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Abstract

In this study, a 25-year regional climate model run over West Africa is evaluated and examined with respect to
causes of interannual rainfall variability related to the West African Monsoon. West African rainfall has been
subject to strong interannual and decadal variability throughout the past 50 years. Known driving forces for
this variability are large-scale changes in Atlantic sea surface temperatures (SSTs), variability due to global
atmospheric circulation changes, like for instance variability related to El Niño-Southern Oscillation, but also
regional and local-scale changes in land use and vegetation cover. The interaction of these impact factors
with West African synoptic and subsynoptic processes is still not completely understood. One reason for this
lack of knowledge is that basic features of West African climate, including the African Easterly Jet (AEJ),
African Easterly Waves (AEWs) as well as monsoon dynamics, are very complex multiscale phenomena.
Climate modeling in West Africa requires the ability to simulate these effects, which can only be achieved by
mesoscale atmospheric models. Using the regional climate model REMO from the Max-Planck Institute for
Meteorology in Hamburg, a 25-year dynamical downscaling study was undertaken in order to evaluate a tool,
which will then be used for the examination of causes of rainfall variability in West Africa. The model was
used on a 0.5◦ grid over North Africa northward of 15◦S. The model evaluation leads to some confidence in
the reliability of the modeled climate. A detailed examination of composites of selected wet and dry years in
the Guinean coast region elucidates the role of SST forcing and external atmospheric forcing for interannual
rainfall variability. In general, abundant monsoonal rainfall comes along with warm tropical Atlantic SSTs,
enhanced latent heat fluxes from the ocean to the atmosphere and stronger surface wind convergence near the
Guinean Coast. This is accompanied by large-scale dynamical changes in strength and direction of both the
Tropical Easterly Jet (TEJ) over the Indian Ocean and the Subtropical Jet (STJ) over the Near East and the
Caucasian region.

Zusammenfassung

In dieser Studie wird eine 25-jährige Klimasimulation mit einem regionalen Klimamodell im westafrikani-
schen Sektor evaluiert und im Hinblick auf die Einflussgrös̈en interannueller Niederschlagsvarabilität im
westafrikanischen Monsungebiet untersucht. Der Niederschlag im westlichen Afrika war während der let-
zten 50 Jahre durch starke interannuelle und dekadische Schwankungen gekennzeichnet. Zu den ver-
muteten Antriebsmechanismen für die Klimavariabilität zählen die gros̈skaligen Fluktuationen der Meeres-
oberflächentemperaturen (SSTs) im Atlantik, Schwankungen der globalen atmosphärischen Zirkulation wie
zum Beispiel im Zusammenhang mit El Niño-Southern Oscillation sowie regionale und lokale Veränderungen
in der Landnutzung und Vegetationsbedeckung. Bislang sind die Interaktionen zwischen diesen Antriebsfak-
toren und synoptischen sowie subsynoptischen Prozessen in Westafrika kaum verstanden. Das liegt unter an-
derem darin begründet, dass die grundlegenden Ausprägungen des westafrikanischen Klimas wie der African
Easterly Jet (AEJ), die African Easterly Waves (AEWs) und das Monsunsystem sehr komplexe multiskalige
Phänomene darstellen. Klimamodelle sind gefordert, diese Phänomene und ihre Auswirkungen zu simulieren.
Dies kann nur von mesoskaligen Modellen erreicht werden. Auf der Basis des regionalen Klimamodells
REMO vom Max-Planck-Institut für Meteorologie in Hamburg wurde eine 25-jährige Downscaling-Studie
durchgeführt. Damit steht nun ein Werkzeug zur Verfügung, um die Einflussfaktoren der Niederschlagsvari-
abilität in Westafrika zu untersuchen. Die Modellsimulation umfas̈t den afrikanischen Kontinent nördlich von
15◦S in einer horizontalen Auflösung von 0,5◦. Die Validation mit diversen Beobachtungsdaten zeigt, dass
das regionale Klimamodell die grundlegenden Strukturen des westafrikanischen Klimas sehr zuverlässig re-
produzieren kann. Eine detaillierte Untersuchung der Composites ausgewählter feuchter und trockener Mon-
sunjahre untermauert die besondere Rolle des SST-Antriebes und der atmosphärischen Randbedingungen
für die interannuellen Niederschlagsschwankungen. Reichhaltige Monsunniederschläge gehen allgemein mit
wärmeren SSTs im tropischen Atlantik sowie verstärkten latenten Wärmeflüssen und bodennaher Windkon-
vergenz an der Guineaküste einher. Darüber hinaus ergeben sich Veränderungen in der gros̈räumigen Zirku-
lation, wovon insbesondere der Tropical Easterly Jet (TEJ) über dem Indischen Ozean und der subtropische
Jet (STJ) über dem Nahen Osten und der Kaukasusregion betroffen sind.
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c© Gebrüder Borntraeger, Berlin, Stuttgart 2005



350 H. Paeth et al.: Regional dynamical downscaling over West Africa Meteorol. Z., 14, 2005

1 Introduction

Large parts of the West African subcontinent are char-
acterized by a low natural potential mainly due to lim-
ited freshwater availability. Particularly, in the subsa-
haran region including the Sahel, the Sudan and the
tropical Guinean Coast line, highly sensitive ecosystems
and fragile vegetation cover are confronted with one of
the world’s highest population growth rates, intensive
agriculture and exploiting pastural systems (WANG and
ELTAHIR, 2000; SAHA and SAHA, 2001; CLARK et al.,
2001).

Since the 1970s, this part of the world is subject
to remarkable droughts. In the 1980s, the driest period
throughout the 20th century was observed (NICHOLSON

et al., 2000; HULME et al., 2001; LE BARBÉ et al.,
2002). It caused wide-ranging socio-economic impli-
cations for food production, human welfare and politi-
cal stability (BENSON and CLAY, 1998). This dramatic
deterioration of life conditions has resulted in an in-
crease of scientific attention with the aim of understand-
ing the causes of continuing drought years. Two major
hypotheses have been postulated (WANG and ELTAHIR,
2000): (1) The drought comes along with a fundamen-
tal change of the global sea surface temperature (SST)
pattern (CHANG et al., 2000; VIZY and COOK, 2001;
NICHOLSON, 2001; GIANNINI et al., 2003; PAETH and
HENSE, 2004). (2) It is induced by a more direct an-
thropogenic impact in the form of land use changes, af-
fecting vegetation cover (BOUNOUA et al., 2000; WANG

and ELTAHIR, 2000; ZENG and NEELIN, 2000; CLARK
et al., 2001; SEMAZZI and SONG, 2001), surface albedo
and soil moisture (DOUVILLE and CHAUVIN, 2000;
DOUVILLE, 2002). NICHOLSON (2001) and ZENG et al.
(1999) suggest that rainfall anomalies over subsaharan
West Africa are primarily triggered by SST changes and
secondarily enhanced in amplitude and period by local
feedbacks with vegetation, surface albedo and soil mois-
ture.

