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Abstract Besides sea surface temperature (SST), soil

moisture (SM) exhibits a significant memory and is

likely to contribute to atmospheric predictability at

the seasonal timescale. In this respect, West Africa

was recently highlighted as a ‘‘hot spot’’ where the

land–atmosphere coupling could play an important

role, through the recycling of precipitation and the

modulation of the meridional gradient of moist static

energy. Particularly intriguing is the observed rela-

tionship between summer monsoon rainfall over

Sahel and the previous second rainy season over the

Guinean Coast, suggesting the possibility of a soil

moisture memory beyond the seasonal timescale. The

present study is aimed at revisiting this question

through a detailed analysis of the instrumental record

and a set of numerical sensitivity experiments. Three

ensembles of global atmospheric simulations have

been designed to assess the relative influence of SST

and SM boundary conditions on the West African

monsoon predictability over the 1986–1995 period.

On the one hand, the results indicate that SM con-

tributes to rainfall predictability at the end and just

after the rainy season over the Sahel, through a

positive soil-precipitation feedback that is consistent

with the ‘‘hot spot’’ hypothesis. On the other hand,

SM memory decreases very rapidly during the dry

season and does not contribute to the predictability of

the all-summer monsoon rainfall. Though possibly

model dependent, this conclusion is reinforced by the

statistical analysis of the summer monsoon rainfall

variability over the Sahel and its link with tropical

SSTs. Our results indeed suggest that the apparent

relationship with the previous second rainy season

over the Guinean Coast is mainly an artefact of

rainfall teleconnections with tropical modes of SST

variability both at interannual and multi-decadal

timescales.

1 Introduction

Long-range forecasting of West African summer

monsoon precipitation is a major challenge, especially

in subsaharan countries whose dense populations and

agrarian economies are very sensitive to any deficit in

the June to September rainy season. Both statistical

and dynamical methods have been proposed, which are

all based on the assumption that the atmospheric var-

iability is influenced on the seasonal timescale by

slowly varying lower boundary forcings (Shukla 1998;

Trenberth et al. 1998). While dynamical predictions

rely on the explicit simulation of major atmospheric

processes, it is still unclear that they lead to better

estimations of seasonal precipitation anomalies on the

regional scale (Folland et al. 1991; Garric et al. 2002).

Most studies have emphasized the sensitivity of the

African monsoon to global and regional patterns of sea

surface temperature (SST) anomalies (Lamb 1978;

Folland et al. 1986; Janicot et al. 2001; Giannini et al.

2003). During the past decade, empirical statistical

methods have been proposed to predict regional

monsoon precipitation from SST predictors such as the

time coefficients of global empirical orthogonal func-

tions or SST indices averaged over selected domains
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(Folland et al. 1991; Landsea et al. 1993; Ward 1998).

More recently, dynamical predictability studies have

been conducted based on several atmospheric general

circulation models (GCMs) forced by observed SST

anomalies or fully coupled to oceanic GCMs (Palmer

et al. 2004). While the multi-model ensemble technique

has shown a general improvement compared to single-

model forecasts (Doblas-Reyes et al. 2005), prediction

scores are still poor over West Africa, in keeping with

former potential predictability studies suggesting that

only a limited fraction of West African precipita-

tion variability could be explained by SST anomalies

(Rowell 1998).

Given this major obstacle, it is particularly impor-

tant to look for other potential sources of seasonal

predictability than ocean initial conditions. Besides

SSTs, land surface variability is also likely to exhibit a

significant memory, and therefore to contribute to cli-

mate predictability, at the monthly to multi-decadal

timescales. Numerical sensitivity studies have first

emphasized the possible influence of vegetation on

North African climate through a positive surface

albedo feedback onto precipitation (Charney et al.

1977). While climate–vegetation interaction is still be-

lieved to amplify the multi-decadal variability of rain-

fall in the Sahel (Wang et al. 2004), it is still unclear

how it could exert a strong influence at the interannual

timescale. In this respect, soil moisture (SM) is a more

serious candidate. SM memory is controlled by the

seasonality of the atmospheric state, the dependence of

evaporation on SM, the variation of runoff with SM

and by the coupling between SM and the atmosphere.

Wu and Dickinson (2004) have quantified the time-

scales over which these factors act. SM memory is short

within the tropics and increases with latitude (Manabe

and Delworth 1990). It increases with depth and varies

with season, but it is relatively longer in arid regions.

Furthermore, SM memory can be much longer in dry

conditions than in wet cases in warm climates (Wu and

Dickinson 2004), but the key question is to know

whether SM anomalies effectively translate into sig-

nificant surface latent heat flux anomalies beyond a few

days or weeks. Given the lack of direct observation of

SM and surface turbulent fluxes at the regional scale,

this question has been mainly addressed with numeri-

cal models. Many experiments based on idealised,

modelled or analysed SM boundary conditions have

suggested a potential contribution of SM to climate

variability and predictability, particularly in boreal

summer mid-latitudes (Manabe and Delworth 1990;

Koster et al. 2000; Douville 2004; Conil et al. 2006).

Nevertheless, when it comes to assess the impact of SM

initialization (Douville and Chauvin 2000; Dirmeyer

2005; Conil and Douville 2006), the limited persistence

of SM anomalies, the possible drift at the land surface,

and the sizeable noise component of atmospheric var-

iability make it particularly difficult to enhance the

actual seasonal prediction scores, except in years of

large departure from the climatology at the start of

boreal summer in the mid-latitudes.

The particular sensitivity of the West Africa mon-

soon to surface hydrology has been emphasized by

both observational and numerical studies. Fontaine

and Philippon (2000) underlined the influence of spring

to summer evolution of SM through moist static energy

gradients on the Sahelian monsoon rainfall. Further

exploring this hypothesis and the preliminary study of

Landsea et al. (1993), Philippon and Fontaine (2002)

proposed a monsoon regulation mechanism by SM,

whereby September to November (SON) rainfall of

the previous year could influence, and be a predictor

of, July to September (JJAS) Sahelian rainfall. This

remote rather than local effect is not in contradiction

with the results of Shinoda and Yamaguchi (2003) who

showed that Sahelian root-zone SM does not act as a

memory of rainfall anomaly into the following rainy

season. Moving to numerical studies, Douville et al.

(2001) found a significant SM-precipitation feedback

over sub-Saharan Africa in ensembles of JJAS sea-

sonal hindcasts. Looking specifically at the 1987 and

1988 summer seasons, Douville (2002) suggested that

the relaxation of the Arpege-Climat atmospheric GCM

towards monthly reanalyses of SM could lead to a

better simulation of the monsoon rainfall contrast, but

suggested that this improvement was not mainly due to

a regional feedback, but rather to a remote effect of

mid-latitude stationary waves. Moreover, by compar-

ing the global impact of initial and boundary conditions

of SM, Douville and Chauvin (2000) suggested that SM

memory was generally too short in their model to

contribute significantly to boreal summer predictabil-

ity. Using a longer but less reliable SM climatology,

Douville (2004) further explored this issue and con-

cluded that initial SM anomalies could have a signifi-

cant influence on the predictability of JJAS

precipitation in the boreal mid-latitudes (especially

North America), but a limited impact in the tropics.

