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Abstract This study proposes an overview of the main
synoptic, medium-range and intraseasonal modes of con-
vection and precipitation in northern spring (March—June
1979-2010) over West and Central Africa, and to under-
stand their atmospheric dynamics. It is based on daily
National Oceanic and Atmospheric Administration outgo-
ing longwave radiation and Cloud Archive User Service Tb
convection data, daily TRMM and Global Precipitation
Climatology Project rainfall products and daily ERA-
Interim reanalysis atmospheric fields. It is first shown that
mesoscale convective systems can be modulated in terms
of occurrences number and intensity at such time scales.
Based on empirical orthogonal function analyses on the
2-90-day filtered data it is shown that the main mode of
convective and rainfall variability is located along the
Guinean coast with a moderate to weak extension over
Central Africa. Corresponding regressed deseasonalised
atmospheric fields highlight an eastward propagation of
patterns consistent with convectively coupled equatorial
Kelvin wave dynamics. Then a singular spectrum analysis
combined with a Hierarchical Ascendant Classification
enable to define objectively the main spectral bands of
variability within the 2-90-day band, and highlight three
main bands, 2—8-, 8-22- and 20-90-day. Within these three
bands, space-time spectral decomposition is used to iden-
tify the relative impacts of convectively coupled equatorial
Kelvin, Rossby and inertia—gravity waves, as well as
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Madden—Julian Oscillation (MJO) signal. It confirms that
eastward propagating signals (convectively coupled equa-
torial Kelvin wave and MJO) are highly dominant in these
convection and precipitation variability modes over the
Guinean coast during northern spring. So, while rain-pro-
ducing individual systems are moving westward, their
activity are highly modulated by sub-regional and regional
scales envelops moving to the east. This is a burning issue
for operational forecasting centers to be able to monitor
and predict such eastward propagating envelops of con-
vective activity.

Keywords Synoptic variability - Intra-seasonal
variability - African monsoon - Convectively coupled
equatorial wave

1 Introduction

The AMMA' international program on the understanding
of the West African monsoon and its impacts has been the
opportunity to highlight the evidence of intraseasonal
variability of convective activity and rainfall over this
region during northern summer and to investigate its rela-
ted mechanisms. One synthesis of these results has been
published in Janicot et al. (2011). Three main modes of
variability have been identified, two of them with a mean
medium-range periodicity of 15 days and another one with
a mean intra-seasonal periodicity around 40 days. Both
have a regional extension and represent an envelope
modulating the convective activity of individual mesoscale
convective systems. These modes are intermittent but their

! African Monsoon Multidisciplinary Analyses; http:/www.amma-
international.org.
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impact on precipitation and convective activity can be
strong when they occur. They have also a marked zonal
propagation character.

(1) The 40-day mode modulates convection over the
whole West and East Africa domain and propagates
westward, closely associated to the Madden—Julian
Oscillation (MJO) signal over the Indian sector. Its
westward part is mainly controlled by convectively cou-
pled equatorial Rossby (CCER) waves (Matthews 2004;
Janicot et al. 2009; Lavender and Matthews 2009; Pohl
et al. 2009; Janicot et al. 2010; Ventrice et al. 2011;
Mohino et al. 2012). (2) The 15-day Sahelian mode
propagates westward too, modulating convection mostly
over the Sahelian band, and is linked mainly to CCER
waves (Janicot et al. 2010) and to midlatitude medium-
range variability through a major role played by the
Saharan heat low (Chauvin et al. 2010; Roehrig et al.
2011). (3) The Quasi-Biweekly Zonal Mode (QBZD;
Mounier et al. 2008) modulates convection over the
Guinean Coast, combining an eastward propagating signal
from the Atlantic to East Africa associated to some con-
vectively coupled equatorial Kelvin (CCEK) wave signal,
with a 4-day stationary phase over the Guinean Coast. All
these modes appear to be controlled both by internal
atmospheric dynamics and land-surface interactions
(Mounier et al. 2008; Taylor 2008; Lavender et al. 2010).
They can also have some impact on the African summer
monsoon onset characterized by an abrupt northward shift
of the Inter-Tropical Convergence Zone (ITCZ) at the end
of June (Sultan and Janicot 2003; Mounier et al. 2008;
Janicot et al. 2008). (4) At a shorter synoptic timescale it
has been also shown that westward propagating African
easterly waves are not the alone synoptic system but that
eastward propagating CCEK waves are also present
(between 4 and 6-day periodicity), less frequently that
easterly waves but with a similar impact on convection
and rainfall modulation when they occur (Mounier et al.
2007; Mekonnen et al. 2008; Ventrice et al. 2012a, b,
2013).

Synoptic to intraseasonal variability must be a priori
strong during the other seasons of the year when the ITCZ
is close to or over the equator, favouring interactions
between equatorial atmospheric dynamics and convection.
However only few studies have been presently carried out
over West and Central Africa outside of northern summer,
and none of those that have addressed this issue has pro-
vided an overview.

1. At synoptic timescale Nguyen and Duvel (2008)
revealed large oscillations of convective activity with
periods of 3-6 days over equatorial Africa. In March and
April, when the ITCZ migrates northward and crosses the
equator, this periodic behaviour is highly pronounced with
a marked peak at 5-6 days. Robust horizontal and vertical
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patterns are consistent with CCEK waves even if this
cannot explain all of the periodic behaviour observed over
equatorial Africa.

2. At medium-range timescale, de Coétlogon et al.
(2010), then Leduc-Leballeur et al. (2011) and Leduc-
Leballeur et al. (2013), performed local diagnostic analyses
over the Gulf of Guinea and the Guinean coast in northern
spring and showed the existence of peaks around 15 days
in surface winds and sea surface temperatures (SST). They
showed through lagged cross-correlations the signature of a
5-day lag wind forcing and 3-day lag strong negative SST
feedback. A cold SST anomaly covering the equatorial and
coastal upwelling is forced after about 1 week by stronger-
than-usual south-easterlies linked to the St Helena anticy-
clone. Within about 5°S and 5°N, two retroactions between
SST and surface wind appear to dominate near-surface
atmosphere conditions. When the wind leads the SST,
stronger monsoonal winds north of 2°N are partly sustained
by the developing SST anomaly and bring more humidity
and rainfall toward the continent. When the SST leads the
wind, a reversal of anomalous winds is observed mainly
south of 2°N, closing a negative feedback loop with a
biweekly periodicity. The equatorial SST cooling intensi-
fies a surface-wind equatorial divergence/coastal conver-
gence circulation and generates a cross-equatorial pressure
gradient, which both strengthen the southerlies north of the
equator. This increases subsidence above the ocean and
convection in the northern Gulf of Guinea. Maloney and
Shaman (2008), and Nguyen and Duvel (2008), also
detected a significant spectral peak at timescale near
15 days but they did not investigate it further more.

