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[1] The mean evolution of the West African monsoon (WAM) circulation and its
interannual variability have been studied using an ensemble of 21 simulations (common
period 1961–1994) performed with four different atmospheric general circulation models
(AGCMs) (European Center/Hamburg (ECHAM) 3, ECHAM 4, Action de Recherche
Petite Echelle Grande Echelle (ARPEGE), and Goddard Institute for Space Studies
(GISS)) and forced by the same observed sea surface temperature (SST) data set. The
results have been compared with European Centre for Medium-Range Weather Forecasts
reanalyses (ERA-40). The climatological means of WAM winds for the AGCMs are
similar to the ERA-40 ones. However, the AGCMs tend to underestimate the southern
wind component at low levels around 10�N compared to the ERA-40. The simulated
Tropical Easterly Jet (TEJ) is usually shifted northward and also too weak for ECHAM 3
and ECHAM 4 compared to ERA-40. The interannual variability of an atmospheric WAM
index (WAMI) is quite successfully reproduced (the correlations between the mean
ensemble of each AGCM and ERA-40 time series over 1961–1994 range between 0.51
and 0.64). In particular, the four AGCMs reproduce quite well the mean teleconnection
structure with El Niño–Southern Oscillation, i.e., a strong (weak) monsoon during La
Niña (El Niño) events, even if the largest absolute correlations between WAMI and SST in
the eastern and central equatorial Pacific are weaker than in ERA-40. On a yearly basis,
WAMI is more predictable and skillful during the cold ENSO years than during the
warm ENSO ones. The unskillful warm ENSO events are associated with a significant
cooling over the equatorial Atlantic and Western Pacific Ocean and a significant warming
in the tropical Indian Ocean. INDEX TERMS: 1620 Global Change: Climate dynamics (3309); 1610

Global Change: Atmosphere (0315, 0325); 3309 Meteorology and Atmospheric Dynamics: Climatology

(1620); 3337 Meteorology and Atmospheric Dynamics: Numerical modeling and data assimilation;
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1. Introduction

[2] The West African monsoon (WAM) is a recurrent
large-scale pattern arising from the thermal contrast existing
between the warm African continent and the adjacent cooler
southern Atlantic Ocean. Interannual and interdecadal vari-

ability of WAM have been subject to many observational and
numerical studies, mainly through the relationships between
seasonal Sahelian rainfall variability and large-scale sea
surface temperature (SST) patterns [e.g., Folland et al.,
1986, 1991; Druyan, 1989; Hastenrath, 1990; Ward, 1992,
1998; Fontaine and Bigot, 1993; Rowell et al., 1995; Trzaska
et al., 1996; Fontaine and Janicot, 1996; Rowell, 2001].
Comparatively, only a few studies have investigated the
physical relationship between WAM dynamics, identified
through Tropical Easterly Jet (TEJ) and/or monsoon flow
anomalies, and large-scale SST variability [Palmer et al.,
1992; Fontaine et al., 1995; Moron et al., 1995; Janicot et
al., 1998, 2001]. All these studies indicate strong links
between weakened TEJ [Palmer et al., 1992; Janicot et al.,
2001], enhanced trade winds over the north tropical Atlantic
and weaker moisture advection over West Africa, consistent
with weaker monsoon and Southern Hemisphere Hadley
circulation during warm El Niño Southern Oscillation
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(ENSO) events [Janicot et al., 1998, 2001; Rowell, 2001].
WAM dynamics at the regional scale are also a response to
the north-south thermal gradient across the tropical Atlantic
at the source of the migration of the Intertropical Conver-
gence Zone [Hastenrath, 1990; Fontaine and Janicot, 1996].
[3] The El Niño seasonal predictability [e.g., Palmer and

Anderson, 1994; Goddard et al., 2001] as well as sea
surface thermal inertia make WAM potentially predictable
from SST anomalies (SSTA hereafter). This potential pre-
dictability provided by SST forcing can be partly estimated
using ensembles of atmospheric GCMs integrations forced
by prescribed SST [Gates, 1992; Sperber and Palmer,
1996]. In the tropics, a strong reproducibility (i.e., the
AGCM’s variance that is independent from initial condi-
tions), and thus a strong potential predictability from SSTA,
is usually associated with a high skill (i.e., the ability to
simulate the observed anomaly) [Moron et al., 1998]. The
statistical estimates of reproducibility and/or skill found in
previous studies are almost always given through seasonal
Sahelian rainfall estimates. However, AGCMs show poor
reproducibility and skill especially when the decadal-scale
trend is removed [Rowell et al., 1995; Srinivasan et al.,
1995; Sperber and Palmer, 1996; Moron et al., 2003].
[4] The main objectives of this study are therefore to

evaluate (1) the AGCM ability to simulate the monsoonal
circulation over West Africa in terms of both intensity and
seasonal evolution and to correctly respond to the imposed
surface forcing, in particular the one associated with the
ENSO phenomenon; (2) the intensity and significance of the
interannual SST forcing and (3) the skill of AGCMs. We
concentrate here on several large-scale wind indices, in-
volving the lower and upper levels of the WAM, rather than
the regional rainfall index, because (1) AGCMs perform
better in capturing the large-scale dynamic fluctuations than
the regional-scale rainfall variations [Sperber and Palmer,
1996; Garric et al., 2002; Cherchi and Navarra, 2003] and
(2) such wind indices are strongly related to the observed
regional-scale rainfall variations, giving then the advisabil-
ity of an efficient statistico-dynamical prediction of rainfall
[Garric et al., 2002]; for example, the correlation between
the main wind index used in this study (i.e., West African
Monsoon Index (WAMI) defined in terms of the shear
between the wind speed at the summit of the monsoon flow
and the Tropical Easterly Jet) from ERA-40 and an ob-
served regional Sahelian rainfall index (SRI) such as the one
defined by Moron et al. [2003] over 1961–1994 is 0.78.
Thus it appears important to establish the reproducibility
and skill of these large-scale wind indices. Twenty-one runs
from four AGCMs (European Center/Hamburg (ECHAM) 3
and 4, Action de Recherche Petite Echelle Grande Echelle
(ARPEGE), and Goddard Institute for Space Studies (GISS)
2000) are used in an ensemble approach to evaluate the
ability of these AGCMs to reproduce the seasonal and
interannual variability of the WAM wind indices. The
members of the ensemble have the same boundary con-
ditions (SST from Global Ice and Sea Surface Temperature
data set [Rayner et al., 1996]) but differences in initial
conditions, horizontal and vertical resolutions and parame-
terizations. Using four AGCMs forced by the same bound-
ary forcing is a way of taking into account our uncertainty
about the representation of the atmospheric laws. Moreover,
previous studies [e.g., Srinivasan et al., 1995; Sperber and