Koster et al. (2004) compared the degree of land–

atmosphere coupling in several atmospheric GCMs

and found that North America and sub-Saharan Africa

were two ‘‘hot spots’’ of strong interaction. Note

however, that the focus of the study was on intrasea-

sonal rather than interannual timescale. Therefore, this

result does not mean necessarily that SM is effectively

a source of seasonal predictability of African monsoon

rainfall.
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In summary, there are still many uncertainties

regarding the contribution of SM to Sahelian monsoon

rainfall predictability. There is also some confusion

between local versus remote effects, and daily-to-

weekly versus monthly-to-seasonal timescales. The aim

of the present study is to clarify these issues by using

both a statistical analysis of available monthly clima-

tologies and an original set of numerical sensitivity

experiments. It will be shown that the low sensitivity of

JJAS Sahelian rainfall predictability to SM in our

GCM is not in contradiction with the multi-model

West African ‘‘hot spot’’ found by Koster et al. (2004)

and with the apparent statistical (not physical!) rela-

tionship between the Sahelian and previous second

Guinean rainy seasons highlighted by Philippon and

Fontaine (2002). This relationship is briefly revisited in

Sect. 2. The numerical sensitivity experiments and

their results are described in Sect. 3. Section 4 is an

attempt to reconcile the observational and numerical

analyses. Section 5 summarizes the main findings and

draws the conclusions.

2 Observational evidence of soil moisture influence

on the seasonal timescale

2.1 Data sets

Several global or regional climatologies of precipita-

tion can be used to study the interannual variability of

the West African monsoon rainfall over the last few

decades. While they do show some differences in the

magnitude of the annual cycle and in multi-decadal

trends, they exhibit robust and consistent annual and

seasonal anomalies. In the present study, we use the

recent 0.5� · 0.5� climate research unit (CRU2,

Mitchell and Jones 2005) climatology that provides

global monthly mean precipitation from 1901 to 2002.

Other products such as the former lower-resolution

CRU climatology (Hulme et al. 1998) available at

http://www.cru.uea.ac.uk or the Global Precipitation

Center Climatology (GPCC, Beck et al. 2005) available

at http://www.dwd.de/vasclimo have been also tested

and lead to similar conclusions, but the need for a

relatively long and high-resolution instrumental record

has guided the choice of the CRU2 dataset. Note

however, that the original product has been interpo-

lated onto the 128 · 64 horizontal grid of the Arpege-

Climat model to enable a better comparison of simu-

lated versus observed precipitation. Two rainfall indi-

ces will be used in the continuation of the study: a sub-

Saharan or Sudan-Sahel rainfall index (SSR) and a

Guinean Coast rainfall index (GCR) that have been

averaged over 10�N–20�N/20�W–40�E and 4�N–10�N/

15�W–10�E, respectively. Their annual anomalies rel-

ative to the late 20th century climatology are shown in

Fig. 1 and illustrate the strong variability of West

African rainfall at both interannual and multi-decadal

timescales. Two SST indices will be also used to ac-

count for the main teleconnections between the West

African monsoon and the tropical oceans: a Guinean

Gulf index (GGT) in the eastern equatorial Atlantic

(5�S–5�N/30�W–10�E) and the well-known Niño–3 SST

index in the eastern equatorial Pacific (5�S–5�N/

150�W–90�W). Global monthly SSTs are derived from

the 1870–2002 HadSST.1 climatology (Rayner et al.

2003) and have been also interpolated onto the Arpe-

ge-Climat horizontal grid.

Given the lack of adequate in situ and satellite

observations, more or less constrained land surface

model outputs are generally used to validate or specify

SM in GCMs. The present study takes advantage of

phase 2 of the global soil wetness project (GSWP2,

Dirmeyer et al. 2005) to derive a 10-year 1� · 1� global

SM reanalysis by driving the ISBA (interaction sol-

biosphère–atmosphère, Douville 1998) land surface

model with a combination of 3 h meteorological anal-

yses and monthly precipitation, radiation and temper-

ature climatologies (Decharme and Douville 2006).

Note, however, that this climatology is not exactly the
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Fig. 1 CRU2 annual anomalies of Sudan-Sahel (in red) and
Guinean Coast (in green) rainfall indices (see text for the
definition) relative to the 1971–2000 climotology. Thick lines
represent low-pass filtered anomalies using a digital filter with a
10-year frequency cutoff
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one which has been provided to the GSWP intercom-

parison project, but a slightly different one based on an

alternative and presumably better precipitation forcing

(P3 instead of B0 baseline product) and on a two-layer

rather than three-layer soil hydrology, in keeping with

the ISBA version used in the Arpege-Climat GCM.

This dataset can be compared with the multi-model

GSWP2 reanalysis available at http://www.hane-

da.tkl.iis.u-tokyo.ac.jp/gswp2 (based on a dozen of land

surface models driven by the same atmospheric forcing

except the B0 rather than P3 precipitation) and with

the ERA40 reanalysis in which an ‘‘on-line’’ sequential

assimilation of screen-level temperature and humidity

is used to analyse SM in the European Center for

Medium-range Weather Forecast model (Douville

et al. 2000). Note that this alternative product is based

on a totally different methodology than GSWP2 and

therefore represents a fully independent dataset to

assess uncertainties in monthly SM anomalies over

West Africa.

Figure 2 compares the monthly evolution of abso-

lute SM anomalies over the previously defined Sudan-

Sahel and Guinean Coast domains, despite the use of

different soil parameters (including soil depth) in

ISBA, ERA40 and the GSWP2 multi-model analysis.

Obviously, ISBA is in close agreement not only with

the multi-model product but also with ERA40, which

gives us relative confidence in our SM climatology. The

agreement is however, better over sub-Saharan Africa

than over the Guinean Coast, which can be attributed

to the different size of the domains and the more

complex seasonality of the Guinean Coast precipita-

tion. Also shown in Fig. 2 are the associated monthly

evaporation anomalies. Here again, the three products

are consistent. Interestingly, they all indicate that SM

anomalies are more persistent than evaporation

anomalies, suggesting that SM memory might exist

without significant signature on turbulent surface fluxes

and low atmosphere variables. This result is expected

given the fact that evaporation is only sensitive to SM

over a limited range of soil wetness. The SM persis-

tence found in our study is relatively consistent with

the results of Shinoda and Yamaguchi (2003) based on

a simple water balance model and on in situ observa-

tions, who showed that the typical timescale of the

drying up of root-zone SM is approximately 1.5 months

in the Sahel.