West Africa is also subject to some speculation with
respect to climate change because observations in the
late 1990s indicate a slight recovery in annual rainfall
(NICOLSON et al., 2000). Future climate change simu-
lations predict an increase of rainfall over the Guinean
coastal region and a decrease over the Sahel (HULME et
al., 2001; PAETH and HENSE, 2004) under rising green-
house gas (GHG) concentrations.

In order to supply a scientific basis for political deci-
sions, agricultural planning and hydrological measures,
it is strictly required to understand the physical mecha-
nisms influencing climate variability over West Africa,
and to quantify the relative contributions of various im-
pact factors like SST, GHGs and land cover charac-
teristics. These issues can only be accounted for by
means of climate model simulations, producing reliable

high-resolution data sets in regions with low observa-
tional data coverage and carrying out sensitivity studies
with respect to the various external factors. However,
simulating the main features of West African climate
is a great challenge for state-of-the-art climate mod-
els (JENKINS et al., 2002): Elements of West African
weather and climate are very complex with many spatio-
temporal scales interacting with each other (LONG et
al., 2000; SAHA and SAHA, 2001, 2002). Large-scale
tropical phenomena like El Niño-Southern Oscillation
(ENSO) (HASTENRATH, 2000; NICHOLSON and SE-
LATO, 2000; JANICOT et al., 2001) and extratropical cir-
culation like the North Atlantic Oscillation (CULLEN
and DE MENOCAL, 2000; LOS et al. 2001), SST, oro-
graphic effects, differential surface heating, adiabatic
processes and interactions with local land surface pa-
rameters are involved in generating wind systems like
the African Easterly Jet (AEJ) (COOK, 1999; HASTEN-
RATH, 2000; GRIST and NICHOLSON, 2001; NICHOL-
SON and GRIST, 2001), the African Easterly Waves
(AEWs) (DRUYAN et al., 2000; DIEDHIOU et al., 2001;
THORNCROFT and HODGES, 2001; GRIST, 2002) and
the West African monsoon (SAHA and SAHA, 2001,
2002) as well as rainfall over various climate zones from
the arid innermost Sahara to humid tropical climate in
the vicinity of the equator.

Touchstones for the reliability of climate models
over West Africa are the correct simulation of the com-
plex wind systems and the realistic rainfall prediction
in terms of the seasonal cycle and the spatial distribu-
tion. PAETH and HENSE (2003) have shown that vari-
ous coarse-grid global climate models are able to por-
tray the basic features of the rainfall patterns. However,
rainfall variability is mostly underestimated and strictly
depending on the horizontal resolution of orography.
Thus, scale interactions, the special role of orography
and the predominance of convective rainfall – partly or-
ganized in squall lines (REDELSPERGER et al., 2002;
SAHA and SAHA, 2002) – require the application of
high-resolution numerical models in order to account for
the synoptic as well as large-scale processes (DRUYAN

et al., 2000). In addition, high-resolution climate models
offer a more differentiated view on the regional impacts
of increasing GHGs, SST and land use changes and may
improve the concepts of seasonal forecast (GARRIC et
al., 2002; MO and THIAW, 2002; PAETH and HENSE,
2003). Moreover, LEBEL et al. (2000) point to the defi-
ciencies of global climate models in supplying useful in-
put data for hydrological modeling studies over the West
African subcontinent. Hitherto, only a few regional dy-
namical downscaling approaches have been undertaken
over West Africa.

Among them, VIZY and COOK (2002) have applied
the MM5 regional model over a three-month summer
period in order to elucidate the role of Gulf of Guinea
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SST on the West African monsoon. The year 1992 has
been realized by GALLÉE et al. (2004) with the MAR
model. Therefore, DESANKER and JUSTICE (2001) as
well as JENKINS et al. (2002) have emphasized the
strong need for the application of regional climate mod-
els over Africa.

The goal of this study is to improve our knowledge
of the mechanisms of interannual rainfall fluctuations
at the synoptic scale during a 25-year hindcast period
extending from 1979 to 2003. Two key factors in pre-
cipitation variability – SSTs and large-scale atmospheric
circulation as prescribed at the lateral boundaries of the
regional climate model sector – are investigated in or-
der to assess their influences on the West African mon-
soon regime and associated rainfall changes. Compared
with former studies, the basic advantage of this work
is that a long-term experiment with high resolution and
fairly realistic input data is available to shed light onto
key factors in African climate. The study is mainly the-
oretical – except using observational data for the model
evaluation – and is based on simulations of the atmo-
spheric regional climate model REMO (JACOB, 2001;
JACOB et al., 2001). The analysis consists of two steps:
(1) The abilities and deficiencies of REMO are evaluated
with respect to various observational data, including the
ERA15 (GIBSON et al., 1997), CRU (NEW et al., 2000)
and IRD (Institut de Recherche pour le Développement,
DIEDHIOU et al., 2001) datasets. As precipitation is a
major limiting factor in food security and human welfare
in West Africa, particular emphasis is on the evaluation
of simulated rainfall at the regional scale. In addition,
the main characteristics of atmospheric circulation are
validated in detail, because dynamical variables from the
model can be used to adjust biassed model rainfall to the
observations. This is the objective of a subsequent anal-
ysis. (2) Composites of deficient and abundant simulated
monsoon rainfall in the Guinean Coast region are deter-
mined and compared with the observations. The related
composites in several climate parameters, especially in
the context with the oceanic lower boundary and atmo-
spheric lateral boundaries, are described in order to iden-
tify the processes and mechanisms leading to wet and
dry conditions in the West African monsoon system.

This study is embedded in the framework of the Ger-
man interdisciplinary IMPETUS project, which repre-
sents an integrated approach to the efficient manage-
ment of scarce water resources in West Africa. Ad-
dressing Morocco and Benin, IMPETUS focuses on two
West African regions with different climate characteris-
tics, freshwater availability, natural potential and socio-
economic conditions but similar projected developmen-
tal problems in the future. An additional goal of our
work is to supply high-resolution input data for hydro-
logical and economic models which in turn are supposed
to improve agricultural systems and hydrological mea-

sures. Therefore, some aspects of the present study con-
centrate on these two countries. Within IMPETUS, the
regional model REMO is part of a hierarchical model
chain from global climate models, addressing interan-
nual to interdecadal variability, down to non-hydrostatic
meso-scale models, which are even more appropriate to
access smallest-scale processes like meso-scale convec-
tive systems (MCS) and squall lines (REDELSPERGER et
al., 2002). Section 2 gives a brief description of the re-
gional climate model REMO and the observational data
used for validation. Section 3 is dedicated to the model
evaluation. The aspect of interannual variability and the
related mechanisms are addressed in section 4. In sec-
tion 5, the results are discussed, especially with respect
to the prospects for seasonal forecast and climate change
studies.

