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Abstract Previous studies have highlighted the crucial role of land degradation in
tropical African climate. This effect urgently has to be taken into account when
predicting future African climate under enhanced greenhouse conditions. Here,
we present time slice experiments of African climate until 2025, using a high-
resolution regional climate model. A supposable scenario of future land use changes,
involving vegetation loss and soil degradation, is prescribed simultaneously with
increasing greenhouse-gas concentrations in order to detect, where the different
forcings counterbalance or reinforce each other. This proceeding allows us to define
the regions of highest vulnerability with respect to future freshwater availability and
food security in tropical and subtropical Africa and may provide a decision basis for
political measures. The model simulates a considerable reduction in precipitation
amount until 2025 over most of tropical Africa, amounting to partly more than
500 mm (20–40% of the annual sum), particularly in the Congo Basin and the
Sahel Zone. The change is strongest in boreal summer and basically reflects the
pattern of maximum vegetation cover during the seasonal cycle. The related change
in the surface energy fluxes induces a substantial near-surface warming by up to
7◦C. According to the modified temperature gradients over tropical Africa, the
summer monsoon circulation intensifies and transports more humid air masses into
the southern part of West Africa. This humidifying effect is overcompensated by a
remarkable decrease in surface evaporation, leading to the overall drying tendency
over most of Africa. Extreme daily rainfall events become stronger in autumn but less
intense in spring. Summer and autumn appear to be characterized by more severe
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heat waves over Subsaharan West Africa. In addition, the Tropical Easterly Jet is
weakening, leading to enhanced drought conditions in the Sahel Zone. All these
results suggest that the local impact of land degradation and reduction of vegetation
cover may be more important in tropical Africa than the global radiative heating,
at least until 2025. This implies that vegetation protection measures at a national
scale may directly lead to a mitigation of the expected negative implications of future
climate change in tropical Africa.

1 Introduction

Freshwater availability is the primary factor limiting agriculture and food security in
tropical (10◦S, 10◦N) and subtropical Africa. Therefore, enormous scientific attention
has been devoted to the analysis and prediction of the hydrological cycle in this
region (e.g. Nicholson et al. 2000; Hulme et al. 2001). These studies were motivated
by the frequent occurrence of drought events since the middle of the twentieth
century (Nicholson 2001; Le Barbé et al. 2002). Severe droughts were observed
in the mid 1970s and 1980s in particular, leading to a general deterioration of
living conditions, considerable economic loss and large-scale migration processes
(Findley 1994; Benson and Clay 1998). Understanding the mechanisms that cause
dry conditions in tropical Africa, is a prerequisite to climate prediction, which in turn
is of fundamental importance in agricultural planning and political decision-making
and an important challenge for climate modelling efforts (Desanker and Justice 2001;
Jenkins et al. 2002). The present study aims to simulate the future climate of Africa
up to 2025 under generally realistic assumptions concerning future land use changes
and increasing greenhouse-gas (GHG) concentrations. The scenarios utilized are
based on a variety of results emerging from previous analyses:

Many studies have shown that atmospheric variability in the low latitudes of
Africa is closely tied to changes in the tropical sea surface temperatures (SSTs)
(Sutton et al. 2000; Camberlin et al. 2001; Paeth and Friederichs 2004). This is
particularly true over Subsaharan West Africa (Ruiz-Barradas et al. 2000) and
includes a dipole response between the Sahel Zone (SHZ), spanning the continent
from around 12 to 21◦N, and the Guinean Coast region (GCR), extending from the
coastline along the Gulf of Guinea from 4 to 12◦N and to 14◦E. A warmer tropical
Atlantic Ocean is associated with a more intense north–south gradient in freshwater
deficiency (Mo et al. 2001; Paeth and Stuck 2004). Rainfall over coastal East Africa
is strongly affected by local and regional SST anomalies in the Indian Ocean (Latif
et al. 1999; Black et al. 2003). The relationship between African precipitation and the
tropical oceans is embedded in the global teleconnections of the El Niño-Southern
Oscillation (ENSO) phenomenon, involving the atmospheric circumglobal Walker
circulation (Nicholson et al. 2000; Saravanan and Chang 2000; Janicot et al. 2001).

The northwestern and northern parts of Africa are predominantly influenced by
extratropical dynamics including the North Atlantic Oscillation (NAO) and other
large-scale modes of the Atlantic-European sector (Cullen and de Menocal 2000;
Krichak et al. 2002; Knippertz et al. 2003) as well as SST variations in the northern
subtropical Atlantic (Rodriguez-Fonseca and de Castro 2002). The NAO governs
the orientation of the North Atlantic storm track and the northeastward extent of
the Azores High, which in turn affect temperature and rainfall anomalies in the
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Mediterranean basin (Ulbrich and Christoph 1999). Furthermore, Los et al. (2001)
and Rowell (2003) point to the role of extratropical SST anomalies in triggering
drought conditions in the SHZ.

Although climate model simulations, which are forced by observed SSTs, are able
to reproduce the observed phases of positive and negative precipitation anomalies
during the twentieth century in tropical Africa, they may nevertheless fail to simulate
their amplitudes realistically (Schnitzler et al. 2001; Paeth and Hense 2004). Several
authors have suggested that African climate, and rainfall in particular, may be
induced primarily by fluctuations in the global SST fields, and secondarily may be
enhanced and prolonged by positive feedbacks with land surface properties including
vegetation cover and soil moisture (Zeng et al. 1999; Nicholson 2001). Indeed, the
climate of the SHZ, which appears to be most sensitive to land degradation (Clark
et al. 2001), is also characterized by the longest persistence of rainfall anomalies
arising from the memory embedded in vegetation cover and soil moisture (Long
et al. 2000). In addition, solar variability may also impose low-frequency variations
in African precipitation via changes in the large-scale temperature gradients and
atmospheric circulation (Gasse 2001).