2.2 Modes of interannual variability of West

African monsoon rainfall

A principal component analysis (PCA) had been

applied to observed JJAS precipitation over West

Africa (0–25�N, 20�W–25�E) based on filtered seasonal

anomalies from CRU2 over the 20th century. The fil-

tering is based on a digital high-pass filter with a 10-

year frequency cutoff and a Dolph-Chebyshev con-

vergence window. Note that the period of analysis is in

fact reduced to the 1911–1992 period since the loss of

10 years at the beginning and the end of the CRU2

timeseries is the price to be paid for the filtering. The

resulting leading spatial patterns (EOFs) are shown in

Fig. 3. Compared to the results obtained with raw data

(not shown), the filtering leads to a permutation of the

first two EOFs. The first EOF (25% of total variance)

is a dipole pattern between sub-Saharan Africa and the

Guinean Coast, while the second EOF (19% of total

variance) shows a homogeneous anomaly pattern

encompassing both regions. EOF 3 and 4 account for a

much smaller fraction of the JJAS precipitation vari-

ability and, not surprisingly, reveal more complex

geographical patterns.

Figure 4 shows global correlation maps between the

leading PCs and filtered JJAS SST anomalies. In

keeping with the results of former studies (i.e. Giannini

et al. 2003), EOF1 is related to the SST variability in

the eastern tropical Atlantic. Warm SSTs in the

Guinean Gulf are associated with a southward shift of

the inter-tropical convergence zone (ITCZ) and

therefore with a rainfall deficit (excess) over the Sahel

(Guinean Coast). EOF2 mainly shows a strong con-

nection with the El Niño Southern Oscillation

(ENSO), as indicated by the significant correlations

found in the tropical Pacific. Note again that multi-

decadal variability has been removed from the pre-

cipitation and SST timeseries so that ENSO does not

appear here as the main driver of the monsoon vari-

ability and the Indian Ocean influence is also partly

suppressed though apparent in the SST correlations

with EOF4.

Figure 5a shows lead-lag correlations of the four

principal components (PC) in year 0 with monthly

anomalies in SSR (as well as GCR for the first PC)

from year –1 to year +1. As expected from Fig. 3, PCs

1 and 2 are significantly anticorrelated with SSR

during the monsoon season in year 0. The relative

stability of the fraction of variance explained by each

EOF is illustrated by Fig. 5b showing sliding corre-

lations between JJAS SSR (as well as GCR for the

first PC) and the PCs. The correlations with PC1 and

PC2 remain significant over the whole 20th century,

even if the Atlantic mode (EOF1) shows an apparent

weakening over the last three decades, in association

with a strengthening of the ENSO mode (EOF2).

This result is consistent with the conclusions of former

studies (Janicot et al. 2001; Giannini et al. 2003). Also
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noticeable in Fig. 5a are the significant positive

correlations of PC1 with SSR during the previous

(year –1) and next (year +1) monsoon seasons. This

biennial behaviour is also found when looking at the

lead–lag correlations with monthly GCR (dashed

line). In keeping with the dipole structure of EOF1,

PC1 shows a strongly positive correlation with GCR

in year 0, but negative correlations before and after

the central year, especially in JASO–1. The synchro-

neous correlation is very stable (dashed line in

Fig. 5b), suggesting that the pattern of EOF1 is very

robust. More importantly, the significant anticorrela-

tion of PC1 with GCR in year –1 suggests that the

magnitude of the second rainy season over the

Guinean Coast could be a precursor of the next

monsoon rainfall over the Sahel.

2.3 Link between Guinean Coast and sub-Saharan

precipitation

This hypothesis is further explored in Fig. 6 showing

correlation maps between JJAS SSR anomalies and

grid-cell SON precipitation anomalies of the previous

year over West, North and East Africa. When esti-

mated from the raw seasonal precipitation timeseries

(Fig. 6a), the results confirm that SON Guinean rain-

fall in year –1 is strongly correlated with JJAS SSR in

year 0, in keeping with the results of Philippon and

Fontaine (2002) obtained over the 1968–1998 period.

Removing a linear trend estimated over the whole

instrumental record leads to a slight weakening of this

relationship (Fig. 6b). Conversely, filtering the sea-

sonal timeseries using the same high-pass filter as be-
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fore leads to a dramatic collapse of the correlations

(Fig. 6c), suggesting that the apparent inter-seasonal

link between GCR and SSR is mainly due to multi-

decadal variability.

This result is not surprising given the in-phase oscil-

lations of the low-pass filtered SSR and GCR annual

anomalies shown in Fig. 1. It is also confirmed by Fig. 7a

showing lead–lag correlations between JJAS SSR and

Fig. 3 Leading spatial
patterns (EOFs) of filtered
JJAS precipitation anomalies
over West Africa based on
the CRU2 climatology over
the 1911–1992 period. VF is
the fraction of variance
explained by each EOF

Fig. 4 Global correlation
maps between the leading
PCs of JJAS West African
rainfall and JJAS grid-cell
SST anomalies (detrended
and filtered) from the
HadSST.1 climatology. The
correlations are estimated
over the 1911–1992 period.
VF is the fraction of variance
explained by each EOF
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Fig. 5 a Lead–lag correlations of the leading PCs of JJAS West
African rainfall in year 0 with monthly anomalies in SSR (as well
as GCR for the first PC) from year –1 to year +1. Note that the
monthly timeseries have been filtered with a 5-month moving
average to smooth the correlations that have been estimated
over the 1911–1992 period. b Thirty-one years sliding correla-

tions between the first 4 PCs of JJAS West African rainfall and
JJAS anomalies in SSR (as well as GCR for the first PC).
Correlations with SSR are in solid lines and correlations with
GCR are in dashed lines. In both a and b, the 5% significance
levels are indicated by dashed horizontal lines
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d)c)

Fig. 6 Regional correlation maps between JJAS SSR in year 0
and SON (a–c) or JASO (d) grid-cell precipitation anomalies in
year –1: a raw anomalies, b detrended anomalies, c, d high-pass

filtered anomalies. The correlations are estimated over 1901–
2000 in a and b, and over 1911–1992 in c and d due to the filtering
of the timeseries
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monthly GCR anomalies over a 3-year window. While

the detrended timeseries (no high-pass filter) shows

strongly positive correlations during SON-1 (as well as

from August of year 0 to December of year +1), the

filtered timeseries shows a much weaker and hardly

significant signal. There is also a slight seasonal shift in

the peak of correlation during year –1 that changes from

SON to JASO (July–October). This is confirmed by

Fig. 6d showing a strengthening of the Guinean Coast

correlations compared to Fig. 6c. Note also that the peak

of lead correlations found in Fig. 7a is also found when

looking at the CRU or GPCC precipitation climatolo-

gies (not shown). Finally, the robustness of the Guinean

Coast precursor is illustrated in Fig. 7b showing sliding

correlations between JASO-1 GCR and JJAS SSR.