2 Description of the model and
observational data

(a) Regional climate model REMO

The regional model REMO is a hydrostatic regional
climate model developed at the Max-Planck Institute
for Meteorology on the basis of the former operational
weather forecast model Europa-Modell of the German
Weather Service (MAJEWSKI, 1991). It has been de-
signed for applications in the synoptic and meso-α scale
and was further developed and applied continuously for
regional climate modeling (JACOB, 2001).

The dynamical kernel is based on primitive equations
with temperature, surface pressure, horizontal wind
components, water vapor content and cloud water con-
tent as prognostic variables (JACOB et al., 2001). The
model equations are transformed on a geographical lati-
tude/longitude grid with a terrain-following vertical co-
ordinate. In the version used within IMPETUS, the hor-
izontal resolution is 0.5◦, equivalent to about 55 km grid
spacing at the equator; 20 hybrid vertical levels up to
a height of 25 km are used. The model area covers the
West African subcontinent, the Arabic Peninsula and the
Mediterranean Sea with adjacent countries.

Physical parameterizations from the global climate
model ECHAM4 (ROECKNER et al., 1996), adjusted to
the scale of REMO, are implemented. Moist convec-
tion is governed by the mass flux scheme by TIEDTKE
(1989). A 5-layer soil model describes land surface pro-
cesses and has a vanishing heat flux at its lowest level in
10 m depth.

The model is nested in the global ECMWF reanal-
ysis data (ERA15), which is available for the years
1979–1993 (GIBSON et al., 1997), and the correspond-
ing ECMWF analyses for the period 1994 to 2003. The
model domain used in this study extends from 30◦W
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to 60◦E and from 15◦S to 45◦N. One long-term exper-
iment has been conducted with realistic lateral and sur-
face boundary conditions from January 1979 to Decem-
ber 2003. Land surface parameters like orography, vege-
tation, albedo, soil characteristics and roughness length
are derived from GTOPO30 (provided by the Land Pro-
cesses Distributed Active Archive Center (LP DAAC),
located at the U.S. Geological Survey’s EROSData Cen-
ter) and NOAA data (HAGEMANN et al., 1999). Un-
derlying an idealized annual cycle over West Africa,
the same daily interpolated surface parameters are pre-
scribed each year. Thus, interannual variability can not
arise from changing land surface conditions. In the un-
coupled mode, the SST, acting as the lower boundary
condition over the oceans, is also taken from the ERA15
data set. For the purpose of this study, REMO is run in
the climate mode which means that the model domain
is initialized only once by the ERA15 data at the be-
ginning of the integration period. Then, every 6 hours
the global input data is prescribed at the lateral mar-
gins. The influence of the forcing field exponentially
drops down towards the 8th grid point row of the inner
model domain. This guarantees that the model can de-
velop its own dynamics within the center of the simula-
tion domain (JACOB et al., 2001). In contrast to sea level
pressure (SLP) and horizontal wind components, relax-
ation of temperature and humidity at the lateral bound-
ary fields is suppressed, if the atmospheric flow directs
out of the model domain, in order to avoid artificial rain-
fall due to barrier effects at the margins. A very large
model area has been chosen, including 121 × 181 grid
boxes, such that artificial boundary effects do only oc-
cur in the ultimate 2 to 3 grid box rows along the lateral
boundaries but can be excluded in the entire African sec-
tor.

Compared with the default version described above,
some changes have been made to adapt REMO to the
tropical-subtropical West African region. In the Tiedtke
convection scheme, the lower threshold of cloud thick-
ness for the generation of rainfall has been set to 1500
m instead of 750 m. The latter value is generally used
for the extratropics. Additionally, the ERA15 SSTs in
the tropical Atlantic and Indian Ocean sector appear
to be slightly warmer than e.g. the GISST data set.
Since tropical precipitation is closely related to SST,
this warm bias results in abundant rainfall off the West
African coast and reduced rainfall over land. Therefore,
the prescribed ERA15 SSTs are systematically corrected
towards a slightly colder tropical Atlantic and Indian
Ocean. Because tropical atmospheric processes directly
respond to intense surface heat gradients, an EOF re-
combination technique has been applied, using the two
leading EOF patterns of the relevant oceanic region for
the correction. The EOF recombination reveals moder-
ate SST gradients towards the subtropical oceans and the

Mediterranean Sea which themselves are barely affected
by the correction.

(b) Observational data

The output of the regional model is compared with
three sets of observational data. The evaluation of wind,
temperature and geopotential refers to the ERA15 data
(GIBSON et al., 1997). As the model domain is quite
large, extending over 90 parallels and 60 meridians, it is
admissible to evaluate the model dynamics directly with
the forcing data. The agreement between the ECMWF
forcing data and the model output in the inner model
region is not self-evident, because no nudging is under-
taken within the REMO sector. Observed monthly sums
of precipitation, number of rainy days and total cloud
cover are provided by the CRU data set in 0.5◦ reso-
lution over all land masses except Antarctica and dur-
ing the 1901–1998 period (NEW et al., 2000). The CRU
data set is based on various rain gauge station data all
over the globe which are statistically interpolated to a
regular grid. POCCARD et al., 2000 have shown that the
CRU data is more appropriate to represent the basic fea-
tures of rainfall variability over West Africa than NCEP
and ERA reanalysis products which reveal considerable
discrepancies with respect to satellite data (LIM and
HO, 2000). However, satellite data are not used for the
model evaluation, since algorithms translating measured
radiation to effective rainfall amount are still subject to
some uncertainties. Daily rainfall is inferred from the
IRD data set which represents a collection of several
rain gauge stations over subsaharan West Africa inter-
polated to a regular 1◦ grid (DIEDHIOU et al., 2001). It
is noteworthy that the quality of interpolated observa-
tional data over West Africa is questionable, especially
with respect to sampling errors in rainfall interpolation
for instance over orographic terrain or in regions with
low station density. Therefore, these data sets do not un-
ambiguously tell the truth.

3 Model evaluation

The motivation of downscaling approaches is on the one
hand to refine spatial patterns of meteorological vari-
ables and on the other hand to assess the impact of
larger-scale influences on variability at smaller scales.
Dynamical downscaling can be understood as an inter-
polation of the coarser-grid driving data with additional
physical constraints. Statistical downscaling is an alter-
native approach where empirical relationships between
local predictors like geographical latitude, orography,
roughness length, distance from coast etc. and the vari-
able to be interpolated are used to refine the horizon-
tal resolution (MEARNS et al., 1999). The method of
dynamical downscaling is computationally more expen-
sive than statistical downscaling. However, the success
of statistical methods highly depends on the characteris-
tics and quality of meteorological variables. Especially
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Figure 1: Cluster analysis of near-surface climate parameters: REMO output and combined observational data (ERA15/CRU). For expla-

nation see Table 1.
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Figure 2: Skill of the cluster analysis as measured by the logarithmic

odds ratio of right versus wrong classifications of the REMO clusters

given the observed clusters. For explanation see text.

precipitation as a key quantity of the hydrological cy-
cle is subject to large sampling errors due to interpola-
tion. Therefore, regional climate models are particularly
required to produce dynamically consistent data sets of
meteorological variables like rainfall, cloudiness and hu-
midity which are strongly affected by small-scale pro-
cesses.