Palmer, 1996; Sud and Lau, 1996; Gadgil and Sajani,
1998] indicate a large spread in simulations of the WAM
variability, and a strong model dependence, especially for
the first AMIP I time period (1979–1988). The intensity of
SST forcing and skill is evaluated using traditional scores
(such as linear correlation) but also probabilistic scores
considering the probability density function (PDF) of the
21 runs rather than their ensemble mean. This approach
allows a better representation of the possible outcomes
associated with a particular SST forcing.
[5] The study is divided into six sections. Section 2

details the selected simulations, reanalyses and methods
used. Section 3 presents the climatology of the West African
monsoon as simulated by each AGCM with comparisons
mainly with ERA-40 reanalyses. Section 4 analyzes the
interannual variability of the monsoon and its teleconnec-
tion patterns with SST in ERA-40 and each AGCM.
Attention is focused on extreme ENSO years, since ENSO
is known to provide a major forcing on WAM [Palmer et
al., 1992; Janicot et al., 1996, 2001; Rowell, 2001]. Section
5 concerns the yearly analysis of reproducibility and skill.
An overall summary is provided in section 6.

2. Data and Methods

2.1. AGCM Runs

[6] The AGCMs used in this study have been presented
elsewhere (Deutsches Klimarechenzentrum (DKRZ) [1993]
for ECHAM, Déqué et al. [1994] for ARPEGE, and Hansen
et al. [2002] for GISS). Only a short description is given
here [see also Moron et al., 2003].
[7] ECHAM 3 and ECHAM 4 are the third and fourth

generations of a climate model originating from the
ECMWF spectral medium range weather forecast model
developed at the Max Planck Institute in Hamburg. Details
of ECHAM 3 numerical formulation and physical parame-
terizations are given by DKRZ [1993]. ARPEGE is the third
version of the ARPEGE-Climat model developed at Météo-
France from the ARPEGE/IFS operational weather predic-
tion model [Déqué et al., 1994]. ECHAM 3, ECHAM 4 and
ARPEGE are spectral models with a T21 (�5.6 by 5.6
degree grid), T30 (�3.75 by 3.75 degree grid) and T63
(�1.9 by 1.9 degree grid) horizontal resolution, respectively.
Note that the ARPEGE runs used here are available on a
T42 (�2.8 by 2.8 degree grid) horizontal resolution. The
vertical is divided into 31 levels in ARPEGE and 19 levels
in ECHAM 3 and ECHAM 4. For these three models, the
850 hPa and 200 hPa levels are used to represent the lower
and upper levels of the monsoonal circulation, respectively.
GISS-2000 (GISS hereafter) is developed at the Goddard
Institute for Space Studies. It is a grid point model with 72
points in longitude and 46 points in latitude, giving a 5 by 4
degree grid; there are 12 levels in the vertical [Hansen et al.,
2002]. For GISS, the 850 hPa and 200 hPa levels are not
available and are replaced by the closest levels, i.e., 894 and
247 hPa.
[8] These four AGCMs use basic atmospheric physical

parameterizations as well as comprehensive land surface
schemes (LSS) that describe explicitly some vegetation
processes such as interception and re-evaporation of rain
and extraction of soil moisture. ECHAM 3 and ECHAM 4
use a modified ‘‘bucket’’ LSS [DKRZ, 1993], even though
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GISS and ARPEGE use more sophisticated LSS [Douville
and Chauvin, 2000; Douville et al., 2001; Douville, 2002].
[9] The runs analyzed have also already been presented

(e.g., Moron et al. [1998, 2001] for ECHAM 3 and
ECHAM 4; Cherchi and Navarra [2003] for ECHAM 4;
Cassou and Terray [2001] for ARPEGE; and Hansen et al.
[2002] for GISS) and were performed with Global Ice Sea
Surface Temperature (GISST) version 2 [Rayner et al.,
1996]. All other external atmospheric forcings (solar radi-
ation input, CO2 concentration, etc.) are kept at their
standard values. A total of 21 runs are analyzed: 8 for
ARPEGE, 5 for ECHAM 3 and GISS, and 3 for ECHAM 4;
they only differ by their initial conditions.

2.2. Reanalyses

[10] The second generation of reanalyses provided by the
European Centre for Medium-Range Weather Forecasts
(ERA-40; http://www.ecmwf.int/research/era) covers the
period from September 1957 and has the benefit of knowing
many of the problems encountered in the first generation of
reanalyses provided by the National Center for Environ-
mental Prediction (NCEP I) [Kalnay et al., 1996]. The
horizontal resolution of the Integrated Forecasting System
spectral model used for ERA-40 is T159, and there are 60
levels in the vertical. Historical ground-based observations
as well as information from satellite (from 1972) are used in
the three-dimensional assimilation scheme [Uppala, 2002].
The data are available on a 2.5 by 2.5 degree grid at http://
www.ecmwf.int/research/demeter and could be considered
as the best available surrogate to actual observations. We
must also keep in mind that ERA-40 (and NCEP I, see
below) are, in fact, not observations and remain just one
integration of a sophisticated GCM.
[11] The first generation of reanalyses provided by the

NCEP (NCEP I) [Kalnay et al., 1996] is now available from
1949 (for example, from http://ingrid.ldgo.columbia.edu/
SOURCES/NCEP-NCAR/). The horizontal resolution of
the NCEP model is T62 (with a resulting 2.5 � 2.5 degree
grid), and there are 28 levels in the vertical. The main
problems in NCEP I, and particularly relevant over the West
African window, concern the period 1958–1967 when few
‘‘in situ’’ data enter the model, as well as the end of the
1970s when remote-sensing data start being assimilated; this
creates severe shifts in time series (see Figure 5) [Poccard et
al., 2000; Camberlin et al., 2001; Janicot et al., 2001].