3. At intra-seasonal timescale, Gu and Adler (2004)
showed by a 2D wavelet analysis the dominance of eastward
propagating synoptic and intra-seasonal wave signals in
rainfall along the Guinean coast in May—June but did not
detail their spatial structures. The MJO signal over West
Africa and the Atlantic during spring was more detailed by
Gu (2008) and Maloney and Shaman (2008), and appears as
clear eastward propagating coherent convection and circu-
lation features with maximum amplitude near the Gulf of
Guinea and in the Atlantic ITCZ, suggesting that the regional
intra-seasonal convective signals might be mostly a regional
response to the MJO and probably contribute to the MJO’s
global propagation. More recently Yu et al. (2012) assessed
the effects of MJO and CCER waves on surface winds and
convection of the tropical Atlantic and African monsoon
area. They showed that in general, the MJO events dominate
the westward-propagating CCER waves in affecting strong
convection in the African monsoon region. The CCER
waves, however, have larger contributions to convection in
the western Atlantic basin. Both the westward and eastward
propagating signals contribute approximately equally in the
central Atlantic basin. Both convection amplitude and the
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number of strong convective events associated with the MJO
are larger during November—April than during May—Octo-
ber. Convection associated with CCER wave events is
stronger during November—April, and the numbers of CCER
wave events are higher during November—April than during
May—October in the African monsoon region, and are com-
parable for the two seasons in the western and central
Atlantic basins. Finally Tchakoutio Sandjon et al. (2012)
focused on the MJO signal over Central Africa. They iden-
tified three eastward propagating modes over northern
Congo, southern Ethiopia and southwestern Tanzania
respectively, as well as a strong interannual modulation of
MJO over eastern central Africa partially linked with the
ENSO events.

The objective of the work presented here is to provide
an overview of the main synoptic, medium-range and intra-
seasonal modes of convection and precipitation in northern
spring (March—June) over West and Central Africa, and to
compare their relative weights. This will be useful as a
basis for more detailed further studies, in particular to
discriminate the role of local surface—atmosphere interac-
tions from remote forcings in this modes dynamics and to
evaluate their predictability. The datasets are detailed in
Sect. 2. In Sect. 3 we present characteristic examples of
synoptic and intra-seasonal sequences of convection and
rainfall amounts. In Sect. 4 a reference regional index will
be defined, based on empirical orthogonal function (EOF)
analyses of 2-90-day filtered convection and precipitation
data. We will regress deseasonalised atmospheric fields
onto this index to get a first view of the dominant atmo-
spheric patterns and dynamics. Then this index will be
decomposed through a singular spectrum analysis (SSA),
and a hierarchical ascendant classification (HAC) will be
applied on the regression fields associated to the SSA
components in order to define objectively the main spectral
bands of variability within the 2-90-day band. We will
highlight three main bands, 2-8-, 8-22- and 20-90-day,
with a dominance of eastward propagation. In Sect. 5 the
Wheeler and Kiladis (1999) space-time spectral analysis
will enable to identify the associated CCEK wave
dynamics over West and Central Africa. Eastward propa-
gating CCEK signals in the three periodicity bands will be
detailed in Sect. 6 and westward propagating CCEK signals
in Sect. 7, confirming the dominance of eastward CCEK
dynamics. Conclusions will be given in Sect. 8.

2 Data

In this study we have used different products of precipi-
tation and convective activity in order to get robust results,
as well as reanalysed atmospheric fields for documenting
the spatial patterns associated to convection in the different

periodicity bands. The period 1979-2010 will be used as
the reference period available for both NOAA OLR et
ERALI data (see below), and the other products, available on
shorter periods, will help to complement and validate the
results.

2.1 The daily NOAA OLR product

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 resolution
of 2.58 latitude—longitude (Grueber and Krueger 1974).
The daily-interpolated OLR dataset produced by the Cli-
mate Diagnostic Center (Liebmann and Smith 1996) has
been used here over the period of 1979-2010 as a proxy for
deep convection. Local hours of the measurements varied
between 0230 and 0730 UTC in the morning and between
1430 and 1930 UTC in the afternoon. Because deep con-
vection over West Africa has a strong diurnal cycle, a
sample 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. This prod-
uct will be used as the reference dataset.

2.2 The daily CLAUS Tb data

Satellite-observed infrared brightness temperatures (Tb)
from the Cloud Archive User Service (CLAUS; Hodges
et al. 2000) have also been used over the period 1984-2005
to detect the convective cloudiness at higher spatiotem-
poral resolution (0.5° x 0.5°, 3 h). Daily averages have
been computed. This dataset is built from multiple geo-
stationary and polar-orbiting satellite imagery in the
infrared window channel. It has been successfully applied
to the study of the diurnal cycle by Yang and Slingo (2001)
and to the study of African easterly and CCEK waves and
convection by Mekonnen et al. (2006, 2008).

2.3 The daily GPCP rainfall product

The Global Precipitation Climatology Project (GPCP) One-
Degree-Daily (1DD) combination has been used over the
period of 1997-2008 to complement the results obtained
with the other infrared datasets. This rainfall estimate
product is based on 3-h merged global infrared brightness
temperature histograms on a 1°x1° grid in the 40°N—-40°S
band (Huffman et al. 2001). It has the advantage of pro-
viding global coverage with a better sampling than the
NOAA OLR dataset. On the other hand, because it is only
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available since 1997, it can be used only as a complement
to carry out our investigation. Moreover, because it is
based on infrared histogrames, its rainfall estimate may have
large errors when rainfall is produced by warm-top clouds.

2.4 The daily TRMM rainfall product

In addition, the daily TRMM 3B42 rainfall product on a
0.25° x 0.25°grid has been wused over the period
1998-2010. It mixes satellite measurements including the
TMI and TRMM precipitation radar to calibrate infrared
precipitation estimate from geostationary satellites as well
as data from ground radars (Huffman et al. 2007), which
guarantees the best possible quality for precipitation data.
It is retrieved from the website www.trmm.gsfc.nasa.gov.

2.5 The ERA-Interim reanalysis data

The ERA-Interim reanalysis from the European Centre for
Medium-Range Weather Forecasts (ECMWF; hereafter
ERAI; Dee et al. 2011) has been used over the period
1979-2010 to document the spatial patterns associated with
the convection signals. These reanalyses data are available
on a 0.75° x 0.75° horizontal grid with vertical atmo-
spheric profiles retrieved on 23 levels from 1,000 to
100 hPa. For this study, the daily mean of the 6-hourly
parameters have been computed. Daily OLR and rainfall
data are also shown in order to evaluate them in front of the
satellite-observed products.

3 Examples of synoptic and intraseasonal time
sequences over the Guinea coast

Figure 1 presents the mean bi-monthly fields of TRMM
rainfall and NOAA OLR from January—February to
November—December, as well as the corresponding time—
latitude cross-sections over West and Central Africa. These
panels show the well-known meridional evolution of the
ITCZ with a higher spatial resolution for the TRMM
product. In particular high rainfall amounts in the Camer-
oon highlands and west of the Fouta Jalon mountains are
well detected over most of the year. From March to June,
convection and precipitation are high along the Guinean
coast due to the location of the ITCZ over the highest SSTs
in the year in the equatorial basin. This precedes the well-
known northward shift of the ITCZ over West Africa at the
end of June (see Fig. 1B left panel) indicating the start of
the summer monsoon (Sultan and Janicot 2003). Over
Central Africa such an abrupt northward shift does not
exist and the ITCZ moves less to the north but summer
rainfall starts to increase at the same time (Fig. 1B right
panel). Similar patterns are given by the other OLR and
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rainfall products but with lower values for ERAI (not
shown).

