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Abstract This study examines the ability of the latest

version of the International Centre for Theoretical Physics

(ICTP) regional climate model (RegCM3) to reproduce

seasonal mean climatologies, annual cycle and interannual

variability over the entire African continent and different

climate subregions. The new European Center for Medium

Range Weather Forecast (ECMWF) ERA-interim reanalysis

is used to provide initial and lateral boundary conditions for

the RegCM3 simulation. Seasonal mean values of zonal

wind profile, temperature, precipitation and associated low

level circulations are shown to be realistically simulated,

although the regional model still shows some deficiencies.

The West Africa monsoon flow is somewhat overestimated

and the Africa Easterly Jet (AEJ) core intensity is

underestimated. Despite these biases, there is a marked

improvement in these simulated model variables compared

to previous applications of this model over Africa. The mean

annual cycle of precipitation, including single and multiple

rainy seasons, is well captured over most African subregions,

in some cases even improving the quality of the ERA-interim

reanalysis. Similarly, the observed precipitation interannual

variability is well reproduced by the regional model over

most regions, mostly following, and sometimes improving,

the quality of the ERA-interim reanalysis. It is assessed that

the performance of this model over the entire African domain

is of sufficient quality for application to the study of climate

change and climate variability over the African continent.

Keywords Regional climate modeling � Entire

continental African domain � Low biased reanalysis �
Model performance

1 Introduction

Regional climate models (RCMs) have been widely used as

dynamical downscaling tools to study regional climate pro-

cesses (e.g. Pal and Eltahir 2003; Jenkins et al. 2005; Gao

et al. 2007; Abiodun et al. 2007), regional climate change

(e.g. Giorgi et al. 2004b; Diffenbaugh et al. 2005; Im et al.

2007, 2008) and seasonal climate variability (e.g. Rauscher

et al. 2006; Seth et al. 2006). While numerous studies have

focused on the mid-latitudes (Giorgi et al. 1994; Mearns et al.

1995; Leung et al. 2004; Pal et al. 2004), relatively few have

investigated the African continent (e.g. Gallée et al. 2004;

Afiesimama et al. 2006; Anyah and Semazzi 2007; Segele

et al. 2008; Druyan et al. 2008).

Africa is characterized by complex topographical varia-

tions and marked gradients of vegetation and land cover. It
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extends from the Atlantic to the Indian Ocean and from about

35�S to 35�N across the equator. Such diversity can signifi-

cantly affect synoptic-scale atmospheric dynamics and

oceanic boundary forcings on climate (Mutemi et al. 2007).

Africa is mostly covered by semi-arid regions known for

their unreliable rainfall which has a large impact on water

resources and food security. The spatial climate variability is

mainly associated with the occurrence of mesoscale con-

vective systems and with the forcing of mountain complexes.

The temporal variability may be seen as a modulation of the

seasonal cycle linked to the meridional displacement of the

rainbelt associated with the Intertropical Convergence Zone

(ITCZ) and the African monsoon.

Before applying an RCM to climate variability or climate

change studies for a given region, the accuracy of the model

to successfully reproduce the observed regional climate

characteristics should be assessed. The model performance

needs to be evaluated in order to establish the model

strengths and weaknesses for each region and this can be best

achieved by using reanalyses of observations as lateral

boundary conditions (Giorgi and Mearns 1999). In fact,

several studies have demonstrated the capability of RCMs to

represent details of regional climate when such models are

driven by reanalysis or global climate model (GCM) output

(Giorgi et al. 1993a, b; Leung et al. 2004; Sylla et al. 2009).

To date the NCEP, ERA-15 and ERA-40 reanalysis have

been downscaled over Africa. For example, Afiesimama

et al. (2006) and Anyah and Semazzi (2007) used RegCM3

to downscale the NCEP reanalysis, respectively, over West

and East Africa. Gallée et al. (2004) used ERA-15 to drive

MAR (Modele Atmospherique Regional) over West

Africa. Hudson and Jones (2002) and Tadross et al. (2006)

used MM5 and PRECIS to downscale ERA-15 over South

Africa. Pal et al. (2007) used ERA-40 to drive RegCM3

over the entire African domain. However, these reanalysis

products exhibit significant biases over the African region

(Trenberth et al. 2001; Diongue et al. 2002; Tadross et al.

2006), and errors introduced by the reanalysis large-scale

boundary conditions are transmitted to the RCM (Noguer

et al. 1998; Giorgi and Mearns 1999; Wang et al. 2004).

This adds an element of uncertainty in the evaluation of the

model performance and therefore the use of ‘‘unbiased’’ or

relatively low biased reanalysis as initial and boundary

conditions in RCMs may lead to a more robust assessment

of the model behaviour. Moreover, among up-to-date

regional climate studies completed over Africa, only Pal

et al. (2007) covered the entire African region. Because of

the complex interplay among the different circulation

systems affecting African climates it may be important to

use large domains encompassing the entire continent.

Based on these considerations, we present here an

analysis of the performance of a regional climate model (an

updated version of the RegCM3 of Pal et al. 2007) driven

at the lateral boundaries by the third generation of the

ECMWF reanalysis, ERA-interim (Simmons et al. 2007;

Uppala et al. 2008) over a large domain encompassing the

entire African continent. The ERA-interim reanalysis cor-

rects some of the errors of the ERA-40 reanalysis, partic-

ularly in the hydrologic cycle variables over the tropics

(Uppala et al. 2008), and therefore probably represents the

most accurate (albeit still imperfect) product available to

drive an RCM over the region. In this paper we focus on

different statistics (mean climatology, annual cycle and

interannual variability) of relevant features of African cli-

mate, including key circulation systems, surface air tem-

perature and precipitation, over different areas of the

domain. In forth-coming papers we will focus on shorter

temporal scales, from intraseasonal to daily.