A number of papers describe the relationship between land cover changes and
the West African monsoon climate. Lotsch et al. (2003) have highlighted the close
correlation between observed rainfall amount and vegetation cover in the SHZ.
Eklundh and Olsson (2003) report that the slight recovery of rainfall in recent
years is associated with an increase in vegetation density as indicated by the NDVI
(Normalized Difference Vegetation Index). In addition, the seasonality of rainfall
in West Africa has been linked directly to the seasonality of the Leaf Area Index
(LAI) (van den Hurk et al. 2003). Modelling studies utilizing atmosphere-land-
vegetation models basically confirm that vegetation cover has a primary influence on
the shape of the observed African climate zones (Zeng and Neelin 2000; Wang and
Eltahir 2000; Zeng et al. 2002; Xue et al. 2004). In general, a reduction in vegetation
density leads to a substantial decrease in rainfall amounts over most of tropical
Africa (Paeth 2004). Near-surface warming and more intense short-term variability
may also be consequences of rediction in vegetation (Bounoua et al. 2000) as well
as a shortening of the rainy season and vegetation period, each having negative
implications for agriculture and food security (Taylor et al. 2002). Semazzi and Song
(2001) have examined the effect of deforestation in the low latitudes of Africa and
found the most pronounced drought tendency in the Congo Basin (CGB), which is
approximately delimited by the polygon 4◦N, 10◦S, 30◦E and the Atlantic coast. The
western Mediterranean region may be affected similarly by deforestation, resulting
in reduced evaporation and rainfall (Gaertner et al. 2001).

Soil moisture also plays a major role in the African monsoon climate. In general,
high soil moisture levels favour an abundant monsoon (Douville et al. 2001). In
addition, soil moisture levels prior to the monsoon season appear to govern the
northward extent of humid air masses and the distribution of rainfall (Fontaine
et al. 2002). Cook (1999) has suggested a mechanism by which soil moisture may
impact indirectly on precipitation via changes in the African Easterly Jet (AEJ). Xue
et al. (2004) point to the importance of correct soil moisture initialization in climate
models.

There is growing evidence that African climate may also be sensitive to increasing
GHG concentrations (Houghton et al. 2001). Although different climate models do
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not yet portray a homogeneous picture of the precipitation response to radiative
heating (Hulme et al. 2001; Paeth and Hense 2004), it is likely that drier conditions
will prevail in the SHZ and CGB as a consequence of increasing GHG concentra-
tions, whereas more abundant rainfall is simulated in the GCR (Clark et al. 2001;
Paeth and Stuck 2004). This dipole can be explained physically by a simple linear
model of tropical thermodynamics involving a Kelvin and Rossby wave response to
an oceanic heat source in the low latitudes (Vizy and Cook 2001). Such a heat source
may be characteristic of future climate, when the tropical oceans warm up under
the greenhouse (Paeth and Hense 2006). Thus, one of the prominent modes of West
African rainfall variability is excited by the greenhouse forcing (Nicholson and Palao
1993), leading to a sharpening of the meridional gradient of freshwater availability in
tropical Africa, and possibly to a resulting increase in migration from the SHZ to the
GCR (Findley 1994).

From this description of the main influences on African climate as inferred from
previous studies, it becomes clear that reliable simulations of future changes in
climate, and of the hydrological cycle in particular, have to account for most of
these key factors. In particular, the impacts of land degradation and greenhouse
forcing need to be evaluated jointly (Douville et al. 2000). Zhao and Pitman (2002)
have compared the interactive effects of vegetation loss and radiative heating on
annual temperature and precipitation extremes in Europe and China in a set of global
climate model sensitivity studies and conclude that the land cover changes contribute
considerably to the climate response. Furthermore, Feddema and Freire (2001)
have shed light upon the reinforcing effect of soil degradation in global warming
experiments. With respect to the African climate, Maynard and Royer (2004a) have
shown that the enhanced greenhouse forcing in a global climate model may be a more
important factor than land use changes up to the middle of the twenty-first century.

This analysis is linked to the approach of Maynard and Royer (2004a) and presents
a number of experiments generating time slices of future African climate until
2025. The basic objective is to provide a regionally differentiated and conceptually
sound projection of climate conditions in the near future, that can serve as a basis
for planning and political decision-making. For this purpose, the regional climate
model REMO (Jacob 2001) is forced using plausible scenarios of vegetation loss, soil
degradation, radiative heating, oceanic warming and changes in global atmospheric
circulation as simulated by a global climate model. The response patterns for various
climate parameters, particularly those associated with the near-surface climate, are
presented in order to demonstrate on a step-by-step basis, which physical mecha-
nisms are at work when associating changes in land cover and radiative heating with
changes in the hydrological cycle over Africa. A fundamental task within this study
is to distinguish between the local and large-scale components of climate response
in order to determine the appropriate scopes of action at national and regional
levels. A further task is to provide an assessment of climate extremes and their
changes up to 2025 as suggested by Trenberth et al. (2003). Any intensification
and/or increase in the number of extreme events is presumed to have disastrous
socio-economic implications (Changnon 2003; Fowler and Kilsby 2003). Indeed,
global climate modelling experiments suggest that climate extremes may become
more severe under enhanced greenhouse conditions in most regions of the globe
(Meehl et al. 2000; Voss et al. 2002; Kharim and Zwiers 2000). Here, we estimate the
extreme value quantiles of daily precipitation and near-surface temperature using the
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Generalized Pareto Distribution (GPD) and the methods of L-moments (Hosking
1990). The uncertainty of the extreme value quantile estimates is assessed via a
Monte Carlo sampling approach (Kharim and Zwiers 2000). Note that this study
is focused on events concering land masses, where the natural and socio-economic
systems are most likely to be affected. However, this does not mean that no important
changes take place over the oceans.

The study is embedded in the interdisciplinary IMPETUS project on an integrated
approach to the efficient management of scarce water resources in West Africa
(Integratives Management Projekt für einen Effizienten und Tragfähigen Umgang
mit Süßwasser in Westafrika, Christoph et al. 2004). Thus, the results of this study
are meant to be used in a decision support system for policy makers in West Africa,
particularly in Benin and Morocco.

The following two sections provide descriptions of the regional climate model
REMO and the experimental design, respectively. The simulated climate changes
with respect to various climate parameters are presented in Section 4. The major
conclusions of this study are summarized and discussed in Section 5.

2 Model description

The regional climate model REMO is a hydrostatic model designed to simu-
late atmospheric processes at a synoptic spatio-temporal scale (Jacob 2001). The
model equations are based on the operational weather forecast model Europamod-
ell previously used by the German Weather Service and have been further de-
veloped at the Max Planck Institute for Meteorology (Jacob et al. 2001). The
primitive equations are used to compute surface pressure, horizontal wind compo-
nents, temperature, water vapour and cloud water content as prognostic variables.
Physical parameterizations are taken from the global climate model ECHAM4
(Roeckner et al. 1996) and adjusted to the scale of REMO. The mass flux parame-
terization scheme by Tiedtke (1989) governs the processes of moist convection. A
five-layer one-dimensional soil model simulates all processes at the land surface. A
more detailed description of the model properties can be found in Jacob et al. (2001)
and Paeth et al. (2005).

