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ABSTRACT

This study is the last in a series of papers addressing the dynamics of the West African summer monsoon at

intraseasonal time scales between 10 and 90 days. The signals of convectively coupled equatorial Rossby (ER)

waves within the summer African monsoon have been investigated after filtering NOAA outgoing longwave

radiation (OLR) data within a box delineated by the dispersion curves of the theoretical ER waves. Two

families of waves have been detected in the 10–100-day periodicity band by performing a singular spectrum

analysis on a regional index of ER-filtered OLR. For each family the first EOF mode has been retained to

focus on the main convective variability signal.

Within the periodicity band of 30–100 days, an ER wave pattern with an approximate wavelength of

13 500 km has been depicted. This ER wave links the MJO mode in the Indian monsoon sector with the main

mode of convective variability over West and central Africa. This confirms the investigations carried out in

previous studies.

Within the 10–30-day periodicity band, a separate ER wave pattern has been highlighted in the African

monsoon system with an approximate wavelength of 7500 km, a phase speed of 6 m s21, and a period of

15 days. The combined OLR and atmospheric circulation pattern looks like a combination of ER wave

solutions with meridional wavenumbers of 1 and 2. Its vertical baroclinic profile suggests that this wave is

forced by the deep convective heating. Its initiation in terms of OLR modulation is detected north of Lake

Victoria, extending northward and then propagating westward along the Sahel latitudes.

The Sahel mode identified in previous studies corresponds to the second main mode of convective variability

within the 10–30-day periodicity band, and this has also been examined. Its pattern and evolution look like the

first-mode ER wave pattern and they are temporally correlated with a coefficient of 10.6. About one-third of

the Sahel mode events are concomitant with an ER wave occurrence. The main difference between these two

signals consists of a stronger OLR and circulation modulation of the Sahel mode over East and central Africa.

Thus, the Sahel mode occurrence and its westward propagation could be explained in part by atmospheric

dynamics associated with the ER waves and in part by land surface interactions, as shown in other studies.
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1. Introduction

This paper is the last in a series of studies document-

ing the West African summer monsoon variability at

intraseasonal time scales (Sultan and Janicot 2000;

Janicot and Sultan 2001; Sultan et al. 2003; Sultan and

Janicot 2003; Mounier and Janicot 2004; Mounier et al.

2008; Janicot et al. 2009; Sultan et al. 2009). In this region

the intraseasonal time scale is critical for agriculture

and livestock farming, which are strongly rainfall de-

pendent. A dry spell occurring during a critical stage of

the crop development can induce a bad yield even if

the total season rainfall amount is good (Sultan et al.

2005). However, the basic mechanisms controlling this

variability are largely unknown and its known pre-

dictability is very weak, even while higher-frequency

weather and lower-frequency seasonal forecasts do have

some skill.

Within the intraseasonal scale, two main periodicities

have been highlighted. The first is between 10 and 25

days, and is rather recurrent along the summer monsoon

season, and the second is between 25 and 90 days, and

is more intermittent (Janicot and Sultan 2001). At the

10–25-day range two modes have been identified over

West and central Africa through a spatial EOF (S-EOF;

Richman 1986) analysis on convection fields (Mounier

and Janicot 2004). One mode is primarily characterized

by a quasi-stationary zonal dipole of convection within

the intertropical convergence zone (ITCZ), with its two

poles centered along the Guinean coast and on 308–

608W in the equatorial Atlantic, and a modulation of the

zonal low-level wind between these poles [the quasi-

biweekly zonal dipole mode (QBZD); see Mounier et al.

2008]. This mode appears to be controlled both by equa-

torial atmospheric dynamics through a Kelvin wave–like

disturbance propagating eastward between its two poles,

and by land surface processes over Africa, which induces

combined fluctuations in surface temperatures, surface

pressure, and low-level zonal winds off the coast of West

Africa.

The second mode, called in the following the ‘‘Sahel’’

mode, is a westward-propagating signal from eastern

Africa to the tropical Atlantic, with increased cyclonic

circulation being located ahead of an enhanced con-

vective envelope. This signal is consistent with a signal

previously detected over the Sahel based on a regional

rainfall index (Sultan et al. 2003). Taylor (2008) showed

that land–atmosphere interaction processes can contrib-

ute to the maintenance and westward propagation of the

Sahel mode. Extensive areas of wet soil associated with

the positive phase of the Sahel mode induce weak surface

sensible heat fluxes and a low-level anticyclonic circula-

tion, which brings moisture ahead of the convective zone

and helps promote its westward propagation. However,

GCM simulations carried out with and without intrasea-

sonal land surface couplings suggest that this westward-

propagating mode is mainly controlled by a purely internal

atmospheric mode (Lavender et al. 2010).

On the global scale Matthews (2004) showed that the

remote circulation of the Madden–Julian oscillation (MJO;

Madden and Julian 1994) over the warm pool sector of-

fers a plausible explanation for the dominant mode of

variability in convection over West and central Africa at

the 20–200-day time scales. Twenty days prior to an en-

hancement of convection over Africa, MJO convection

is decreasing over the equatorial warm pool. In response

to this change in warm pool convection, a dry equatorial

Kelvin wave propagates eastward, a dry equatorial Rossby

(ER) wave response propagates westward, and between

them they complete a circuit of the equator and meet up

20 days later over Africa, favoring an enhancement of

deep convection. Matthews’ results were confirmed by

Maloney and Shaman (2008), who, using Tropical Rain-

fall Measuring Mission (TRMM) precipitation, showed

that the MJO explains about 30% of 30–90-day pre-

cipitation variance in the West African monsoon region.

Janicot et al. (2009) and Pohl et al. (2009) further in-

vestigated the 25–90-day variability of convection in the

African monsoon. They showed that the dominant mode

highlighted by Matthews over West and central Africa

is not completely stationary but is characterized by a

westward propagation of the OLR anomalies in its

northern part. These convectively coupled ER and MJO

signals appear to contribute significantly to the evolu-

tion of this mode, while the convectively coupled Kelvin

wave shows a very weak impact. Recently, Lavender and

Matthews (2009) supported Matthews’ results through

atmospheric general circulation model simulations mim-

icking the MJO-like convection over the warm pool, and

they also confirmed the primary role of the convectively

coupled ER wave.

However, there is more to the global control of the

African summer monsoon than equatorial dynamics.

The active–break cycle of the Indian monsoon, con-

trolled by a northward-moving dipole of diabatic heating

in the Indian sector, also influences the African monsoon

through atmospheric teleconnections (Janicot et al. 2009).