Except in the early decades of the 20th century where

the instrumental record is probably the most uncertain,

the positive correlation is relatively stable, though

weaker for high-pass filtered versus unfiltered anomalies.

This statistically robust relationship has been

attributed to a remote SM influence by Philippon and

Fontaine (2002). The proposed mechanism is that the

Guinean Coast SM anomalies associated with the sec-

ond rainy season are likely to persist during the dry

season, to modulate the moist static energy gradients

above the continent in March–April of year +1, and

thereby to influence the monsoon dynamics and the

associated rainfall over the Sahel. Though physically

based, this scenario seems very uncertain. It relies on a

strong SM memory that is not confirmed by the SM

reanalyses shown in Fig. 2, as well as on a significant

atmospheric response to SM anomalies that is unlikely

given the relatively small size of the Guinean Coast

domain. Nevertheless, this issue has been further ex-

plored using the Arpege-Climat atmospheric GCM.

3 Numerical sensitivity experiments

with the Arpege-Climat model

3.1 Experiment design

The GSWP2 project has offered the opportunity to

produce a 10-year (1986–95) SM analysis that is fully

consistent with the ISBA land surface model that is

currently used in the Arpege-Climat model (Déqué

et al. 1994; Douville and Chauvin 2000). It is therefore

very natural to use this climatology to prescribe SM at

the lower boundary conditions of the GCM, just as we

do with SST. Several strategies can be used for this

purpose, but the relaxation of deep SM towards the

monthly mean ISBA outputs of GSWP2 is probably

the most suitable technique to constrain the monthly

SM evolution while keeping a realistic land surface

feedback at higher frequencies (Douville 2003).

This methodology has been recently applied in

ensembles of atmospheric simulations driven by ob-

served monthly mean SSTs from the HadSST.1 cli-

matology (Rayner et al. 2003). A detailed description

of these experiments can be found in Conil et al.

(2006). The control experiment, FF, is a ten-member

ensemble of September 1985 to December 1995 inte-
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Fig. 7 a Lead–lag correlations between JJAS SSR in year 0 and
monthly GCR anomalies from year –1 to year +1 (also shown are
the auto–correlations with the filtered SSR timeseries). Note that
the monthly timeseries have been filtered with a 5-month moving
average to smooth the correlations that have been estimated

over the 1911–1992 and 1901–2000 periods for filtered and
unfiltered anomalies, respectively. b Thirty-one-year sliding
correlations between JJAS SSR in year 0 and JASO GCR in
year –1. In both a and b, the 5% significance levels are indicated
by dashed horizontal lines
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grations starting from different initial conditions de-

rived from a former model integration. The ISBA land

surface model is here fully interactive with the atmo-

sphere and is not nudged towards GSWP2. The

ensemble technique allows us to isolate the fraction of

the total variance that is forced by the SST boundary

conditions using a simple one-way ANOVA model

(Von Storch and Zwiers 1999).

Two sensitivity experiments have been also per-

formed using the same ensemble technique and the same

initial conditions. The experiment design is summarized

in Table 1. Experiment GG is similar to FF, but includes

the relaxation towards the GSWP2 monthly mean SM

climatology obtained with ISBA. Experiment EE also

includes the relaxation, but uses climatological rather

than interannual SSTs. A last experiment, starting from

GG integrations at the end of May and carrying on the

integrations without relaxation, was also performed to

assess the impact of SM initialization on JJAS hindcasts

but is not discussed in the present study given the lack of

response over West Africa. None of the experiments

deals with the impact of atmospheric initialization, which

is however, important during the first month of the

integration. The objective here is not to replicate the

design of operational long-range dynamical forecasts,

but rather to compare the relevance of SST and SM

boundary conditions at the seasonal timescale.

3.2 Mean annual cycle

Before looking at the impact of SM on seasonal vari-

ability and predictability, it is important to look at the

mean climate, especially for variables like precipitation

whose skewed distribution favours a link between

variability and mean state. The aim here is just to

illustrate that the Arpege-Climat model performs a

reasonable simulation of the annual cycle of the West

African monsoon and that the SM relaxation does not

have a dramatic impact on the mean climate. More

details about the model climatology and variability in

this region can be found in Joly et al. (2006). A global

evaluation of the EE, FF and GG experiments is

available in a companion study by Conil et al. (2006).

Like in most areas, the relaxation of Arpege-Climat

towards the ISBA-derived GSWP2 SM climatology has

a limited impact on the West African model climatol-

ogy. This can be explained by the limited SM biases

found in the control experiment over both sub-Saharan

Africa and the Guinean Coast compared to the

GSWP2 climatology (Fig. 8a, b). Also shown in Fig. 8

is the mean annual cycle of SM in the ERA40

reanalysis over the 1958–2001 period, which is very

different from GSWP2. Despite the relative agreement

between ERA40 and GSWP2 noted in Fig. 2 as far as

interannual variability is concerned, this large differ-

ence is consistent with the GSWP2 intercomparison

showing that the model spread is much stronger for

absolute SM than for SM variations. ERA40 considers

uniform rather than variable soil properties and in-

cludes a relaxation towards climatology to avoid a

spurious drift of SM. These remarks can explain the

lack of contrast between Sahel and the Guinean Coast

as well as the weaker magnitude of the annual cycle in

ERA40 compared to GSWP2. ERA40 is also likely to

underestimate the interannual variability of SM

(Ferranti and Viterbo 2006), as is suggested by the

monthly SM anomalies shown in Fig. 2.

Figure 8a and b also show that the sensitivity

experiment, GG is very close to GSWP2. While this

result demonstrates the efficiency of the nudging tech-

nique to constrain SM in the Arpege-Climat model, it is

important to note that it does not mean that surface

evaporation is also fully constrained. This is illustrated

by Fig. 8c and d that compare the annual cycle of sim-

ulated evaporation with the ERA40 and GSWP2 cli-

matologies. Whereas there are significant differences

between the ERA40 and GSWP2 analyses, the Arpege-

Climat model tends to overestimate surface evapora-

tion, especially over Sudan and Sahel, both in FF and

GG. There is only a limited sensitivity to the SM

relaxation, which is qualitatively consistent with the SM

differences shown in Fig. 8a and b. The gap between

GG and GSWP2 indicates that Arpege-Climat has sig-

nificant errors in the atmospheric variables that control

surface evaporation. It suggests in particular a dry bias

in the boundary layer. Note however, that the goal of

the present study is to assess the model sensitivity to

interannual anomalies of SM. The positive bias in sur-

face evaporation found in the Arpege-Climat model is

not necessarily a major obstacle for this purpose.

Finally, Fig. 8e and f show the mean annual cycle of

the regional SSR and GCR rainfall indices. Compared

to the CRU2 climatology and to the GSWP2 precipi-

tation forcing, the Arpege-Climat model shows a rea-

sonable simulation of both magnitude and timing of

the monsoon. Note however, that the length of the

rainy season is overestimated over sub-Saharan Africa.

