in N Cameroon, and Angola. In S–E Gabon and Congo, the
model fails to simulate the vast open expanse of grassland called the
“Bateke Plateaux” (around 2°S, 15°E).

The overestimation of forest cover in some regions could be due to
limitations of themodel (IBIS does not include nitrogen or phosphorus
limitations for instance) or to the impact of disturbances not included
in the model. According to Sankaran et al. (2005) African savannas
receiving more than 650 mm/yr in annual mean precipitation are
“unstable” systems under current climate conditions. 650 (±134)mm/yr
seem sufficient for woody canopy closure and disturbances (fire,
herbivory) are needed for the coexistence of tree and grasses. The
regions where IBIS overestimates forest cover have annual mean
precipitationwell above this limit suggesting disturbances not included
in themodel (human activity, herbivory activity) are responsible for the
open tree canopy. Thonicke's natural firemodule used in IBISmight also
not be accurate enough for this region. It is hard to determine the cause
of the thinned forest in these regions. Is it purely the result of soil
conditions and naturalfire, or if it is linked to human activity (or both). It
is known for instance that theBateke Plateaux are systematically burned
down every year by the local population (Schwartz et al., 1998), which
prevents the development of a forest. On the other hand, the soils of
the Bateke Plateaux are very poor (Laraque et al., 1998) and might not
be properly represented in IBIS. As well, Ramankutty and Foley's
cropland map does not include pasture or human-induced fires. It
also underestimates crop cover in heavily populated Nigeria (Raman-
kutty, 2004). Hence human impact on vegetation is largely under-
estimated in Fig. 4b.

5.2. Vegetation changes

Both climate scenarios result in the same general pattern of
decreased forest cover at the end of the 21st century compared to the
present-day (Figs. 4d,e, 5 Table 1). The only exception is a slight
increase around Lake Chad with ECHB2. In the northern hemisphere
the limit between forest and savannas moves south, together with the
limit between savannas and grasslands. The most striking feature is
thewide opening of the Dahomey Gap in Benin and Togo. According to
these two simulations, this region loses most of its tree cover and is
exclusively covered by grassland by the end of the 21st century. The
reduction in forest cover is much more drastic with the HADA1F
scenario, in the Benin region but also in the southeast corner of the
domain (Angola), where forest is replaced by savanna, grassland, and
shrubland (Fig. 4).

The shrubland/desert limit is displaced further north with the
ECHB2 simulation north of Lake Chad, and further south around Mali,
Mauritania and Senegal with HADA1F. Both climate models simulate
precipitation increases in the Lake Chad region, but the increase is
dex) of vegetation types as simulated by IBIS forcedwith present-day CRU TS2.1 dataset

NPP Total LAI

(kg C m−2 yr−1)

Control ECHB2 HADA1F Control ECHB2 HADA1F

1.06 0.96 0.88 7.85 7.08 6.52
0.91 0.76 0.69 6.7 5.62 5.07
0.66 0.65 0.62 5.03 5.33 5.25
0.3 0.32 0.33 2.06 2.26 2.61
0.06 0.06 0.06 0.76 0.77 0.68
0.02 0.02 0.01 0.28 0.37 0.27



Fig. 6. Difference in NPP (net primary productivity) between the end of the 21st and
20th centuries simulated by IBIS a) forced with the ECHB2 anomalies b) forced with the
HADA1F anomalies. Gray = decrease, White = increase. Contours are displayed every
0.1 kg C m−2 yr−1 from −0.4 to 0.2 kg C m−2 yr−1 for ECHB2 and every 0.1 kg C m−2 yr−1

from −0.8 to 0.1 kg C m−2 yr−1 for HADA1F.
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much more modest with HADA1F and not sufficient to sustain in-
creased vegetation growth.

In addition to a reduction in forest cover associatedwith an increase
in grassland and shrubland, the two climate scenarios also result in a
shift between tropical evergreen PFTs and tropical deciduous PFTs at
the outer limits of the tropical forest region (not shown).

Overall, in these two simulations, changes in NPP (Fig. 6, Table 1)
and total LAI (Table 1) show that the remaining tropical forest is less
productive, especially in southwest Africa, and most importantly
Gabon, the Congo Republic and the Democratic Republic of the Congo.
The increased precipitation in the interior of the continent explains
why savannas and grassland aremore productive in these simulations.