In this section, the simulated model climate is eval-
uated by comparison with observations. The results are
examined with respect to the question, how the model
climate compares to the observed climate and if we can
understand any systematic differences.

(a) Near-surface climate

Instead of comparing the parameters of surface cli-
mate individually, a cluster analysis has been carried
out based on precipitation, total cloud cover, SLP, an-
nual temperature amplitude, near-surface temperature

and surface wind components. All data were used as
annual values for 1991, interpolated to a 2◦ × 2◦ grid,
because the 0.5◦ model grid only allows a resolution
of phenomena with a size of at least 2◦. The observa-
tional data is composed of ERA15 and CRU, depend-
ing on the variable. The cluster analysis is based on
the centroid method and a subsequent correction algo-
rithm with randomized regroupment (WILKS, 1995). In
the present case, a data matrix Xi j with i = 1..m vari-
ables and j = 1..n spatial units is given. As the measure
of distance between two clusters a and b the Euclidian
distance dab is used, including a weighting factor in the
form of the correlation coefficient rkl between the input
fields of variables k and l:

dab =

√

m

∑
k=1

m

∑
l=1

(xka− xkb)rkl (xla− xlb) (3.1)

This measure of distance is able to account for tem-
poral intercorrelation between the input parameters like
e.g. between rainfall and cloud cover. A strong corre-
lation enhances the distance between two cluster and,
hence, counteracts the classification into one common
cluster. This proceeding ensures that the cluster assign-
ment is preferably based on independent data. Once the
cluster analysis is accomplished, the centroids of a pri-
orily defined number c of clusters are determined and
all original values are again assigned to that cluster, in
terms of which the Euclidian measure of distance shows
a minimum. Then, the centroids of the new clusters are
determined and the method is iterated further on until
the new cluster centroids become stationary, implying
that the optimal cluster assignment is found. A-priorily,
it is set c = 10. The 10 clusters are derived from the
observations and serve also as reference to the REMO
output.

In Fig. 1, the 10 clusters are arranged in the order
of rainfall amount. In addition, Tab. 1 indicates the de-
partures of the cluster centroids from the overall spatial
mean of each input parameter. At first sight, both maps
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Figure 3: Simulated and observed patterns of total annual rainfall in mm per year averaged over 1979 to 1998 and the systematic differences

between both, once in total values, once in % of the CRU climatological values.

Table 1:Mean standardized departures of the observed clusters in Fig. 1 from the overall spatial mean, graded from positive (cluster

1) to negative (cluster 10) rainfall anomalies (PRE=̂precipitation, T1000=̂near-surface temperature, Tampli=̂annual temperature

amplitude, TCC=̂total cloud cover, SLP=̂sea level pressure, U1000=̂near-surface zonal wind, V1000=̂near-surface meridional

wind).

are very similar to each other and reproduce the well-
known Köppen-Geiger classification of climate zones
over Africa and the Mediterranean region: The dark
grey boxes represent the wet and hot tropical climates,
with positive rainfall and temperature anomalies from
the overall spatial mean. The subtropical Mediterranean
climate is indicated by the middle-grey areas. Warm arid
zones prevail in the Sahara with light grey shading. The
grey-scale in the Caucasian region describes cold and

arid conditions. Obviously, the regional climate model
draws a realistic picture of near-surface climate charac-
teristics even if only one exemplary year is considered.
Some minor discrepancies are found in the central Sa-
hara, which seems to be slightly too wet in the model;
this problem is related to the Hoggar mountains. In the
East African Mountains, a more arid climate is modeled.
In the Guinea coast region, a smaller number of points
are classified in the most humid cluster.
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It can be shown that there is a statistically significant
skill for the correct classification of model grid points
into the observed clusters (Fig. 2). The skill is measured
by the logarithmic odds ratio θc which consists of the hit
rate H - the model grid point is classified into the same
cluster c as the observations - and the false alarm rate
F - model output is classified in another cluster - with
θc =

(

H
1−H

)(

1−F
F

)

and log(θc) being a Gaussian dis-
tributed random variable (STEPHENSON, 2000). H and
F can easily be derived from a contingency table, while
it is required that all counts i= 1..4 contain at least five
grid points. Cluster 1 in Fig. 1 does not meet this crite-
rion. For all other clusters, the classification skill clearly
exceeds the 1% level of the corresponding Nullhypothe-
sis E(log(θc)) = 0.

(b) Precipitation

Precipitation is an important component of the hydro-
logical cycle and the freshwater availability in West
Africa. Correct simulation of tropical rainfall requires
the correct presentation of atmospheric circulation,
orography, surface properties, radiation processes and,
especially in the low latitudes, the parameterization of
convection and microphysical cloud processes. Simu-
lated rainfall may even be considered as a measure of
the “accumulated skill” of the model and the deficiency
of rainfall reproduction as the “accumulated model er-
ror”, provided that the validation data is reliable. Fig.
3 depicts the patterns of simulated and observed total
annual precipitation amount averaged over the 1979 to
1998 overlapping period of REMO and CRU (top pan-
els). The systematic differences in total numbers and in
% of the observed climatology are shown in the bottom
panels. The CRU observational data are restricted to the
land surface. Major differences occur over the area of the
river Niger delta and, covering a quite large region, over
the Sahara. The western Sahara appears to be slightly
too wet (less than 50 mm per year) and the barrier effect
west of the East African mountain ridge is overestimated
in the regional model. On the other hand, it is not clear to
which extend the CRU data set is unambiguously real-
istic in mountainous areas. Over extratropical regions –
particularly over southern Europe and Northwest Africa
– where rainfall is associated with large-scale circula-
tion and less sensitive to the annual cycle of vegeta-
tion cover, only minor differences between model data
and CRU occur. The north-south gradients over West
Africa and the rainfall peaks off the western Guinean
Coast region and the Cameroon Mountain are quite sim-
ilar. However, the model reveals very strong gradients
along the tropical coasts with much more rainfall over
the oceanic grid boxes than over land (not shown) (cf.
VIZY and COOK, 2002). This might be due to an overes-
timated barrier effect of coastal orography in the 55 km
resolution, confronting the onshore monsoon circulation
and initializing the moist convection scheme too easily.
This implies that moisture advection from the oceanic
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to the continental atmosphere is reduced, resulting in a
systematic underestimation of subsaharan precipitation
by up to 40 % of the observed total amount (Fig. 3, bot-
tom panels). For the global model ECHAM4, which suf-
fered from similar deficiencies, it has been shown that
a simple dynamical vegetation model, acconting for in-
teractions between vegetation cover, albedo and rain-
fall, improved the simulation of rainfall over the Sa-
hel (SCHNITZLER et al., 2001). In addition, HONG and
PAN, (2000) pointed to the importance of soil moisture
initialization in their regional model over North Amer-
ica. These two caveats were yet not considered in the
REMO model. As the model error is of systematic na-
ture, an alternative to the implementation of dynamic
vegetation and the assimilation of soil moisture data is
a statistical postprocessing of the REMO rainfall using
model output statistics (PAETH and HENSE, 2003). This
method consists of a cross-validated multiple regression
model, which adjusts the deficient simulated precipi-
tation to the observed characteristics using exclusively
the information from the simulated dynamical variables,
which do not suffer from inaccuracies in the presenta-
tion of rainfall and cloud processes (see below).