In the present version, the model is run at 0.5◦ horizontal resolution with 20
terrain-following vertical levels. The model domain covers the entire tropical and
northern parts of Africa from 30◦W to 60◦E and from 15◦S to 45◦N. Only this
sector is depicted in the following figures. The Mediterranean Basin and the Arabic
Peninsula are included as well in order to account for the extratropical impacts
in northern Africa. The influence of the atmospheric input data at the lateral
boundaries decreases exponentially towards the 8th grid point row of the exterior
model region. Thus, REMO can develop its own internal dynamics in this large
model area.

REMO can be driven with a range of global atmospheric and oceanic input data.
In the uncoupled climate mode, the model is initialized using input data, which are
then updated every 6 h only at the lateral and lower boundaries. The atmospheric
and oceanic inputs are derived typically from the same global data set. Land surface
parameters including vegetation, albedo, orography and etc. are taken from the
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GTOPO30 and NOAA (National Oceanic and Atmospheric Administration) data
sets, respectively (Hagemann et al. 1999). Some parameters such as vegetation
cover, LAI and surface albedo conform to an idealized seasonal cycle. In a previous
study (Paeth et al. 2005), a long-term climatology of the late twentieth-century
climate was generated with lateral boundary conditions taken from reanalysis data
of the ECMWF (European Centre for Medium-Range Weather Forecast, Gibson
et al. 1997). This validation study demonstrated that REMO effectively reproduces
all major features of the observed African climate. These include the monsoon
circulation and tropospheric jetstreams as well as the distribution of temperature,
air pressure and precipitation. Even some specific characteristics of the West African
monsoon climate, including the bifurcated intertropical convergence zone (ITCZ)
and the African Easterly Waves (AEWs) (cf. Hastenrath 2000; Saha and Saha
2001), are simulated realistically. A major deficiency of REMO, typical of regional
climate models in tropical Africa (cf. Gallée et al. 2004), is that Subsaharan rainfall
is systematically underestimated. This problem is likely related to the coarse grid
representation of orography at the Guinean Coast line, which causes the moist
convection scheme to be activated off the coast so that fewer humid air masses extend
northwards into the West African Subcontinent. Since this underestimation is of
systematic nature, it can be corrected using a statistical model. For the purpose of
the present study in which difference patterns are emphasized, it is largely irrelevant,
assuming that the model bias is linear until 2025.

3 Model experiments

The model experiments described here have been motivated by a number of previous
sensitivity studies utilizing the same regional climate model REMO, each one
addressing a single isolated key factor influencing African climate (Paeth 2004; Paeth
and Stuck 2004). Figure 1 displays the changes in annual rainfall up to 2025 due
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to enhanced greenhouse conditions (left) consistent with IPCC SRES scenario B2
(Nakicenovic et al. 2000), and land degradation (right) corresponding to a decrease
of 25% over entire tropical Africa, which is roughly equivalent to the land use
scenario described below. With the exception of some minor areas along the Guinean
Coast and particularly in the western CGB, the increased radiative forcing leads to
more humid conditions (cf. Houghton et al. 2001). In contrast, reduced vegetation
cover and soil degradation are associated with a substantial reduction in annual
precipitation over the SHZ, GCR and in particular, the CGB. By comparing the two
response patterns and assuming a linear interaction between the two forcings, the
following a-priori hypotheses can be proposed: In the GCR, the rainfall reduction
due to vegetation loss and soil degradation may be more than offset by stronger
moisture convergence due to GHG-induced oceanic heating (cf. Clark et al. 2001;
Vizy and Cook 2001). The increased radiative forcing is less influential in the SHZ,
where land degradation may cause a substantial decrease in precipitation, especially
given the presently low annual rainfall of less than 200 mm (Saha and Saha 2001;
Paeth et al. 2005). In most of the CGB, both forcings cause dryer conditions as a
regional mean. In order to assess the likely nonlinear interactions between different
forcings and to provide realistic simulations of future African climate, in this study
the REMO experiments incorporate all of these forcings simultaneously. A range
of time slice experiments were conducted, embodying estimates of land use changes
and increasing GHG concentrations up to 2025.

Each time slice experiment covers one year with forcing conditions corresponding
to the years 2000, 2005, 2010, 2015, 2020 and 2025. The fact that no simulations
are made beyond 2025 reflects the scope of the IMPETUS project, which aims at
providing decision support for policy makers at most two decades into the future.
Each scenario run is subject to five simultaneous forcings: (1) Atmospheric fields
from a global coupled climate model simulation with ECHAM4/HOPE (Roeckner
et al. 1996) provide the lateral boundary conditions. These data cover the period
1860–2100 and are forced by enhanced GHG concentrations according to IPCC sce-
nario SRES B2 (Nakicenovic et al. 2000). The choice of emission scenarios is rather
arbitrary since very little difference is found between the various SRES scenarios
until 2025, at least with respect to the primary factors defining African climate. (2)
An identical GHG increase is imposed within REMO, which modifies the radiation
budget within the model domain. (3) The oceanic lower boundary conditions are
also taken from the global ECHAM4/HOPE run. In order to eliminate a part of the
interannual variability, which may partly mask the transient climate changes, the SST
fields are smoothed by a 5-year lowpass filter. This ensures that the ocean surfaces,
which are supposed to be a key factor influencing the African monsoon climate
(Nicholson 2001; Paeth et al. 2005; Paeth and Stuck 2004), are continuously warming
from time slice to time slice. Note that the resulting slight inconsistency between
lower and lateral boundary conditions does not lead to noticeable nonconformities
in the simulated regional climate (cf. Paeth and Hense 2006).