This influence is transferred through the northern Indian

heat source. This excites a Gill-type Rossby cyclonic cir-

culation propagating westward over North Africa after it

cuts off due to the northward arrival of the equatorial

Indian heat source and the associated intrusion of an

anticyclonic ridge. Low-level westerly winds and moisture

advection within the ITCZ consequently increase over

Africa. The mean time lag between an active phase over

India and over Africa is about 15–20 days.
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In this paper we investigate the role of the convec-

tively coupled ER waves in the African monsoon more

precisely, using the detection technique developed by

Wheeler and Kiladis (1999) and already applied over

Africa in Kiladis et al. (2006), Mounier et al. (2007,

2008), and Janicot et al. (2009). The datasets are detailed

in section 2. In section 3 a spectral analysis of the ER

signal over Africa is performed, which distinguishes two

periodicity bands: one between 10 and 30 days and one

between 30 and 100 days. The dominant mode of the

30–100-day ER signal is analyzed in section 4, and its

connection with the main African mode highlighted by

Matthews (2004) and Janicot et al. (2009) is confirmed.

In section 5 the dominant mode of the 10–30-day ER

signal is examined and compared with the patterns and

occurrences of the Sahel mode detected by Sultan et al.

(2003) and Mounier and Janicot (2004). Its potential

role in the internal atmospheric mode highlighted by

Lavender et al. (2010) is addressed. Conclusions are given

in section 6 and a short synthesis of this series of studies

documenting the intraseasonal variability in the African

summer monsoon is added. Note that the term ‘‘mode’’ is

used in reference to the S-EOF process, which has been

used to extract these signals.

2. Datasets

a. The NCEP/DOE AMIP-II Reanalysis

The National Centers for Environmental Prediction–

National Center for Atmospheric Research (NCEP–

NCAR) reanalysis dataset (Kalnay et al. 1996) provides

a gridded analysis of the global observational network

of meteorological variables (wind, temperature, geo-

potential height, humidity on pressure levels, surface

variables) and flux variables, such as precipitation rate

and radiative and turbulent fluxes. The reanalysis uses

a ‘‘frozen’’ state-of-the-art analysis and forecast system

at a triangular spectral truncation of T62 to perform data

assimilation throughout the period from 1948 to the

present. Data are reported on a 2.58 3 2.58 grid every 6 h

(0000, 0600, 1200, and 1800 UTC) on 17 pressure levels

from 1000 to 10 hPa, as well as the surface level, which

are adequate resolutions for studying synoptic weather

systems. The NCEP/Department of Energy (DOE) At-

mospheric Model Intercomparison Project (AMIP)-II

Reanalysis (R-2) dataset, the updated version of the

NCEP–NCAR reanalysis, has been used here over the

period of 1979–2006 with one value per day by averaging

the four outputs of each day. This version of the reanalysis

shows significant improvements over the original, espe-

cially for land surface parameters and surface–air fluxes

(Kanamitsu et al. 2002).

b. The NOAA OLR dataset

Since 1974, polar-orbiting National Oceanic and Atmo-

spheric Administration (NOAA) Television and Infrared

Observation Satellite (TIROS) satellites have established

a quasi-complete series of twice-daily outgoing longwave

radiation (OLR) at the top of the atmosphere at a reso-

lution of 2.58 latitude–longitude (Grueber and Krueger

1974). The daily-interpolated OLR dataset produced by

the Climate Diagnostic Center (Liebmann and Smith

1996) has been used here over the period of 1979–2006

as a proxy for deep convection. Local hours of the mea-

surements varied during the period of 1979–90 between

0230 and 0730 UTC in the morning and between 1430

and 1930 UTC in the afternoon. Because deep convec-

tion over West Africa has a strong diurnal cycle, a sam-

ple of daily OLR based on two values separated by 12 h

is obtained to get a daily average. Wheeler et al. (2000),

Straub and Kiladis (2002), and Roundy and Frank (2004),

among others, have illustrated the utility of OLR in

tracing convectively coupled equatorial waves.

c. The IRD daily rainfall dataset

To validate the OLR data, a daily interpolated in situ

rainfall dataset available from the Institut de Recherches

pour le Développement (IRD) has been used. Daily

rainfall amounts at stations located within the West Af-

rican domain of 38–208N, 188W–258E have been com-

piled. These data are available for the period of 1968–90,

utilizing more than 1300 stations from 1968 to 1980, and

between 700 and 860 for the period of 1981–90. These

daily values were interpolated to the same 2.58 3 2.58

grid as NOAA OLR and NCEP fields, by assigning each

station daily value to the nearest grid point and aver-

aging all of the values related to each grid point. The

greatest density of stations is located between the lati-

tudes of 58 and 158N. Data along 17.58N can also be

taken into account because 30–45 stations are available

near that latitude.

d. The GPCP daily rainfall dataset

Finally, the Global Precipitation Climatology Project

(GPCP) One-Degree Daily (1DD) combination was used

over the available period of 1997–2006 to complement

the results obtained with the other datasets. This rainfall

estimate product is based on 3-hourly merged global in-

frared brightness temperature histograms on a 18 3 18

grid in the 408N–408S band (Huffman et al. 2001). It has

the advantage of providing global coverage, unlike the

IRD rainfall dataset, and of having a better sampling

than the NOAA OLR dataset. On the other hand, be-

cause it is only available since 1997, it can be used only as

a complement to the NOAA OLR data to carry out our
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investigation; for instance, it will not be used in section 4

(the 30–100-day signal) because the number of cases

available over the period of 1997–2006 to compute com-

posite fields is too small (18 and 13 for high and weak

rainfall amounts, respectively; see Table 3). Moreover,

because it is based on infrared histograms, its rainfall

estimate may have large errors when rainfall is produced

by warm-top clouds.

3. Detection of the equatorial Rossby signals
over West Africa

a. The detection of convectively coupled signals

Figure 1 shows a wavenumber–frequency spectral

analysis of the OLR component symmetric about the

equator between 158N and 158S for June–September

1979–2006. The shaded spectral peaks lie above the 95%

level of significance, and a family of equivalent depth

curves for Kelvin, ER, and inertial-gravity waves from

equatorial linear shallow-water theory (Matsuno 1966)

are also shown (see Wheeler and Kiladis 1999 for more

details). The spectrum reveals the existence of two peaks

corresponding to Kelvin and ER waves, lying along equiv-

alent depth curves of around 20–50 m. For the Kelvin

wave, this corresponds to an eastward phase speed of

around 15 m s21. The MJO peak is also visible in the

spectrum but does not correspond to a shallow-water

mode. In Wheeler and Kiladis (1999) and Kiladis et al.

(2006), a so-called tropical depression (TD) band rep-

resenting easterly waves in Africa was also identified

during northern summer in the westward-propagating

signal domain for 2–6-day periods and 6–20 westward

zonal wavenumbers. The boxes outline the regions of

FIG. 1. Regions of wavenumber–frequency filtering calculated for June–September 1979–

2006. Contours show the symmetric OLR power divided by a background spectrum [note that

the background was calculated for the full 22 yr; see Wheeler and Kiladis (1999) for details on

the computation techniques]. Contour interval of this ratio is 0.1, starting at 0.9, with shading

above 1.1 indicating statistically significant signals. The regions of the wavenumber–frequency

domain used for filtering of the OLR dataset to retrieve the longitude–time information of

these convectively coupled equatorial waves (Kelvin, TD, ER, and MJO) are indicated (thick

boxes). The various equatorial wave dispersion curves for the five different equivalent depths

of h 5 8, 12, 25, 50, and 90 m are shown (thin lines).
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filtering for all of these signals. This filtering has been

performed for the ER signal by creating an OLR dataset

through an inverse transform, which only retains the

Fourier coefficients within the corresponding ER box in

Fig. 1. Note that the dataset obtained contains the ER as

well as a significant amount of background convection.