2.3. Methods

[12] The analysis of a range of AGCM runs forced by the
same SST forcing relies on the fact that boundary forcing, as
SST, could alter the phase-space geometry of the whole
atmospheric attractor [Palmer, 1993; Kumar and Hoerling,
1995]. A single realization of an AGCM experiment (equals
a ‘‘run’’) with observed temporally varying SST contains not
only the effect of the underlying SST but also chaotic
variations associated with nonlinear atmospheric dynamics.
Considering a range of runs with different initial conditions
allows the separation of the ‘‘SST-forced’’ (or external)
variance [Rowell et al., 1995; Kumar and Hoerling, 1995;
Rowell, 1998], potentially predictable from SST if these last
are known in advance, and internal unpredictable variance
(or ‘‘noise’’). However, different AGCMs could respond to
the same SST forcing in different ways; so a multi-AGCM

ensemble (with multiple runs for each AGCM) allows one to
consider AGCMs differences also. The SST impact can be
measured in terms of changes in the PDF of the atmospheric
state, here defined through large-scale wind indices related
to WAM circulation. In the tropics, it is well known that the
effect of interannual SST variations is to create a detectable
shift in the atmosphere’s mean state [Kumar and Hoerling,
1995; Stern and Miyakoda, 1995], but this effect could also
be a reduction of the spread of the possible outcomes
without any significant shift of the mean [Anderson and
Stern, 1996]. Various scores have been used to measure the
deterministic and probabilistic information provided by an
ensemble of AGCMs runs. The ensemble mean gives, on
average, a better skill than an individual forecast, but it does
not provide all the information contained in the ensemble.
Two probabilistic scores (Kuiper statistic (KS) and rank
probability skill score (RPSS)) have been also used here to
take advantage of the full ensemble information.
[13] The reproducibility of WAMI is estimated with KS

[Anderson and Stern, 1996; Jetsu and Pelt, 1996]. The null
hypothesis is that two independent samples have been
drawn from the same continuous probability distribution.
In this study, the first sample is made of the 21 runs of a
given year i whereas the second sample is constituted of the
21 runs of the n � i remaining years (i.e., 21 � 33 runs),
which gives a rough estimate of the ‘‘climatological’’ PDF
[Anderson and Stern, 1996]. KS ranges theoretically be-
tween 0 and 1; large values suggest that the two samples can
be assumed to come from different continuous distributions
[Jetsu and Pelt, 1996], so that SST provides a significant
forcing.
[14] The predictability estimated with KS is only poten-

tial since the performance of a model in simulating observed
WAMI (called the skill of the model hereafter) could also
be weakened by (1) systematic errors in AGCMs and
(2) intervention of forcing factors other than SST. AGCM
skill for each year is here evaluated through the rank
probability skill score (RPSS) [Doblas-Reyes et al., 2000].
The rank probability score [Epstein, 1969] measures the
overall forecast performance of the ensemble of 21 runs.
The 34 observations (after having standardized WAMI to
zero mean and unit variance) are first distributed into three
almost equiprobable categories (with 12, 10 and 12 mem-
bers, respectively). Each run is standardized over the 1961–
1994 period. The 21 runs of a given year are then distrib-
uted into these three categories, and the corresponding
forecast cumulative distribution is obtained. The observa-
tion occurs, of course, in only one category. RPS for one
forecast is the sum of the squared errors of the cumulative
distributions. A perfect forecast would assign all of the
probability to the same category in which the observation
occurs, resulting in an RPS of 0. The RPSS expresses the
relative improvement of the forecast against a reference
forecast (here, the climatology) and is 100% for a perfect
forecast, 0% for a trivial forecast and even negative values
when the forecast concentrates its probability far from the
observed category [Doblas-Reyes et al., 2000].

3. Climatology

[15] The climatology of the upper and lower levels of the
WAM in August is displayed for ERA-40 (Figure 1) and
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each AGCM (200 hPa (Figure 2) and 850 hPa (Figure 3)). In
northern summer, strong easterlies in the upper troposphere
and strong southwesterlies in the lower troposphere prevail
over the entire West African monsoon area, as shown in
Figure 1 for the month of August. At low levels (Figure 1b)
the southwest monsoon flow registers maxima near 7.5�N
whereas in the upper troposphere the mean flow is domi-
nated by the Tropical Easterly Jet (TEJ), which peaks
(around 17 m/s) above southern Nigeria and exhibits weak
divergence across its main axis (Figure 1a). If the mean TEJ
latitudinal position and intensity are successfully simulated
by ARPEGE (Figure 2a), they appear too weak and too
northerly in the ECHAM 4 (Figure 2b) and ECHAM 3
(Figure 2c) simulations. This is in agreement with previous
studies. Cherchi and Navarra [2003], analyzing the same
ensemble of ECHAM 4, also found that TEJ is weaker than
in the ERA-15 reanalyses over the Indian Ocean. TEJ is also
weaker in GISS than in ERA-40 (Figure 2d) but is not
shifted northward. The northward component of the low-
level monsoon flow is usually weaker in AGCMs than in
ERA-40 (Figure 3). This difference is stronger in ARPEGE