It is better simulated over the Guinean Coast where

Table 1 Summary of the experiments

Name of
experiment

SST SM

EE Climatological Relaxed toward GSWP2
FF Observed Fully interactive
GG Observed Relaxed toward GSWP2
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the model is even able to capture the bimodal rainfall

distribution (first and second rainy seasons) that is

found in the original high-resolution CRU2 dataset,

but is here obscured by the interpolation onto the

Arpege-Climat horizontal grid. Comparing GG to FF

reveals only a slight increase in summer rainfall over

Sudan and Sahel, in keeping with the evaporation re-

sponse. This limited sensitivity of mean precipitation is

important to keep in mind. The key question is indeed

to know whether the relaxation has an impact on

precipitation variability and predictability. If such an

impact does exist, it will not be an artefact of a change

in mean climate but a real direct response to the

damping of internal SM variability (Douville 2003).

3.3 ANOVA

In order to first quantify the effects of SM and SST on

potential climate predictability, we make use of a one-

way analysis of variance (ANOVA) for which the

previously described simulations were designed. The

ANOVA is a powerful tool allowing the decomposi-

tion of the total variance into an internal and an

externally forced (SST and/or SM) component:

St = Si + Se. The ratio of externally forced versus total

variability is defined as potential predictability:

PP = Se/St. Details on the methodology and its

underlying hypotheses can be found in Von Storch and

Zwiers (1999).

J F M A M J J A S O N D

MONTHS

J F M A M J J A S O N D

MONTHS

J F M A M J J A S O N D

MONTHS

J F M A M J J A S O N D

MONTHS

J F M A M J J A S O N D

MONTHS

J F M A M J J A S O N D

MONTHS

50

100

150

200

250

S
M

 (
kg

/m
2)

FF
GG
ERA40
GSWP2-ISBA

Annual cycle of SM
SUDAN AND SAHEL [10N-20N,20W-40E]

200

300

400

500

S
M

 (
kg

/m
2)

FF
GG
ERA40
GSWP2-ISBA

Annual cycle of SM
GUINEAN COAST [4N-10N,15W-10E]

0

1

2

3

E
 (

m
m

/d
ay

)

FF
GG
ERA40
GSWP2-ISBA

Annual cycle of E
SUDAN AND SAHEL [10N-20N,20W-40E]

1

2

3

4

E
 (

m
m

/d
ay

)

FF
GG
ERA40
GSWP2-ISBA

Annual cycle of E
GUINEAN COAST [4N-10N,15W-10E]

0

1

2

3

4

5

P
 (

m
m

/d
ay

)

FF
GG
CRU2
GSWP2-ISBA

Annual cycle of SSR
SUDAN AND SAHEL [10N-20N,20W-40E]

0

2

4

6

8

10

P
 (

m
m

/d
ay

)

FF
GG
CRU2
GSWP2-ISBA

Annual cycle of GCR
GUINEAN COAST [4N-10N,15W-10E]

(a)

(c)

(e)

(b)

(d)

(f)
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Figure 9 shows the annual cycle of total variability

and potential predictability of surface evaporation,

zonally averaged between 20�W and 25�E over West

Africa. In the control experiment (Fig. 9a), the stan-

dard deviation of surface evaporation shows several

maxima, including expected ones at the end of the

rainy season(s) in equatorial and sub-Saharan lati-

tudes, but also unexpected ones over North Africa due

to an overestimated northward migration of the ITCZ

in summer. This unrealistic maximum is not suppressed

by the relaxation towards GSWP2, but the sensitivity

experiments (Fig. 9c, e) show a general weakening of

the evaporation variability that is consistent with the

damping of internal SM variability, as well as of SST

variability in EE. Looking back at the control experi-

ment (Fig. 9b), the potential preditability of land sur-

face evaporation is very low north of 10�N. The

maximum predictability (30–40%) is found between

the two rainy seasons at equatorial latitudes, and

during the dry season over the Guinean Coast. The

relaxation of SM towards GSWP2 has a strong impact

in experiment GG (Fig. 9d) that shows increased pre-

dictability at most latitudes and in most seasons. Nev-

ertheless, the predictability remains relatively low

during the rainy season, especially over Sudan and

Sahel where a clear minima appears during the sum-

mer monsoon. This minima is also found in EE, which

confirms that prescribing monthly SM anomalies is not

sufficient to control the interannual variability of sur-

face evaporation in the Arpege-Climat model. Surface

evaporation also depends on atmospheric variables

whose potential predictability can be very low. The

main exception found at sub-Saharan latitudes in

Fig. 9d and f is the end of the rainy season, when the

magnitude of the SM anomalies is maximum.

Figure 10 is similar to Fig. 9, but for precipitation.

Total variability (Fig. 10a) shows the signature of the

meridional migration of the ITCZ over West Africa
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over West Africa (land grid
points only) between 10�S
and 40�N
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and is not strongly reduced when SM is relaxed

(Fig. 10c) and when SST variability is suppressed

(Fig. 10e). This result suggests that the total variability

of West African precipitation is dominated by the

chaotic component—internal variability—of the cli-

mate system. This is confirmed by Fig. 10b showing

that the potential predictability of precipitation related

to the SST boundary forcing is very low in the control

experiment. Significant predictability (above 20%) is

only found over the Guinean Coast, with relative

minima at the beginning and the end of the rainy

season. Comparing GG to FF does not reveal signifi-

cant differences, indicating that SM has a negligible

influence on the potential predictability of West Afri-

can monsoon rainfall in the Arpege-Climat model.

Experiment EE strengthens this conclusion, as indi-

cated by the very low forcing of precipitation vari-

ability by SM when the SST variability is suppressed

(Fig. 10f).

3.4 Actual skill at the seasonal timescale

We will now briefly quantify the ability of the model to

reproduce the observed past rainfall variations, e.g. the

skill of the model, by calculating the grid-cell temporal

anomaly correlation coefficient (ACC) between ob-

served (CRU2) and simulated anomalies of JJAS

rainfall over West Africa. Many studies have suggested

that such a skill is generally limited, not only outside

the tropics, but also in various tropical regions such as

West Africa (Garric et al. 2002; Doblas-Reyes et al.

2005; Guérémy et al. 2005). The current version of the

Arpege-Climat model is not an exception and shows

relatively poor scores in the control experiment, even if

correlations exceed 40–50% over some limited areas

including Central Sahel and the fringe of the Guinean

Coast (Fig. 11b). Though estimated with only 10 years,

these precipitation scores are relatively robust and

show similar patterns in the GG sensitivity experiment
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Fig. 10 Same as Fig. 9, but
for precipitation
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(Fig. 11d). It is thus impossible to detect a significant

impact of using more realistic SM boundary conditions

on the actual predictability of JJAS monsoon rainfall

over West Africa.