The dispersion curves in Fig. 1 assume a zero wind

background state. However, it has been shown that the

theoretical ER waves structures are very sensitive to a

nonzero basic zonal flow with or without a meridional

shear, resulting from Doppler and non-Doppler effects

(Zhang and Webster 1989; Yang et al. 2003). For in-

stance, assuming an easterly background state for the

steering level of ER waves over West Africa, the dis-

persion curves asymptote to the left to a line extending

upward to the left from the origin that represents the

background wind speed. Thus, as wavenumber increases,

the ER wave signal would merge with and become in-

distinguishable from the TD signature. However, at this

point there is no theoretical or empirical basis to justify

expanding or contracting the ER filter to some arbitrary

cutoffs based on Fig. 1. Moreover, this would not result

in substantially different patterns than what is presented

further. The filter used here was designed to be consis-

tent with Kiladis et al. (2009), and is an expanded ver-

sion of the original used by Wheeler and Kiladis (1999),

which now extends down to 1-m equivalent depth in

order to account for the large region of variance at pe-

riods of greater than 40 days. Because the total OLR

spectrum is very red, with much more power down at the

lowest wavenumbers and frequencies, the filter already

contains the bulk of the variance associated with the ER

wave.

b. The SSA analysis of the ER signal over West Africa

The first step in the ER signal analysis over West

Africa is to perform a singular spectrum analysis (SSA)

on an ‘‘ITCZ index’’ of ER-filtered OLR values in order

to identify its main periodicities. The ITCZ index rep-

resents the average of the daily OLR values over the

7.58–12.58N, 108W–108E domain, which is the mean sum-

mer location of the ITCZ over West Africa. SSA (Vautard

and Ghil 1989; Vautard et al. 1992; Ghil et al. 2002) is

related to EOF analysis but is applied to a lagged time

series providing SSA modes that correspond to oscilla-

tions in a specific frequency band. Given the time series

of the ER-filtered ITCZ index as x(t) of length N, x is

embedded in a vector space of dimension M to represent

the behavior of the system by a succession of overlapping

views of the series through a sliding M-point window.

SSA provides eigenvectors, the EOFs in the time do-

main (T-EOFs), and quasi-periodic modes appear as

pairs of degenerate eigenvalues associated with T-EOFs

in quadrature. The projection of the original time series

onto the kth T-EOF gives the corresponding principal

components in the time domain (T-PCs). One can re-

construct the part of the original time series associated

with the mode k, RCk, by combining the kth T-EOF and

the kth T-PC. The RCs are additive and the original time

series can be reconstructed by summing up the M re-

constructed components RCk. As done in Sultan et al.

(2009), a value of 50 has been used for M. Similar anal-

yses have been performed for different values of M (40

and 60), and the results were not very sensitive to these

different window sizes.

The results of the SSA applied on the ER-filtered

ITCZ index are presented in Table 1 and Fig. 2. Table 1

shows the explained variance of the first 10 T-EOFs.

Most of the variance is explained by these 10 compo-

nents (98.5%), and 80% is explained by only the first six

components, which have been retained here. Oscillatory

modes can be detected by pairs of eigenvalues that are

approximately equal and by T-EOFs in quadrature (see

left side of Fig. 2). Figure 2 also displays on the right the

maximum entropy method (MEM) spectrum of the total

ER-filtered ITCZ index (in blue) and of the reconstructed

signal by pairs of components (RC1–2, RC3–4, and RC5–6)

in red. The spectrum of the total ER-filtered ITCZ index

has two ranges of high energy (and higher than the 95%

significance level), between 12 and 50, and between 50

and 95 days. The first oscillatory mode is captured by the

first pair of T-EOFs in quadrature, representing 34% of

the variance. It is characterized by a periodicity band

between 30 and 100 days (higher than the 95% signifi-

cance level) with high energy between 40 and 70 days

and a spectral peak between 50 and 60 days. The fol-

lowing pair of T-EOFs represents another oscillatory

mode (26% of the variance) with high energy between

20 and 30 days and a spectral peak around 25 days. The

third pair of T-EOFs extracts a weaker oscillatory mode

(20% of variance) with high energy between 13 and

20 days and a spectral peak at 18 days.

The SSA is well designed to extract periodic infor-

mation from noisy time series. Sultan et al. (2009) ap-

plied a similar SSA but on an unfiltered ITCZ index and

they compared to the results obtained from an S-EOF

analysis, which identified the ‘‘QBZD,’’ ‘‘Sahel,’’ and

‘‘MJO’’ modes as described in the introduction. They

showed that the first SSA mode is highly correlated to

the MJO mode, and that the combination of the second

and third SSA modes is highly correlated to the com-

bination of the QBZD and the Sahel modes. There is

not a unique correspondence between the individual

second and third SSA modes and the QBZD and the

Sahel modes because the SSA aims at separating the
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periodicities while the S-EOF aims at differentiating

the spatial structures. Because the QBZD and the Sahel

modes have close periodicities, they cannot be differ-

entiated by SSA. With regard to the results presented

here, we have chosen to separate the ER signal into only

two periodicity bands, one between 10 and 30 days, and

one between 30 and 100 days. The ER-filtered OLR

values have then been filtered within these two peri-

odicity bands separately, and for each of them the main

S-EOF mode has been extracted and they are exam-

ined in the next sections.

4. Analysis of the primary 30–100-day ER mode

a. The S-EOF patterns

A S-EOF analysis has been performed on the 30–

100-day filtered ER OLR signal over West and central

Africa (108S–308N, 808W–608E) on June–September 1979–

2006. To determine the number of PCs to be retained,

the Scree test (Cattell 1966) and the North et al. (1982)

rule of thumb were used. Following these constraints,

PC1–PC2 form an ‘‘effectively degenerate multiplet’’

that is very well separated from PC3. PC1 and PC2

represent, respectively, 16.6% and 14.9% of the filtered

variance, for a total of 31.5% (Table 2). This enables us

to focus on the main mode of the 30–100-day ER wave

and remove some background signal retained in the

FIG. 2. (left) Pairs of the T-EOFs corresponding to the three intraseasonal modes captured by the SSA. (right) The

MEM spectrum of the ER-filtered ITCZ index (blue lines) and for each intraseasonal mode (red lines): Modes (top)

1, (middle) 2, and (bottom) 3. The SSA–MEM spectrum has been applied separately to the sum RC1–2, RC3–4 and

RC5–6. The order of the MEM spectrum is 50 days. The 95% significance levels are displayed (dashed horizontal

lines).

TABLE 1. Percentages of explained variance of the first 10 T-EOFs.