2 Model description

The latest version of the ICTP regional climate model,

RegCM3 (Giorgi et al. 1993a, b; Pal et al. 2007) is used in this

study. RegCM3 is a primitive equation, sigma vertical

coordinate, regional climate model based on the hydrostatic

version of the dynamical core of the NCAR/PSU’s meso-

scale meteorological model MM5 (Grell et al. 1994). Radi-

ation is represented by the CCM3 parameterization of Kiehl

et al. (1996) and the planetary boundary scheme is repre-

sented by the scheme of Holtslag et al. (1990) in the imple-

mentation of Giorgi et al. (1993a). Interactions between the

land surface and the atmosphere are described using the

biosphere atmosphere transfer scheme (BATS1E; Dickinson

et al. 1993). The scheme of Zeng et al. (1998) is used to

represent fluxes from water surfaces. In RegCM3, convec-

tive precipitation can be represented by a number of schemes

and here we use that of Grell et al. (1994) with the Fritsch and

Chappell (1980) closure assumption. This choice was based

on an analysis of the model performance in some preliminary

tests. Resolvable scale precipitation processes are treated

using the sub-grid explicit moisture scheme of Pal et al.

(2000), which is a physically based parameterization

including sub-grid scale clouds, cloud water accretion, and

evaporation of falling raindrops. The model has been cali-

brated by modifying some key parameters, among them, the

Albedo and the Stomatal Resistance.

3 Forcing and simulation design

As mentioned, the initial and lateral boundary conditions

for the RegCM3 simulation are obtained from the new

ERA-interim 0.75� 9 0.75� gridded reanalysis (Simmons

et al. 2007; Uppala et al. 2008), which is the third gener-

ation ECMWF reanalysis product. The main advances in
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this reanalysis compared to ERA-40 are that ERA-interim

is carried out with a higher horizontal resolution with four-

dimensional variational analysis, a better formulation of

background error constraint, a new humidity analysis, an

improved model physics, a variational bias correction of

satellite radiance data and an improved fast radiative

transfer model. ERA-interim uses mostly the sets of

observations acquired for ERA-40 with a few exceptions:

acquisition of a new altimeter wave-height that provides

data of more uniform quality, use of reprocessed Meteosat

data for wind and clear-sky radiance, and new ozone profile

information from 1995 onwards.

Several problems experienced in the ERA-40 reanalysis

have been eliminated or significantly improved in the

ERA-interim. In particular, an important improvement was

seen in the humidity and hydrologic cycle over the tropics.

The quality of the analysis was also validated by additional

means: fit of background forecasts to the observations, fit

of surface winds to independent buoy winds, agreement

with independent tropical-cyclone track data and compar-

ison of precipitation with independent estimates from the

Global Precipitation Climatology Project (GPCP). All

pointed to a small but systematic edge in favor of the four-

dimensional variational reanalysis with the variational bias

correction (Uppala et al. 2008). The ERA-interim boundary

conditions are updated four times daily in RegCM3.

The regional model is integrated over the continental

African domain of Fig. 1 continuously for the entire

17 years period available from ERA-interim, January 1989

through December 2005, at a spatial resolution of 50 km.

The domain exhibits complex and high terrains (more than

1,500 m) especially in the southern and eastern regions.

Some localized highlands are also present around Came-

roun (Cameroun Mountain), Central Nigeria (Jos Plateau)

and Guinea (Guinea Highlands). Although a grid spacing

of 50 km may still be too coarse to represent the dynamics

of mesoscale convective systems as well as some local

topographical features, given the large size of the domain,

we decided to use this spatial resolution for initial model

testing. Also shown in Fig. 1 are eight the different climate

subregions selected for more detailed analysis (see below).

These regions were selected in order to be broadly repre-

sentative of different African climate regimes by still

retaining a regular shape. It should be stressed, however,

that over some areas characterized by sharp climatic gra-

dients they may not be entirely homogeneous. For exam-

ple, Indeje et al. (2000) defined eight homogeneous climate

sub-regions over East Africa, which is characterized by

complex topographical regions, using both EOF and simple

correlation techniques.

Simulations are compared to available observation

datasets such as GPCP (Global Precipitation Climatology

Project; Adler et al. 2003), CRU (Climate Research Unit;

Mitchell et al. 2004), FEWS (famine early warning sys-

tems; Herman et al. 1997) and to the driving ERA-interim

reanalysis (ERAIM). In particular, our analysis is designed

to determine whether the use of the entire continental

African domain is suitable for running our regional model

and if the use of the high resolution new ERA-interim

reanalysis for boundary conditions may provide a more

appropriate dataset for model testing and validation. In this

regard, note that the lateral buffer zone is 15 grid points in

size, with use of the exponential relaxation scheme of

Giorgi et al. (1993b), i.e. it is small compared to the full

size of the domain (220 grid points in latitude and 256 grid

points in longitude). As a result, the boundary forcing,

although still important, is relatively weak in the central

regions of the domain. Therefore this simulation provides a

stringent framework to evaluate the model’s capability to

represent the main African circulation and climate features.

Fig. 1 Africa domain and topography (upper panel) and definition of

the different sub-regions (lower panel)
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4 Results

4.1 Seasonal mean climatology

4.1.1 Wind profile

The ERA-interim zonal wind profile during boreal summer

(June–July–August, or JJA) averaged between 5�W and

30�E (Fig. 2a) illustrates the main dynamical large-scale

features associated with precipitation over Africa north of

the Equator. It exhibits a stratified structure of the atmo-

spheric circulation locating the monsoon flow (0�–15�N)

and the Harmattan fluxes (20�–30�N) at the low-level

between the surface and 850 hPa, the African Easterly Jet

(AEJ) at the mid-level at 600 hPa centered at 13�N and the

Tropical Easterly Jet (TEJ) in the upper troposphere at

150 hPa and around 10�N.