Figure 2 shows characteristic synoptic, medium-range
and intra-seasonal time sequences of convection (CLAUS
Tb) and precipitation (TRMM) over the Atlantic-Africa
domain in northern spring. These sequences have been
selected based on the full investigation presented in the
next sections. It is shown here as an illustration and is
analysed further in Sects. 6 and 7. Left panels show (1) the
time-longitude sequence of 2.5°S—7.5°N averaged Tb from
1 to 30 March 1999 where the synoptic timescale signal is
well defined, (2) the corresponding daily mean 2.5°S-
7.5°N/5°W-5°E TRMM rainfall evolution smoothed by a
moving-sum over 2 days, and (3) the corresponding
wavelet diagram of the NOAA OLR index computed as an
average over 2.5°S—7.5°N/5°W-5°E. Middle panels show
the sequence from 25 March to 5 May 2001 where the
medium-range timescale signal is well defined and daily
rainfall evolution is smoothed by a moving-sum over
5 days. The right panels show the sequence from 1 March
to 1 July 2003 where the intra-seasonal timescale signal is
well defined and daily rainfall evolution is smoothed by a
moving-sum over 10 days. All three time-longitude cross-
sections show westward propagating signals of mesoscale
convective systems (Tb shaded in blue) with succession of
sequences of more or less convective activity. The impact
of these fluctuations is very clear over the Guinean coast in
the respective daily rainfall time series where high varia-
tions with periodicities of about 6 days (synoptic), 15 days
(medium-range) and 50 days (intra-seasonal) are high-
lighted. They are also well detected in the wavelet dia-
grams of NOAA OLR.

4 Detection of the main periodicities

In this section we aim at detecting and identify the main
mode of variability in terms of convection and precipitation
over West and Central Africa. So a reference regional
index based on the first EOF component of 2-90-day fil-
tered convection and precipitation data will be defined.
Deseasonalised atmospheric fields will be regressed onto
this index to get a first view of the dominant atmospheric
patterns and dynamics. Then this index will be decomposed
through SSA, and a HAC will be applied on the regression
fields associated to the SSA components in order to define
objectively the main spectral bands of variability within the
2-90-day band.

4.1 Reference index definition

First eigenvectors of March—June 2-90-day filtered NOAA
OLR, CLAUS Tb, ERAI OLR, and GPCP, TRMM and
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Fig. 1 A Mean bi-monthly TRMM rainfall (mm day ™', color) and NOAA OLR (Wm ™2, contour) from January—February to November—
December. B Time-latitude cross-sections of TRMM (color) and NOAA OLR (contour) averaged over 10°W—10°E (left) and 10°E-30°E (right)

ERALI rainfall have been computed over their respective  the reconstruction by these first principal components are
period (see Sect. 2) over the domain 50°W-50°E/15°S—  shown on Fig. 3 with the respective percentages of
20°N using the covariance matrix. The variance fields of  explained 2-90-day variance by these components. Note
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Fig. 2 Examples of characteristic A synoptic, B medium-range and
C intra-seasonal time sequences of convection and precipitation over
the Atlantic-Africa domain. The time-longitude cross-sections show
the CLAUS Tb values (°K) along 45°W—45°E and averaged over
2.5°S-7.5°N; it highlights westward propagating convective systems.
Curves represent the TRMM rainfall values (mm) averaged over
2.5°S-7.5°N/5°W-5°E. The 5°W-5°E domain is displayed on the
cross-sections. Corresponding wavelet diagrams of a NOAA OLR
index computed as an average over 2.5°S—7.5°N/5°W-5°E are shown

that the color scales are different in order to better see the
details within each field. All the patterns are consistent and
show a strong pole centred over the Guinean coast,
including an extension of weaker values over West and
Central Africa but for OLR and Tb only. That means that
over Central Africa in particular the OLR variance is not
due to rainfall variability but to non-precipitating clouds or
atmospheric moisture. The rainfall fields highlight another
pole along the equator off the Brasilian coast that is asso-
ciated with an opposite sign in the eigenvector fields (not
shown), meaning that more rainfall over the Guinea gulf is
linked to less rainfall to the west. Such dipoles are also
present in the OLR eigenvectors but with very weak vari-
ances in the western pole (not displayed). Explained vari-
ance percentages of these first EOF components are
included between 6.7 and 9.6 % for OLR/Tb, and between
2.7 and 4.7 % for rainfall, probably due to the higher
spatial resolution of the rainfall datasets, to higher small
scale variance for rainfall fields and to a highly skewed
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below (D-F). Three time sequences are presented : A the sequence
from 1 to 30 March 1999 where the synoptic timescale signal is well
defined and daily rainfall evolution is smoothed by a moving-sum
over 2 days; B the sequence from 25 March to 5 May 2001 where the
medium-range timescale signal is well defined and daily rainfall
evolution is smoothed by a moving-sum over 5 days; C the sequence
from 1 March to 1 July 2003 where the intra-seasonal timescale signal
is well defined and daily rainfall evolution is smoothed by a moving-
sum over 10 days

positive distribution. On Fig. 3 while the ERAI OLR var-
iance field shows values of the same order as for NOAA
OLR, ERAI rainfall variances are very weak compared to
TRMM and GPCP values, meaning a high under-estima-
tion in this reanalysis product. Same EOF analysis per-
formed separately on March—April and May—-June show
similar patterns but a bit more zonally elongated in May—
June (not shown). Based on these results, we can define a
reference daily index as the average of 2-90-day filtered
NOAA OLR over the area 2.5°S-7.5°N/5°W-5°E. This
index is correlated at 40.94 to the similar deseasonalised
index. Table 1 (first row) shows the correlations between
this index and similar indices computed from the five other
OLR and rainfall variables. Correlations are higher than 0.7
in absolute value for CLAUS Tb, GPCP and ERAI OLR,
which are the products the most similar to NOAA OLR,
and between 0.4 and 0.5 in absolute value for TRMM and
ERALI rainfall. We have checked that using a similar index
computed on a bit different area sizes does not modify the
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Fig. 3 Variance fields of the reconstruction by the first principal
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(W>m™), B CLAUS Tb (°K?, C ERAI OLR (W?>m™), and

D GPCP, E TRMM, F ERAI rain (mm?”day ?). Respective
percentages of explained variance by the first component are
indicated. Color scales are different so as to better see the details

Table 1 First row: Correlations between the reference 2-90-day filtered NOAA OLR index over the Guinean coast and similar indices
computed from the five other OLR and rainfall variables