Eigenvalue Variance (%) Cumulated variance (%)

1 17.1 17.1

2 16.9 34.1

3 13.8 47.9

4 12.2 60.1

5 10.4 70.5

6 9.4 79.8

7 6.7 86.6

8 5.5 92.1

9 3.6 95.7

10 2.8 98.5

4010 J O U R N A L O F C L I M A T E VOLUME 23



filtering procedure. Figure 3 (top) shows the two first

eigenvectors that are in spatial quadrature and depicts

an approximate half-wavelength of 558 of longitude, or

about 12 000 km for the whole wavelength. Figure 3

(middle) shows the composite field of total ER OLR

(contours) for the difference between the strong and

the weak convective phase. This has been computed

by reconstructing ER OLR values over the ITCZ area

7.58–12.58N, 108W–108E using combined S-EOF1 and

S-EOF2 reconstruction (‘‘S-EOF12’’). We focus on the

strong cases, but the reverse pattern is obtained for the

weak cases. We designate a strong phase as an ER wave

occurrence over West and central Africa when the re-

constructed S-EOF12 ITCZ index is negative, meaning

stronger convective activity in the ITCZ. The strong

cases have been selected when the standardized re-

constructed ITCZ index is minimum and less than mi-

nus one. Similar composite fields for unfiltered rainfall

data are also displayed (color) over the period of 1979–

90 where rainfall data are available. This yields an av-

erage of 1.5 strong and 1.8 weak cases per summer

(Table 3). Negative OLR anomalies are centered at

around 08W, and weak positive OLR poles are located

around 608E and between 1008 and 458W. This forms a

more or less asymmetrical pattern with a mean wave-

length of 13 500 km, which is a bit longer than the one

estimated from the EOF patterns. The positive unfiltered

rainfall anomalies seen over West and central Africa

where data are available correspond rather well with

the negative OLR values. The high range of these OLR

and rainfall differences between the strong and weak

phases means that these waves, while infrequent, are

able to significantly modulate the convective activity

over most of West and central Africa during the summer

monsoon. Figure 3 (bottom) shows as an illustration the

PC1 and PC2 time series in summer 1979. This depicts

a similar contribution to these two components with

weaker weights during the first half of June. These com-

ponents are in temporal quadrature and have a period-

icity between 40 and 45 days. We will see in the following

that this is associated with a westward-propagating sig-

nal, consistent with the identification of ER waves.

b. The composite fields on the global tropics

Figure 4 presents the time sequence of strong minus

weak convective events for June–September 1979–2006.

It is based on the 30–100-day filtered ER OLR ITCZ

index reconstructed by S-EOF12 in terms of unfiltered

OLR values and 925-hPa geopotential heights. This se-

quence goes from t0 2 21 to t0 1 9 days with a 3-day lag,

where t0 is the reference day for the selected cases as in

Fig. 3. The pattern at t0 on Fig. 4 shows an enhancement

of convection (negative OLR values) over most of West

and central Africa. This spatial pattern is centered on

the climatological mean of the ITCZ OLR field (in sum-

mer the ITCZ is located along 108N), resulting in a mod-

ulation of convective activity within the ITCZ without

any significant changes in its latitudinal location. The

time sequence highlights a clear westward extension of

the OLR anomalies, with negative OLR anomalies be-

ginning to appear north of Ethiopia at t0 2 18. They

grow and extend westward up to t0, and dissipate after

t0 when they reach the Atlantic. The dominant westward-

propagating signal seen in the unfiltered OLR fields, as

well as OLR anomalies, has an amplitude of more than

15 W m22, consistent with the detection of an ER response

as an important factor in West African monsoon (WAM)

variability at these time scales.

In addition to the evolution of the dominant ER mode

of convection over Africa seen on Fig. 4, a large MJO-

type signal is evident over the Indian–west Pacific sector.

This consists of a meridional dipole of convection moving

northward. At t0 2 18 a positive OLR anomaly pole is

located at the equator while convection is enhanced over

India, corresponding to an active phase in the Indian

monsoon. The equatorial positive OLR anomaly grows

and reaches India at t0 2 12, consistent with the occur-

rence of a break in the Indian monsoon up to t0 1 6.

Then, an active phase begins with the northward prop-

agation of the following negative OLR anomaly. The

associated atmospheric patterns in Fig. 4 combine as fol-

lows: 1) an ER wave characterized by a horseshoe-shaped

pattern symmetric about the equator with positive geo-

potential height anomalies developing westward at

t0 2 10/t0; and 2) a Gill-type Rossby cyclonic circulation

excited by the northern Indian heat source and propa-

gating westward over North Africa.

This field’s evolution on Fig. 4 is very similar to the

one presented in Fig. 2 of Janicot et al. (2009), which

describes the sequence of the dominant 25–90-day S-EOF

mode over Africa (except that filtered OLR is presented

in their Fig. 2 while unfiltered OLR is presented here,

leading to more noise). This S-EOF was based on just

25–90-day filtering, not ER space–time filtering. There-

fore, the main 25–90-day signal identified over Africa

TABLE 2. Percentages of explained variance of the S-EOF of the

30–100-day filtered ER signal.

Eigenvalue Variance (%) Cumulated variance (%)

1 16.6 16.6

2 14.9 31.5

3 8.9 40.4

4 7.2 47.6

5 6.2 53.8

6 5.3 59.1
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can indeed be attributed to the ER portion of the spec-

trum and not to the eastward-propagating MJO portion.

The MJO-like pattern that is present over the Indian–

west Pacific sector on Fig. 4, based on unfiltered OLR, but

not present in the ER-filtered pattern on Fig. 3, means

that ER and MJO are concomitant but they constitute

different phenomena. This confirms that a convectively

coupled ER signal within the 30–100-day periodicity band

is a major driver in the MJO–WAM connection.

5. Analysis of the primary 10–30-day ER mode
and comparison with the Sahel mode

Taylor (2008) and Lavender et al. (2010) showed that

land–atmosphere interaction processes can contribute to

the maintenance and the westward propagation of the

Sahel mode, but they concluded that this westward

propagation is mainly controlled by a purely internal at-

mospheric mode. The objective in this section is twofold:

FIG. 3. (top) June–September 1979–2006 (left) first and (right) second eigenvectors of the S-EOF analysis of the 30–100-day filtered ER

OLR signal over West and central Africa. (middle) Composite fields of the total ER-filtered OLR (contours) for the difference between strong

and weak convective phase, computed by using the reconstruction of the OLR values over the ITCZ area 7.58–12.58N, 108W–108E by S-EOF12.