(4) The scenarios of future vegetation loss reflect estimates by the United Nations
(www.gisdevelopment.net/aars/acrs/1997/ts12/ts12003pf.htm) and were derived from
the observed relationship between global vegetation cover and population density
during the last decades. Changes in vegetation cover as derived from NOAA satellite
data were associated with population density revealing a close correlation, ranging
from 0.71 to 0.91 for various regions of the globe (Pahari and Murai 1997). Estimated

www.gisdevelopment.net/aars/acrs/1997/ts12/ts12003pf.htm
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population growth up to 2025 was provided by CIESIN (1996). Using this approach,
the deforestation rate for tropical Africa was predicted to be 1.06% per year during
the 1990–2025 period. These estimated trends are backed up by IPCC (Houghton
et al. 2001) and UNEP (2003). Unfortunately, the estimates consist only of individual
values taken as representative of an entire region – for instance a reduction of
32% over the entire SHZ through 2025. To be suitable for use in REMO, these
estimates had to be transformed to a spatial grid-box pattern, while reflecting that
the land use changes are not fully homogeneous in space. For this purpose, the West
African subcontinent has been divided into several primary regions. Within each
region, spatially heterogeneous vegetation changes have been assigned randomly for
each grid box, subject to the condition that the regional mean sums up to the UN
estimates exactly. Some additonal assumptions were used to construct the forcing
patterns, for example that the vegetation loss is more (less) pronounced in the
transition zone between Sahara and Sahel (in the inner core of the tropical rain
forests). The resulting patterns of the vegetation ratio for present-day and 2025
are displayed in Fig. 2 (left panels). With respect to 2000, a heteroneous pattern
of vegetation reduction occurs in 2025 with largest amplitude in tropical Africa.
Some minor changes are also imposed in northern, eastern and southern Africa as
well as over the Arabic Peninsula. According to the UN estimates, Europe is barely
affected by land use changes up to 2025. For the remaining time slice experiments
between 2000 and 2025, the 2025 minus 2000 difference pattern of the vegetation
ratio has been linearly interpolated. In addition to the vegetation ratio, there are
other surface parameters in REMO, which are linked to changes in vegetation cover.
These are LAI, forest fraction, roughness length and surface albedo. Maynard and
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Royer (2004b) have shown that none of these surface parameters dominates the
others, rather all of them have to be taken into consideration equally when simulating
vegetation changes (cf. Paeth 2004). With the exception of albedo, the other surface
parameters are modified in the same way as the vegetation ratio. However, surface
albedo is a function of LAI, forest fraction and vegetation ratio. Therefore, a multiple
linear regression analysis encompassing all grid boxes was applied to construct the
forcing patterns of surface albedo in Fig. 2 (right panels). As anticipated, albedo
increases wherever the vegetation cover is reduced. The increase amounts to 15%,
implying a remarkable modification of the energy balance at the surface. We do not
claim that the patterns in Fig. 2 are entirely realistic in every detail. It is difficult
in practice to predict the 0.5◦×0.5◦ grid boxes, in which human activity will cause
the strongest land degradation through 2025. However, it is likely that future land
use changes may possess the same extent of heterogeneity as the random patterns
depicted in Fig. 2, with some subregions being more affected than others. Therefore,
we assume that the prescribed forcing patterns utilized are reasonable, provided that
the UN estimates are realistic.

(5) Modification of the vegetation-related surface parameters as described above
has a direct impact on the soil processes in REMO: changes in soil temperature
and soil hydrology are induced as well. This holds particularly for soil moisture,
which has an important impact on the West African monsoon climate (Douville
et al. 2001; Fontaine et al. 2002). However, there are numerous soil parameters in
REMO, that are usually held constant over the entire integration period. These soil
parameters govern the ratio between infiltration and evaporation on the one hand
and surface runoff and drainage on the other hand. It is likely that this ratio will
change towards more lateral runoff/drainage and less infiltration/evaporation under
a scenario of soil degradation (Feddema and Freire 2001). Therefore, a continuous
modification of the soil parameters is imposed from time slice to time slice, resulting
in weak soil degradation by 2025. In addition, the wilt point has been increased,
leading to a reduction in soil water available to plants and hence to transpiration.
Unfortunately, the modification of the soil parameters cannot validated by empirical
data or measurements. Given this uncertainty, we have chosen a scenario of rather
modest soil degradation in order to avoid an overestimation of the climate response.
In a previous sensitivity study using REMO, the isolated effect of soil degradation
was found to be considerably less pronounced than the isolated impact of reduced
vegetation cover, yet tending in the same direction (Paeth 2004).

This description indicates that the time slice experiments are subject to a complex
combination of forcing scenarios, which are intended to provide a reasonably realistic
simulation of future African climate. However, there is still some uncertainty in this
experimental design: while most forcings (vegetation and soil degradation, GHG
concentrations and oceanic warming) are linearly or at least continuously enhanced
from time slice to time slice, the atmospheric input data from ECHAM4/HOPE are
characterized by interannual variability. This implies that the selected time slices
are not necessarily representative of the expected transient climate change trends.
Therefore, results are only plotted if the long-term linear trends between 2000 and
2025 are statistically significant at the 10% level. As described above, shorter-term
interannual fluctuations arise from the atmospheric forcing data provided by the
global model. Given the small number of degrees of freedom over six time slice
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experiments, this is quite a conservative measure of the long-term trends in African
climate. As a consequence, if a trend is not plotted in a grid box it means either that
there is no change or that the long-term change is obscured by strong interannual
fluctuations.

4 Results

4.1 Precipitation

Since freshwater from precipitation is a key factor in West African agriculture and
food security, we begin by presenting the simulated changes in total annual rainfall
(Fig. 3). The present-day annual rainfall pattern exemplifies the typical meridional
gradients in precipitation amount with a minimum in the inner Sahara (<50 mm)
and a maximum in the inner tropics (up to 2,000 mm) (not shown, see (Saha and Saha
2001; Paeth et al. 2005) or many other papers, text books and atlases). Intermediate
rainfall accumulations are simulated for coastal northwestern African. The pattern
simulated by REMO is broadly realistic with a slight underestimation over subsa-
helian West Africa and is in good agreement with a previous REMO experiment
driven by the more realistic reanalysis data (Paeth et al. 2005). At first glance, annual
precipitation amount is substantially reduced in 2025, especially in tropical Africa
(bottom left). The remaining patterns (to the left) indicate the respective differences
between each future time slice and 2000. In general, there is a progressive reduction
in rainfall from 2000 until 2025. However, some regions, such as parts of the Guinea
Coast and the western Sahel, may experience more humid conditions. Other parts
of Africa, such as central northern Africa, are characterized by strong interannual
variations. This is also indicated in the bottom four (right) panels showing the
relative differences between time slices. In the case of a strictly linear response in
African rainfall these patterns would be identical. This is obviously not the case, but
rather that long-term trends are overlaid by shorter-term variations imposed by the
ECHAM4 atmospheric input data at the lateral boundaries. Therefore, the linear
trend pattern (top right) does not reveal statistically significant changes at all grid
points as suggested by the difference pattern 2025 minus 2000 (bottom left). The
negative trends are significant in large parts of tropical Africa with highest amplitudes
in the CGB and southern SHZ. Some positive anomalies are simulated over the
western Sahara. The positive trends over the central GCR are barely significant. Note
that it is likely that more significant trends would be identified if a larger number
of time slices was available, rising the number of degrees of freedom. However,
the trend pattern clearly demonstrates that anticipated future land degradation and
greenhouse warming will probably be associated with much dryer conditions in most
of tropical Africa, except for some regions of the Guinean Coast. Furthermore, the
trend pattern is very similar to the rainfall response induced by vegetation changes
alone as shown in Fig. 1. This may be indicative of the dominating impact of land use
changes in African climate change at least until 2025, during which time the GHG
signal is still not too overwhelming.