The monsoon flow is a major source of water vapor for

West Africa. The AEJ appears over Africa during the

boreal summer as a result of the strong meridional surface

moisture and temperature gradients between the Sahara and

equatorial Africa (Cook 1999; Thorncroft and Blackburn

1999). These gradients sustain an easterly shear that is

strong enough to establish the AEJ above the lower-tro-

pospheric westerly monsoon flow. The TEJ is associated

with the upper-level outflow from the Asian monsoon.

RegCM3 captures the structure of these features of this

atmospheric circulation. The monsoon flow and the asso-

ciated westerlies are reasonably simulated both in depth

and northward extent but the intensity is slightly overesti-

mated (by 3 m/s). The AEJ is well simulated around

600 hPa but its strength is underestimated and the core is a

bit shifted to the north. In the upper troposphere, RegCM3

reproduces very well the strength, location and depth of the

TEJ. The shift of jet core and the overestimation of eas-

terlies are related to an excessively strong surface tem-

perature gradient (Cook 1999; Jenkins et al. 2005; Sylla

et al. 2009; Steiner et al. 2009). Druyan et al. (2008) found

that the intensity of the AEJ and TEJ simulated with their

regional model (RM3) were sensitive to, and in particular

increased with, vertical resolution. Here we used the

standard 18 level model configurations and did not exper-

iment with different numbers of vertical levels. Previous

experience has shown that the model is not very sensitive

to the number of vertical levels up to a value of 25, it is

however possible that finer vertical resolution might affect

the structure of the simulated jets.

These main circulation features are related to convective

activity and rainfall over West Africa. Mohr and Thorncroft

(2006) studied the relationship between the AEJ and the

MCSs occurring over the region and showed that such

intense systems tend to occur more frequently north of the

AEJ. Most of the long-lived squall lines that cross the region

are observed to occur in the vicinity of the jet (Mathon and

Laurent 2001) and most of the precipitation in West Africa is

associated with MCSs (D’Amato and Lebel 1998), which are

organized along the AEJ (Mathon and Laurent 2001). In

addition, a weak TEJ creates conditions that provide a more

hostile environment for long-lived westward propagating

MCSs (Squall lines, mesoscale convective complexes and

non-squall tropical clusters) as they cross Africa (Janicot

et al. 1996). Jenkins et al. (2005), using RegCM3, showed

that the AEJ has a more equatorward position during dry

years, when the TEJ is weaker than normal (Grist and

Nicholson 2001). Concerning the southern Africa region, in

JJA the model also reproduces the surface easterly jet south

of the equator, both in location and magnitude, although the

mid tropospheric easterlies are underestimated over the

southern equatorial regions.

During the austral summer (DJF), the cross section of

the ERA-interim mean zonal wind structure in the equa-

torial and southern African regions (Fig. 3a) shows easterly

flow between 15� and 25�S at low levels and along the

equator in the mid and upper troposphere. The low level

easterlies carry water vapor from the Indian Ocean

Fig. 2 Vertical cross section of the zonal wind during boreal summer

(June–July–August, JJA) averaged between 5�W and 30�E for a
ERAIM (upper panel) and b RegCM (lower panel). AEJ African

Easterly Jet, TEJ Tropical Easterly Jet
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favoring rainfall over the south equatorial African regions.

At mid latitudes the upper level air flow is westerly. As

shown in Fig. 3a, these westerlies are characterized by high

velocities (more than 24 m/s) centered on a core jet stream

that changes position throughout the year (25�S in JJA and

40�S in DJF). These strong westerlies (Subtropical Jet

Stream) are maintained by the meridional temperature

gradient in the mid and upper troposphere. The regional

model (Fig. 3b) captures this vertical structure, locating

easterlies at low levels around 20�S and at mid and upper

levels along the equator. However, similarly to JJA the

easterlies are weaker than observed in the equatorial mid

troposphere, while the surface westerlies along the equator

are somewhat overestimated compared to ERA-interim.

On the other hand, the strength, depth and extent of the

South Hemisphere Subtropical Jet Stream below 100 hPa is

well captured. This Subtropical Jet Stream is an important

feature of the Southern Africa climate since its strength and

latitude location have been linked to rainfall generation.

For example, Jury et al. (1996) established the link between

positive sea surface temperature (SST) anomalies over the

southwestern Indian Ocean and rainfall over Southern

Africa through the strengthening of the upper westerlies.

They argued that the meandering of the Subtropical Jet

Stream following Rossby wave activity contributes to

subsidence over Southern Africa and this circulation sys-

tem is anchored to an SST pattern composed of positive

anomalies over the tropical Indian Ocean and negative

anomalies over the tropical East Atlantic during dry years.

Mwafulirwa (1999) showed that during El Niño years the

stronger jet streams generated in response to the tropical

warming accelerate and swerve equatorwards producing

subsidence over the continental interior. Rain-bearing

troughs are rapidly carried eastwards and wet spells are

shorter. More recently, Reason and Rouault (2005) found

that the mechanisms by which the Antarctic Oscillation

influences austral winter rainfall over Southern Africa

involve shifts in the Subtropical Jet Stream. In fact, wet

winters were linked to equatorward shifts and stronger than

average magnitude of the Subtropical Jet Stream.

Overall, the regional model is able to reproduce the

dominant atmospheric circulation patterns linked to rainfall

over Africa both north and south of the equator, with

the main model deficiency being the underestimation of the

mid-tropospheric easterlies in both seasons over the

southern equatorial regions.

4.1.2 Temperature climatology

Figure 4 shows the seasonal average 2 m temperature from

the CRU observations and RegCM3 simulations and the

biases during the boreal (JJA) and austral (DJF) summers.