Index NOAA OLR CLAUS Tb ERAIOLR GPCP Rain TRMM Rain ERAI Rain
Correl NOAA OLR/other indices +1.00 +0.95 +0.71 —0.79 —0.51 —043
Correl 20-90-day RCPs NOAA OLR/RCPs other indices +0.98 +0.94 +0.85 —0.88 —0.84 —0.69
Correl 8-22-day RCPs NOAA OLR/RCPs other indices  +0.98 +0.94 +0.79 —0.84 —0.84 —0.62
Correl 2—-8-day RCPs NOAA OLR/RCPs other indices +0.80 +0.76 +0.53 —0.56 —-0.52 —0.31

Second row: correlations of the RCPs reconstructed NOAA OLR index over the 20-90-day band and of the other 20-90-day band filtered indices
with the 20-90-day NOAA OLR reference index. Third row: as second row but for the 8—22-day band. Fourth row: as second row but for the

2-8-day band

results in the rest of the study. Moreover in order to better
evaluate the space representativity of this reference index,
we have computed the correlation coefficients between the
reference index and indices computed over two larger
longitude domains, a first one over 10°W-10°E and the
second one over 10°W-30°E. For the largest one, the
correlations with the reference indices are equal to 0.82,
0.78, 0.75, 0.77, 0.64 and 0.65 for NOAA-OLR, CLAUS
Tb, ERAI OLR, GPCP, TRMM and ERAI rain respec-
tively, meaning a good coherency between West and
Central Africa for irradiances and a moderate one for
precipitation, in consistency with the EOF reconstructed
variance patterns. So the reference index defined over the
longitude band 5°W-5°E is representative of a more
extended area including Central Africa.

To evaluate the representativeness of this reference
index on the full atmospheric fields and to get a first out-
look of the associated atmospheric dynamics, March—June
regression patterns of deseasonalised atmospheric variables
onto this standardised 2-90-day filtered reference index
have been computed, first at time To (with no time lag;
Fig. 4A), second through time-longitude cross-sections
from To —20 days to To +20 days (Fig. 4B). Regression
coefficients are displayed for NOAA OLR, CLAUS Tb,
ERA OLR (W m™?) with superimposed 925 hPa wind and
geopotential height, and for GPCP, TRMM and ERAI
rainfall (mm day ') with superimposed 200 hPa divergent
wind and velocity potential. These values can be inter-
preted in terms of their modulation associated to a variation
of the NOAA OLR reference index of one standard
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«Fig. 4 A Regression patterns over March—June onto the standardised
2-90-day filtered NOAA OLR reference index (average over 2.5°S—
7.5°N/5°W-5°E) of deseasonalised variables for their respective
periods (see Sect. 2). a at time To (with no time lag) for a¢ NOAA
OLR, b CLAUS Tb, ¢ ERA OLR (Wm™?) with superimposed
925 hPa wind and geopotential height, and for d GPCP, ¢ TRMM,
fERAI rain (mm day™") with superimposed 200 hPa divergent wind
and velocity potential. Only 90 % significant OLR and rainfall
regression coefficients are displayed, and for a better clarity all wind,
geopotential height and velocity potential regression coefficients are
displayed. Vector scales are displayed. B Same as A but for To —20/
To +20 days time-longitude cross-sections averaged over 2.5°S—
7.5°N (regression coefficients of zonal wind components are
displayed)

deviation. The spatial patterns at To are consistent with the
EOF eigenvectors and show a high modulation of desea-
sonalised convection and rainfall centered over the Guin-
ean coast and the equatorial Guinean gulf, with a zonal
extension from 30°W to 30°E for OLR but a weaker one
restricted over the oceanic basin for rainfall (with weak
values for ERAI rainfall). In particular Central Africa is
more weakly affected in terms of precipitation than in
terms of OLR, meaning a modulation of non precipitating
clouds and/or atmospheric water vapour content. The area
of enhanced rainfall and convective activity is associated

Fig. 4 continued (b) (e)
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Fig. 5 March-June spectra of the 2-90-filtered A NOAA OLR
reference index and of other filtered indices computed over the same
area 2.5°S-7.5°N/5°W-5°E (B CLAUS Tb, C ERAI OLR, D GPCP,
E TRMM and F ERAI rain) on their respective periods (see Sect. 2).

with a clear upper levels divergent outflow and in the lower
levels with east—west pressure gradient and enhanced
easterly wind components in quadrature with the OLR
peak, that is characteristic of a Kelvin wave pattern. This is
confirmed by the time-longitude cross-sections of Fig. 4B
that highlight eastward propagations of both the convective
envelop and the associated pressure-wind patterns. This
signal is high from 60°W to 90°E but with weaker modu-
lations over Central Africa. This enhanced convective
signal is preceded and followed by an opposite modulation
but no clear periodicity appears at this stage. One can
notice again the very weak values of ERAI rainfall com-
pared to TRMM and GPCP products. On Fig. 4A a zonal
band of negative values is also present along 30°N over
northern Africa and Saudi Arabia in NOAA and ERAI
OLR but not in rainfall fields, meaning atmospheric
moisture or non-precipitating clouds probably associated
with tropical plumes (Knippertz and Fink 2009). Regressed
atmospheric patterns onto the other irradiance and rainfall
indices averaged over the same reference area have also
been computed and they have very similar patterns (not
shown).

4.2 Spectral analysis of the reference index

To better identify the main modes of variability within the
2-90-day band, spectral analysis and decomposition have
been carried out based on the reference index. Figure 5
shows the March—June smoothed spectra of the NOAA
OLR reference index and of the other indices computed
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Green, blue and red curves represent the red noise spectrum and the
associated significance level of 90 % and 95 %. The period of
15 days is highlighted in red

over the same area 2.5°S-7.5°N/5°W-5°E (CLAUS Tb,
ERAI OLR, and GPCP, TRMM and ERAI rainfall) on their
respective periods (see Sect. 2). Significant peaks (95 % of
the red noise spectrum) are detected on the NOAA OLR
reference index mainly between 30 and 60 days, around 25
and 15 days, and between 5 and 10 days. These main
periodicities are also present and mostly significant for the
other five indices.