Since most regions in Africa are characterized by a well-defined rainy season,
it is of interest to distinguish between respective seasonal changes in precipitation



Climatic Change (2007) 83:401–427 411

difference from 2000
20

05
mm

-2000

-1500

-1000

-800

-600

-400

-200

-10

10

200

400

600

800

1000

1500

2000
sign. linear trend 2000-2025

diff. from prev. time slice

20
10

2010
20

15
2015

20
20

2020
20

25
2025

Fig. 3 Changes in total annual precipitation in mm due to the combined forcing: differences from
2000 (left panels), differences from previous time slice (right panels), and linear trend pattern 2000–
2025 (top right). Trends are only plotted, if the 10% significance level is exceeded



412 Climatic Change (2007) 83:401–427

(not shown). In boreal winter (December-February, DJF), which corresponds with
the dry season in tropical West Africa but with the wet season in northwestern
and southern Africa, rainfall is less sensitive to the imposed forcings than in the
remaining seasons. There are some negative trends in the inner tropics, particularly
in the southern CGB. In spring (March–May, MAM) and summer (June–August,
JJA), most of tropical Africa experiences a dryer climate up to 2025. The southern
SHZ in particular seems to be affected by land degradation and/or radiative forcing,
resulting in a weaker or later beginning of the rainy season in spring. Surprisingly,
more precipitation is simulated during autumn (September–November, SON) over
West Africa, but the CGB is still subject to dryer conditions. The patterns of seasonal
rainfall response are highly reflective of the distribution of vegetation and the solar
maximum throughout the seasonal cycle and point to the importance of land cover
changes with respect to vegetation cover and surface albedo.

The question of whether the impacts of the “treatments,” land degradation and
enhanced greenhouse warming, are statistically significant given the high level of
internal rainfall variability can also be evaluated. This issue can be addressed by
one-way analysis of variance (ANOVA), used to distinguish between the externally
induced mean changes up to 2025 and the day-to-day fluctuations of precipitation
(von Storch and Zwiers 1999). The fraction of variance explained by the external
forcings is plotted in Fig. 4. The signal does not stand out from the interseasonal
variability during the whole year (not shown). This is not surprising, given the sharp
contrast between wet and dry seasons, implying stronger rainfall changes within the
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seasonal cycle than between 2000 and 2025. At an intraseasonal time scale, however,
the long-term rainfall changes are statistically significant and account for up to 25%
of total variability in several regions, although the patterns are quite heterogeneous
in space. The signal is slightly more pronounced in the tropics, where the day-to-day
variations are minor. There is no obvious difference between the individual seasons,
except for a spatially somewhat more coherent signal in Northern Hemisphere spring
and summer. Albeit statistically significant at the 1% level, the forcings generally
account for a small fraction of variance. This is due to the high amount of internal
rainfall variability in tropical and subtropical Africa and confirms that precipitation
is a very noisy variable for detecting climate change, especially at short time scales
(cf. Paeth and Hense 2002).

In order to learn, which of the impact factors – land degradation or greenhouse
warming – is more relevant to African climate change up to 2025, we must first
understand the physical mechanisms, which lead to the overall reductions in pre-
cipitation. For this purpose, it is distinguished between the more local and more
regional responses of African climate. In terms of rainfall, this implies distinction
between convective and large-scale precipitation. Both contribute to the total rainfall
rates in REMO, whereas the convective component generally dominates in the low
latitudes, particularly outside the central monsoon regions. Figure 5 clearly indicates
that convective annual rainfall is affected more extensively by the combined forcings
than is the large-scale component. Negative trends are statistically significant over
most of tropical Africa. With respect to large-scale precipitation, the trend pattern
is much more disperse, but positive anomalies prevail over some parts of tropical
West Africa and the inner Sahara. Note that the response of convective precipitation
in particular may differ from model to model depending on the parameterization
scheme. The following is a step-by-step description of how this contrasting behav-
iour of convective and large-scale precipitation arises from the overall climate re-
sponse, involving the more localized energy balance and the large-scale atmospheric
circulation.
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4.2 Near-surface energy balance

There is a prominent interaction between changes in precipitation and thermal
anomalies near the Earth’s surface. On the one hand, rainfall and cloud cover affect
the radiation balance and temperature at the ground. On the other hand, precipi-
tation is influenced by soil moisture, evaporation and atmospheric circulation. The
seasonal trend patterns of 2 m temperature are shown in Fig. 6. Land degradation
and greenhouse forcing are accompanied by a general warming in the entire model
domain. However, the changes are only significant in the lower latitudes. In tropical
Africa, near-surface temperature may locally rise by up to 5◦C by 2025. In most grid
boxes 2–4◦C are simulated. This warming rate is extreme and of the same order
of magnitude as most IPCC estimates of GHG-induced global warming through
the end of the twenty-first century (Houghton et al. 2001). As with precipitation,
the temperature changes during DJF appear to be confined to a smaller part
of the continent than during the other seasons. The patterns appear to reflect the
occurrence of high vegetation density in the seasonal cycle, as was observed for
the seasonal rainfall changes. This suggests that until 2025, land cover changes are
more influential on near-surface heating in Africa than is radiative forcing. This
interpretation is supported by the observation that almost no significant temperature
trends are simulated in the extratropics, although the same increase in GHG con-
centrations is imposed everywhere in the model region. Another explanation may
reflect a change in extratropical circulation in the global climate model (Ulbrich and
Christoph 1999), involving a positive trend of the NAO, which in turn causes negative
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temperature anomalies in the Mediterranean Basin (Cullen and de Menocal 2000)
and may compensate the radiative heating.