The strong (weak) cases have been selected when the standardized reconstructed OLR ITCZ index is minimum (maximum) and weaker

(higher) than minus (plus) one. Similar composite fields for unfiltered rainfall data, but over the period 1979–1990 (colors). OLR difference

units: W m22 and rainfall difference units: mm day21. (bottom) Time series of PC1 (solid line) and PC2 (dashed line) for the 1979 summer.
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first to characterize the primary 10–30-day ER mode,

and second to see if this ER mode can contribute to the

westward propagation of the Sahel mode.

a. The 10–30-day ER mode

1) THE S-EOF PATTERNS

A similar S-EOF analysis has been performed on the

10–30-day filtered ER OLR signal over West and central

Africa during summer. PC1–PC2 also form an ‘‘effec-

tively degenerate multiplet’’ that is well separated from

PC3. PC1 and PC2 represent, respectively, 15.5% and

13.7% of the filtered variance, that is, a total of 29.2%

(Table 4). Figure 5 (top) shows the two first eigenvec-

tors, which are in spatial quadrature. Figure 5 (middle)

shows the associated composite field of total ER OLR

(contours) for the difference between the strong and wet

convective phase based on these two first EOF. In Fig. 3,

this has been computed by reconstructing ER OLR

values over the ITCZ area 7.58–12.58N, 108W–108E using

combined S-EOF1 and S-EOF2 reconstruction. As pre-

viously done, the strong cases have been selected when

the standardized reconstructed ITCZ index is minimum

and less than 21. The reverse has been done for the weak

cases. Similar composite fields for unfiltered rainfall data

are also displayed (color). This yields an average of 4.2

strong and 4.2 weak cases per summer (Table 3). Neg-

ative OLR anomalies are centered at around 08W and

positive OLR poles are located around 308E and 358W,

giving a mean wavelength of 7000 km. The positive rain-

fall anomalies seen over West and central Africa where

data are available correspond rather well with the neg-

ative OLR values, except that rainfall anomalies extend

more eastward than OLR anomalies. This discrepancy

can be partly explained by the fact that we compare fil-

tered with unfiltered data. [Figure 7a shows the corre-

sponding composite unfiltered OLR field and Fig. 7b

shows the corresponding composite unfiltered GPCP field.

The negative OLR values extend more to the east than

the filtered ones (the 25 W m22 isoline is located west

of Lake Chad for filtered data and east of Lake Chad for

the unfiltered data), consistent with unfiltered positive

GPCP and IRD rainfall values.] The high range of these

OLR and rainfall differences between the strong and weak

phases means that these waves are able to significantly

modulate the convective activity in the ITCZ during the

summer monsoon over Africa. Figure 5 (bottom) shows

as an illustration the PC1 and PC2 time series in summer

1979. This depicts a similar contribution of these two

components with high weights in August and September.

These components are in temporal quadrature and have

a periodicity around 15 days. We will see in the following

that this is associated with a westward-propagating signal,

confirming the identification of ER waves at this peri-

odicity within the African monsoon.

2) THE COMPOSITE FIELDS OVER AFRICA

To evaluate the impact of this ER mode on the total

OLR and atmospheric circulation fields, we have used

the same composite approach as for the 30–100-day ER

signal. Figure 6 presents the time sequence of strong minus

weak convective events for June–September 1979–2006

based on the reconstructed 10–30-day filtered ER OLR

ITCZ index by S-EOF12, in terms of unfiltered OLR

values and 700-hPa geopotential heights. This sequence

goes from t0 2 12 to t0 1 10 days with a 2-day lag where t0
is the reference day for the selected cases as in Fig. 5.

This is based on a composite set of 117 (118) days for

strong (weak) events occurrences (Table 3). The unfiltered

OLR data are represented in terms of the Student’s

t-test values (with a value of 2 representing a significance

level at 95%, and a value of 3 a significance level higher

than 99%; raw data are shown in Fig. 7a at t0). We have

chosen to present this information only for the OLR

patterns, in order to evaluate the significant impact of

these atmospheric circulations on convection, and to keep

the whole circulation organization fully observable. Wind

and geopotential heights at 700 hPa have been also chosen

because the patterns are clearer than nearer the sur-

face, with the 925-hPa fields similar but a bit noisier

(not shown).

The composite time sequence of the ER signal (Fig. 6)

displays a westward propagation of OLR anomalies

along the mean latitude of the ITCZ between 108 and

158N, resulting in a modulation of convective activity

within the ITCZ without any significant changes in its

latitudinal location. The apparent wavelength is about

708–808 of longitude and the period is close to 15 days

(also estimated from the composite time series of the

TABLE 3. Number of cases selected for the composite datasets over June–September 1979–2006. The threshold of 6one standard

deviation is used on the corresponding PCs. When using the GPCP dataset, the samples are weaker because of the shorter period of the

dataset 1997–2006.

Filtered ER signal Weak OLR Strong OLR Weak GPCP Strong GPCP

EOF12 (30–100-day) 50 41 13 18

EOF12 (10–30-day) 118 117 39 43

EOF234 (10–30-day) 125 121 45 44
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FIG. 4. Time sequence of strong minus weak convective events for June–September 1979–2006

based on the reconstructed 30–100-day filtered ER OLR ITCZ index by S-EOF1 and S-EOF2

(called S-EOF12): unfiltered OLR values (colors; W m22) and 925-hPa geopotential heights

[solid (dashed) contours for positive (negative) values; isolines are drawn every 2 gpm with the

zero isoline omitted]. (top to bottom) Time t0 2 21 to t0 1 9 days with a time lag of 3 days.
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reconstructed ITCZ OLR index over 7.58–12.58N, 108W–

108E; not shown), giving an approximate phase speed of

6 m s21. This signal induces highly significant OLR mod-

ulations greater than 10 W m22 and rainfall variations in

excess of 2 mm day21 (see at t0 on Figs. 7a,b). The ini-

tiation of the signal can be seen at t0 2 10 located near

Lake Victoria to 258N. Only the northern part (north of

108N) persists and subsequently moves westward. When

the OLR signal reaches the western coast of West Af-

rica, it becomes more extended meridionally from the

equator to 308N. Then, its amplitude decreases rather

rapidly as it crosses into the tropical Atlantic.

This OLR pattern is associated with wind and geo-

potential fields at 700 hPa. At t0, north of 7.58N, there is

an alternation of anticyclonic (408W), cyclonic (108W),

and anticyclonic (208E) cells from west to east, associ-

ated with weaker cells of the opposite sign south of 7.58N

(around 358W, 108W, and 308E, respectively). These cir-

culations are consistent with OLR anomalies, with the

cyclonic cells located ahead of the negative OLR anom-

alies advecting moisture and causing wave-induced con-

vergence within the enhanced convective area, and vice

versa. Similar circulation anomalies are present at 925 hPa

(not shown), enhancing the Saharan depression from

t0 2 4 to t0 and weakening it from t0 1 4 to t0 1 8. OLR

anomalies of the same sign occur at the same longitudes

both at 158N and at the equator.

This pattern looks like a theoretical ER wave solution

on an equatorial b plane (Matsuno 1966). Different in-

terpretations can be suggested. First, it looks like an n 5 1

ER wave with meridional wavenumber of one (see Fig. 3

of Yang et al. 2003), but displaced north of the equator,

around 7.58N, with a more developed signal north of

7.58N than south of 7.58N. This could be due to the mon-

soon background state because Zhang and Webster (1989)

have demonstrated that changes in the structures re-

sulting from the non–Doppler effect of the basic state

can be considerable for the ER wave. Second, it may also

be interpreted as an n 5 2 ER wave solution (see again

Fig. 3 of Yang et al. 2003). Finally, as suggested by Yang

et al. in their more general study (Yang et al. 2007,

p. 3444), the best interpretation may be a combination of

n 5 1 and n 5 2 Rossby solutions. This interpretation has

the advantage of producing an asymmetric wind field with

a stronger signal north of the equator and a weaker one to

the south, as is seen at t0 in Fig. 6.