6. Changes in the hydrologic cycle

In the two climate scenarios chosen here, precipitation increases
over a large region around, and south of, Lake Chad and decreases
elsewhere (Fig. 2). Evapotranspiration does not follow this pattern
and increases over a much larger area including most of the tropical
forest region for both scenarios. Some of the increase is linked to
increased rainfall, particularly in water-limited areas such as the
Sahel. But evapotranspiration increases around the equator (Gabon)
where the precipitation decreases. Even where evapotranspiration
decreases, the ratio of evapotranspiration over precipitation some-
times increases (Fig. 7). Evapotranspiration depends not only on soil
moisture availability (hence rainfall), but also on the available energy
at the surface, wind speed and atmospheric humidity. Changes in
temperature, humidity, wind speed and radiation play an important
role in AET (actual evapotranspiration). The effect of increased tem-
perature on AET is further investigated with additional simulations in
Section 8.

Runoff changes followmostly the same pattern as rainfall changes:
increases around Lake Chad and decreases elsewhere. Because of the
evapotranspiration increases however, the area with reduced runoff is
larger than that with reduced rainfall (Fig. 7).

The reduced rainfall and increased evapotranspiration in the tropical
forest lead to reduced runoff thatmight strongly affect the coastal rivers.
Box 3 for instance (see Fig. 4a) which includes Gabon has a reduction of
yearly runoff of 5% (in ECHB2) to 55% (in HADA1F). This runoff reduction
was also found by Arnell (2004) in his comparison of the runoff
simulated by 6 different GCMs following IPCC's scenario A2. Four GCMs
simulate widespread runoff decreases for 2050 around the Gulf of
Guinea and the other two GCMs simulate more patchy decreases. Using
the average rainfall changes of 6 GCMs, de Wit and Stankiewicz (2006)
finddecreased runoff south of the equator and in theDahomeyGap, and
increased runoff elsewhere around the Gulf of Guinea.

In their study of the risk of climate-induced changes in ecosystem
processes during the 21st century, Scholtze et al. (2006) find a high
probability of runoff decrease in West Africa north of the Gulf of
Guinea together with a fair probability of runoff increase around Lake
Chad. This risk analysis is based on the results of 52 GCM simulated
climate scenarios forcing the LPJ dynamical global vegetation model.
Contrary to our results, they find a fairly high probability of runoff
increase in the equatorial regions. LPJ simulates runoff reductions in
this region with only 5 of the 52 climate scenarios.

The two climate scenarios we chose do not modify fundamentally
the shape of the seasonal cycle of precipitation, evapotranspiration
and runoff (Fig. 8). In the Sahel region around Lake Chad (box 1),
rainfall increasesmainly during thewet season, and the simulatedwet
season starts 2 months early with ECHB2. This additional amount of
water is partly evaporated and partly runs off. It also result in wetter
soils. Wet season runoff is lower with ECHB2 despite higher rainfall.
This is due to the increased vegetation cover (mostly C4 grasses and
deciduous trees) in the region resulting in higher evapotranspiration
rates. This increased vegetation cover is sustained by the longer wet
season in comparison to the present and the HADA1F scenario.
The Dahomey Gap box (box 2) is interesting because a fairly
moderate reduction in rainfall (5%) combined with increased
evapotranspiration due to higher temperatures results in a reduction
of about 40% in volumetric water content at the peak of thewet season
(September).

Around the equator (box 3), rainfall increases with ECHB2 and
decreases with HADA1F, mainly during the “October wet season”.
Evapotranspiration increases with both scenarios due to the tem-
perature increase while runoff and soil water content decrease, much
more so with HADA1F because of the rainfall decrease.

In Angola and Congo (box 4), both scenarios result in reduced
precipitation but the decrease is much more important with HADA1F
as is the number of months with no rainfall (4 in comparison to 2 in
the present-day and with ECHB2). Contrary to the other four regions
where evapotranspiration increased for both scenarios, it increases
with ECHB2 and decreases in box 4 with HADA1F. The reduction in
rainfall is such that the soil moisture content remains close to wilting
point (0.370) during most of the year (June to February). Vegetation is



Fig. 7. Difference in total runoff, AET (actual evapotranspiration) and AET/P (ratio of evapotranspiration to precipitation) between the 2080s and the 1980s as simulated by IBIS forced
with ECHB2 anomalies (column 1) and HADA1F (column 2). Gray = decrease and White = increase for runoff but Gray = increase and White = decrease for AET and AET/P.
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highly water stressed, transpiration is strongly limited and soil
evaporation increases do not compensate.