It is of major relevance to climatological and hydro-
logical applications to know on which temporal and spa-
tial scales model precipitation coincides with the obser-
vations. This dependence is displayed in Fig. 4. The time
scales vary from 1 to 30 days, the spatial scales from
100 to 2400 km. The contour lines denote the coeffi-
cient of determination between modeled and IRD rain-
fall as mean over all available grid boxes or regional
means within the IRD region (20◦W–26◦E; 0◦–23◦N).
As expected, the correlation between model output and
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Figure 5: REMO rainfall (boxes) as a spatial ”gap filler” over Morocco with low station density (circles), total annual rainfall in mm and

daily standard deviation in mm.

Figure 6: (Top) Cross-section of the Latitude-hight linear combination of the leading six EOFs of daily zonal wind averaged from 30◦W

to 60◦E: REMO and ERA15. The contour interval is 1 unit of the normalized EOF amplitudes. Negative (positive) values denote eastward

(westward anomalies). The numbers in brackets indicate the total explained variance of the leading 6 EOFs in %. (Bottom) Principal

component time series in m s−1 derived from the projection of the data onto the linear combination of the leading six EOFs.

IRD is rising with increasing aggregation in space and
time. In the upper right corner the correlation coeffi-
cient amounts to 0.92, indicating that the simulated an-
nual cycle in the whole subsaharan regional-mean is al-
most exactly in phase with the observed one. Note that
this does not imply that the total precipitation amount
as simulated by REMO matches the observed values at
a monthly scale. Fig. 3 clearly reveals that this is not
the case in the entire region, since subsahelian rainfall
is systematically underestimated by the model. In the
opposite corner it is clearly revealed that the regional
model is not able to reproduce rainfall at the same day
and in the same grid box as observed. Given the large

model domain, the 55 km grid size and the lack of sur-
face feedbacks, this result is not surprising. If a specific
application is dedicated to single observed precipitation
events, it should only refer to time scales larger than
10 days or to regional-mean data. However, the lack of
in-phase relationships between simulated and observed
variables does not imply that REMO output at daily
time scales and individual grid points cannot be consid-
ered for further analyses. For many climatological is-
sues at these spatio-temporal scales, it is more important
that the model simulates the correct long-term mean and
variability correctly.
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Figure 7: Hovmöller diagram of surface wind divergence (ITCZ) at 0◦W/E, 5-day filtered data in 10−5s−1: REMO and ERA15. Negative
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Especially in regions with inadequate station data
coverage, such model simulations can fill the spatial and
temporal gaps. Northwest Africa as one focus area of the
IMPETUS project this study is embedded in (see section
1) represents such a region, where a small number of
station observations is confronted with enhanced spatial
heterogeneity in orographic terrain (Fig. 5). It is obvi-
ous that the model is in good agreement with the point-
wise information provided by the 32 rain gauge stations.
This holds for the total amount as well as for the day-to-
day variability during the reference year 1991. Thus, the
regional model can supply high-resolution rainfall data
with reasonable patterns of total annual amount and day-
to-day variability over Morocco, where observational
data barely exist and statistical interpolation fails be-
cause of the intense orographic variance.

(c) Circulation

Tropospheric circulation over West Africa is character-
ized by several mainly zonal wind features in differ-
ent atmospheric levels and with a distinct annual cy-
cle (SAHA and SAHA, 2001). Fig. 6 depicts the linear
combination of the leading 6 EOFs of the zonal-mean
u-wind component based on daily data of the regional
model and ERA15 in 1991. The associated time series
are determined by projecting the daily data onto the lin-
ear combination of EOFs 1–6. Note that this picture does
not reflect the jet wind maxima themselves but the zonal
wind variability during the annual cycle. The leading
6 EOFs account for around 94 % of total u-wind vari-
ance. During the summer months, near-surface westerly
anomalies, indicative of the West African summer mon-
soon circulation, occur between 20◦N and the equator. In
the upper tropical troposphere, easterly wind anomalies

propagate northward during springtime and vice versa in
autumn. This process describes the meridional displace-
ment of the TEJ within the annual cycle (HASTENRATH,
2000). Towards the extratropics, a similar shift occurs
for the subtropical westerly jet but of opposite sign. The
AEJ in 600 hPa is not readily seen in this illustration
because its variability during the seasonal cycle is not
comparable with the other zonal wind phenomena over
West Africa. The position of the AEJ at a daily time
scale is highly variable in space and usually meander-
ing in the form of the AEWs (GRIST and NICHOLSON,
2001), which can not be represented in this zonal-mean
picture. It is slightly indicated by the downward prop-
agation of stronger wind anomalies in Northern Hemi-
sphere summer between 15◦ and 20◦N. Comparison of
EOF patterns and time series reveals that the simulated
zonal-mean circulation is very close to the observations
in terms of the distribution, amplitude and annual cycle.
Even the high-frequency fluctuations of the time series
appear to be very similar, indicating that wind variables
may have a hindcast potential already on shorter time
scales than rainfall (cf. Fig. 4).

In the following, some features of atmospheric circu-
lation over Africa will be elucidated in more detail. A
key factor of West African monsoon rainfall is the posi-
tion of the intnertropical convergence zone (ITCZ) and
its annual cycle (HASTENRATH, 2000). The Hovmöller
diagrams in Fig. 7 evaluate the dynamics of the simu-
lated ITCZ with respect to the ERA15 data based on
pentadal means of surface wind divergence in 1991 at
0◦W/E. From April onward, the ITCZ is shifting north-
ward to about 20◦N. During summertime, a second
weaker ITCZ occurs at 6◦N near the Guinean Coast, as
already mentioned by HASTENRATH (2000). In autumn,
the ITCZ returns to its original position and the second
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Figure 8: Monthly-mean zonal wind in 600 hPa: REMO, ERA15 and systematic differences in 1991. Negative/positive values denote

easterlies/westerlies. The contour interval is 4 m s−1 (left and middle column) and 2 m s−1 (right column), respectively.

branch disappears. The seasonal variation of the latitu-
dinal position and the split-up of the ITCZ in summer
appear also in the regional model.