The OLR initiation of this ER wave pattern, located

at t0 2 10 over eastern Africa, is initially more developed

to the south (just north of Lake Victoria). In the following

days, however, only the northern part of the OLR signal

amplifies and propagates westward. This could be due to

the fact that east of 108E the ITCZ is more extended

southward over the African landmass while west of 108E

it extends to the north of the Guinea Gulf because of the

cold sea surface temperatures present there. The OLR

anomaly pattern is very consistent with the divergent

wind field at 200 (Fig. 7a) and 850 (Fig. 7b) hPa, as well

as the GPCP rainfall field. This consists of opposite di-

vergent wind fields in the lower and upper troposphere,

suggesting a vertical structure forced as the peak pro-

jection response to the deep convective heating.

A possible connection with the Indian monsoon sys-

tem is also suggested by the 700-hPa circulation. At t0 2 4,

for instance, the three centers of the ER circulation signal

are located at 608E, 108E, and 308W and are associated

with positive, negative, and positive OLR anomaly poles,

respectively. Further analysis of this issue is, however,

beyond the scope of the paper.

b. The 10–30-day Sahel mode

1) THE S-EOF PATTERNS

To examine the Sahel mode in this section, an S-EOF

analysis has been performed on 10–30-day filtered OLR

over West and central Africa during summer. A similar

analysis was carried out by Mounier and Janicot (2004)

using slightly different filtered data, but the conclusions

remain similar. Following the Scree test, only the four

first PCs can be retained. PC1, PC2, and PC3 are re-

solved with PC3 and PC4 forming a degenerate multi-

plet following the North et al. (1982) test. The main

mode of convective variability seen through the first

component (representing 10.2% of explained 10–30-day

filtered variance; Table 5) has been identified as the

QBZD mode (Mounier et al. 2008; see the introduc-

tion). EOF2 (8.5% of explained variance; Table 5) and

EOF3/EOF4 (5.9% and 5.3% of explained variance,

respectively; Table 5) have been combined to charac-

terize the second primary mode of convection over West

and central Africa, as was done in Mounier and Janicot

(2004). Figure 8 (top) shows the EOF2, EOF3, and EOF4

patterns. The EOF2 pattern depicts a zonal dipole along

the Sahelian latitudes between 108 and 158N with a north-

east and a southeast extension for the leading positive

pole. The EOF3 pattern shows a westward displacement

of the EOF2 pattern (confirmed in the next section), and

TABLE 4. Percentages of explained variance of the S-EOF of the

10–30-day filtered ER signal.

Eigenvalue Variance (%) Cumulated variance (%)

1 15.5 15.5

2 13.7 29.2

3 7.8 37.0

4 7.2 44.2

5 5.6 49.8

6 4.9 54.7
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a positive pole centered over central Africa. EOF4 has

a more complex pattern in quadrature with the EOF3

pattern. The associated PC2 and PC3 time series are in

temporal quadrature with a peak correlation of 10.4

significant at the 0.001 level for a lag of 4 days, so that

these two components represent a propagating signal of

convection.

Figure 8 (bottom) displays the associated composite

field of 10–30-day filtered OLR (contours) for the dif-

ference between strong and weak convective phases

based on the combination of EOF2, EOF3, and EOF4.

This has been computed by reconstructing filtered OLR

values over the ITCZ area of 7.58–12.58N, 108W–108E, as

in Fig. 3. The strong cases have been selected when the

standardized reconstructed ITCZ index is at a minimum

and greater than 21, and the reverse for the weak cases.

Similar composite fields for unfiltered rainfall data are

also displayed (color). The OLR pattern is very similar

to the Sahel mode identified by Sultan et al. (2003) using

as a reference a regional index of filtered rainfall over

the area of 12.58–158N, 108W–108E. This pattern depicts

two opposite poles of OLR anomalies: one ahead cen-

tered around 158N and covering all of West Africa with

a northeastward extension, and another centered over

equatorial Africa covering the domain from 58S to 158N.

On average, 4.5 strong and 4.3 weak events occur per

FIG. 5. As in Fig. 3, but for the 10–30-day filtered ER OLR signal.
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FIG. 6. As in Fig. 4, but based on the reconstructed 10–30-day filtered ER OLR ITCZ index: unfiltered OLR values (colors; values are

expressed in terms of Student’s t test), 700-hPa wind vectors (m s21), and 700-hPa geopotential heights [green solid (dashed) contours for

positive (negative) values; isolines are drawn every 2 gpm with the zero isoline omitted]. For clarity, only one grid point out of two is

represented for the wind vectors. (top to bottom) Time t0 2 12 to t0 1 10 days with a time lag of 2 days.
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summer (Table 3). The rainfall anomaly pattern is con-

sistent with the OLR pattern, with positive values west

of 158E covering the ITCZ location and negative anom-

alies between 158 and 208E (no data are available east of

208E). However, the positive rainfall anomalies extend

more eastward than the negative OLR anomalies. This

discrepancy can be partly explained by the fact that we

compare filtered with unfiltered data. Figure 7c shows

the corresponding composite unfiltered OLR field and

Fig. 7d the corresponding composite unfiltered GPCP

field. The negative OLR values extend more to the east

than the filtered ones (the 25 W m22 isoline is located

west of Lake Chad for filtered data and reaches Lake

Chad for the unfiltered data), as with the unfiltered posi-

tive GPCP and IRD rainfall values. The high range of

these OLR and rainfall differences between the strong and

weak phases confirms that this mode is able to significantly

modulate the convective activity in the ITCZ during the

summer monsoon over the whole of sub-Saharan Africa.

2) THE COMPOSITE FIELDS OVER AFRICA

Figure 9 presents a similar time sequence of strong

minus weak convective events for June–September 1979–

2006, but based on the reconstructed 10–30-day filtered

OLR ITCZ index by S-EOF234, in terms of unfiltered

OLR values and 700-hPa geopotential heights. This is

based on a composite set of 121 (125) days for strong

(weak) events occurrences (Table 3). This composite time

sequence is similar to the signal previously detected by

Sultan et al. (2003). The OLR signal initiates over eastern

equatorial Africa (see t0 2 12 and t0 2 10), enhances

in situ (t0 2 8), and then moves northward to 158N (t0 2 6),

and finally propagates westward until dissipating over

the tropical Atlantic (t0 1 4). The apparent periodicity

of this mode is approximately 15 days (also estimated

from the composite time series of the reconstructed

ITCZ OLR index over 7.58–12.58N, 108W–108E; not

shown) and its wavelength is about 708 of longitude.