7. Changes in wildfire frequency

Thonicke's fire module coupled to IBIS simulates an increase in
wildfire frequency (decrease in fire return interval) along the Atlantic
coast with both climate scenarios (Fig. 9). This is due to the drier
conditions linked to the decrease in precipitation and the increase in
evapotranspiration. Wildfire frequency also increases around Lake
Fig. 8. Seasonal cycle of rainfall, evapotranspiration, total runoff and soil volumetric water con
anomalies and the HADA1F anomalies for the 21st century. The 4 boxes are defined in Fig.
Chad with the ECHB2 scenario because the wetter conditions enhance
vegetation growth (Fig. 6) and availability of fuel for burning. Despite a
similar increase in precipitation this doesn't happenwith the HADA1F
scenario. NPP only increases in a very small region N of Lake Chad and
the increase is too small to give adequate fuel supply. Both scenarios
result in a decrease in wildfire frequency in the continent interior but
the location differ between the two scenarios: mostly in the Sahel
with HADA1F and along a band just N of the tropical forest regionwith
ECHB2. The pattern of increased and decreased wildfire frequency
simulated with ECHB2 is similar to the pattern deduced by Scholtze
tent simulated by IBIS forcedwith the CRU TS2.0 dataset for the 20th century, the ECHB2
4a.



Table 2
Average yearly precipitation for each vegetation type from the present-day CRU TS2.1
dataset (control) and the ECHB2 and HADA1F climate anomalies for the 2080s and
average yearly evapotranspiration (AET) for each vegetation type as simulated by IBIS
forced with present-day CRU TS2.1 dataset (control) and the ECHB2 and HADA1F
climate anomalies for the 2080s

Precipitation AET

(mm/yr) (mm/yr)

Vegetation types Control ECHB2 HADA1F Control ECHB2 HADA1F

Tropical evergreen
forest/woodland

1686 1781 1748 1135 1221 1284

Tropical deciduous
forest/woodland

1500 1617 1632 1070 1155 1228

Savanna 1080 1241 1267 928.3 1033 1067
Grassland/steppe 595 715 785 562.5 655.9 707.3
Open shrubland 252 299 281 248.4 289.6 276.8
Desert 127 215 175 127.2 219 175.8
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et al. (2006) for the GCMs that simulate a global temperature between
2 and 3 °C (ECHB2 simulates a global temperature increase of 2.5 °C).
The decreased wildfire frequency in the Sahel following HADA1F
scenario is only shared by two of the 16 scenarios that resulted in
global temperatures higher than 3 °C in the Scholtze et al. (2006)
study (HADA1F simulates a global temperature increase of 3 °C). In the
equatorial regions where both ECHB2 and HADA1F result in increased
frequencies, Scholtze et al. report either no significant change or a
decrease. This is most likely linked with the high probability of runoff
increase simulated by LPJ in the region.

8. Effect of precipitation, temperature

Impact studies of climate change in tropical areas often focus on
precipitation changes, assuming these are the most important drivers
of vegetation and hydrologic change. De Wit and Stankiewicz (2006)
for instance only use the GCM simulated rainfall changes to infer the
changes in river runoff. They do not take into account changes in
temperature and/or evapotranspiration for instance. To test if
precipitation change is indeed themost important driver of vegetation
and hydrologic change in W-Africa, we performed additional simula-
tions where one climate variable was changed according to the 2080s
climate simulations but the others were kept fixed. The two variables
chosen were precipitation and temperature. We call HADA1F-P
Fig. 9. Difference in wildfire return interval between the end of the 21st and 20th
centuries simulated by IBIS a) forced with the ECHB2 anomalies b) forced with the
HADA1F anomalies. Gray = decrease, White = increase. Contours are displayed for
positive and negative differences in return interval of 990 yr, 500 yr, 100 yr, 10 yr, 0.1 yr,
and 0 yr.
(HADA1F-T) the simulation where all the forcing variables are from
the 1961–1990 climatology except for the precipitation (temperature)
taken from the HADA1F simulation of the 2080s as an anomaly. A
similar experiment was done to test the importance of solar radiation
changes only (HADA1F-S) but the effect is minor. This thought
experiment allows us to determine if one change is more important.