In DJF (Fig. 4a), observations indicate low temperature

values over northern Africa and over complex terrain

regions of Guinea, Ethiopia, Cameroun, Tanzania, Angola

and South Africa highlands. The highest values are along

the Guinea Coast, the areas south of Sudan and the

southern Horn of Africa. RegCM3 (Fig. 4c) reproduces

well this spatial pattern but it extends slightly to the south

the area of minimum temperature over northern Africa. In

MAM (not shown), CRU gives more or less the same

spatial distribution but shows a band of warm temperatures

in the Sahel (10�–20�N) extending from West to East

Africa which RegCM3 captures. In JJA and SON (not

shown), CRU (Fig. 4b) and RegCM3 (Fig. 4d) are in good

agreement. They both locate peaks of high temperatures in

the Sahara desert (northern Sahel and southern Sahara). For

both seasons, the lowest temperatures are found over oro-

graphic regions of South Africa. However, in JJA the

regional model tends to underestimate temperatures around

the complex terrains of West Africa (Guinea Highlands and

Cameroun mountains) and to overestimate them in the

Congo Basin and south of Sudan.

Overall, in DJF the temperature biases are low, mostly

between -2 and 2�C. Positive biases are mainly located

over the tropical forest regions while negative biases are

found in northern Africa in the Sahara desert. In JJA, the

Fig. 3 Same as Fig. 2 but for Austral Summer (December–January–

February, DJF). STJ Subtropical Jet Stream
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model overestimates temperatures in the Congo Basin,

Angola highlands and Namibia desert and underestimates

them north of the equator in the convective regions along

the ITCZ. Only few small regions exceed 2�C of bias. In

particular, the biases over the Guinea region and southern

Sahel have been shown not to depend on the boundary

forcing (Sylla et al. 2009). Note that the underestimation of

temperature over the complex terrain of Guinea in JJA may

lead to an increased north-south temperature gradient

between Guinea and the Sahara, which may be responsible

for the stronger monsoon flow and the slight shift of the

AEJ core found in the regional model.

It is difficult to unambiguously determine the causes of

the model temperature biases, since these may depend on a

number of factors, including cloudiness, temperature

advection and surface water and energy fluxes. In a number

of short sensitivity tests we found that the simulated tem-

perature is sensitive to quantities such as surface albedo,

vegetation type, and stomatal resistance, but the effect of

these quantities varies from region to region. In addition,

dust and aerosols affect the surface incoming radiation

(Konare et al. 2008) and, as a consequence, also surface

temperature. Considering these uncertainties, and consid-

ering that typical RCM biases for seasonal surface tem-

perature are within the range of 2�C (e.g. Jones et al. 1995;

Giorgi et al. 1998; McGregor et al. 1998; Hudson and

Jones 2002), our model biases are in line with those of

other state-of-the-art regional models.

Fig. 4 Averaged 1989–2002

two-meter air temperature (in

�C) in DJF (left panels) and JJA

(right panels) from CRU (upper
a and b) and RegCM (middle c
and d), along with the RegCM

minus CRU difference (lower
panels e and f)
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4.1.3 Precipitation climatology

In this section we examine the spatial patterns of seasonal

precipitation and the associated low level circulation.

Figure 5 compares DJF and JJA averaged CRU precipita-

tion (Fig. 5a, b), GPCP precipitation and the ERA-interim

winds at 925 hPa (Fig. 5c, d) with the corresponding

RegCM3 fields (Fig. 5e, f). In DJF, the ICTZ approaches

its southernmost location. Therefore, observed precipita-

tion (CRU and GPCP) (Fig. 5a, c) over the continent is

mostly confined to South Equatorial Central Africa and

Central Southern Africa, while regions north of the equator

are predominantly dry. This precipitation pattern is asso-

ciated with moist southeasterly winds over the southern

Indian Ocean and northeasterlies over the northern Indian

Ocean converging over South Equatorial Africa and gen-

erating intense convection there. In the northern

hemisphere, winds are mainly dry northeasterlies. In

addition, the eastern periphery of the anti-cyclonic flow in

the South Atlantic subtropical high converges with the

easterlies from the north Atlantic Azores high to generate

an area of heavy rainfall in the equatorial Atlantic ocean. In

MAM (not shown), the ICTZ moves equatorwards and

precipitation is confined to the Gulf of Guinea and South

Equatorial Central Africa. Wind patterns are mainly the

same as in DJF except that the north-easterlies over the

northern Indian Ocean cease and strong southeasterly

winds drift in.

The regional model reproduces the major features of

precipitation and low level circulation in both seasons (DJF

and MAM). However, the model is drier than observed in

the convergence zone of the equatorial Atlantic and wetter

in the Indian Ocean north of Madagascar. The dry bias is

connected to weaker easterlies from the north and south

Fig. 5 Averaged 1989–2005

precipitation (in mm/day and

shaded) from CRU (upper
panels a and b), GPCP with

superimposed ERAIM 925 hPa

wind vectors (middle panels c
and d) and RegCM3 with

superimposed 925 hPa wind

vectors (lower panels e and f) in

DJF (left panels) and JJA (right
panels)
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Atlantic while the wet bias seems to be associated to

stronger easterlies in the Indian Ocean. Over the African

continent the main precipitation bands are well captured by

the model.

In JJA, the ITCZ is at its northernmost position and the

West African monsoon rainfall is at its maximum. CRU

and GPCP locate precipitation in a zonal band between the

equator and 15�N, in which rainfall decreases northwards.

This precipitation is mainly associated to the frequent

occurrence of propagating MCSs related to the above

described dynamics of the AEJ and TEJ (Jenkins et al.