We now approach the question as to how land degradation results in this striking
warming at the ground level. A direct link is provided by the heat fluxes at the
surface: a reduction in vegetation cover is associated with less transpiration and inter-
ception as well as decreasing soil moisture. The modification of the soil parameters
also induces a reduction in soil moisture and evaporation. In addition, the increased
wilt point inhibits transpiration by plants. Finally, less rainfall leads to less soil mois-
ture and evaporation. Thus, a substantial decline in latent heat fluxes from the land
surface into the atmosphere is expected. Figure 7 basically supports this hypothesis.
The reduction in surface evaporation is even of the same order of magnitude as the
climatological values, indicating a remarkable dehydration of the soils. The seasonal
patterns are again similar to the annual cycle of vegetation cover, solar maximum
and related changes in precipitation (Fig. 3) and temperature (Fig. 6). There appears
to be a direct local relationship between land degradation on the one hand and a shift
of the Bowen ratio, which denotes the ratio between sensible and latent heat fluxes
from the surface into the atmosphere, towards greater sensible heat fluxes, strong
surface heating and diminished rainfall amount on the other hand. Theoretically, the
positive temperature trends due to increased sensible heat fluxes may be somewhat
counterbalanced by weaker turbulent exchanges in the atmospheric boundary layer,
since surface roughness decreases with vegetation loss. However, the Bowen ratio
seems to embody the primary mechanism. In addition, it will be shown in Section 4.3
that simulated wind speed is increasing which in turn implies enhanced turbulent
exchanges. Thus far, all results and physical interpretations highlight the crucial role
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of land use changes in future African climate change at a local scale. Furthermore,
it is likely that the lower-tropospheric warming is accompanied by a modification of
atmospheric circulation, particularly in the West African monsoon system, which is
governed by large-scale temperature gradients (Saha and Saha 2001).

4.3 Atmospheric circulation

The simulated near-surface wind fields over tropical Africa are characterized by
the typical monsoon flow rotation from winter to summer (Fig. 8, top panels). In
boreal winter (DJF), dry northeasterlies, known as Harmattan winds, prevail over
most of the West African subcontinent and largely inhibit cloud and precipitation
processes during the dry season. In JJA, the Subsaharan region of West Africa is
under the influence of humid air masses from the tropical Atlantic, leading to a
rainfall maximum at around 10◦N (Saha and Saha 2001). The mean wind vectors
also reflect the seasonal position of the ITCZ which extends northward from 6◦N in
winter to 20◦N in summer. Northwest Africa is within the influence of the Azores
High, which is more pronounced and more shifted towards the central subtropical
North Atlantic in winter. East Africa is also subject to seasonally rotating wind
directions although the contrast between the associated air masses is less distinct
than in West Africa. In the combined forcing scenario, wind speed is increasing
over tropical West Africa, particularly in JJA (not shown). This is consistent with
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the expectation of an accelerated summer monsoon flow into the regions of highest
surface heating in Subsaharan Africa. At the same time, the southeasterly winds over
coastal East Africa become weaker. The wintertime Harmattan is barely affected
until 2025. The only striking signal in DJF is the enhanced flow into the heat source in
western tropical Africa as shown in Fig. 6. No spatially coherent changes are found in
the extratropics, probably because extratropical circulation in the global ECHAM4
model does not respond significantly to the greenhouse forcing until 2025 (cf. Ulbrich
and Christoph 1999; Rauthe et al. 2004).

Advection of moist air into an imaginary atmospheric column is an important
process in the generation of rainfall. Moisture advection is closely tied to the
convergence and divergence of the wind field and to the spatial gradients in specific
humidity. In DJF, moist air is transported primarily into the southernmost part of
West Africa and into tropical East Africa where the ITCZ is located. During the
summer monsoon circulation a broad zone of maximum moisture advection extends
far north into the SHZ. The bottom panels in Fig. 8 depict the significant linear
trends in DJF and JJA moisture advection until 2025. Land degradation and radiative
heating scarcely impact on the wintertime moisture advection. In JJA, the zone
of maximum moisture enrichment is shifted towards the Guinean Coast. This is
related to a southward shift of the ITCZ and is consistent with the linear theory
of atmospheric response to a tropical heat source (Paeth and Hense 2006; Vizy and
Cook 2001): In the context of oceanic heating in the tropical Atlantic, the ITCZ
undergoes a southward displacement with positive (negative) rainfall anomalies in
the GCR (SHZ). Thus, the change in JJA moisture advection may be interpreted
as an indicator of GHG-induced oceanic warming. In general, positive anomalies
of moisture enrichment are supposed to favour abundant rainfall. This large-scale
effect appears to be overcompensated by local changes in evapotranspiration, since
total precipitation is reduced over tropical Africa (Figs. 3 and 7). The discrepancy
between the responses of convective and large-scale precipitation (Fig. 5) can now
also be explained: the modified summer monsoon circulation produces more large-
scale rainfall, whereas the remarkbale reduction in evaporation over the land masses
inhibits the processes of moist convection at the local scale. This finding may have
high political relevance, as will be discussed in Section 5.

The West African monsoon system and the distribution of rainfall are directly
linked to middle and upper tropospheric circulation (Saha and Saha 2001). In
particular, the AEJ (Cook 1999) and Tropical Easterly Jet (TEJ) (Hastenrath 2000)
influence the occurrence of droughts in the SHZ. The TEJ can be illustrated by the
JJA wind field at 200 hPa (Fig. 9): Easterly winds prevail in a broad zone between
6 and 20◦N, surrounded by the subtropical jetstream to the north and intertropical
westerlies to the south. In a warmer climate, the TEJ is simulated as becoming much
weaker. The westerlies over the equator intensify to the same extent. In general, a
weaker TEJ is connected to drought conditions in the SHZ because it is dynamically
linked to the AEJ and AEWs, which are responsible for a large portion of the total
rainfall amount in subsaharan Africa (Hastenrath 2000). Thus, an additional factor
in rainfall reduction over tropical Africa may arise from changes in the large-scale
tropospheric circulation. Since the dynamics of the TEJ are mainly established at
the eastern boundary of the REMO domain, it is likely that the global climate model
ECHAM4/HOPE already contains a climate change signal in the upper-tropospheric
flow of the low latitudes.
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This result is a further indication that future climate changes in Africa are
embedded in a variety of phenomena and processes in the climate system at different
spatial and temporal scales, which all need to be represented correctly in the
simulations. It also points to a general problem with the experimental setup used
here: The dynamics in REMO are partly driven by the local changes in land cover and
partly by flow anomalies and climate change signals imposed by the global climate
model, which itself is not aware of the land cover changes. This may lead to some
inconsistencies which can only be dealt with when using global input from models
with similar land use scenarios. This is planned in the next step. In terms of the
monsoon and moisture advection changes in the heart of the REMO domain (Fig. 8),
the results can be attributed coherently to the local land cover changes. However,
with respect to the AEJ changes at the eastern boundary of REMO (Fig. 9), it is
conceivable that this signal is emanating from the global climate model. Thus, global
circulation is also an important player in African climate change in addition to local
changes in land cover and greenhouse-gas concentrations.