(Figure 3a) and ECHAM 4 (Figure 3b) and weaker for
ECHAM 3 (Figure 3c) and GISS (Figure 3d). In ARPEGE
and GISS (Figures 3a and 3d) the highest intensity of the
monsoon flow is also shifted toward the central and eastern
Sudan-Sahel belt, compared to the ERA-40.
[16] The mean seasonal evolution of the 200 hPa zonal

wind component (850 hPa wind modulus) averaged over the
box 20�W to 20�E; 3�–13�N (same limits as Garric et al.
[2002]) is displayed in Figure 4a (Figure 4b). TEJ peaks
clearly in July–August in concomitance with the Asian-
African northern monsoon system; overall, the seasonal
phase is well simulated, but the differences regarding wind
speed compared to the ERA-40, already stressed for August
(Figure 2), are also observed for the whole summer season
(Figure 4a). The observed seasonal evolution in low levels
is characterized by a weak but robust strengthening of the
eastward wind component: The weak southerlies in May are
clearly replaced by a southwesterly circulation peaking in
July-August. In October (Figure 4b) the northeasterly Har-
mattan is reinstalled in association with the monsoon
withdrawal. This seasonal evolution appears well simulated

Figure 1. Mean wind (arrows) and modulus of the wind (shading) in m/s in August at (a) 200 hPa and
(b) 850 hPa from ERA-40 (period 1958–2001). The vector scale is indicated at the bottom of each panel.

D24105 MORON ET AL.: WEST AFRICAN MONSOON CIRCULATION IN AGCM

4 of 18

D24105



F
ig
u
re

2
.

M
ea
n
w
in
d
(a
rr
o
w
s)

an
d
m
o
d
u
lu
s
o
f
th
e
w
in
d
(s
h
ad
in
g
)
in

m
/s
in

A
u
g
u
st
at

2
0
0
h
P
a
fo
r
(a
)
A
R
P
E
G
E
(p
er
io
d

1
9
4
8
–
1
9
9
7
),
(b
)
E
C
H
A
M

4
(p
er
io
d
1
9
6
1
–
1
9
9
4
),
(c
)
E
C
H
A
M

3
(p
er
io
d
1
9
5
0
–
1
9
9
4
),
an
d
(d
)
G
IS
S
(p
er
io
d
1
9
5
1
–
1
9
9
8
).

T
h
e
v
ec
to
r
sc
al
e
is
in
d
ic
at
ed

at
th
e
b
o
tt
o
m

o
f
ea
ch

p
an
el
.

D24105 MORON ET AL.: WEST AFRICAN MONSOON CIRCULATION IN AGCM

5 of 18

D24105



F
ig
u
re

3
.

M
ea
n
w
in
d
(a
rr
o
w
s)

an
d
m
o
d
u
lu
s
o
f
th
e
w
in
d
(s
h
ad
in
g
)
in

m
/s
in

A
u
g
u
st
at

8
5
0
h
P
a
fo
r
(a
)
A
R
P
E
G
E
(p
er
io
d

1
9
4
8
–
1
9
9
7
),
(b
)
E
C
H
A
M

4
(p
er
io
d
1
9
6
1
–
1
9
9
4
),
(c
)
E
C
H
A
M

3
(p
er
io
d
1
9
5
0
–
1
9
9
4
),
an
d
(d
)
G
IS
S
(p
er
io
d
1
9
5
1
–
1
9
9
8
).

T
h
e
v
ec
to
r
sc
al
e
is
in
d
ic
at
ed

at
th
e
b
o
tt
o
m

o
f
ea
ch

p
an
el
.

D24105 MORON ET AL.: WEST AFRICAN MONSOON CIRCULATION IN AGCM

6 of 18

D24105



Figure 4. Monthly mean evolution of (a) the zonal component of the wind at 200 hPa, (b) the modulus
of the mean wind at 850 hPa, averaged over 20�W to 20�E, 3�–13�N, and (c) their correlation (� 100) in
ERA-40 (bold line), ARPEGE (line with circles), ECHAM 4 (line with downward pointing triangles),
ECHAM 3 (line with upward pointing triangles) and GISS (line with crosses). Mean values and
correlation coefficients are computed over the 1961–1994 period.
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overall; however, several topics have to be pointed out: In
the selected regional box, the monsoon flow intensity seems
too strong in ARPEGE (Figure 4b), and the direction of the
flow is also too westerly (not shown) and too weak in the
remaining models (Figure 4b). So if the AGCMs are able to
simulate a monsoonal circulation over West Africa that is
similar to ERA-40, especially ARPEGE, the monsoon flow
is weaker in ECHAM 3 and ECHAM 4 than in ERA-40
and overall the TEJ axis is shifted northward compared to
ERA-40.
[17] Various studies [Webster and Yang, 1992; Fontaine

et al., 1995; Moron et al., 1995; Goswami et al., 1999] have
indicated that the low-level and upper level winds are
inversely related in the tropics mainly over the monsoonal
area. In particular, a positive anomaly of the wind modulus
at 850 hPa (i.e., strengthening and/or deepening of the
monsoon flow) is usually associated with a negative anom-
aly of the zonal wind component at 200 hPa (i.e., strength-
ening of the TEJ) and vice-versa. The monthly correlation
between wind speed of the zonal component at 200 hPa and
wind speed at 850 hPa is displayed in Figure 4c, and the
mean seasonal value in July–September (JAS) is shown in
Table 1 (fourth column). The negative correlations are
always significant at the one-sided 0.05 level in July–
August and then decrease in September (mainly in ECHAM
3–4). The signs of the correlations in Figure 4c change in
October in relationship to the disappearance of the TEJ in
the upper troposphere and the low-level monsoon flow.
Note that correlations between MOD850 and U200 are quite
similar for the ensemble mean and the concatenated runs for
ARPEGE and ECHAM 4, but quite different for ECHAM 3
and mainly GISS. The inverse relationship between upper
and lower levels of the WAM circulation is thus stable for
the first two AGCMs and noisier for GISS, with correlations
for individual runs varying from �0.32 (not significant) to
�0.65 (unless stated, the correlations indicated in the text
are significant at the 0.01 level according to a random-phase
test, where 10,000 random time series with the same
spectral power, but random phases, are correlated [Janicot
et al., 1996; Ebisuzaki, 1997]).
[18] We define, then, a dynamical index, called the West