To keep the simulations shorter we forced IBIS with the New et al.
climatology of 1961–1990 for the present-day control simulation
(Ctl_c) and with the differences in temperature (precipitation) from
HADA1F between 2061–2090 and 1961–1990 added to the New et al.
climatology. The use of present-day climatology as forcing to IBIS
instead of the full time-series of the 20th century as in the three main
simulations presented in section 4 results in small differences
(compare results between Tables 2 and 3) that do not affect our
conclusions.

Fig. 10 and Table 3 show the area covered by the different
vegetation types in the temperature only simulation (HADA1F-T),
precipitation only simulation (HADA1F-P) and with the full HADA1F
climate scenario (HADA1F_c). Temperature changes only (HADA1F-T)
result in variations in area that are larger than the variations from
precipitation changes only (HADA1F-P) for the tropical evergreen
forest, the grassland, shrubland and desert. Temperature changes
(HADA1F-T) result in a reduction in area of the tropical evergreen
forest that is 57% of the reduction simulated with the complete
HADA1F_c climate scenario. In case of the HADA1F-P simulation, the
reduction is only 49%. On the other hand, the HADA1F-P simulation
has more impact on the area covered by tropical deciduous forest and
savanna than the HADA1F-T simulation. This strong effect of
temperature was also found by Higgins and Vellinga (2004) in their
global scale study of ecosystem response to abrupt climate change, but
only for tropical deciduous forests.

Temperature and precipitation have opposite effects on the area
covered by savannas. Temperature changes (increases everywhere)
result in a strong reduction in area mainly around 10°N (not shown)
while precipitation changes result in savanna expansion (mainly S of
Lake Chad where precipitation increases and in Angola where
precipitation decreases). In the “Dahomey Gap”, both temperature
and precipitation independently reduce the forest cover but indivi-
dually neither change is able to completely open the forest canopy as it
is the case with the complete HADA1F climate scenario.

The sum of the effects of temperature changes alone (HADA1F-T)
and precipitation changes alone (HADA1F-P) is not equivalent to the
effect of the HADA1F_c climate scenario (hence the percentages do not
add up to 100). Their relative importance depends on complex local
conditions. Wind speed changes, radiation changes and humidity
changes also play a role (minimal for radiation in this case).

Temperature and precipitation changes play competing roles in
evapotranspiration changes, except for tropical deciduous forest and



Table 3
Area covered by vegetation types, average NPP (net primary productivity) and AET (actual evapotranspiration) of vegetation types as simulated by IBIS forced with present-day
climatology of New et al. (1999) (control) and the ECHB2 and HADA1F climate anomalies for the 2080s

Vegetation types Area NPP AET

(×106 km2) (kg C m−2 yr−1) (mm/yr)

Control HADA1F HADA1F_P HADA1F_T Control HADA1F HADA1F_P HADA1F_T Control HADA1F HADA1F_P HADA1F_T

Tropical evg forest 2.131 1.408 1.916 1.724 1.088 0.887 1.060 0.887 1134.6 1281.8 1128.4 1289.8
Tropical dec forest 0.986 0.696 0.845 0.978 0.945 0.699 0.882 0.710 1069.0 1226.0 1079.9 1190.4
Savanna 0.924 0.915 1.125 0.765 0.681 0.578 0.643 0.608 950.9 1027.9 907.0 1062.9
Grassland/steppe 1.546 2.199 1.570 1.917 0.308 0.348 0.302 0.338 555.3 711.0 520.4 711.9
Open shrubland 0.390 0.514 0.489 0.510 0.059 0.055 0.058 0.053 235.8 261.4 210.4 292.1
Desert 0.128 0.405 0.179 0.268 0.018 0.015 0.019 0.016 129.1 163.0 134.3 170.3

13C. Delire et al. / Global and Planetary Change 64 (2008) 3–15
desert (Table 3 and Fig. 10). Temperature changes (HADA1F-T) are
responsible for increases in evapotranspiration while precipitation
changes (HADA1F-P) result in decreased evapotranspiration for all the
vegetation types except for the tropical deciduous forest and the
desert. These two simulations clearly indicate that temperature
changes are responsible for most of the evapotranspiration increases
as mentioned in Section 6.