To go further into this spectral decomposition and to
identify the main periodicity bands, a SSA has been per-
formed on the NOAA OLR reference index. Such a pro-
cedure was used in Janicot et al. (2010). SSA (Vautard and
Ghil 1989; Vautard et al. 1992; Ghil 2002) is related to
EOF analysis but is applied to a lagged time series pro-
viding SSA modes that correspond to oscillations in a
specific frequency band. It is well designed to extract
periodic information from noisy time series. Given the time
series of the reference index as x(f) of length N, x is
embedded in a vector space of dimension M to represent
the behaviour 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 domain (T-
EOFs), and quasi-periodic modes appear as pairs of
degenerate eigenvalues associated with T-EOFs in quad-
rature. 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 reconstruct the part of
the original time series associated with the mode k, RCy, by
combining the kth T-EOF and the kth T-PC. The RCs are
additive and the original time series can be reconstructed
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Table 2 Percentages of explained variance of the first 30 T-EOFs of
the SSA

Eigenvalue Variance (%) Cumulated variance (%)
1 6.22 6.22
2 5.91 12.13
3 4.63 16.76
4 4.38 21.13
5 4.00 25.13
6 3.92 29.06
7 3.58 32.64
8 3.52 36.16
9 3.13 39.29
10 3.10 42.39
11 2.97 45.36
12 2.92 48.27
13 2.80 51.07
14 2.77 53.84
15 2.68 56.53
16 2.68 59.21
17 2.49 61.69
18 2.46 64.15
19 241 66.56
20 2.27 68.84
21 2.24 71.08
22 2.15 73.23
23 1.79 75.01
24 1.58 76.60
25 1.48 78.06
26 1.32 79.38
27 1.18 80.55
28 1.04 81.59
29 1.03 82.62
30 1.01 83.63

by summing up the M reconstructed components RCy. The
choice of the window size M is arbitrary. It must be large
enough to get as much information as possible and yet
small enough to ensure many repetitions of the original
signal by maximizing the ratio N/M (Ghil 2002). A value of
60 has been used for M to accommodate the intra-seasonal
signal at 40-60-day. Similar analyses have been performed
for different values of M from 40 to 60, and the results
were not very sensitive to these different window sizes.
The results of the SSA applied on the 2-90-day filtered
reference index are presented in Table 2 and Fig. 6.
Table 2 shows the explained variance of the first 30
T-EOFs (84 % for their sum). Oscillatory modes can be
detected by pairs of eigenvalues that are approximately
equal and by T-EOFs in quadrature. Figure 6 displays the
smoothed spectra of the 2-90-day filtered NOAA OLR
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Fig. 6 Spectra of the 2-90-day filtered NOAA OLR reference index
and of the reconstructed signals by pairs of components RC; , to
RCs9_30. The explained variance percentages of the reference index
are indicated for every pairs

reference index (same as Fig. 5) and of the reconstructed
signals by pairs of components RC;_, to RCy9_3¢. The first
oscillatory mode is captured by the first pair of T-EOFs,
representing 12.2 % of the variance and is characterized by
a periodicity band between 30 and 60 days with higher
energy near 50 days. The following pair of T-EOFs rep-
resents another oscillatory mode (9.0 % 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
bit weaker oscillatory mode (7.8 % of variance) with the
highest energy between 12.5 and 16.5 days and a spectral
peak at 15 days, and the fourth pair (7.1 %) between 16.5
and 22 days with a peak around 18 days. Other T-EOFs
pairs exhibit shorter periodicities from 12.5 to 3.5 days. On
Fig. 6 one can see that not all the variance is retrieved by
SSA but what is retrieved and highlighted by SSA corre-
sponds to periodic signals.

Our aim is then to classify these RC modes in order to
define objectively the main periodicity bands. The first step
has been to compute maps of deseasonalised OLR over the
domain 15°N-15°S/180°W-180°E regressed onto each of
the 15 RC modes (RC;_, to RCy9_30), as was done in
Fig. 4. The regression maps at To highlight similar spatial
patterns with progressive shorter zonal wavelength as the
RC periodicities are decreasing (not shown). All of them
show eastward propagative signals between To —20 and
To +20 days, consistent with Kelvin-type signals (not
shown). The second step is to aggregate these spatial To
patterns into a smaller number of types based on their
similarities. For that we apply the HAC using a distance
between every two maps based on the correlation coeffi-
cient: Dist =2x (1 — C) where C is the correlation
between two of these regression coefficients maps. This
enables to quantify all these distances in terms of spatial
similarity independently of the amplitude of the regression
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Fig. 7 Dendrogram of the
RC],Z to RC29730 spatial
regression patterns. The 04
ordinate represents the
aggregation index scale based
on the intra-classes variance 035 -
with the Ward distance metric.

The evolution of this
aggregation index is shown by 0.3 -
the dotted line
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coefficients, and to classify them into different classes
using the Ward metric (Saporta 1990). The resulting den-
drogram is shown in Fig. 7. A test is applied at each sig-
nificant cutting level of the dendogram defined by the *‘rule
of the elbow’’, that is the level where there is a significant
change of the aggregation index, based on this metric. We
chose first to select a classification into four classes, just
before a drop of this index when one goes from four to five
classes. This discriminates the RC;_, to RC3_4 (20-90-day
periodicity band), the RCs_g to RC3_14 (8-22-day peri-
odicity band), the RC;5_15 to RCy5_56 (the 5-8-day peri-
odicity band) and the RC,;_,5 to RCyg 3¢9 (periodicities
below 5 days). As the RCy7_,5 to RCy9_3¢ variance is very
weak and periods short and close to 5 days, we finally
chose to aggregate RC;s_14 to RCy9_39 and include also
shorter periodicities. Then SSA and HAC enable to dis-
criminate three periodicity bands, 20-90-day, 8-22-day
and 2-8-day, what will be used in the following sections.
The SSA decomposition has produced a continuum of
spatial regression patterns with progressively shorter
wavelengths with decreasing periodicities, leading to
classes with a good internal consistency, and then to a
weak loss of variability when applying HAC. Sensitivity
tests on the boundaries of these three bands have been
carried out that provide similar results in the rest of the
study (not shown). Another point is that our results would
not have be different if we had used the other products than
NOAA OLR to define the boundaries of the spectral bands
used for filtering in the next sections, since we do not focus
on individual SSA components but on their classification
and related boundaries of spectral bands that is less
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sensitive. We have checked that the other dendrograms
provide similar results (not shown).

Table 1 (second row) shows the correlations of the
RCPs reconstructed NOAA OLR index over the 20-90-day
band and of the other 20-90-day band filtered indices with
the 20-90-day NOAA OLR reference index, as well as
similar correlations for the 8—22-day band (third row) and
the 8-22-day band (fourth row). All of these coefficients
are significant at least at 5 %, and more for most of them. It
confirms that the three RCPs reconstructed NOAA OLR
signals represent very well the corresponding three bands
variability, and that, as seen in first column of Table 1, the
other OLR products have also high correlations, as for rain
products except ERAI. These correlations are globally
weaker for the 2—-8-day band (fourth row), due to the fact
that the considered RCPs do not extract periodicities
between 2 and 4 days (see Fig. 6). Finally one can notice
that the 2-8-, 8-22- and 20-90-day filtered indices are
correlated at +0.64, +0.53, +0.47 respectively with the
deseasonalised reference index. EOF analysis similar to
Fig. 3 but for each of the three periodicity bands have been
performed and shows a first eigenvector with high weights
still located along the Guinean coast confirming that our
reference index is also relevant at these timescales (not
shown). This will be detailed in Sect. 6.

5 Spectral space-time analysis

We have seen that the 2-90-day filtered OLR main mode,
as well as pairs of RC modes, have a spatial pattern and an
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eastward propagation consistent with CCEK signals. Our
aim is to investigate more precisely this dynamics for the
three identified periodicity bands by using the Wheeler and
Kiladis (1999) spectral space—time decomposition in order
to evaluate in particular the effect of the equatorial
dynamics of CCEK, CCER and MJO.