African Monsoon Index (WAMI), that stands for the mon-
soon circulation in terms of both vertical and horizontal
internal coherency: the vertical shear is estimated from the

difference between the 850 hPa wind modulus (MOD850)
and the 200 hPa zonal wind component (U200), averaged
from 20�W to 20�E and from 3�N to 13�N in exactly the
same way as done by Garric et al. [2002]. Notice that the
interannual variability of WAMI is dominated by U200: Its
standard deviation is 2.5–6 times greater than MOD850
(Table 1).

4. Interannual Variability and Teleconnections
With SST

4.1. Interannual Variability of WAMI

[19] Figure 5a displays the interannual evolution of
WAMI averaged over the northern summer (JAS) as esti-
mated through ERA-40 (bold line with squares) and NCEP-I
(solid thin line) reanalyses. Note that in NCEP (but not in
ERA-40), WAMI is characterized by a strong decrease
between 1966 and 1967 (Figure 5a), mainly through the
modulus of the wind at 850 hPa (not shown; see standard
deviation of MOD850 in NCEP-1 in Table 1), due
to changes in the assimilation procedure in NCEP data
[Poccard et al., 2000; Camberlin et al., 2001; Janicot et al.,
2001]. After 1967, by contrast, ERA-40 and NCEP-I
WAMI estimates are very close (r = 0.72) and highly
similar after 1979 because of the efficient assimilation of
satellite data both in ERA-40 and NCEP-I. When WAMI is
computed from the ‘‘Oort’’ data set, which includes just a
statistical Cressman algorithm to interpolate station values
onto a regular grid [Oort, 1978; Oort and Liu, 1993; Moron
et al., 2001], its values are more correlated with ERA-40
(r = 0.86) than with NCEP-I (r = 0.60) over the common
period (1963–1989), but over the period 1968–1989 they
are quite similar (r = �0.86 with the two reanalyses). In the
following, the wind data will be issued from ERA-40
whereas the discrepancy between ERA-40 and NCEP-I
(mostly before 1968, then in 1973 and 1977–1978; see
Figure 5a) will give us a rough estimate of the uncertainty
in the reanalyzed WAMI, used here as a surrogate for the
observations. This allows us to fix an upper limit to the skill
that could be reached by any AGCM.
[20] Figure 5b also shows WAMI calculated for the four

AGCMs (markers) and ERA-40 (solid bold line). Over the
1961–1994 common period, skill is highly significant
(correlation between reanalyzed and simulated (equals
ensemble mean of each AGCM) WAMI equals 0.58, 0.64,
0.56 and 0.51 for ARPEGE, ECHAM 4, ECHAM 3 and
GISS, respectively). It should be emphasized here that the
amount of SST-forced variance (computed with the algo-
rithm of Rowell et al. [1995]) equals 58%, 34%, 55% and
51% for ARPEGE, ECHAM 4, ECHAM 3 and GISS,
respectively, over the 1961–1994 period. The low value
for ECHAM 4 is partly attributable to the small number of
available runs, since the external variance, computed with
ANOVA methods as done here, usually increases with the
number of available runs [Gualdi et al., 1999]. Thus the
skill is not very far from the highest reachable value, if
ERA-40 is considered as a good surrogate for observation,
since AGCM is just able to correctly fit the SST-forced
variance. Moreover, the skill is largely higher than that for
Sahelian rainfall [Sud and Lau, 1996; Sperber and Palmer,
1996; Moron et al., 2003]. Garric et al. [2002] found a
slightly higher skill for WAMI with ARPEGE (r = 0.71) but

Table 1. Mean Speed of the Wind (Standard Deviation of the

Wind) at 850 hPa (MOD850) and of the Zonal Component of the

Wind at 200 hPa (U200) for ERA-40, NCEP-1, and Each AGCM

(Mean of Available Runs) in the 1961–1994 (July–September)

Period Averaged Over 20�W to 20�E, 3�–13�N, As Well As Linear

Correlations (� 100) Between MOD850 and U200

MOD850, m/s U200, m/s
Correlation MOD850

Versus U200

ERA-40 +2.8 (0.6) �12.7 (2.0) �84a

NCEP-1 +2.6 (2.1) �13.7 (2.7) �82a

ARPEGE +4.2 (0.8) �12.7 (1.9) �80a (�77a)
ECHAM 4 +2.4 (0.4) �5.2 (1.7) �59a (�58a)
ECHAM 3 +1.7 (0.4) �4.1 (2.4) �66a (�57a)
GISS +2.9 (0.4) �11.4 (0.9) �81a (�56a)

aSignificant values at the one-sided 0.01 ‘‘random-phase’’ test [Janicot et
al., 1996, 2001; Ebisuzaki, 1997]. The values are computed over the 1961–
1994 time period, and for each AGCM the ensemble mean (concatenated
runs) is displayed.
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Figure 5. (a) WAMI (modulus of the wind at 850 hPa minus the zonal component wind at 200 hPa) in
m/s computed from ERA-40 (bold line with squares) and NCEP-I (thin line). (b) WAMI from ERA-40
(bold line) and simulated by ARPEGE (circles), ECHAM 4 (downward pointing triangles), ECHAM 3
(upward pointing triangles), and GISS (crosses). The simulated WAMI are the mean ensemble of all
available runs for each AGCM. All time series in Figure 5b are standardized to zero mean and unit
variance over the common period 1961–1994.
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over a shorter period than here (1979–1993) and with a
different integration scheme. The skill equals 0.74 here over
the 1979–1993 period for ARPEGE. Note that the correla-
tion between the ensemble of the four AGCMs’ mean and
ERA-40 equals 0.68 over the common period 1961–1994.