2005; D’Amato and Lebel 1998). In addition, CRU depicts

three peaks of rainfall around the Guinea Highlands,

Cameroun Mountains and Ethiopia Highlands which are

connected to orographic features. Due to its coarse reso-

lution, GPCP does not show any heavy rainfall over the

Ethiopia Highlands. The associated low level circulation in

ERA-interim shows north and south Atlantic anti-cyclonic

flows, the West African monsoon flow as well as norther-

lies and easterlies around the Saharan thermal low region.

In SON (not shown), the ITCZ retreats southward and the

monsoon flow becomes weaker.

RegCM3 reproduces quite well the low level circulation

features for both seasons (JJA and SON) with a slight

overestimation of wind intensity in the northern Sahel in

JJA. Precipitation patterns are well captured. The width of

the rain belt and location of maxima are well represented in

the simulation, but the intensity is slightly overestimated

over southern Sudan in JJA and over the central African

tropical forest in SON (not shown). In addition, RegCM3

shows small scale peaks of rainfall not appearing in GPCP

over some orographic zones such as the Jos Plateau,

northern Chad and the East African highlands. The pre-

cipitation maximum over Ethiopia is clearly depicted in

CRU. The discrepancies evident between the GPCP and

CRU datasets confirms that significant uncertainties are

present in observed precipitation climatologies (Vizy and

Cook 2002). Therefore, the RegCM3 simulation of rainfall

appears to be within this range of uncertainty.

Previous studies have shown that the simulation of

African precipitation by RegCM3 is sensitive to the

physics parameterizations used. Pal et al. (2007) used

RegCM3 driven by ERA-40 in a similar domain and with

the same resolution (50 km), but using the convection

scheme of Emanuel and Rothman (1999). They found that

the model simulated excessive precipitation over the wet-

test areas, and the core of the monsoon rain belt was

simulated a few degrees too far north over West Africa in

JJA. Furthermore, the intensity of the winds that enter the

Guinea coast was too high. Steiner et al. (2009) replaced

BATS in the model configuration of Pal et al. (2007) with

the Common Land Surface scheme and found that the

simulation of precipitation considerably improved through

a better description of the surface energy and water budgets

and related gradients. Vizy and Cook (2002) used a mod-

ified version of the MM5 driven by ERA-40 in a relatively

smaller domain and found the opposite: the northward

component of the low-level flow was weaker than observed

and associated monsoon rain belt was located too far south.

Additional RCM studies have been carried out with

RegCM3 using a smaller domain centered over eastern

Africa and most of them found difficulties to correctly

reproduce the precipitation patterns. For example, Segele

et al. (2008) performed 18 years of simulation with Reg-

CM3 over eastern Africa and overestimated by 50% (26%)

precipitation over Ethiopia when using the Grell (Emanuel)

convective scheme. Anyah and Semazzi (2007) completed

a multiyear simulation of the short east Africa rainy season

using RegCM3 and found deficiencies in capturing the

observed rainfall over the Kenya Highlands and Lake

Victoria Basin. Sun et al. (1999a) simulated the short rainy

season of 1988. Not only some deficiencies over the

Congo-Angola Basin and Kenya Highlands were shown,

but also the monsoon flow during that period was stronger

than observed. Other regional model studies experienced

difficulties in simulating precipitation over Africa. Paeth

et al. (2005) underestimated total precipitation by up to

25% over southern West Africa using REMO. Gallée et al.

(2004), using MAR, overestimated precipitation in August

and the precipitation maxima along the coast near Guinea/

Sierra Leone and Cameroon were not captured well. Jung

and Kunstmann (2007) used MM5 over the Volta region

and found an underestimation of coastal rainfall.

All these experiments show that it is extremely difficult

to simulate well African precipitation. Part of the relatively

good performance of our simulation can certainly be

ascribed to the use of ERA-interim reanalysis to drive our

model at the lateral boundaries. However, although diffi-

cult to unambiguously assess without targeted sensitivity

experiments, the choice of physics parameters, convection

scheme (see Sect. 2) and possibly large domain also con-

tribute substantially to the model systematic errors.

Although it is difficult to determine unambiguously the

origins of temperature and precipitation biases, cloudiness

is a key factor and may play an important role in the dis-

tribution of these quantities. Figure 6 compares the distri-

bution of the fraction of cloud cover (in percent) from CRU

observations (Fig. 6a, b) and RegCM3 simulations

(Fig. 6c, d) for DJF and JJA respectively. During DJF, as

expected, CRU observations locate the maximum cloud

cover in the Southern Hemisphere, especially over the

South Equatorial Central Africa and Central Southern

Africa and the minimum cloud cover north of the Equator,

consistently to precipitation distribution. RegCM3 repro-

duces quite well the spatial distribution but slightly over-

estimates cloud cover over northern Africa and
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underestimates in the Sahara, the Sahel and around north-

ern Angola. This latter underestimation is connected to

some dry biases in precipitation and warm biases in tem-

perature. During JJA, CRU observations show the maxi-

mum of cloud cover in a zonal band along the equatorial

regions. North and South of these regions, cloud cover

decreases zonally. This spatial pattern is also similar to the

precipitation one. The regional model finds the zonal var-

iation of the cloud cover distribution but underestimates it

over the Sahara and overestimates it in the convective

region (along the ITCZ) and especially in the orographic

zones inside. This overestimation is associated to the cold

biases in temperature simulated by RegCM3 in these

regions. This does not cause systematiquely an overesti-

mation of rainfall (see for example the Niger basin in

western Africa). However, RegCM3 shows some maxima

of rainfall, not appearing in the CRU observation, or

overestimates them in regions of complex terrains inside

the ITCZ (Ethiopian Highlands) where the problem may be

artificially enhanced by the lack of a gauge under-catch

correction in the observed data.

Globally, the overestimation (underestimation) of cloud

cover seems to be related to an underestimation (overesti-

mation) of surface temperature and overestimation

(underestimation) of precipitation especially in the

orographic regions compared to observations. This is in

line with Pal et al. (2000) and Coppola and Giorgi (2009).