This result is consistent with the response of po-

tential predictability and with the limited impact of SM

relaxation on the actual predictability of surface

evaporation (Fig. 11a, c). When evaluated against the

GSWP2 climatology (i.e. the results of ISBA driven by

the GSWP2 atmospheric forcing), the evaporation

ACCs are not dramatically increased in GG versus FF,

despite the use of ‘‘perfect’’ SM boundary conditions.

This is due to the fact that surface evaporation is only

partly controlled by SM. It also depends on the

atmospheric demand (i.e. potential evaporation) and

therefore on many physical processes (radiation, tur-

bulence, moisture advection) whose predictability can

be very low.

Looking at the additional sensitivity experiment

with climatological SST (Fig. 11e) confirms this

hypothesis. In this case, the actual predictability of

surface evaporation is relatively strong over sub-Sah-

aran Africa, due to the fact that this region is a tran-

sition zone between the wet Guinean Coast and the dry

Sahara and thus the main area where SM variability is

likely to exert a strong influence on surface evapora-

tion. The correlations are even higher than in Fig. 11c,

suggesting that the lack of SST-forced predictability of

potential evaporation is indeed a major obstacle to

translate the SM signal to the atmosphere in experi-

ment GG. Note finally that, despite the use of clima-

tological SSTs, EE shows a significant skill in JJAS

precipitation (Fig. 11f) in the Sahelian area where the

skill in surface evaporation is maximum (Fig. 11e).

This result indicates that ‘‘perfect’’ SM boundary

conditions can in theory contribute to precipitation
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Fig. 11 Regional maps of
temporal anomaly correlation
coefficients (ACC) between
simulated and analysed
(GSWP2) or observed
(CRU2) JJAS anomalies over
the 1986–1995 period for
surface evaporation (left
panels) and precipitation
(right panels), respectively
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predictability, but that this contribution remains in

practice negligible for at least two reasons: first, the

limited magnitude of the SM-forced variability com-

pared to the SST-forced variability, and secondly, the

limited ability of the model to capture the monsoon

teleconnections with tropical SSTs (Joly et al. 2006).

The situation is even worse when the GSWP2 clima-

tology is used only to initialize SM at the end of May

(not shown). In this case, the low sensitivity of the

West African monsoon rainfall is reinforced by the

limited persistence of the initial SM anomalies.

Given the difficulty to derive robust ACC scores

over a limited 10 years period, Figs. 12 and 13 also

show the year-by-year evolution of the simulated and

observed climate anomalies after averaging the data

over Sudan and Sahel [10–20�N/20�W–40�E]. For the

simulations, an indication of the spread is provided in

addition to the ensemble mean anomalies. Figure 12a–

c compares the JJAS surface evaporation anomalies

simulated in FF, GG and EE to the GSWP2 climatol-

ogy. For each experiment, the ACC between ‘‘ob-

served’’ and ‘‘predicted’’ ensemble mean anomalies is

indicated. Not surprisingly, the ACC increases and the

spread decreases from FF to GG. In keeping with

Fig. 11, the ACC is even stronger in EE, but the spread

is not reduced. When focusing on August to November

(ASON), the interannual variability of evaporation

and its sensitivity to prescribed SM boundary condi-

tions are more pronounced, suggesting that SM recy-

cling becomes more important at the end of the rainy

season. Figure 13 shows similar diagnostics for average

JJAS and ASON precipitation over Sudan and Sahel.

Like in Fig. 11, there is no evidence of improved sea-

sonal anomalies in GG versus FF, even for individual

years. The only noticeable result is the increase in

ACC in EE, more pronounced in ASON than in JJAS.

Note however, that the signal shown by the EE

ensemble mean rainfall anomalies remains very weak

compared to the observed anomalies and to the model

spread that is not dramatically reduced by the use of

climatological SSTs.

4 Discussion

In summary, the Arpege-Climat model does not sup-

port the SM mechanism proposed by Philippon and

Fontaine (2002), whereby the summer monsoon rain-

fall over the Sahel would be sensitive to SM anomalies

before the monsoon season over the Guinean Coast.

When such anomalies are prescribed at the lower

boundary conditions through the relaxation of ISBA

towards the GSWP2 monthly climatology, the model

does not show any improvement of the simulated

summer monsoon rainfall. Note however, that other

regions do show a clear response to SM relaxation with

an increase in both potential and effective predict-

ability (Conil et al. 2006), suggesting that the low

sensitivity obtained over West Africa is a regional ra-

ther than fundamental feature of the Arpege-Climat

model. Finally, the stronger model sensitivity to SST

rather than SM forcing suggests that the lagged statis-

tical relationship between the Sahelian and previous

second Guinean rainy seasons identified by Landsea

et al. (1993) and Philippon and Fontaine (2002) could

be an artefact. The possible influence of tropical SSTs

on both rainy seasons is indeed an alternative

hypothesis that will be now briefly discussed. But first,

a comment is made about the apparent contradiction

between our results and the multi-model West African

‘‘hot spot’’ found by Koster et al. (2004).

4.1 The ‘‘hot spot’’ paradox

In the recent GLACE (global land–atmosphere cou-

pling experiment) intercomparison project, Koster

et al. (2004) made an attempt to evaluate the

strength of the SM-precipitation coupling in twelve

atmospheric GCMs and found that the Sahel was

among the few regions where the coupling is rela-

tively strong in most models. Though the study made

an analogy with the precipitation sensitivity to SST

anomalies in specific regions—‘‘hot spots’’—of the

world ocean and their importance for seasonal cli-

mate prediction, the focus was not on interannual

variability. The experiment design that was proposed

to quantify the land–atmosphere coupling was based

on boreal summer atmospheric integrations driven by

observed year 1994 monthly mean SSTs in which

subsurface SM was prescribed at each time step from

a control experiment. The coupling strength was then

evaluated as the relative impact of these specified

versus interactive boundary conditions on the repro-

ducibility of 6-day precipitation totals, i.e. the intra-

seasonal rather than interannual variability of

precipitation. Of course, the magnitude of the high-

frequency SM feedback has probably some connec-

tions with the potential influence of SM on interan-

nual climate variability, but the study has serious

limitations. First, it does not evaluate the coupling

strength at the seasonal timescale, which depends on

the magnitude and persistence of the initial SM

anomalies that are simulated at the beginning of the

season. Secondly, it does not account for SST vari-

ability that is yet likely to dominate climate vari-

ability at the seasonal timescale.
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The Arpege-Climat model did not participate in the

GLACE intercomparison project, which again was not

primarily designed to explore the atmospheric sensi-

tivity to SM at the seasonal timescale. Nevertheless, it

is here argued that ISBA does exhibit a significant SM-

precipitation coupling over the Sahel and is not nec-

essarily an outlier in this respect. This was clearly

demonstrated by Douville et al. (2001) comparing

ensembles of boreal summer atmospheric simulations

in which SM was varied from wilting point to field

capacity over sub-Saharan Africa and India, respec-

tively. The regional relaxation allowed us to isolate the

local impact of SM, which was found to be significant

over the Sahel and stronger than over India. Note also

that the ‘‘real’’ strength of the land–atmosphere cou-

pling over the Sahel remains unknown given the lack of

ground truth and the considerable spread found in the

GLACE sensitivity experiments.