The position of wind maxima in 600 hPa is an indi-
cator of the mid-tropospheric AEJ, which also exhibits
a distinct annual cycle. The simulated and observed
monthly-mean u-wind in 600 hPa is displayed in Fig. 8
for various months throughout the year. In boreal winter,
westerlies are prevailing over much of West Africa. Dur-
ing springtime, the AEJ intensifies and shifts northward
up to 15◦N in summer. The wind maximum is located
over the western part of the subcontinent. In November
the westerlies are regaining predominance. The differ-
ence patterns to the right of Fig. 8 indicate that the am-
plitudes of westerly and easterly wind peaks are larger
in the regional model than in ERA15. Nevertheless, the
reproduction of the AEJ wind maximum throughout the
seasonal cycle suggests that the model is able to describe
West African circulation correctly, since the generation

of the AEJ requires the correct simulation of radiative
and adiabatic processes as well as realistic surface con-
ditions (COOK, 1999; GRIST and NICHOLSON, 2001).

In its northernmost position during summer, the AEJ
is usually meandering in the form of wave-like distur-
bances (AEWs), which are primarily induced by orog-
raphy (THORNCROFT and HODGES, 2001; SAHA and
SAHA, 2002) or near-surface heating areas in conti-
nental Africa (Nick HALL, personal communication).
AEWs can be illustrated as Hovmöller diagram of the
meridional wind in 600 hPa at 15◦N (GRIST, 2002).
Fig. 9 shows that the characteristics of the AEWs in the
regional model and the reanalysis data resemble each
other in several respects: From May through October
meridional wind anomalies are originating at 30◦E and
propagating westward to the subtropical Atlantic. The
typical time scale is around 6 days which is in agree-
ment with the NCEP reanalysis in GRIST (2002). The
lower panel in Fig. 9 shows that the observed and sim-
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Figure 9: Hovmöller diagram of meridonal wind in 600 hPa at 15◦N, 6-hour data in m s−1: REMO, ERA15 and systematic differences.
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ulated AEWs are not in-phase. This indicates that the
regional model does not exactly reproduce the patterns
of the driving data, but develops its own smaller-scale
variability.

Another circulation phenomenon linked to West
African rainfall is the interaction between the upper tro-
pospheric TEJ (HASTENRATH, 2000) and the subtropi-
cal westerly jet (STJ). The Hovmöller diagrams of zonal
wind in 200 hPa at 0◦W/E indicates that from winter
to summer the TEJ/STJ-pattern shifts northward (not
shown). Accordingly, the STJ at 20◦N weakens in sum-
mer. At the end of the year the TEJ completely breaks
down. Again, the model output and the reanalysis data
are in good agreement (not shown). The TEJ will play
an important role in section 4, when the key factors in
interannual variability are discussed.

In summary, these results clearly indicate that the
regional model can simulate the atmospheric circula-
tion over West Africa in a reasonable way. For subse-
quent applications e.g. in hydrology, the close relation-
ships between ITCZ, AEJ, AEWs, TEJ and African pre-
cipitation allow a postprocessing of the REMO output
with respect to the deficient subsaharan precipitation,
which may even improve the tools for seasonal forecast-
ing (PAETH and HENSE, 2003).

The validation results, mostly described for the ref-
erence year 1991, do not differ notably between the

overlapping years 1979 to 1998. However, the question
arises whether the regional model is also suitable to sim-
ulate the observed interannual variations of rainfall and
climate in the West African monsoon area. No interan-
nual changes in land cover are taken into account. Thus,
interannual variability can only be induced by the pre-
scribed oceanic and atmospheric boundary conditions at
the ocean surface and lateral margins, respectively. In
the following section, composites of wet and dry years
are compared with each other in order to detect the rel-
ative impacts of oceanic heating and global circulation
on rainfall changes in the Guinean Coast region.

4 Composites of wet and dry years

Subsaharan precipitation exhibits large interannual vari-
ations with great relevance to food production systems
(BENSON and CLAY, 1998; NICHOLSON et al., 2000).
Understanding the dynamical processes and impact fac-
tors may imply the possibility of seasonal forecast over
West Africa (PAETH and HENSE, 2003) and even the
prediction of future climate changes (HULME et al.,
2001; PAETH and HENSE, 2004). For this purpose, com-
posites of the five driest and wettest years during the
1979–1998 overlapping period are determined (Fig. 10).
The focus is on the central Guinean Coast region, in-
cluding Benin, Togo, Ghana and Côte d’Ivoire, since
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Figure 10: Composites of the 5 dryest and wettest years within the 1979–1998 period as derived from REMOMay-October rainfall in mm

as well as the corresponding differences. The dryest years comprise 1981, 1983, 1990, 1992 and 1998. The wettest years are given by 1979,

1984, 1988, 1989, and 1991.

this sector represents a key region of the West African
monsoon system. The dry years as derived from sim-
ulated rainfall have been 1981, 1983, 1990, 1992 and
1998, whereas abundant monsoon precipitation occurred
in 1979, 1984, 1988, 1989, and 1991. The CRU data set
reveals almost the same composite years, except replac-
ing the dry year 1981 by 1982 and the wet year 1984
by 1985. The time series in PARKER and ALEXANDER

(2002) basically confirm this selection, although they re-
fer to the Sahel region. Fig. 10 displays the composites
of deficient and abundant monsoon rainfall in tropical
West Africa, once for REMO, once for CRU using the
same composite years. Comparing the REMO and CRU
composites with each other shows that the model un-
derestimates observed precipitation under dry and wet
conditions to the same extent. The amplitude of interan-
nual rainfall variability achieved from model data seems
to be in good agreement, at least in terms of the 5-year
composites of extreme monsoon rainfall anomalies. In
detail, there are some differences between model and
CRU data: For instance, the largest amplitude of rain-
fall anomalies is shifted eastward in the model. In addi-
tion, the CRU data also reveal some areas in the southern

Sahel where the sign is reversed. The model simulation
neglects some driving forces of African climate variabil-
ity like land cover changes. Nevertheless, the agreement
between the bottom panels in Fig. 10 leads to the con-
clusion that interannual monsoon variability is at least
partly connected to changes in the lower and lateral
boundary conditions as prescribed by the oceanic and
atmospheric forcing data.

Scaling down to Benin, Fig. 11 gives insight into
the daily characteristics of simulated and observed rain-
fall during a selection of normal, abundant and de-
ficient monsoon seasons, according to the composite
years mentioned above. Although Fig. 4 has shown that
the simulated daily precipitation events are not in phase
with the observations, the model can still simulate the
characteristics of daily precipitation, like for instance the
mean intensity, in a correct way. Note that this country-
wide aggregated consideration of rainfall does not ac-
count for the small-scale spatial variability of precipita-
tion simulated at the grid point basis. On the other hand,
the 0.5◦ resolution of the model can not capture some
of the long-lived meso-scale convective systems, which
contribute to total rainfall amount in subsaharan Africa
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Figure 11: Daily rainfall in mm in Benin during the rainy season May–October in 5 years with different monsoon abundance: REMO, IRD

and statistics from CRU.