4.2. Teleconnections With SST at Seasonal Scale

[21] Figure 6 displays, for the JAS season, the observed
SST field–WAMI (and its components) relationship in
terms of correlation coefficients. The pattern in Figure 6
emphasizes the role of tropical Pacific forcing and, namely,
of the ENSO phenomenon: Warm (cold) SST anomalies
(SSTA hereafter) in the central and eastern equatorial

Pacific are associated with a weaker (stronger) than normal
West African monsoon [e.g., Palmer et al., 1992; Moron et
al., 1995; Rowell et al., 1995; Janicot et al., 1996; Rowell,
2001]. The ENSO-WAMI link results from perturbations in
the E-W quasi-divergent cells [Janicot et al., 1998, 2001;
Rowell, 2001]: Warm (cold) ENSO events are associated
with a weakened (strengthened) TEJ (Figure 6b) and
anomalous subsiding (ascending) motions over the whole
boreal monsoon sector. The ITCZ tends also to be shifted
southward during warm events [Rowell, 2001]. The Atlantic
signal is weaker even at 850 hPa (Figure 6a).
[22] To check the consistency between the observed and

simulated teleconnections structures [Sperber and Palmer,

Figure 6. Correlation (� 100) between SST and (a) the modulus of the wind at 850 hPa, (b) the zonal
component of the wind at 200 hPa, and (c) WAMI computed over the window 20�W to 20�E, 3�–13�N
(from ERA-40). Shading indicates significant values at the two-sided 0.1 level according to a random-
phase test.
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1996], each simulated WAMI is correlated with the SST
field (Figure 7). Correlations in Figure 7 are computed using
the concatenated individual runs from each AGCM rather
than the ensemble means. This allows a fair comparison with
ERA-40, for which only one realization is available. The
modeled teleconnections with SST (Figure 7) match quite
accurately those estimated from ERA-40 (Figure 6c) but
with a weaker amplitude. As in observations, the major
forcing on simulated WAMI is partially related to ENSO
[Janicot et al., 2001; Rowell et al., 1995; Rowell, 2001]: A

weak (strong) monsoon is associated with warm (cold)
ENSO and also warm (cold) SSTA in the SW Indian Ocean
and the whole tropical Atlantic. However, compared to
ERA-40 (Figure 6c), the best correlations over the eastern
equatorial Pacific (located near 120�W and 7�–10�S in the
observations, Figure 6c) weaken (mainly in ECHAM 3 and
ECHAM 4, because of a southward shift of the highest
values, Figures 7b and 7c). The ‘‘rather good’’ observed/
simulated likeness in teleconnections points out AGCMs’
ability to simulate dynamical links of large scale. Each

Figure 8. Mean monthly wind values during warm (bold solid line), cold (bold dashed line) and neutral
(thin solid line) in m/s for the modulus of the wind at 850 hPa (second column), the zonal component of
the wind at 200 hPa (first column) and WAMI (third column) from (a–c) ERA-40, (d–f) ARPEGE, (g–i)
ECHAM 4, (j–l) ECHAM 3 and (m–o) GISS. The values for each AGCM are the mean of the available
runs, and the circles indicate significant anomalies at the two-sided 90% level according to a Student t test
(H0: the mean anomaly of the warm/cold years equals the mean anomaly of the neutral years).
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AGCM also exhibits a clear regional SST forcing over
the tropical Atlantic (mainly its southern and equatorial
parts) and the western Indian Ocean (Figure 7), where
cold (warm) SSTAs are associated with an anomalously
strong (weak) West African monsoon [Hastenrath, 1990;
Fontaine and Bigot, 1993; Rowell et al., 1995; Giannini et
al., 2003]. There are some differences among the four
AGCMs (Figure 7). For example, the relationships
between WAMI and the southern Atlantic Ocean appear to
be stronger for ARPEGE (Figure 7a) and GISS (Figure 7d)
than for ECHAM 4 (Figure 7b) and ECHAM 3
(Figure 7c). However, these differences could be associated
with sampling variability, and it is not reasonable to specu-
late further on this issue just with the evidence presented
here.

4.3. ENSO Impact at Monthly and Seasonal Scales

[23] The relationship between WAMI and its compo-
nents and the tropical Pacific is further investigated since
the central and eastern basins seem to provide the main
SST forcing (Figure 7). The seasonal phase and intensity
of WAMI and its components during major ENSO are
displayed in Figure 8, and the mean standardized anomaly
of WAMI in JAS is displayed in Table 2. The cold (warm)
events are defined from the multivariate ENSO index
defined by Wolter and Timlin [1998]: The July–August
or August–September bimonths ranked in the 1–2 (6–7)
categories (see Table 1 of Wolter and Timlin [1998])
define here the cold (warm) years, i.e., 1964, 1967,
1970, 1971, 1973, 1975, 1988 (1965, 1972, 1976, 1982,
1983, 1986, 1987, 1991, 1993, respectively). The 18
remaining years are said to be ‘‘neutral.’’ In ERA-40
(Figures 8a–8c and Table 2) the cold (warm) ENSO
events are associated with stronger (weaker) flows without
any significant phase shift. Regarding simulations, anoma-
lies are much more marked (and significant) during cold
events (Figures 8d–8o), mainly consisting in a significant
acceleration of the TEJ in July–August (August–Septem-
ber in ARPEGE, Figure 8d) and of the monsoon flow
from July to September. The mean anomalies during warm
events are almost equivalent to those observed during
‘‘neutral’’ years except for ECHAM 4 (Table 2). Never-
theless, the overall monsoon is usually anomalously weak
during warm ENSO events (Table 2). Last, as in ERA-40,
the seasonal phase of simulated WAMI and its component
is not significantly modified during warm/cold events

(Figure 8). In summary, there is a stronger asymmetry
between simulated WAMI during warm and cold ENSO
extremes than between reanalyzed WAMI during these
events.