Changes in temperature alone (HADA1F-T) have a larger impact on
net primary production (NPP) than changes inprecipitation (HADA1F-P)
(Table 3). The heating decreases NPP everywhere in the domain and for
all vegetation types. This reduction is mostly due not only to an increase
in wood and root respiration (directly dependant on temperature) but
also to a reduction in gross primary production due to the reducedwater
availability following the increased evapotranspiration. As expected,
patternsofNPP change follow rather closely thepatternsof precipitation
change in the precipitation changes only simulation (HADA1F-P). But
the increasesdue to increased rainfall in the Sahel donot compensate for
the decrease due to the rising temperature.

We repeated this series of additional simulations with the ECHB2
climate scenario. The results are qualitatively similar and show that
temperature changes are a very important driver of vegetation and
hydrologic change that cannot be neglected when studying climate
change impact in this region.
Fig. 10. Area covered by each vegetation types as simulated by IBIS forced with the prese
HADA1F_c scenario. See text.
9. Discussion–conclusion

The aim of this paper was to evaluate the possible effects of climate
change on vegetation in West Africa, a particularly sensitive region of
the world in terms of natural resources and biological conservation.
We chose two climate models and economic scenarios to force the
dynamic vegetation model IBIS; a particularly drastic climate scenario
(HADA1F) and a “moderate” one (ECHB2). Both climate scenarios are
warmer everywhere in the domain, wetter around Lake Chad and
drier along the Atlantic coast. Our simulations of the end of the 21st
century result in less extensive tropical forests and reduced LAI and
NPP where forest remains. At the northern and southern limits of the
forest there is also a switch between tropical evergreen types and
tropical deciduous types. Vegetation cover and NPP increase around
Lake Chad, mainly with the ECHB2 scenario. The simulated climate
change also results in widespread increase in evapotranspiration and
reduction in runoff and NPP along the Atlantic coast.

Additional simulations where only one variable was changed
showed that temperature, through its effect on evapotranspiration
and NPP plays a crucial role in vegetation change in the region. Higher
temperatures result in increased evapotranspiration and decreased
productivity. According to our simulations, studies of the impact of
climate change on natural resources in this region must include all of
nt-day CRU climate (Ctlc_c), the HADA1F_P scenario, the HADA1F_T scenario and the
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the GCM simulated variables, and in particular temperature (or
evapotranspiration). For example, the reduction in river runoff
simulated by de Wit and Stankiewicz (2006) is probably under-
estimated because they only considered rainfall changes. Similarly,
studies aiming to evaluate crop yield and forest resources should
account for the effects of temperature changes.

Our choice to fix the atmospheric CO2 level at 350 ppmv tends to
limit the scope of our conclusions. We chose to operate this way
because there is almost no data on CO2 fertilization effect in tropical
ecosystems. If tropical ecosystemswere to behave like young temperate
forests, the increased CO2 during the 21st century would enhance
photosynthesis and increase water-use efficiency. This would counter-
act the effects of reduced precipitation and higher temperature on NPP
and evapotranspiration and seriously modify the outcome. In Scholtze
et al. (2006) for instance, simulationswith the LPJ dynamical vegetation
model taking into account the CO2 fertilization effect result in a high
probability of increased runoff in the equatorial regions. This opposite
result is probably linked to the CO2 fertilization effect.

We also did not take into account the human impact on vegetation.
We only compared the natural vegetation (unperturbed by human
activity) at the end of the 20th and 21st centuries. Current crop
cultivation and grazing in the region strongly reduces forest extent and
results in forest fragmentation (Fig. 4c). Current estimated deforesta-
tion rates are very high (the highest being Nigeria at 11% yr−1 between
2000 and 2005, according to the FAO) and according to the Integrated
Model to Assess Global Environment (IMAGE, Alcamo et al., 1998) are
expected to remain high at least until 2050. These would probably
enhance the simulated reduction in forest cover and forest productiv-
ity due to climate change only.

Despite the uncertainty in the CO2 fertilization effect in tropical
ecosystems, it is likely that the future will be drier than today in large
portions of northern and western Africa even if precipitation does
increase modestly as some models suggest. Temperature changes are
likely to drive a reduction in availablewater and exacerbate an already
difficult situation. Similarly, temperature changes might result in a
reduction of forest productivity that could hurt both forestry resources
and biological conservation efforts as in Gabon for instance where 10%
of the land-surface was recently set aside for conservation. Human-
driven land-use changes not considered here will most likely enhance
the reduction in forest cover and productivity.
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