(REDELSPERGER et al., 2002). First, the model failure
in simulating rainfall events exactly at the same day as
observed is obvious. The model tends to generate more
events than suggested by the IRD data but of lower in-
tensity, which seems to be a general problem of atmo-
spheric models with convection parameterizations based
on mass flux schemes (cf. ZOLINA et al., 2004). In both
data sets, relatively dry years come along with less fre-
quent events but their intensity is barely affected. To the
right, the simulated and observed departures from the 5-
year mean over Benin are compared with respect to the
long-term standard deviation (STD) of the CRU data. In-
deed, model and observations agree in classifying 1988
and 1991 (1990 and 1992) in wet (dry) and 1987 in in-
termediate summer monsoon seasons. However, the re-
gional model clearly underestimates the individual am-
plitudes of the year-to-year changes. This is possibly due
to the lack of feedbacks with the land surface, which
are supposed to enhance the intensity of interannual cli-
mate variability (ZENG et al., 1999; NICHOLSON, 2001;
DOUVILLE, 2002). However, the fact that REMO is able
to reproduce the observed year-to-year changes of pre-
cipitation amount in Benin implies that interannual rain-
fall variability in this region primarily arises from the
lateral and/or the lower boundary conditions, which are

prescribed every six hours. The initial conditions of the
model integration should play a minor role, because the
effect of the initial field is damped out after a couple of
model days. Sensitivity studies have shown that the im-
pact of SST changes largely exceeds the influence of the
initial conditions (PAETH and STUCK, 2004). Concern-
ing the lower boundary conditions, only the SST field
may impose interannual variability because the land
surface parameters are prescribed without year-to-year
changes.

The following figures all refer to the May through
October period, once for the dry composites, once for
the wet composites and once for the differences between
both, as defined in Fig. 10. The composites of zonal and
meridional wind at the lateral boundaries are shown in
Fig. 12. One hypothesis for instance is that anomalously
strong easterly winds, pescribed at the eastern lateral
boundary, may strengthen the middle and upper tropo-
spheric circulation phenomena within the model domain
like the TEJ, AEJ and AEWs, which in turn affect the
amount and distribution of subsaharan rainfall (GRIST

and NICHOLSON, 2001; HASTENRATH, 2000). Ade-
quately, enhanced westerly and southerly winds over the
tropical Atlantic may be indicative of enhanced advec-
tion of humid maritime air masses into West Africa.
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Figure 12: Wind forcing and respective differences at the lateral

boundaries associated with the dry and wet composites as defined in

the caption to Fig. 10. The blank area in the middle represents the

model domain over Africa, the zonal wind forcing is given by the

left (western cross section) and right (eastern cross section) panels,

while the upper and lower panels denote the meridional wind

component at the northern and southern boundaries, respectively.

The contour interval is 4 m s−1 (zonal, composites), 2 m s−1

(meridional, composites), 1 m s−1 (zonal, anomalies) and 0.5 m s−1

(meridional, anomalies), respectively. Dashed lines indicate easterly

and northerly wind (anomalies).

The panels in Fig. 12 draw a clear picture: Although
the mean states of dry and wet composites are charac-
terized by rather similar wind characteristics at the lat-
eral boundaries, the wet years show a considerable de-
crease in the strength of both the TEJ and the STJ at

Figure 13: SST patterns at the lower domain boundary associated

with the dry and wet composites as defined in the caption to Fig.

10 and the respective differences. The contour interval is 1◦C and

0.2◦C, respectively. Dashed lines indicate negative anomalies.

60◦E (bottom panel). No changes are found in the near-
surface westerlies (southerlies) at the western (southern)
boundaries over the tropical Atlantic. The outflow of
(moist) air in the upper troposphere at the southeasterly
boundaries of the model area weakens slightly. In ad-
dition, the outflow of upper tropospheric (dry) air over
the Caucasian region is enhanced in wet years. These
two dominant differences indicate a change in the mean
direction of the large jet streams at the eastern bound-
aries of the model area: the southerly branch of the TEJ
over the Indian Sea – directed from the Horn of Africa
southwards – is reduced in wet years, whereas the STJ
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Figure 14: Same as Fig. 13 but for latent heat flux in W m−2 The

contour interval is 30 W m−2 and 5 W m−2, respectively. Positive

values denote upward fluxes from the surface into the atmosphere

(anomalies).

shows a stronger northward component. In addition, the
westerly outflow in the lower troposphere over the In-
dian Ocean is weaker. Since these large scale dynamical
changes are connected with changes in moisture advec-
tion, they lead to more humid conditions over northern
Africa. These findings suggest that West African mon-
soon rainfall variability is at least partly tied to large-
scale variations of the upper tropospheric jets.

In the following, the regional SST field is exam-
ined. It is one of the key factors in West African rain-
fall (CHANG et al., 2000; NICHOLSON, 2001; VIZY and
COOK, 2001). Usually, abundant rainfall in the West
African monsoon region is related to warm tropical At-

Figure 15: Same as Fig. 13 but for surface wind divergence in

10−6s−1. The contour interval is 5·10−6s−1 and 0.5·10−6s−1,

respectively. Negative values denote wind convergence (anomalies).

lantic SST anomalies. Fig. 13 confirms that relatively
dry summer monsoon seasons come along with a colder
than normal tropical Atlantic. Abundant rainfall is as-
sociated with oceanic heating in the tropical Atlantic
by up to 0.8◦C. The shape of the anomaly pattern in
the bottom panel is reminiscent of the cold tongue of
the Benguela current (SAHA and SAHA, 2001). At the
same time, colder than normal SSTs prevail in the Indian
Ocean (BADER and LATIF, 2003), but the amplitude is
less pronounced. The often cited interhemispheric At-
lantic SST dipole (ENFIELD et al., 1999) is barely re-
alized, although a small area of negative SST anoma-
lies is indicated in the westernmost part of the Northern
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Hemisphere tropical Atlantic. VIZY and COOK (2001)
have suggested a linear physical mechanism, transfer-
ring changes in the tropical Atlantic SSTs to anoma-
lies of monsoon precipitation. This mechanism involves
a linear Kelvin and Rossby wave response to oceanic
heating and affects latent heat fluxes and wind diver-
gence over the entire sector. VIZY and COOK (2002)
have also found that the MM5 regional climate model
principally obeys this linear mechanism, but they only
considered two short-term sensitivity experiments. In
our 25-year simulation, which is close to the observed
climate variations since 1979, warmer SSTs are gener-
ally accompanied by enhanced latent heat fluxes from
the ocean surface into the atmosphere (Fig. 14). In the
tropical Atlantic, the difference pattern corresponds to
the pattern of oceanic heating and amounts to almost
15 W m−2. In the remaining ocean basins the relation-
ship is less clear. According to the VIZY and COOK
(2001) mechanism, this process can only lead to ris-
ing precipitation over land, when the moisture-enriched
air masses move into West Africa, because atmospheric
subsidence is still prevailing over the tropical Atlantic.
In turn, moist convection over the southernmost part of
West Africa requires surface-wind convergence in the
lower troposphere. Indeed, Fig. 15 indicates that surface
wind convergence intensifies over the Gulf of Guinea
and the southernmost Guinean Coast region, when the
tropical Atlantic SST is increased. Thus, in a positive
feedback loop the southwesterly monsoon flow is en-
hanced, maintaining the advection of moist air masses
into coastal West Africa. However, to the same extent
the northeasterly Harmattan is strengthening, transport-
ing dry air masses over the Sahel and Sudan Zone. This
dipole response of West African rainfall to SST changes
has also been reported by VIZY and COOK (2001) as
well as PAETH and STUCK (2004).