4.2 Precipitation temporal variability

4.2.1 Mean annual cycle

In this section we analyze the mean annual cycles of

RegCM3-simulated precipitation for the eight subregions

defined in Fig. 1b and compare them to different sets of

observations (GPCP, CRU and FEWS) and to the ERA-

interim reanalysis. The annual cycle values are averaged

for each sub-region of Fig. 1 (land only) over the whole

simulation and observation periods (See Table 1).

According to GPCP, CRU and FEWS, the West Sahel

(WSA) annual cycle (Fig. 7a) peaks in August with some

slight differences in the intensities among the observed

estimates. RegCM3 and ERA-interim both reproduce the

Fig. 6 Averaged 1989–2002

cloud cover fraction (in percent)

from CRU (upper panels a and

b), and RegCM3 (lower panels
c and d) in DJF (left panels) and

JJA (right panels)

Table 1 Summary of available observational data and their temporal

coverage

Data RegCM3 ERAIM GPCP CRU FEWS

Period 1989–2005 1989–2005 1989–2005 1989–2002 2001–2005

M. B. Sylla et al.: Multiyear simulation of the African climate using RegCM3

123



observed peak in August but RegCM3 tends to overpredict

its magnitude while ERA-interim tends to underpredict it.

The same behavior is found over the East Sahel (ESA)

region (Fig. 7b), except that the observed intensities are

lower than over the West Sahel and RegCM3 (and to a

lesser extent ERA-interim) still overestimates the precipi-

tation peak.

Over the Guinea Coast (GCO; Fig. 7c) all the observa-

tional datasets show a primary maximum in April–June, a

secondary one in September–October and a relative

minimum in mid-summer, as the monsoon rainband sea-

sonally migrates in the north–south direction. However,

there is a wide spread in the magnitude and phase of the

precipitation maxima across these datasets, with the CRU

showing the largest magnitudes, FEWS the smallest and

GPCP some intermediate values. The ERA-interim cap-

tures the two maxima, but tends to overestimate precipi-

tation compared to all observation datasets, except for the

CRU in July through September. RegCM3 also captures

well the two maxima, it produces lower precipitation

Fig. 7 Averaged precipitation annual cycle (in mm/day) from

RegCM (green), GPCP (black solid), CRU (dashed), FEWS (dotted)

and ERAIM (blue) over a West Sahel; b East Sahel; c Guinea Coast;

d North Equatorial Central Africa; e Horn of Africa; f South

Equatorial Central Africa; g Central Southern Africa; h South Africa
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amounts than ERA-interim and it is in close agreement

with the FEWS data, both in terms of magnitude and phase

of the maxima and minima. Two precipitation maxima are

also found in North Equatorial Central Africa (NEC;

Fig. 7d), but the observed peaks as well as the minimum

are much less pronounced. RegCM3 captures this double-

peaked structure, but overestimates its magnitude, espe-

cially in the fall. Conversely, ERA-interim has precipita-

tion values closer to observed, but does not capture the

double peaked seasonal structure.

The double-rainy season structure is marked over the

Horn of Africa (HOA; Fig. 7e), with the two rainy seasons

occurring in April–May and October–December and being

separated by a very dry season in June–September. This

double-peaked structure is associated with a north–south

migration of the ICTZ that sweeps this and adjacent

equatorial regions (Adefolalu 1974; Adegoke and Lamptey

2000). All the observed and model datasets capture this

structure, however with some variability in the phase and

magnitude of the maxima. In particular, the ERA-interim

overestimates the magnitude of the precipitation maxima

and RegCM3 tends to agree best with the CRU data. A

generally good agreement between all observed and mod-

eled datasets is instead found over the South Equatorial

Central Africa (SEC; Fig. 7f), where the precipitation

seasonal cycle is characterized by two peaks in March and

November separated by very dry summer months. In this

case the ERA-interim fails to capture the relatively dry

conditions in December through January. Finally, both

southern regions (Central South Africa: CSA; South

Africa: SOA) show a pronounced seasonal cycle with a

maximum in November through March and a minimum in

May through September. RegCM3 and ERA-interim cap-

ture this structure well in both regions (especially over

Central South-Africa, Fig. 7 g), although the regional

model overestimates the Austral summer maximum over

the South Africa region.

Overall, RegCM3 performs well in reproducing the

seasonal cycle of precipitation over all regions, except for

an overestimation of the magnitude of the peak over the

East Sahel, North Equatorial Central-Africa and Southern

Africa regions. We note that, although they refer to dif-

ferent periods (See Table 1), the observation datasets do

not always agree in the magnitude and especially the phase

of the rainy season peaks and corresponding breaks, which

adds an element of uncertainty in the evaluation of the

model. We also find that in a number of instances RegCM3

is actually capable of producing phases and/or magnitudes

of peaks more in agreement with the observational datasets

than the ERA-interim.

Comparison with previous studies shows varying

degrees of improvement in the timing and magnitude of the

annual cycle over some sub-regions. For example, over the

Guinea Coast Afiesimama et al. (2006) (using the NCEP

reanalysis at the lateral boundaries) shifted the first peak to

July and overestimated precipitation by about 5 mm/day

during the rainy season. Sylla et al. (2009), when forcing

RegCM3 with NCEP reanalysis and ECHAM5 global

model, respectively, displaced the Guinea Coast minimum

to August and September compared to the CRU observa-

tions. Pal et al. (2007) overestimated significantly the peaks

of rainfall over the Guinea Coast and the Sahel when using

RegCM3 with the Emanuel convection scheme. In general,

we thus find that the present simulation is of relatively

good quality with respect to previous RegCM simulations.