Without running sensitivity experiments, it is pos-

sible to diagnose and compare the strength of the SM-

precipitation feedback in control simulations with

interactive SM based on a simple regional diagnostic

such as the water vapor recycling rate proposed by

Schär et al. (1999). The principle is to compute the

line integral around the specified domain of the ver-

tically integrated horizontal moisture transport nor-

mal to the domain boundaries, IN, and then to define

the recycling rate as the ratio E/(E + IN) where E is

the surface evaporation estimated inside the domain.

While such diagnostic calculations have inherent

limitations and are scale-dependent, they were shown

to provide a useful index of recycling (Bosilovich and

Schubert 2002) and may be used as a tool for model

intercomparison. Unfortunately, the calculations re-

quire moisture transport outputs that are not diag-

nosed in many GCMs and cannot be easily diagnosed

a posteriori. Such a task could be a preliminary step

to carry on the GLACE intercomparison initiative,

even if the reproducibility of intraseasonal precipita-

tion variability quantified by Koster et al. (2004) is
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Fig. 12 Ten-year evolution of simulated (black squares) versus
observed (red circles) anomalies of surface evaporation (mm/
day) over Sudan and Sahel. Anomalies are averaged from July to
September (a–c) or from August to November (d–f). Results are
shown for FF (a, d), GG (b, e) and EE (c, f), respectively.

Besides the ensemble mean anomalies simulated in each
experiment, the minimum and maximum values (thin lines) and
the mean plus or minus one standard deviation (triangles)
estimated from the ten members are also shown to illustrate the
model spread
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only partly related to the recycling estimate of Schär

et al. (1999).

Here, we compare only the recycling ratio simu-

lated by Arpege-Climat for different regions. Fig-

ure 14 shows the mean annual cycle of the ratio

estimated from FF and GG outputs over the three

main areas highlighted as ‘‘hot spots’’ in GLACE.

Not surprisingly, the African and Indian monsoon

regions show a drop of the recycling rate at the

beginning of the rainy season, associated with the

dominant influence of moisture advection at this

period. In keeping with Douville et al. (2001), the

drop is more pronounced over India than over sub-

Saharan Africa, which shows a stronger SM-precipi-

tation feedback during the monsoon season. Inter-

estingly, the central great plains of North America

show an opposite behaviour with maximum recycling

during the early summer rainy season. But the main

conclusion here is that the relaxation technique does

not perturb the magnitude of the SM-precipitation

feedback (FF and GG are very close) and that sub-

Saharan Africa does not appear as an area with

particularly low recycling rates compared to the other

‘‘hot spots’’ detected in GLACE (at least not lower

than over India in boreal summer).

4.2 How to reconcile model and observations?

The easiest way to reconcile the significant observed

relationship between the Sahelian and previous second

Guinean rainy seasons and the low sensitivity of the

Sahelian monsoon rainfall to SM in the Arpege-Climat

model is to assume that the statistical link is an artefact

that the model cannot reproduce. We can indeed

imagine that both rainy seasons are partly controlled

by common modes of SST variability that persist be-

tween the two seasons or by a sequence of such modes

that links the two seasons. Ocean memory is indeed

better documented than land memory and has been

shown to extend from seasonal to multi-decadal time-

scales. The question is then to identify such modes of

SST variability and to check that the influence of

such modes on the West African monsoon is poorly

captured by the atmospheric GCM.
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Fig. 13 Same as in Fig. 12, but for precipitation (SSR)
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For this purpose, we make use of a Maximum Co-

variability Analysis (MCA, Von Storch and Zwiers

1999), i.e. a statistical tool that can be considered as a

generalization of the PCA. The objective is to identify

pairs of singular vectors that explain a maximum of

covariance between two space–time-dependent vari-

ables. Each pair of singular vectors describes a fraction

of the squared time covariance between the two fields

and is associated with two timeseries of expansion

coefficients (EC) that are equivalent to the PCs in the

PCA. The correlation between the pair of ECs indi-

cates the strength of the coupling between the singular

vectors.

The MCA is here applied to JASO southern tropical

Atlantic SSTs in year 0 and JJAS West African rainfall

in year +1. Figure 15 shows the spatial patterns cor-

responding to the first mode of covariability. Since the

variability of SST is here assumed to drive that of

precipitation, we provide the SST homogeneous vector

and the precipitation heterogeneous vector, i.e. the

regression of grid-point SST and precipitation onto the

timeseries of the first EC for the SST singular vector.

This mode explains 66% of the covariability between

the two fields (while the fraction of covariability ex-

plained by the second pair is less than 10%). Figure 15

indicates that positive (negative) SST anomalies in the

Guinean Gulf are generally followed by a rainfall ex-

cess (deficit) over the Sahel in the following year, as

indicated by the 0.55 correlation between the EC

timeseries. Such a link is consistent with the lagged

relationship between the Sahelian and previous second

Guinean rainy seasons given the synchroneous corre-

lations between the eastern equatorial Atlantic SSTs

and the Guinean Coast precipitation (Fig. 4).

The next question is to understand what is the

mechanism of ocean memory between the two rainy

seasons? Figure 16 shows lead–lag correlations of the

first EC of southern tropical Atlantic SSTs with

monthly anomalies of the SSR and GCR rainfall

indices (in black). It confirms the biennial component

of both indices and the resulting apparent link between

Guinean rainfall in year 0 and Sahelian rainfall in year

+1. Also shown are the correlations with monthly SST

indices over the Guinean Gulf and Niño-3 domains,

respectively (in grey). Year 0 excess in summer GCR is

associated with warm anomalies in the Guinean Gulf,

that also exhibit a quasi-biennial oscillation though not

strong enough to explain that of precipitation. The key

reason for the apparent remote (both in space and

time) relationship between the two rainy seasons is the

fact that the positive Guinean Gulf SST anomalies in

year 0 are generally associated with a transition toward

cold SSTs in the eastern equatorial Pacific that peak in

summer of year +1 and then contribute to strengthen

the Sahelian monsoon rainfall. Note that this result

does not necessarily mean that Guinean Gulf SST is a

precursor of ENSO (though such a statistical link is

confirmed by a lagged MCA applied to Atlantic and

Pacific SSTs over the whole 1911–1992 period). It only

suggests that the out-of-phase interannual variations of
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Fig. 14 Annual cycle of regional water vapour recycling ratio
(see the text for details) in the FF and GG experiments over
three regions, including sub-Saharan Africa (top panel), high-
lighted as ‘‘hot spots’’ in the GLACE intercomparison project
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the Atlantic and Pacific equatorial basins are partly

responsible for the out-of-phase interannual variations

of the Guinean and Sahelian summer rainfall and

therefore for the first EOF of JJAS precipitation

anomalies over West Africa (Fig. 3).