Conclusively, the interannual monsoon variability
is related to coherent changes in Atlantic SSTs and
in the large-scale upper-tropospheric circulation, which
both induce an enhanced continental-scale moisture ad-
vection over West Africa. The SST changes trigger
the mechanism suggested by VIZY and COOK (2001),
where warmer Gulf of Guinea SSTs induce stronger sur-
face wind convergence in the Guinea Coast region and
abundant rainfall over the southern part of West Africa.
The modification of the TEJ/STJ leads to more hu-
mid atmospheric conditions throughout northern Africa
and possibly to changes in the triggering and behav-
ior of AEWs. Of course, this large-scale response is
still accompanied by changes in land use and vegeta-
tion cover, which could not be addressed by this model
experiment. Regional SST anomalies also affect precipi-
tation over Morocco and East Africa (LATIF et al., 1999;
RODRIGUEZ-FONSECA and DE CASTRO, 2002) but the
structure of the associated SST variations in the regional
model is smaller-scale than in terms of the West African
monsoon system (not shown).

5 Conclusions

In our work, key factors of interannual rainfall variabil-
ity related to the West African monsoon were examined.
A regional atmospheric climate model has been used to
create a 25-year simulation of North African climate
from 1979–2003. The synoptic-scale regional climate
model REMO, which has originally been designed for
applications in the extratropics, has successfully proved
its applicability for low latitudes, after adjusting a small
number of parameters to the particular requirements of
tropical weather and climate.

In the first part, the 25-year integration of the regional
atmospheric model REMO has been evaluated by com-
parison with observational data. It has been found that
the simulated mean climate is in sufficient agreement
with observations in order to study the mechanisms of
interannual variability in the West African monsoon re-
gion. A major deficiency of the regional model consists
of the systematic underestimation of subsaharan rainfall.
Simulated precipitation over Northwest Africa and the
Mediterranean region, which is more affected by large-
scale circulation than by local feedbacks, is very close to
real climate as well as the overall distribution and sea-
sonality of rainfall in the entire model domain.

Although the regional model is forced by 6-hourly
boundary data, rainfall events in the inner model domain
do not exactly coincide with observed rainfall events.
If a spatial or temporal aggregation is undertaken, the
correlation with observational data increases. Although
the mean state of the model atmosphere and its longer-
term variability is in good agreement with the real cli-
mate, statistical properties like regional means, tempo-
ral means or higher order moments of probability dis-
tributions of simulated precipitation should be used for
certain follow-up studies, like for instance hydrological
modeling. The fact that smaller-scale structures of sim-
ulated rainfall are nearly chaotic (and do not depend on
the forcing data) indicates that the regional model de-
velops its own, smaller-scale variability. This is a nec-
essary property of a regional atmospheric model. The
model data can not be used for case studies of certain
observed rainfall events, but daily values and individ-
ual grid points can still be used for various applications,
which require that climatological characteristics of cli-
mate, including mean and variability, are reasonably re-
produced (LEBEL et al., 2000). This is particularly valu-
able in regions, which are earmarked by low station den-
sity like for instance northwestern Africa. In general,
the regional model provides more skill in subtropical
and extratropical regions, where rainfall formation and
cloud processes are more related to large-scale circula-
tion than to local feedbacks with the land surface. For
follow-up applications, a statistical correction model has
been developed to adjust simulated subsarahan rainfall
to the observed characteristics, while maintaining con-
sistency with the simulated dynamics. This is particu-
larly promising in REMO, since the dynamical compo-
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nents of African climate are reproduced in a reliable way
and African rainfall is closely tied to atmospheric circu-
lation (LONG et al., 2000; LOS et al., 2001).

The second part of this study was dedicated to the ex-
amination of interannual rainfall variability in the West
African monsoon region. The composites of wet and
dry summer monsoon seasons obtained from modeled
and observational data are similar. Simulated interan-
nual variability is largely in-phase with the observa-
tions, but the amplitudes are systematically underesti-
mated, possibly due to the missing interactions with land
cover (ZENG et al., 1999, SCHNITZLER et al., 2001).
The search for the mechanisms, which are responsible
for interannual variations of monsoonal rainfall over the
Guinean Coast region, has revealed that West African
monsoon variability is linked to both large-scale atmo-
spheric circulation changes and SST variations in the
tropical Atlantic and Indian Oceans. A relatively warm
pool in the tropical Atlantic implies enhanced latent
heat fluxes into the atmosphere and intensifies surface
wind convergence and rainfall off and over the Guinean
Coast monsoon area. Thus, the long-term experiment
with REMO gives support to the theoretical mechanism
suggested by VIZY and COOK (2001). This mechanism
is accompanied by changes in the dynamical behavior of
the TEJ and the STJ.

Compared with existing observational and model
data sets for West Africa, this regional climate model-
ing study has several important advantages and perspec-
tives: (1) A long-term climatology of African climate
with mostly realistic boundary conditions and high spa-
tial resolution is available now over a large area. This
is of great relevance to hydrological and climatological
studies in regions with sparse data coverage and may
help to improve our knowledge of the mechanisms and
processes, which govern climate variability in the low
latitudes. (2) The data can be considered to be fully con-
sistent in a physical-dynamical sense down to the syn-
optic scale. (3) Due to the ability of REMO to simulate
West African climatic features, a tool is at hand now to
carry out further sensitivity studies with respect to the
key factors in African climate, like land degradation and
greenhouse warming (PAETH, 2004). In addition, it can
be used for predictions of future climate anomalies at
seasonal to decadal time scales, according to the sug-
gestions by DESANKER and JUSTICE (2001) as well as
JENKINS et al. (2002).

A basic model failure is presented by the underes-
timation of the amount and the interannual variations
of subsaharan precipitation. Various modifications in the
convection scheme have not been successful in reducing
the model error so far. Other regional climate model ap-
plications in West Africa have experienced similar prob-
lems (GALLÉE et al., 2004; VIZY and COOK, 2002), al-
beit of lower amplitude. It is likely that the enhanced
gradient over and off the Guinean Coast region is a func-
tion of the grid point representation of orographic el-
evation in combination with an exaggerated sensitivity

of the Tiedtke convection scheme. The missing feed-
back with vegetation may also contribute to the insuf-
ficient formation of rainfall over southern West Africa
(ZENG et al., 1999; ZENG and NEELIN, 2000). In order
to extend the study towards the assessment of land use
changes, the implementation of a dynamical vegetation
model in REMO, including anthropogenic changes, is
intended.
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