A wavenumber—frequency spectral analysis has been
performed on the OLR component symmetric about the
equator between 15°N and 15° for February—July
1979-2010, as well as for the other OLR and rain products
over their respective available periods. It has been carried
out both on all the longitudes and on restricted longitude
domains by tapering data to zero outside of these domains
to control spectral leakage. Two domains have been tested:
90°W-60°E and 60°W-30°E. The wavenumber—frequency
spectral analysis provides similar results for the three
domains except that we get stronger signals on restricted
domains especially for Kelvin and Westward Inertia-
Gravity (WIG) waves (not shown). Figure 8A shows these
results for the intermediate domain 90°W-60°E. The sha-
ded spectral peaks lie above the 95 % level of significance,
and a family of equivalent depth curves for Kelvin,
Equatorial Rossby, and IG waves from equatorial linear
shallow-water theory (Matsuno 1966) are also shown (see
Wheeler and Kiladis 1999 for more details).

The spectra reveal the existence of peaks corresponding
to CCEK and CCER waves. The MJO peak is also visible
in the spectrum but does not correspond to a shallow-water
mode. In Wheeler and Kiladis (1999) a so-called tropical
depression band, representing easterly waves for Africa,
was also identified during northern summer in the west-
ward-propagating signal domain for 2—-6-day periods and
6-20 westward zonal wavenumbers. However this signal is
no more present in northern winter and is replaced by some
signal in the WIG domain centred around periodicity
2.5 days and zonal wavenumber 5 (see Fig. 5 of Wheeler
and Kiladis 1999). In Fig. 8A there is a similar WIG signal
and no evidence of an easterly wave signal, what is con-
sistent with the period of the year, February to July, used to
compute Fig. 8A spectra. The CCEK NOAA OLR signal
has three main peaks between 8 and 10, 5 and 6, and 4 and
5 days. A weaker one is also evident near 3 days. We can
also notice weak amplitudes around 7 days and around
20 days that corresponds well to the boundaries of the
periodicity bands identified in Sect. 4. The main CCER
peak is centred around 25 days and the MJO eastward
signal appears at periods above 30 days. CLAUS Tb and
ERAI OLR show similar peaks but with clearly lower
values for ERAI data. These peaks are also present in the
rainfall data with again lower values for ERAIL

In Fig. 8B the boxes outline the regions of filtering for
the CCEK and CCER waves examined here as well as for
the WIG waves and the MJO signal. This filtering has been

performed by creating an OLR dataset through an inverse
transform that retains only the Fourier coefficients corre-
sponding to the designated boxes (Wheeler and Kiladis
1999). Note that the datasets obtained contain equatorial
waves as well as a significant amount of background
convection. This technique has been applied successfully
for the West African summer monsoon in Mounier et al.
(2007, 2008) and Janicot et al. (2009, 2010). Red dots
represent the 15 RCs modes computed in Sect. 4 with size
proportional to their variance. Their central period was
provided from their spectrum and their wavelength esti-
mated from the related regression pattern at To (Sect. 4).
The first two modes are well located within the MJO box.
Within the Kelvin domain the 3rd to 7th modes between 8
and 22 days and the remaining 8 modes between 4 and
8 days are mostly located along the 25 m equivalent depth
meaning an average phase speed of about 16 m s™', some
others along 12 m (phase speed of 11 ms~') and
remaining few near 50 m (phase speed of 22 m s™').

6 Eastward propagation signals

In this section the spatial patterns associated to the three
periodicity bands and the related filtered CCEK and MJO
signals are examined. Let us recall that the SSA-HCA
approach was used to define objectively the boundaries of
the three main spectral bands that are then used for filtering
data. Figure 9 revisits the characteristic examples of syn-
optic, medium-range and intra-seasonal signals shown on
Fig. 2 by including superimposed filtered signals. Fig-
ure 9A highlights the 2-8-day filtered NOAA OLR signal
(red contours) and the 2.5-8-day CCEK filtered NOAA
OLR signal (black contours). When the Kelvin signal is
high (5-23 March), it is associated with high eastward
propagating 2—-8-day filtered signal and it modulates very
clearly the activity of westward propagating mesoscale
convective systems. Outside of this active Kelvin
sequence, the 2-8-day filtered signal appears less well
organised. Figure 9B highlights the 8-22-day filtered
NOAA OLR signal (red contours) and the 8—22-day CCEK
filtered NOAA OLR signal (black contours). The 8-22-day
signals appears well organised over the whole sequence
and modulates clearly the activity of westward propagating
mesoscale convective systems at this timescale. It is
characterised by an eastward propagation combined with a
systematic stationary phase along the Guinean coast
between 15° and 0°W. The associated Kelvin filtered signal
is high during the first half of the sequence only. Figure 9C
highlights the 20-90-day filtered NOAA OLR signal (red
contours) and the MJO filtered NOAA OLR signal (black
contours). Again the activity of westward propagating
mesoscale convective systems are modulated at this longer
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«Fig. 8 A Regions of wavenumber—frequency filtering calculated for
February—July over 1979-2010 for a NOAA OLR and respective
available periods for the other OLR and rain products (b—f). Contours
show the symmetric power divided by a background spectrum [note
that the background was calculated for the full period; see Wheeler
and Kiladis (1999) for details on the computation techniques].
Contour interval of this ratio is 0.1 starting at 1.0, with shading above
1.1 indicative of statistically significant signals. The thin lines are the
various equatorial wave dispersion curves for the eight different
equivalent depths 2, 5 8, 12, 25, 50, 90 and 180 m for Kelvin and
Equatorial Rossby waves, and 2, 5 8, 12, 25 m for Inertio-Gravity
waves. B The boxes indicate the regions of the wavenumber—
frequency domain used for filtering of the data to retrieve the
longitude—time information of the different convectively coupled
equatorial waves [CCEK in blue, CCER in green, WIG in dotted
green, and MJO in dotted blue]. Red dots represent the 15 RCs modes
computed in Sect. 4 with size proportional to their variance

timescale through eastward propagating signals associated
most of the time with MJO signals. In consequence these
examples show that the westward propagating rain pro-
ducing systems can be modulated significantly by eastward
propagative waves at various time and space scales, con-
tributing to define envelop of convective activity, and
synoptic to intra-seasonal fluctuations of rain at sub-
regional to regional scales.