Finally, from this analysis, a set of rainy seasons can be

defined for each subregion. WSA, ESA, CSA and SOA are

far away from the equator and have only one rainy season,

while the equatorial regions (GCO, SEC, NEC and HOA)

experience two rainy seasons due to the north–south

migration of the ITCZ. The rainy seasons over different

sub-regions are summarized in Table 2 and used for the

analysis shown in the next section.

4.2.2 Interannual variability

Figures 8 and 9 show simulated and observed rainfall

anomalies over the eight climate sub-regions of Fig. 1 and

for the rainy seasons identified in (Table 2). As reference in

the figure we use the GPCP data, which is the only

observational dataset that includes the full simulation

period. The anomalies are calculated with respect to the

precipitation mean derived from the full 17 year period

1989–2005. The area averages of precipitation anomalies

are normalized by the standard deviation derived from the

1989–2005 time series. Table 3 summarizes the correlation

coefficients between simulated and observed anomalies as

well as the difference between simulated and observed

interannual coefficient of variation (interannual standard

deviation divided by the mean), which we here take as a

measure of interannual variability.

Figure 8 first shows the interannual anomalies for the

ERA-interim (a, c, e and g) and RegCM3 (b, d, f and h)

Table 2 Summary of the different rainy season for each sub-region

of Fig. 1

Sub-regions WSA ESA GCO NEC SEC HOA CSA SOA

First rainy

season

JAS JAS MJJ AMJ FMA MAM DJF DJF

Second rainy

season

ASO ASO NDJ SON

JAS July–August–September, MJJ May–June–July, AMJ April–May–

June, FMA February–March–April, MAM March–April–May, DJF
December–January–February, ASO August–September–October,

NDJ November–December–January, SON September–October–

November
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precipitation compared to GPCP in the subregions far away

from the Equator. ERA-interim fails to reproduce the

interannual variability over the West Sahel and Central

South Africa but captures it fairly well over the East Sahel

and South Africa, with correlation coefficients approaching

0.65 and 0.73, respectively. We also note that the failure

(success) of ERA-interim to consistently reproduce the

interannual variability is connected to a strong (weak)

overestimation/underestimation of the coefficient of vari-

ation compared to the observations (see Table 3). Over

these regions the RegCM3 simulation generally captures

well both the occurrence of individual anomalies

(correlation coefficients of 0.56–0.7) and the coefficient of

variations (errors in the range of 11–43% errors). Simu-

lated interannual variability in all these semi-arid subre-

gions thus agrees with observations. Also note that over the

West Sahel and Central South Africa, RegCM3 actually

improves the results from ERA-interim, both for the cor-

relation coefficient and the coefficient of variation.

Over the equatorial subregions (GCO, NEC, SEC,

HOA), only one of the two rainy seasons is presented (ASO

for GCO, ASO for NEC, FMA for SEC and SON for HOA)

but the correlation coefficients of all rainy seasons and their

coefficients of variation are summarized in Table 3. As

Fig. 8 Normalized precipitation anomaly for the rainy season of sub-regions away from the equator: WSA (a, b); ESA (c, d); CSA (e, f); SOA

(g, h) for GPCP versus ERAIM (left panels) and GPCP versus RegCM (right panels)
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shown in Fig. 9, over these regions and rainy seasons,

results are more varied, with correlation coefficients in the

range of 0.38–0.91 and a general consistency between the

ERA-interim and RegCM3 values. Note, in particular, the

very high correlations over the Horn of Africa region, 0.92

in ERA-interim and 0.8 in RegCM3. Consistently with

Fig. 9 Normalized precipitation anomalies during one rainy season for sub-regions close to the equator: GCO (a, b); NEC (c, d); SEC (e, f);
HOA (g, h) for GPCP versus ERAIM (left panels) and GPCP versus RegCM (right panels)

Table 3 Correlation coefficients and differences between the coefficients of variation (ERAIM or RegCM minus GPCP) in each sub-region of

Fig. 1 and rainy season

Sub-region WSA ESA GCO NEC SEC HOA CSA SOA

Correlation coefficient with

respect to GPCP

ERAIM 0.38 0.66 0.77 0.57 -0.09 0.38 0.46 0.60 0.57 0.92 0.32 0.73

RegCM 0.67 0.70 0.55 0.45 0.24 0.44 0.38 0.32 -0.35 0.81 0.60 0.57

Difference coefficient

variation in % with

respect to GPCP

ERAIM 72 -3 -28 -23 -18 15 -54 -26 32 -13 44 27

RegCM -36 43 51 -50 -40 26 -22 -3 24 -48 -11 -16
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these results, the error for the coefficient of variation is

relatively low (mostly less than 30%). For the rainy seasons

not shown in Fig. 9 (see Table 3), we find correlation

coefficients in the range of 0.3–0.6 except for the three

noticeable cases of NEC in ERA-interim and RegCM3 and

HOA in RegCM3, where essentially the sequence of

observed anomalies is not captured.

Overall, Figs. 8 and 9 and Table 3 indicate that, except

for a few cases, both the ERA-interim and RegCM3 are

able to capture the observed anomalies as well as the

magnitude of interannual variability (measured by the

coefficient of variation). Also, the results are mostly in line

between the ERA-interim and RegCM3, a result of the

lateral forcing by the reanalysis fields. However, a few

exceptions occur, especially over some equatorial regions

where the correlations are relatively low. For a large

domain such as the one used here, the boundary forcing

may not be strong near the central equatorial regions and

local model-simulated processes may become dominant.

Indeed over these regions (HOA and NEC in their first

rainy season), although the correlations are low the error on

the coefficient of variation is in line with that of the other

regions, indicating that the model does not capture specific

individual events but captures the observed magnitude of

interannual variability. This would be sufficient for appli-

cation to climate studies.