4.4 Climate extremes

Thus far simulated changes in the mean state of African climate have been presented.
A further important question is the extent to which climate extreme events are
affected by global warming and land degradation, since changes in climate extremes
are anticipated to have even more severe socio-economic implications than general
warming or drought tendencies (Changnon 2003; Fowler and Kilsby 2003; Trenberth
et al. 2003). However, the estimation of climate extremes is less than straightforward
given the fact that they are by definition infrequently observed (Palmer and Räisänen
2002): An appropriate statistical distribution must be identified and fitted to a
sufficiently large sample of extreme events in order to obtain a reliable estimate of
the climatic behaviour in the upper tails of the distribution (Meehl et al. 2000; Palmer
and Räisänen 2002). In addition, the level of uncertainty associated with the extreme
value estimates must be quantified when interpreting the results (Kharim and Zwiers
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2000; Park et al. 2001). Here, we fit the Generalized Pareto Distribution (GPD) to
seasonal daily precipitation and near-surface temperature above a chosen threshold,
varying between the 85 and 95% quantiles. The three parameters of the GPD are
determined by the method of L-moments and the return values (RVs) corresponding
to various return times Tε[1, 5, 10, 20, 50, 100] years are extrapolated from the fitted
distribution for each time slice individually (Hosking 1990). The reliability of the RV
estimate at different return time T is evaluated by a bootstrap sampling approach,
producing 1,000 artificial samples and corresponding RV estimates (Kharim and
Zwiers 2000). Park et al. (2001) have demonstrated that such RVs are normally
distributed over a sufficiently large number of bootstrap samples. Thus, the standard
deviation of the sample RVs over the 1,000 samples is a measure of the standard
error of the extreme value estimate, which can then be used to construct a confidence
interval around the mean RV estimate. The resulting signal-to-noise ratio of the RV
estimate is only reasonably high for the 1-year RVs (not shown). Therefore, this
analysis is restricted to these relatively short-term climate extremes. In the following
figures the 1-year RVs are shown for those thresholds q ε[85..95] %, which are
associated with the smallest standard error or highest reliability. This methodology is
applied to the GCR and southern SHZ only, where the largest simulated changes in
the mean hydrological cycle have been observed (see Sections 4.1 and 4.2). In order
to enlarge the sample size, four grid boxes are pooled, when fitting the GPD and
calculating the RVs. Therefore, the resolution is reduced by a factor of two in the
following figures.

The seasonal and spatial distribution of present-day extreme values as estimated
from the 2000 time slice is depicted in Fig. 10a,b. With regard to daily rainfall,
the most severe daily extremes, which usually occur once a year, are simulated in
Northern Hemisphere spring and summer over the tropical Atlantic off Liberia and
in the vicinity of the Guinean mountains, amounting to up to 600 mm (Fig. 10a).
There is a general north-south gradient in the occurrence of strong extremes with
maxima in JJA over the ocean and minima in DJF over the southern SHZ. In
JJA, when the ITCZ extents far north and the rainfall maximum penetrates into
the Sudan Zone and southern Sahel, heavy rainfall events of 100–300 mm/day are
also simulated in this region. In DJF, when the ITCZ resides over the Guinea
Coast, no rain rate above 30 mm a day is found over the continent. Note that these
simulated extreme values have to be interpreted with care from a quantitative point
of view. It is well-known that climate models tend to underestimate the strongest
observed precipitation extremes, while producing an oversized number of weak
rainfall events (Zolina et al. 2004). Assuming that this deficiency is of systematic
nature, the difference patterns in Fig. 11a,b should be more reliable. Unfortunately,
there is no daily observational data set in this region, which is sufficiently complete
and extended in time, to validate the regional climate model output for a simulation
period in the past.

The patterns of 2 m temperature extremes basically reflect the seasonal cycle
of the solar maximum and the position of the ITCZ with enhanced cloud cover
(Fig. 10b). The picture is practically an inverse of the rainfall extremes in Fig. 10a with
minima of about 26◦C in the upwelling regions of the tropical Atlantic and maxima in
MAM and JJA over the SHZ, amounting to almost 44◦C in the daily mean. Towards
the Guinean Coast, where cloud cover, precipitation and soil moisture are larger, the
heat waves are much less pronounced, not exceeding 34◦C.
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Fig. 10 a One-year return values of seasonal extreme daily precipitation in 2000 in mm, tropical
West Africa. b Same as Fig. 10a but for daily near-surface temperature in ◦C, tropical West Africa

When considering the changes in climate extremes between 2000 and 2025, it
is is a clear requirement that the corresponding level of significance be estimated,
since the RV estimate is subject to large uncertainty and data samples drawn from
differing periods will likely lead to different extreme value estimates (Kharim and
Zwiers 2000). In the present study, we evaluate the significance of changes in RVs
in the following way: (1) 1,000 RV estimates are derived from the bootstrap samples
separately for the time slices 2000 and 2025. (2) Assuming normal distribution of
estimated RVs (Park et al. 2001), the 90% confidence intervals for the 1,000 RVs are
estimated for 2000 and 2025. (3) Changes in extreme values are only plotted if the
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tropical West Africa. Only values are plotted where the change is statistically significant at the 1%
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90% confidence intervals of the 2000 and 2025 RVs do not overlap, being equivalent
to the 1% significance level of the RV changes. For daily precipitation extremes,
a heterogeneous picture is presented (Fig. 11a) (cf. Bell et al. 2004): While most
seasons and grid boxes are characterized by less severe rainfall events by 2025, in
autumn maxima appear to increase by more than 100 mm/day in the western GCR,
but only in individual grid boxes. In general, only a small number of grid boxes
is subject to statistically significant changes in rainfall extremes. This is due to the
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high level of uncertainty in the RV estimate. Compared with the mean changes
depicted in Fig. 3, the RV changes are largely of the same sign and of the same
order of magnitude or sometimes slightly less pronounced, which is in contradiction
to Hennessy et al. (1997) who report that under global warming conditions changes
in extreme rainfall are usually stronger than changes in total accumulation because
of the higher moisture holding capacity of warmer air masses. However, here we find
that daily rainfall variability is largely stabilizing around a higher or lower mean.