5 Conclusion

Despite a relatively abundant litterature on the subject,

there are still many uncertainties regarding the con-

tribution of SM to Sahelian monsoon rainfall predict-

ability. There is also some confusion between local

versus remote effects, and daily-to-weekly versus

monthly-to-seasonal timescales. The aim of the present

study was to clarify these issues by using both a sta-

tistical analysis of the instrumental record and an ori-

ginal set of numerical sensitivity experiments. While

the filtering of the observed precipitation timeseries

indicates that the lagged relationship between the

Guinean (year 0) and Sahelian (year +1) rainy seasons

is partly related to a multidecadal covariability, a sig-

nificant correlation persists at the interannual time-

scale that is related to a quasi-biennial oscillation of

the coupled Guinean Gulf–West African monsoon sy-

tem and to the out of phase SST variability in the

eastern equatorial Atlantic and Pacific and its influence

on West African monsoon rainfall. Such a mechanism

was not found in the Arpege-Climat model, which can

be explained by the limited ability of the model to

capture the observed SST-monsoon teleconnection

(Joly et al. 2006) and by the use of prescribed rather

than interactive SSTs.

These results suggest that the apparent lagged

relationship between the Guinean and Sahelian rainy

seasons is mainly an artefact. This interpretation is

reinforced by our numerical sensitivity experiments

that do not support a SM regulation mechanism

whereby the Sahelian monsoon rainfall would be

influenced by the previous second Guinean rainy sea-

son. Whereas the use of a particular GCM is an obvi-

ous limitation of the present study, it is argued that the

Arpege-Climat model produces dynamical seasonal

Fig. 15 First mode of a maximum covariability analysis applied
to JASO southern tropical Atlantic SSTs in year 0 and JJAS
West African rainfall in year +1 (filtered data over the 1911–1992
period). Left: JJAS rainfall heterogeneous vector (mm/day).
Right: JASO SST homogeneous vector (K). This first pair of

vectors explains 66% of the covariability between the two fields.
VF is the fraction of variance explained by each mode and R is
the correlation between each pair of ECs. Note that the grid cells
where the local regression onto the SST EC1 timeseries is not
significant have been masked on both maps
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Fig. 16 Lead–lag correlations of the first EC of JASO southern
tropical Atlantic SSTs from the MCA shown in Fig. 15 with
monthly anomalies in SSR and GCR (in black), as well as with
monthly SST anomalies (in grey) over the Guinean Gulf (5�S–
5�N/30�W–10�E) and the Niño-3 domain (5�S–5�N/30�W–10�E).
Note that the monthly timeseries have been filtered with a 5-
month moving average to smooth the correlations that have been
estimated over the 1911–1992 period. The 5% significance level
of correlations is indicated by dashed horizontal lines
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prediction scores which are consistent with those of

other european GCMs (Doblas-Reyes et al. 2005) and

shows a significant positive SM-precipitation feedback

over the Sahel in keeping with the multi-model ‘‘hot

spot’’ identified in the GLACE intercomparison pro-

ject. Yet, the low sensitivity of West African monsoon

predictability to SM found in our simulations could be

a specific response and similar experiments should be

performed with other GCMs, in particular with those

that are more successful at simulating the SST-mon-

soon teleconnections (Joly et al. 2006). While the

evaporation anomalies simulated by the ISBA land

surface model are consistent with the multi-model

GSWP2 analysis, other physical processes such as

vertical diffusion and convection can also exert a sig-

nificant impact on the land–atmosphere coupling and

are obviously model dependent. Another uncertainty is

related to the prescribed SST forcing that may lead to

an overestimation of the SST influence and, by exten-

sion, to an underestimation of the SM impact. In

addition, the use of a climatological annual cycle of

vegetation is another limitation and more sophisticated

land surface models with interactive vegetation could

also be tested. Nevertheless, while such interaction is

probably relevant at the multi-decadal timescale, its

influence on interannual variability has still to be

demonstrated.

Finally, the diagnostic recycling rate derived from

the Arpege-Climat model outputs suggests that the

SM-precipitation feedback does not only vary in space,

but also in time. Over the Sahel, it shows a significant

increase from July to September, which is consistent

with the picture of a sudden moisture advection that

gradually weakens when the land–sea thermal contrast

vanishes in the course of the monsoon season. This

feature can explain why the impact of the SM relaxa-

tion on seasonal rainfall predictability is stronger at the

end than at the beginning of the rainy season. When it

comes to predicting the precipitation accumulation

over the whole monsoon season, SM probably plays a

secondary role compared to SST variability. Improving

our understanding and the simulation of the West

African monsoon teleconnections with tropical SSTs

remains a priority to improve seasonal forecasting over

the Sahel.

Acknowledgments This work has been supported by the
European Commission Sixth Framework Program (ENSEM-
BLES contract GOCE-CT-2003-505539) and by the African
monsoon multidisciplinary analysis (AMMA) project. Based on
a French initiative, AMMA was built by an international scien-
tific group and is currently funded by a large number of agencies,
especially from France, UK, USA and Africa. It has also been
the beneficiary of a major financial contribution from the

European commission sixth framework program. Detailed
information on scientific coordination and funding is available at
http://www.amma-international.org. The EOF and MCA analy-
ses have been performed using the Statpack statistics software
developed by Pascal Terray and most figures have been prepared
using the GrADS graphics software. Thanks are also due to
Nathalie Philippon and Aaron Boone, as well as to Huqiang
Zhang and an anonymous reviewer, for their comments on the
original manuscript.

References

Beck C, Grieser J, Rudolf B (2005) A new monthly precipitation
climatology for the global land areas for the period 1951 to
2000. DWD, Klimastatusbericht 2004

Bosilovich MG, Schubert SD (2002) Water vapor tracers as
diagnostics of the regional hydrological cycle. J Hydrome-
teorol 3:149–165

Charney JG, Quirk WJ, Chow S, Kornfield J (1977) A compar-
ative study of the effects of albedo change on droughts in
semi-arid regions. J Atmos Sci 34:1366–1385

Conil S, Douville H (2006) Impact of initial versus boundary
conditions of soil moisture on atmospheric predictability at
the seasonal timescale. Clim Dyn (in preparation)

Conil S, Douville H, Tyteca S (2006) The relative roles of soil
moisture and SST in climate variability explored within
ensembles of AMIP-type simulations. Clim Dyn, DOI
10.1007/s00382–006-0172-2

Decharme B, Douville H (2006) Global validation of the ISBA
sub-grid hydrology. Clim Dyn (revised)
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