Direct comparison with previous regional model inter-

annual variability studies over Africa is difficult, as the

sizes of the subregions and the seasons considered differ

from study to study. Nonetheless, Sun et al. (1999b)

completed 12 years of simulations and found a significant

correlation (0.8) over Tanzania while validating their

model simulation against gridded and local station data. In

addition, when dividing the Kenya Highlands into two

regions (East and West), the western highlands showed a

good correlation (0.847), while the regional model failed to

capture the interannual variability over the eastern high-

lands (correlation of 0.45). Afiesimama et al. (2006) found

correlation coefficients of 0.51, 0.62 and 0.65 between

RegCM3 simulated and observed anomalies over the

Guinea Coast, West and Central Soudano-Sahel sub-

regions, respectively, for June–September. Anyah and

Semazzi (2007) correlated rain-gauge data with their

RegCM3 simulations over East Africa and found that only

one station (Central Tanzania) was able to reach a corre-

lation of 0.7 during the short rainy season of October–

December while a station over Central Kenya showed a

poor correlation (0.2). More recently, Steiner et al. (2009)

compared their simulated interannual variability with both

CRU and CMAP precipitation anomalies and obtained

correlations of up to 0.5 over the Guinea Coast and the

Sahel. Our results are thus in line and often better than

previous ones using smaller domains and older reanalysis

boundary conditions.

5 Summary and conclusions

In this paper we evaluated the performance of RegCM3 in

reproduce observed climatology, seasonal cycle and inter-

annual variability of temperature and precipitation over a

large domain covering the entire African continent, with

the model being driven by the recently produced ERA-

interim reanalysis. We analyse results spatially over the

whole domain and averaged over eight climate sub-regions

identified in Fig. 1. Note that the large domain used in this

work allows more freedom for the regional model to pro-

duce its own circulations, especially in the middle of the

domain, and therefore this validation analysis provides a

stringent test of the model performance.

Our results show that the regional model is able to

capture fairly well the main circulations influencing the

African continent, such as the monsoon flow in the lower

troposphere, the AEJ and TEJ in the mid and upper tro-

posphere for the boreal summer north of the equator. In the

austral summer, the Subtropical Jet Stream, the low level

easterlies and the mid and upper troposphere easterlies are

also captured. The main systematic errors in the RegCM3

simulation are an overestimate of the strength of the

monsoon flow and an underestimate and slight northward

displacement of the AEJ core compared to the driving

ERA-interim reanalysis. The stronger monsoon flow and

the shift of the AEJ are related to an overestimation of the

low level temperature gradients when compared to ERA-

interim. The model also somewhat underestimates the

intensity of easterlies in the mid-troposphere.

Simulated seasonal rainfall climatologies are generally

consistent with observations. RegCM3 captures the spatial

variability of rainfall, the north–south migration of the

ITCZ and the associated low level circulation. Maxima are

well represented over complex terrains, although the model

tends to overestimate precipitation over tropical high ele-

vation mountain areas. This has been found also in other

applications (e.g. the tropical Andes) although over these

regions observed estimates may be affected by a high

uncertainty due to the paucity of high elevation stations.

The regional model tends to overestimate precipitation

over south Sudan and the equatorial tropical forest in JJA

and SON, respectively. This is consistent with a model

underestimation of 2 m temperature which may be due to

an overestimation of cloud cover or an excessive surface

evapotranspiration. Nevertheless, our regional model per-

formance appears improved compared to that of Pal et al.

(2007) and previous RegCM3 studies over Africa carried
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out using smaller domains and older reanalyses for the

provision of lateral boundary conditions.

The mean annual cycles over different climate sub-

regions show that the equatorial regions (GCO, NEC, SEC

and HOA) are characterized by two rainy seasons associ-

ated with the north–south migration of the ITCZ, while the

regions far away from the equator (WSA, ESA, CSA and

SOA) have only one rainy season related to the onset and

evolution of regional monsoon circulations. RegCM3

reproduces well the amplitude and phase of rainy and dry

seasons for all the subregions except for a few cases when

the magnitude of the peaks is overestimated. In particular,

the regional model is shown to perform even better than the

reanalysis in a number of the subregions.

Finally, the RegCM3 simulation captures relatively well

the interannual variability of the rainy seasons over most

subregions analyzed, both in terms of statistical values and

individual anomalies. Exceptions are two equatorial

regions near the center of the domain, where the correla-

tions with observed anomalies are low, but the error of

statistical variability is also low. In these cases, evidently

local model processes are more important than the lateral

boundary forcing in determining the precipitation

variability.

Overall, the simulation analysed here indicates a rela-

tively good performance of the RegCM3 over a large

African domain encompassing the entire continent and

adjacent ocean water. Part of this relatively good perfor-

mance (compared to previous model experiments) is due to

the use of ERA-interim to produce improved lateral

boundary conditions. Choice of domain, convection

scheme and some parameter values also contributed to this

improvement, although it is difficult to clearly identify the

contributions of these different elements. It is interesting to

note that our dynamical downscaling is able to improve

some aspects of African rainfall with respect to ERA-

interim, most noticeably over West Africa, which lies away

from the eastern boundary where most of the westward

moving variability (Rossby Waves) is generated and

influences the African Easterly Waves genesis (Thorncroft

and Kiladis 2008). An important point regarding model

validation is that we employed three different observational

datasets. In some areas they do show a good level of

agreement, but in others they show a relatively wide

spread. This indicates a substantial uncertainty in observed

estimates of precipitation which should be taken into

account when evaluating climate models over the African

continent.

Because of our large domain, we used a grid spacing of

50 km, but we do plan to extend our analysis to a higher

resolution model configuration. Also, we plan to use this

model configuration to produce new sets of high resolution

climate change scenarios over Africa and to study aerosol

and land surface effects over the African continent under

the regional climate change hyper-matrix framework

(Giorgi et al. 2008) and the coordinated regional climate

downscaling experiment (CORDEX, Giorgi et al. 2009).
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