The atmospheric circulation structure at 700 hPa (also

at 925 hPa; not shown) is very consistent with the OLR

anomaly patterns with cyclonic circulation located ahead

of negative OLR anomalies bringing more moisture into

FIG. 7. (a) Strong minus weak convective events at t0 for June–September 1979–2006 based on the reconstructed 10–30-day filtered ER

OLR ITCZ index by S-EOF1 and S-EOF2: unfiltered OLR values (colors; units: W m22), and 200-hPa divergent wind vectors (m s21).

(b) As in (a), but for the unfiltered GPCP values over the period 1997–2006 (colors; mm day21) and 700-hPa divergent wind vectors

(m s21). (c) As in (a), but for the reconstructed 10–30-day filtered OLR ITCZ index by S-EOF2, S-EOF3, and S-EOF4. (d) As in (b), for

the reconstructed 10–30-day filtered OLR ITCZ index by S-EOF2, S-EOF3, and S-EOF4. Color scale is the same for (a) and (c), and for

(b) and (d). Vector scale is the same for all the panels.

TABLE 5. Percentages of explained variance of the S-EOF of the

10–30-day filtered signal.

Eigenvalue Variance (%) Cumulated variance (%)

1 10.2 10.2

2 8.5 18.7

3 5.9 24.6

4 5.3 29.9

5 3.9 33.8

6 3.8 37.6
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the enhanced convective area, and vice versa. As for the

ER mode, the apparent northward propagation of the

OLR anomaly pole east of 208E from the equator to 158–

208N could be due to the fact that east of 108E the ITCZ

is more extended southward over the African landmass,

while west of 108E the ITCZ is located north of the

Guinea Gulf. Moreover, at t0 2 8 and t0 2 6, the low-

level cyclonic cell moving westward along the Sahelian

latitudes induces stronger southerly winds as well as a

higher moisture content (not shown) east of 158E and

north of the negative OLR anomaly pole. This provides

favorable conditions for increased convection there and

for the observed northward displacement of the con-

vective envelop. On the other hand, in the opposite phase

from t0 2 4 to t0 1 2, the westward evolution of the Sahel

mode structure described above induces the develop-

ment of an anticyclonic cell east of 108E, which brings

drier air over equatorial Africa by northerly winds, a

favorable condition for a decreased convection there

and for the observed northward development of positive

OLR anomalies.

The divergent wind patterns at 200 (Fig. 7c) and 850

(Fig. 7d) hPa are very well marked and associated with

coherent OLR and GPCP anomaly patterns, with a strong

baroclinic vertical structure. At t0 the southwest–northeast

divergent area extending from the Fouta–Djalon zone to

the Mediterranean zone is associated with high negative

OLR anomalies and northward moisture transport at

the lower levels, inducing more convection and pre-

cipitation in the ITCZ and more humid and cloudy air,

but without significant precipitation north of the ITCZ

as seen in the GPCP field. The high-level divergent area

appears to be linked to two subsiding areas, the main

one associated with high positive OLR anomalies lo-

cated over central and eastern Africa extending from

the Congo basin to the Red Sea, and a weaker one south

of the equator over the Atlantic.

c. Comparison between the ER and the Sahel modes

The Sahel mode patterns of atmospheric circulation

and convection are very similar to the ER signal patterns,

with similar periodicity, wavelength, spatial patterns of

OLR and atmospheric circulation, and similar axes of

propagation. This suggests that the Sahel mode could be

accounted for in part by ER wave occurrences. Over the

summers of 1979–2006 the correlation coefficient between

FIG. 8. (top) June–September 1979–2006 second, third, and fourth eigenvectors of the S-EOF analysis of the 10–30-day filtered OLR

signal over West and central Africa. (bottom) Composite fields of the filtered 10–30-day OLR (contours) for the difference between strong

and weak convective phase, computed by using the reconstruction of the OLR values over the ITCZ area 7.58–12.58N, 108W–108E by S-

EOF2, S-EOF3, and S-EOF4 (S-EOF234). The strong (weak) cases have been selected when the standardized reconstructed OLR ITCZ

index is minimum (maximum) and weaker (higher) than 21 (11). Similar composite fields for unfiltered rainfall data but over the period

1979–90 (colors). OLR difference in W m22 and rainfall difference in mm day21.
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FIG. 9. As in Fig. 6, but filtered index by S-EOF2, S-EOF3 and S-EOF4 (S-EOF234).
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the time sequences of the reconstruction of the ITCZ

OLR index by the ER and Sahel mode signals is equal to

10.5 at zero lag and 10.62 with a 2-day lag (the Sahel

mode being ahead of the ER signal). This means that

there are sequences where these two signals are highly

coincident and other times when they are uncorrelated

(not shown). This lag between the two signals, which is

detectable when comparing Figs. 7a and 7c, for instance,

can been explained by the occurrence for the Sahel mode

of a 1-day lag between the filtered and the unfiltered

ITCZ OLR index computed on 7.58–12.58N, 108W–108E,

whereas for the ER signal the corresponding indexes

have no lag between them. When the filtered Sahel mode

index is at its maximum, the corresponding unfiltered

OLR pattern is not centered on 108W–108E but is already

located a bit westward.

The Sahel mode and ER patterns also display certain

differences. Indeed, in Figs. 6 and 9 the Sahel mode

displays a pattern in which the northern part of the cir-

culation more developed than the observed ER one.

From t0 2 8, the cyclonic cell at 158–208E, amplifying

and moving westward, is more developed for the Sahel

mode than for the ER signal, and contributes to an en-

hanced negative OLR anomaly pattern located first over

equatorial Africa and then over West Africa. From t0 2 4,

the trailing anticyclonic cell located at 308E is also

strengthening more for the Sahel mode, inducing in the

subsequent days a higher positive OLR anomaly pattern

first over equatorial Africa and then over West Africa.

This enhanced OLR signal over equatorial Africa leads

to an apparent northward propagation of the OLR anom-

aly pattern east of 208E for the Sahel mode, while this is

less clear for the ER signal.

Figure 10 displays the t0 2 12 to t0 1 8 sequence of

composite of strong minus weak convective events for

different combinations of the Sahel mode and ER signals.

The ‘‘pure’’ Sahel mode is represented on the left column

by considering only Sahel mode cases when the absolute

value of the standardized ER index is lower than 1 (this

represents the average of 82 strong events minus 74 weak

events). The occurrence of the Sahel mode with a high

ER signal is represented in the middle column by con-

sidering only cases when the absolute value of the stan-

dardized ER index is higher than 1 (representing 43

strong events and 46 weak events). Finally the ‘‘pure’’ ER

signal is represented on the right column by considering

only ER cases when the absolute value of the standard-

ized Sahel mode index is lower than 1 (representing 69

strong events and 69 weak events). The significance of the

OLR anomalies is expressed in terms of the Student’s

t-test values as for Figs. 6 and 9. These sample numbers

indicate that in approximately one-third of the ER and

Sahel mode cases are combined while in two-thirds of the

cases they are independent. The panels of Fig. 10 confirm

that the main difference between the ‘‘pure’’ Sahel mode

and ER signal is the occurrence of a strong OLR anomaly

pole over equatorial Africa when the Sahel mode is well

developed. Once it is located more to the west, its patterns

looks more like the ER signal. However, at this stage we

note another difference: the Sahel mode depicts a meridi-

onal dipole of convection (see t0 2 4 or t0 1 4) over West

Africa while the ER signal has one-sign pole of OLR

anomalies, meaning that the ITCZ will be displaced me-

ridionally with the Sahel mode and not with the ER mode.