Simulated heat waves are clearly intensifying in Subsaharan West Africa, except in
boreal winter over the western SHZ (Fig. 11b). It appears obvious that the reduction
in rainfall and cloud cover on the one hand and greater sensible heat fluxes associated
with decreasing soil moisture on the other hand trigger extremely hot near-surface
conditions, especially in JJA and SON. The highest amplitude is in a zone around
12◦N, where precipitation totals are clearly diminishing (Figs. 3, 5). The weakening
temperature extremes in winter over the western part of the Sahel may be related to
an increase in surface albedo (Fig. 2), which offsets the effect of reduced evaporation
during the dry season and in the absence of the solar maximum. The RV changes
are more extreme than the mean changes as indicated by Fig. 6: for instance in
the southern SHZ the mean summer climate is heating by less than 3◦C, while the
hottest day of the year 2025 is up to 6◦C warmer than in 2000. McGuffie et al. (1999)
have explained this behaviour through the impact of reduced soil moisture, leading
to exorbitantly rising maximum temperatures in regions like tropical Africa.

5 Conclusions

The present study aims to provide a simulation of African climate change up to 2025
under fairly realistic assumptions concerning future land degradation and increasing
GHG concentrations. Time slices simulated by means of a regional climate model
at high spatio-temporal resolution are used to identify significant trends in the
hydrological cycle, temperature, atmospheric circulation and climate extremes. The
major part of tropical Africa may undergo much dryer climate conditions by 2025,
with the largest anomalies occurring during the summer monsoon season (reductions
of 100–500 mm), with reductions in vegetation cover and soil moisture providing
the most relevant explanation. Accompanying a shift in the Bowen ratio towards
less latent and more sensible heat fluxes from the land surface, lower-tropospheric
temperature may increase considerably by up to 7◦C. The surface heating may induce
an intensification of the JJA monsoonal flow into tropical Africa, which is associated
primarily with more moisture advection into the region. This leads to slightly
enhanced large-scale precipitation but heavily reduced convective rainfall due to
the substantial decrease in evapotranspiration. Simulated changes in daily extreme
values over the period 2000–2025 usually take place in the same direction as the
mean changes with less severe rainfall extremes in JJA but more intense heat waves
in tropical Africa. In the case of temperature, the magnitude of climate extremes are
affected more strongly than the mean climate. In the subtropical parts of Africa,
the climate change signals are much weaker. During the winter rainy season in
Morocco and over the Iberian Peninsula, rainfall amounts are also decreasing, albeit
of lower amplitude, and positive temperature trends occur particularly in the High
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Atlas region, which may result in less snow accumulation, which acts as an important
storage component for the irrigation-based agriculture in Morocco.

There are several main conclusions to be drawn from this analysis: (1) The
regional climate model simulations suggest a dryer and warmer climate in most of
tropical Africa. Extreme events such as heat waves probably intensify and contribute
to an overall deterioration of living conditions in Subsaharan Africa, except in
some parts of the GCR where oceanic heating in the tropical Atlantic may lead
to enhanced moisture convergence in summer and sufficient freshwater availability
(Clark et al. 2001; Vizy and Cook 2001; Paeth and Stuck 2004). (2) There is evidence
that land degradation may play a more important role in African climate change
up to 2025 than GHG-induced radiative heating. (3) The response patterns of the
hydrological cycle and temperature largely reflect the spatial distribution of high
vegetation density during the seasonal cycle. This indicates that local changes in
land cover are directly associated with local climate change. It is well known that
the small-scale recycling of water – transferring local evapotranspiration directly to
local moist convection and precipitation – represents an important component of the
hydrological cycle in low latitudes. The fact that land degradation is a key factor
influencing African climate change and that its local effect dominates the large-scale
dynamical effects is potentially of high political relevance. It implies that protection
and conservation measures at the local to national scale, including reforestation and
land use controls, may result in more abundant freshwater input from rainfall, or at
least in a mitigation of the negative implications of future climate. In the context
of the interdisciplinary IMPETUS project, these results are intended to contribute
to a decision support system, which is dedicated to improving the management of
freshwater resources in Benin and Morocco. From a scientific point of view, it is
clearly desirable and interesting to simulate African climate far beyond the year
2025. However, this would extend the analysis far beyond the usual scope for policy
making, which is a chief concern in IMPETUS.

The experimental design used in this study still comprises some sources of
uncertainty which need to be improved in further investigations. Specifically: (1) It
has been shown that the preselected time slices are not universally representative of
the transient climate changes imposed by land degradation and greenhouse forcing.
Shorter-term climate variations, arising mainly from interannual variability in the
global ECHAM4 input data, obscure the long-term trends at many grid points and
hamper the detection of fingerprints in African climate change. One solution is
to integrate the REMO experiments over many years into the future in order to
enhance the degrees of freedom and to better isolate the transient climate trends
from the background of internal variability. (2) The atmospheric input data is derived
from only one realization of the ECHAM4 global climate model. A more reliable
approach would involve the use of several ensemble members from ECHAM4, and
possibly ensemble simulations from other climate models to force REMO and to
interpret the mean changes in REMO with respect to all (multi-model) ensemble
members, the range between the simulations serving as a measure of uncertainty (cf.
Paeth and Hense 2002). (3) There is a potential for inconsistency between the land
degradation simulated within the REMO domain and the global atmospheric forcing
data, which are not aware of any changes in vegetation cover. All three uncertainty
factors will be addressed in the near future thzrough the use of ensemble simulations
with REMO extended over several decades into the twenty-first century and driven
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by global climate model runs which include a fully interactive vegetation at the global
scale.
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