5. Yearly Analysis of Reproducibility and Skill
of WAMI in the Multimodel Ensemble

[24] The above sections indicated that the mean tele-
connections linking the observed WAMI to SST are cor-
rectly simulated, mainly if we consider the teleconnections
with the tropical Pacific and the southern and equatorial
Atlantic (Figures 6 and 7). The objective is now to assess
the reproducibility and skill of WAMI on a yearly basis
using a probabilistic approach. Figure 9a (Figure 9b) dis-
plays the cumulative distribution function (CDF) for 1974
(1975) and the ‘‘climatological’’ one. Note that the ‘‘clima-
tology’’ is almost identical in both cases and broadly
Gaussian. The CDF of the 21 runs in 1974 is very close
to the ‘‘climatology’’ one (Figure 9a). By contrast, in 1975,
the 21 runs are all strongly positive and visually very far
from the ‘‘climatology,’’ suggesting a strong forcing of the
SST during that year (Figure 9b). KS for all years is
displayed on Figure 9c with the one-sided 0.1, 0.05 and
0.01 levels of significance estimated with a Monte Carlo
procedure (1000 random samples of 21 runs coming from
different years are compared with the remaining 693 runs).
The reproducibility is usually higher during cold than
during warm ENSO years (Figure 9c). KS could be also
moderate to strong during neutral years (as in 1961, 1966,
1980, 1984, 1990 and 1994). The better reproducibility
observed during cold ENSO years is not associated with a
smaller spread between runs or AGCMs than during the
warm ENSO or neutral years (not shown). So in cold ENSO
years, the noise associated with the different internal atmo-
spheric processes between runs and AGCMs is not signif-
icantly reduced. Their better reproducibility is mainly due to
a stronger amplitude of simulated anomalies (Table 2). KS,
computed with 1000 samples of 12 members considering 3
runs from each AGCM, yields almost the same results (not
shown).
[25] The interannual variability of skill is assessed

through RPSS (Figure 9d). An important interannual vari-
ability of the skill is observed even when considering other
thresholds or a different number of categories (this yields
rather similar results). In general, RPSS is always above
50% during the cold ENSO years, which indicates a strong
improvement versus climatology. Regarding the warm
ENSO and neutral years (Figure 9d), larger spread is
observed in RPSS values. Simulated WAMI is too strong
relative to ERA-40 in 5 warm ENSO years (i.e., 1972, 1976,
1982, 1983, 1993). This is mainly due to ECHAM 3 and
ECHAM 4 (1972), ARPEGE and GISS (1976), all AGCM
(1982), GISS (1983) and ECHAM 3 and ARPEGE (1993)
(Figure 5b). Note also that ARPEGE and GISS are rather
skillful in simulating reanalyzed WAMI during the warm
ENSO event of 1997 (Figure 5b). RPSS has been also
computed on 1000 samples of 12 members considering 3
runs from each AGCM and yielded almost the same results
(not shown). The strong variability of skill in warm ENSO
events does not necessarily reflect a deterministic signal but

Table 2. WAMI Composites in Standardized Anomalies for the

Warm and Cold ENSO Years (See Text) for Each AGCM

Ensemble Mean and ERA-40 (Zero Mean and Unit Variance)

Along With in Parentheses the Number of Years With the Same

Anomaly Polarity

Warm ENSO (9 Years) Cold ENSO (7 Years)

ERA-40 �0.8a (8) +0.9a (7)
ARPEGE �0.5 (7) +1.2b (7)
ECHAM 4 �0.7c (8) +1.0b (6)
ECHAM 3 �0.4 (6) +1.4b (7)
GISS �0.4 (7) +1.4b (7)

aSignificant values at the two-sided 0.1 Student t test.
bSignificant values at the two-sided 0.02 Student t test.
cSignificant values at the two-sided 0.2 Student t test (H0: the mean of
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Figure 9. Cumulative distribution function for WAMI (solid lines) and the remaining years (dashed
lines) in (a) 1974 and (b) 1975. Yearly KS score for (c) WAMI, with the one-sided 0.1, 0.05 and 0.01 level
of significance (dotted lines) estimated through a Monte Carlo procedure (see text). (d) Ranked
probability skill score (in percent) for WAMI; Stars (circles) indicate the cold (warm) ENSO events.
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could be associated with sampling variations. Nevertheless,
this is consistent with the result listed in section 4.
[26] It is beyond the scope of this paper to explain the

differences observed among the warm ENSO events, but a
hypothesis can be put forward. Figure 10 displays the SST
anomalies field for the skillful warm ENSO events (i.e.,
those with RPSS > 50%, suggesting a strong improvement
relative to climatology, Figure 9d) (Figure 10a) and the
unskillful warm ENSO events (i.e., those where RPSS is
close to zero or negative, Figure 9d) (Figure 10b). The
skillful ENSO events (Figure 10a) are mainly characterized
by warm SSTAs over the central-eastern tropical Pacific and
usually over the subtropical North Atlantic, promoting then
a negative anomaly of WAMI in AGCMs (Figure 7). By
comparison, the unskillful ENSO events (Figure 10b) are
characterized by warm SSTAs in the tropical Pacific but
only significantly eastward of 140�W. More important, they
are also associated with a significant cooling over the
equatorial Atlantic and western Pacific Ocean and a signif-
icant warming in the tropical Indian Ocean. The cold SSTAs
over the equatorial Atlantic propagate deep into the Gulf of
Guinea, which could induce a positive WAMI anomaly,
as shown mainly in ARPEGE and GISS simulations
(Figures 7a and 7d). The two last panels show the differ-
ences between the two categories of warm ENSO events
within the AGCMs (mean of each AGCM) (Figure 10c) and
in ERA-40 regarding the 200 hPa field (Figure 10d). It is
striking that over the whole tropical belt, differences are
strong within the AGCMs (and statistically significant over
and around Africa) but quite weak in ERA-40. In particular,
the models simulate a strong northeasterly anomaly
across North Africa during the unskillful warm events
(Figure 10c), consistent with a too strong WAMI. So it
seems that when an AGCM runs in forced mode (that is to
say, its atmospheric response depends only on the SST
forcing), it is oversensitive to the particular SSTA pattern
displayed in Figure 10b; this is not attested in the ERA-40
reanalyses since they incorporate the available observations
through the assimilation process (Figure 10d). It remains,
however, necessary to examine whether the bias registered
in AGCMs (regarding ERA-40) is associated more with the
whole tropical part of the pattern than with any particular
oceanic basin.