When the Sahel mode is associated with a strong ER signal

(middle column), the northern part of the OLR anomaly

patterns is enhanced and the southern part is weakened,

providing a more symmetric pattern east of 208E.

6. Conclusions and synthesis of intraseasonal
variability in the summer African monsoon

Two kinds of convectively coupled ER waves have

been detected within the summer African monsoon in

this study. We have focused on the main signal of con-

vection by retaining the leading EOF modes of OLR

variability. Within the periodicity band 30–100 days, an

ER wave pattern with an approximate wavelength of

13 500 km has been depicted. This ER wave links the

MJO variability mode in the Indian monsoon sector with

the main mode of convective variability over West and

central Africa detected by Matthews (2004). This result

confirms the investigation carried out in Janicot et al.

(2009) and Lavender and Matthews (2009).

Within the 10–30-day periodicity band, an ER wave

pattern has been highlighted in the African monsoon sys-

tem with an approximate wavelength of 7500 km, a west-

ward phase speed of 6 m s21, and a period of 15 days. This

signal looks like a combination of n 5 1 and n 5 2 ER

solutions. Its vertical first baroclinic profile suggests that

this wave is forced by the deep convective heating. Its

OLR signal is initially detected north of Lake Victoria,

and then this signal expands northward and propagates

westward along the Sahel latitudes.

In the same 10–30-day periodicity band the Sahel

mode, identified first by Sultan et al. (2003) and corre-

sponding to the second main mode of convective vari-

ability within the 10–30-day periodicity band (Mounier

and Janicot 2004), has also been examined in detail here.

The main difference between these two statistical results

is that the Sahel mode comes from a larger spectral do-

main than the ER mode, and includes both eastward and

westward propagation along with symmetric and anti-

symmetric components about the equator. We have ob-

tained a high spatial similarity between the ER and the

Sahel modes, a significant correlation in time (10.6), and
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FIG. 10. Time sequence from t0 2 12 to t0 1 8 days with a time lag of 4 days of composite strong minus weak convective events for June–

September 1979–2006 based on different reconstruction of 10–30-day filtered OLR signals. (left) Unfiltered OLR for days when

the standardized Sahel mode signal is .1 in absolute value and the standardized ER signal is ,1; (middle) unfiltered OLR for days

when the standardized Sahel mode signal is .1 in absolute value and the standardized ER signal is .1; and (right) unfiltered OLR for days

when the standardized ER signal is .1 in absolute value and the standardized Sahel mode signal is ,1. OLR values are in colors (W m22)

and the same OLR values are expressed in terms of Student’s t test are in contours.
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similar westward propagation, so we conclude that the

ER wave (or at least its dominant EOF mode) can sup-

port the Sahel mode dynamics. This provides support to

notion of a ‘‘purely internal atmospheric mode’’ pro-

posed by Lavender et al. (2010) to explain Sahel mode

dynamics, in addition to soil moisture and land surface

interactions. However, this explanation is not complete;

the correlation explains about 36% of the common var-

iance, so only about one-third of Sahel mode events are

concomitant with an ER wave occurrence. In addition,

the Sahel mode pattern has higher weights over the

eastern and central Africa. This means that supple-

mentary physical processes must be involved in Sahel

mode dynamics, which need to be investigated further.

This paper is the last in a series of studies document-

ing the West African summer monsoon variability at in-

traseasonal time scales (Sultan et al. 2003; Sultan and

Janicot 2003; Mounier and Janicot 2004; Mounier et al.

2007, 2008; Janicot et al. 2009). This is a critical time

scale in this region where resources are strongly rainfall

dependent, so the basic mechanisms controlling this var-

iability as well as its predictability must be investigated.

Three main modes have been highlighted in these studies,

the ‘‘QBZD’’ and the ‘‘Sahel’’ modes, with a mean pe-

riodicity around 15 days, and the ‘‘MJO’’ mode, with a

mean periodicity around 40 days. These modes have a

regional extension and are manifested by convective

envelopes modulating the activity of a population of in-

dividual, higher-frequency systems. They are intermittent

(about 5.5 strong–weak QBZD mode events, 4.5 strong–

weak Sahel mode events, and 1.5 strong–weak MJO events

in an average June–September period), but their impact

on precipitation and convective activity is strong when

they occur. They are characterized by marked zonal

propagation, which is westward for the MJO and Sahel

modes and eastward for the QBZD mode, with an im-

portant stationary component for the latter over Africa.

These modes appear to be mainly controlled both by

internal atmospheric dynamics (convectively coupled

equatorial Rossby waves for the MJO and Sahel modes,

and equatorial Kelvin waves for the QBZD mode) and

by land surface interactions (Taylor 2008). More inves-

tigation of these issues is however needed. For instance,

internal atmospheric processes, like transient mean flow

interactions between the African easterly jet and the

African easterly waves, can produce convective fluctu-

ations at the intraseasonal time scale (Cornforth et al.

2009; Leroux et al. 2009). These modes are also a source

and a part of some teleconnection mechanisms, especially

between the African and Indian monsoon sectors, but

also between the extratropics and the Mediterranean

sector, as shown in recent studies (Vizy and Cook 2009;

Chauvin et al. 2010). They can also have an impact on

the specific timing of the African monsoon onset, which

is characterized by a northward abrupt shift of the ITCZ

occurring at the end of June or the beginning of July,

depending of the year. Some possible mechanisms for

the African monsoon onset have been identified, such as

the link with the oceanic cold tongue establishment in the

Guinea Gulf (G. Caniaux et al. 2009, personal communi-

cation), or the Saharan heat low dynamics during its es-

tablishment over the northwestern part of Africa (Sultan

and Janicot 2003; Ramel et al. 2006; Lavaysse et al.

2009), as well as its role in inertial instability release

(Hagos and Cook 2007). However, it has also been

shown that intraseasonal events like the African MJO

mode could have a role in the African monsoon onset in

2006 during the African Monsoon Multidisciplinary Anal-

ysis (AMMA) intensive field campaign (Janicot et al.

2008). These intraseasonal modes also probably have

a strong impact during the other seasons of the year

when the ITCZ is located close to or over the equator,

and when equatorial atmospheric dynamics and its in-

teraction with convection should be stronger. Finally,

preliminary work has shown that some predictability

skill exists at this intraseasonal time scale (Sultan et al.

2009). A better knowledge of the mechanisms control-

ling this scale is necessary to improve this skill and to be

able to provide guidance for the benefit of farmers and

stakeholders over West Africa.
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