Figure 10 shows maps of March—June 1979-2010 NOAA
OLR variance for filtered 2-8-, 8-22- and 20-90-day sig-
nals, and for superimposed filtered 2.5-8-day CCEK, 8-22-
day CCEK and MIJO signals respectively (Fig. 10 left).
Variance percentages of 2—8-, 8-22- and 20-90-day signals
referred to 2-90-day variance are also shown (Fig. 10 right).
The synoptic part (2-8-day) represents the highest fraction
of variance with up to 70-80 % of 2-90-day variance over
West and Central Africa. It is also very high over the rest of
the equatorial band except the eastern coast of Africa. The
maxima are centred a bit north of the equator over Africa
and the East Pacific basin, and a bit south of the equator over
the Indian and West Pacific basins as well as South America.
The associated Kelvin contribution is high and its maxima
are coincident with 2-8-day maxima. The spatial distribu-
tion of TRMM rainfall variance is similar to NOAA OLR
except weak values over the African continent as seen in
Fig. 3 (not shown). The variance field of the 8—22-day signal
shows again maxima within the equatorial band with high
values over the Indian and Pacific oceans. Other maxima are
located along the Guinean coast, along 10°N over Africa,
and over the western Sahara corresponding here to frequent
occurrences of tropical plumes. In this sector the TRMM
variance field shows again high values over the Guinean gulf
only (not shown). Relative contributions to the 2-90-day
NOAA OLR signal are rather of the same order all along the
equatorial band about 20-30 % with a bit weaker values
over land. Over the Guinea gulf it coincides with the max-
ima of the associated Kelvin signal. At 20-90-day scale, the

highest variance is located over the Indian basin consistent
with the MJO events occurrence area. Over Africa and the
Guinean gulf the variance pattern looks like the 8-22-day
one with a bit lower values, and it coincides with the
maxima of the MJO signal over this area. The relative
contributions to the 2-90-day variance are weaker than for
the 8-22-day band. TRMM variance is also weaker and its
maxima still located over the Guinea gulf (not shown).

In the following figures we analyse the time sequences of
regression patterns over March—June of deseasonalised
fields onto the standardised NOAA OLR reference index
filtered on 2-8-day (Fig. 11), 8-22-day (Fig. 12) and 20-90-
day (Fig. 13) respectively. The objective is to analyse for
each periodicity band the time sequence of convection,
precipitation and associated atmospheric fields, and their
links with the Kelvin and MJO equatorial dynamics.

Figure 11 shows the regression patterns from To —3 to
To +3 days of (A) deseasonalised CLAUS Tb, 2.5-8-day
CCEK filtered NOAA OLR and deseasonalised divergent
200 hPa wind, (B) deseasonalised TRMM, 925 hPa geo-
potential height and wind, (C) and 2.5-8-day CCEK fil-
tered NOAA OLR, 925 hPa geopotential height and wind,
as well as (D) the associated evolution from To —10 to To
+10 days of the regression coefficients averaged over
2.5°S-7.5°N/5°W-5°E for deseasonalised NOAA OLR,
filtered 2.5-8-day CCEK NOAA OLR, deseasonalised
TRMM, and for the same variables averaged over 2.5°S—
7.5°N/10°-30°E (Central Africa). On Fig. 1A, B, C
CLAUS Tb has been chosen because it has an evolution
similar to NOAA OLR but provides more small scale
details. On Fig. 11D NOAA OLR has been chosen because
the amplitudes can be compared directly to those of filtered
CCEK signals. On all panels eastward propagation of
convective envelop and associated precipitation is very
clear. This dynamics is also signed by a high outflow area
of divergent wind at 200 hPa (A). At low levels (B), the
patterns of deseasonalised geopotential height and wind are
very consistent with a Kelvin-like pattern with a pole of
enhanced rainfall located within an area of high easterly
geopotential height gradient and of zonal wind conver-
gence, maxima of westerly (resp. easterly) winds being
linked to maxima (resp. minima) of geopotential heights.
This is confirmed by their similarity with the associated
Kelvin filtered patterns shown in Fig. 11C. The phase
speed of the CCEK is estimated to 15 m.s~'. The mean
periodicity of this signal is 5-6 days as seen on Fig. 11D
both on deseasonalised and Kelvin filtered time series of
OLR and precipitation over the Guinean coast. The
amplitude of the Kelvin signal is about 40 % of the des-
easonalised signal. Over Central Africa the time lag is of
1 day and the amplitude is highly reduced respect to the
Guinean coast index. A last point is that convective activity
shown through deseasonalised Tb is initiated at To —1 also
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(A) 1999 lat=[2.5S,7.5N] (B)
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Fig. 9 Same as Fig. 2 including superimposed filtered signals:
A 2-8-day filtered NOAA OLR signal (red contours) and 2.5-8-day
CCEK filtered NOAA OLR signal (black contours); B 8-22-day

filtered NOAA OLR signal (red contours) and 8-22-day CCEK
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Fig. 10 Left panels Maps of March—June 1979-2010 NOAA OLR
variance for filtered 2-8-day, 8-22-day and 20-90-day signals
(colour), and for superimposed filtered 2.5-8-day CCEK, 8-22-day

over Nigeria and Cameroon ahead of the CCEK filtered
signal and enhances on the spot to cover the whole Guinean
coast at To in phase with CCEK.
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0

filtered NOAA OLR signal (black contours); C 20-90-day filtered
NOAA OLR signal (red contours) and MJO filtered NOAA OLR
signal (black contours)

0 08  6OE  OOR
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CCEK and MJO signals respectively. Right panels Same as left but
for variance percentage referred to 2-90-day variance

The results of similar computations from the 8-22-day
signal are shown on Fig. 12. The evolution and the spatial
patterns look like those of 2-8-day signal except
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Fig. 11 Regression patterns over March—June onto the standardised
2-8-day filtered NOAA OLR reference index of variables over their
respective periods from To —3 to To 43 days by 1-day step.
A Deseasonalised CLAUS Tb (colour), 2.5-8-day CCEK filtered
NOAA OLR (contours) and deseasonalised divergent 200 hPa wind.
B Deseasonalised TRMM (colour), 925 hPa geopotential height
(contours) and wind. C 2.5-8-day CCEK filtered NOAA OLR
(colour), 925 hPa geopotential height (contours) and wind. Only
90 % significant NOAA OLR, CLAUS Tb and TRMM regression

coefficients are displayed. For a better clarity all wind and geopo-
tential height regression coefficients are displayed. Vector scales are
displayed. D Evolution from To —10 to To 410 days of the
regression coefficients averaged over 2.5°S-7.5°N/5°W-5°E for
deseasonalised NOAA OLR (red “GG”), filtered 2.5-8-day CCEK
NOAA OLR (red “GG/Kelvin”), deseasonalissed TRMM (blue
“GG”), and for the same variables (red “CA”, red “CA/Kelvin”
and blue “CA” respectively) averaged over 2.5°S—7.5°N/10°E-30°E
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Fig. 12 Same as Fig. 11 but for 8-22-day (and 8-22-day CCEK) filtered signals instead of 2—8-day (and 2.5-8-day CCEK) signals from To —6

to To +6 days by 2-day step

wavelength and periodicity are higher, as shown in the
distribution of the RCPs on the space—time spectral dia-
gram (Fig. 8B). Convective and rainfall envelops are more
zonally elongated but still closely associated with a Kelvin-
like pattern (Fig. 12A, B, C). The phase speed of the
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CCEK is estimated to 13 m s~'. The mean periodicity is
11-12 days in OLR and 10 days in TRMM both on des-
easonalised and Kelvin filtered signals. The amplitude of
the Kelvin signal is 40 % of the deseasonalised signal.
Over Central Africa the time lag is of 1 day and the
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Fig. 13 Same as Fig. 11 but for 20-90-day (and MJO) filtered signals instead of 2-8-day (and 2.5-8-day CCEK) signals from To —12 to