6. Summary and Conclusion

[27] We have analyzed the behavior of 21 runs coming
from four AGCMs (ECHAM 3, ECHAM 4, ARPEGE and
GISS) in simulating and predicting the seasonal mean
and interannual variability of the West African monsoon
(WAM) dynamics and compared these models with ERA-40
reanalyses.
[28] The results show a rather good AGCM ability (albeit

depending on the model) to simulate monsoonal circulation
over West Africa that is similar to ERA-40 (Figure 1) in
terms of both intensity and seasonal evolution, with, how-
ever, a weaker southern wind component at low levels
around 10�N (Figure 3) and a Tropical Easterly Jet (TEJ)
axis shifted northward compared to the ERA-40 (Figure 2).
The TEJ is also weaker in ECHAM 3 and ECHAM 4 than
in ERA-40 (Figures 2b and 2c). The particular vertical wind
structure observed above the West African monsoon (i.e.,

the connection between the low-level and upper level flows
through divergent circulation and moist convection) is well
simulated by the four AGCMs (Figure 4c and Table 1) and
allows us to define a WAM dynamical index (WAMI). This
index has been defined by the difference between the wind
modulus at 850 hPa just at the summit of the wet monsoon
flux and the zonal component of the TEJ (Figure 5). This
index is dominated by the interannual variability of the TEJ
(Table 1).
[29] The interannual variability of the West African

monsoon has been analyzed in terms of these three indices.
The simulation of the interannual variability of the wind
indices is not too strongly model dependent. It can therefore
be considered mainly as a deterministic result from the SST
forcing. As in ERA-40 (Figure 6), a weak (strong) monsoon
is associated with warm (cold) ENSO-like episodes along
with warm (cold) SSTA in the SW Indian Ocean and
the southern and equatorial parts of the tropical Atlantic
(Figure 7). This ‘‘rather good’’ reanalyzed/simulated like-
ness in teleconnections points out the AGCMs’ ability to
simulate dynamical links at least at regional scale. The four
AGCMs also seem oversensitive to western tropical Pacific
SST (Figure 7). On a yearly basis, the Kuiper statistic and
the rank probability skill score were used to estimate the
reproducibility and the skill of the 21 runs in a probabilistic
way. The results reveal an asymmetry of the simulated
WAMI in warm and cold ENSO years (Figure 8), whereas
there is little difference between the magnitudes of the
reanalyzed WAMI in warm/cold years. The reproducibility
and skill (Figure 9) in cold ENSO years are higher than in
years registering warm episodes. This is mainly due to
stronger amplitudes of anomalies in the models (Table 2).
So, during warm events, WAMI appears less predictable and
less skillful than during cold occurrences. It remains to be
understood if these errors come from a particular SST
pattern and/or from other factors not properly considered
by these experiments. It seems that the composite of the
unskillful warm ENSO years (i.e., 1976, 1982, 1983, 1993)
is characterized by a quadripole SSTA pattern along the
equatorial belt with warm (cold) SSTA over the eastern
Pacific and Indian Ocean (Atlantic Ocean and western
Pacific) (Figure 10). Outside the extreme ENSO events,
the SST forcing can also be significant, as in 1961, 1966,
1980, 1984, 1990 or 1994 (Figure 9c), but the skill could be
very low during such years (as in 1966 and 1994), pointing
out systematic errors of the AGCM in the relationships
between SST and WAM and/or strong influence of any
forcing not included in these experiments (Figure 9d).
[30] Future works should investigate several questions:

First, these results need to be checked with a larger sample
of AGCMs including more runs since it is clear that the
yearly analysis performed here is biased by sampling
variations. The evaluation of KS and RPSS is also biased
by the different number of runs available for each AGCM.
The asymmetry between simulated WAMI during warm and
cold ENSO events and the systematic errors observed here
during particular warm ENSO events (mainly 1976, 1982,
1983, 1993) should be carefully checked and, if real,
explained. It is possible that systematic biases in mean wind
field, even outside West Africa, modify the teleconnection
between WAMI and its component and SST. Second,
additional studies are also needed to construct and evaluate
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statistico-dynamical forecasting schemes for Sahelian rain-
fall since WAMI (1) is strongly related to Sahelian rainfall
index (SRI) and (2) seems potentially predictable and
skillful from SST forcing (Figure 7 and Table 2), even if
predictability and skill are yearly variable and seem stron-
gest during the cold ENSO events (Figure 9 and Table 2). In
particular, the skill of WAMI largely outperforms the SRI
one (the correlations between observed and simulated SRI
ensemble mean time series over 1961–1994 range between
0.10 (ECHAM 4) and 0.47 (ECHAM 3) and decreases
below 0.20 (not significant) for the four AGCMs when the
interannual variability with frequencies higher than 1/8 cycle
per year is considered). Various analyses of DEMETER
runs [Palmer et al., 2004] would help to investigate such
future work.
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