To +12 days by 4-day step, and from To —20 to To 420 days for B

amplitude is highly reduced respect to the Guinean coast
index. As seen in Fig. 4A, a zonal band of negative CCEK
NOAA OLR and Tb values is also present along 30°N over
northern Africa and Saudi Arabia, corresponding to atmo-
spheric moisture or non-precipitating clouds probably
associated with tropical plumes. Finally as for the 2.5-8-
day signal, convective activity shown through deseasona-
lised Tb is initiated at To —2 over the whole Guinean coast
a bit ahead of the CCEK filtered signal, enhances on the
spot to cover the whole Guinean coast at To in phase with
CCEK, and is still present at To 42 while CCEK is cen-
tered at 25°E.

Finally Fig. 13 shows results of similar computations
but for the 20-90-day and MJO filtered signals. Again in
agreement with Fig. 8B an eastward propagative signal is
present over the whole domain with a higher wavelength

associated with a mean periodicity of 28-30 days both on
deseasonalised and MJO filtered signals. Over the Indian
sector the well-known MJO signal is clearly detected
through large Tb and NOAA OLR anomalies covering the
Indian basin and moving eastward. The TRMM signal
shows a more northward propagation of an enhanced
rainbelt in this Indian sector. The MJO contibution over
the Guinean coast is about 60 % of the deseasonalised
signal. Again the modulations weaken over Central
Africa, especially in terms of precipitation. Finally as
seen for the 8-22-day signal, a zonal band of negative
CCEK NOAA OLR and Tb values is also present along
30°N over northern Africa and Saudi Arabia, corre-
sponding to atmospheric moisture or non-precipitating
clouds probably associated with tropical plumes (Knip-
pertz and Fink 2009).
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Fig. 14 Same as Fig. 9 but for superimposed filtered WIG signal (A) and CCER signals (B, C). For A the WIG filtered CLAUS Tb data have
been used instead of NOAA OLR because of the higher space-time resolution

In conclusion we have shown that the three main modes
of convective variability from synoptic to intra-seasonal
time scales detected in Sect. 4 are closely associated with
eastward propagating convectively coupled Kelvin wave
and MJO activity. This confirms that while rain-producing
individual systems are moving westward, their activity are
highly modulated by sub-regional and regional scales
envelops, all of them moving to the east. This is a burning
issue for operational forecasting centers to be able to
monitor and predict such eastward propagating envelops of
convective activity. It is a way of considering the forecast
exercise that is not usual in African forecast centers where
the focus is put more on predictability of individual con-
vective systems. However this can provide information
about cumulative effects of convective activity or rainfall
amount that can occur typically during a sequence of
several days to 2 weeks. Predictability of such sequence
may be higher, at least in terms of qualitative or probabi-
listic forecasts, for instance through the TIGGE ensemble
forecast products.

7 Westward propagation signals
Our results have shown the dominance of eastward prop-
agating signals linked to the equatorial atmospheric

dynamics at the three main periodicity bands. However
Fig. 8A shows that westward propagating signals also exist
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in the Atlantic-Africa domain linked to WIG and CCER
waves. Tulich and Kiladis (2012) studied recently the links
between WIG and squall lines and showed that convection-
wave coupling may be important in this context throughout
the tropics including Africa, leading to consider that many
squall lines can be classified as convectively coupled
inertia—gravity waves with the dispersion properties of
shallow-water gravity waves. CCER were also identified in
northern summer by Janicot et al. (2010) as one of the main
contributors to medium-range to intra-seasonal timescale
modes of variability over West Africa. As detailed in the
introduction Yu et al. (2012) extended this investigation on
the whole year. They showed that convection associated
with CCER wave events is stronger and more frequent
during November—April than during May—October in the
African monsoon region, but that in general, the MJO
events dominate the westward-propagating CCER waves in
affecting strong convection in this region.

So we have carried out the same analysis as in Sect. 6
but for these westward signals, in order to evaluate their
possible impact on convective activity and their weight
relative to eastward propagating signals identified in Sect.
6. Figure 14 shows the same sequences as in Fig. 9 but by
superimposing corresponding WIG signals (A) and CCER
signals (B and C). Let us notice that for Fig. 14A the WIG
filtered CLAUS Tb data have been used instead of NOAA
OLR because of its higher space-time resolution more
adapted to the higher frequencies of the WIG signal.
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Fig. 15 Same as Fig. 10 but for superimposed filtered WIG (top panel) and CCER (middle and bottom panels) signals

Paradoxically the consistency between periods of high and
low activity of westward propagating convective systems
and westward propagating envelops of equatorial waves is
less clear than with eastward propagating equatorial signals
in this example. Some WIG waves appear clearly associ-
ated with full or part of trajectories of convective system
but inconsistencies between both are more frequently
found. CCER are superimposed on the two other sequences
(Fig. 14B, C). Again any consistency with the medium-
range and intra-seasonal phases of more or less active
convection activity is not evident and is less clear than for
CCEK and MJO signals.

Figure 15 shows maps of March—June 1979-2010
NOAA OLR variance for filtered 2-8-day (top panel),
8-22-day (middle panel) and 20-90-day (bottom panel)
signals, and for superimposed filtered WIG (top panel) and
CCER (middle and bottom panels) signals (left). Variance
percentages referred to 2-90-day variance are also shown
(Fig. 15 right). The patterns of filtered 2-8-, 8-22- and
20-90-day variance have already been described in Fig. 10.
The WIG variance is by far the highest over West Africa
with maxima along 10°N, that is on the northern margin of
the ITCZ, in superimposition to the 2-8-day variance
maxima. The CCER variance is the highest over the Indian
and West Pacific sectors. Over Africa maxima are located
between 10° and 15°N (that is far from the ITCZ) and over
the equatorial Atlantic including the Guinean gulf in
superimposition to 8-22- and 20-90-day maxima.

Figure 16 panels have been computed as for right panels
of Figs. 11, 12, 13, but for WIG filtered fields regressed on

the standardised 2-8-day filtered NOAA OLR reference
index (A) and for CCER filtered fields regressed on
standardised 8-22-day filtered NOAA OLR reference
index (B) and standardised 20-90-day filtered NOAA OLR
reference index (C). The theoretical n =1 WIG has
divergence maximised on the equator in phase with anti-
symmetric meridional flow and in quadrature with sym-
metric pressure and zonal wind (Kiladis et al. 2009). Tulich
and Kiladis (2012) showed that observed composite
structures in the Pacific resemble theoretical predictions
while the African composite displays a more asymmetric
structure in the north—south direction with the largest per-
turbations occurring to the northeast of the composite base
point, similar to observations of West African squall lines
(see Fig. 10 of Tulich and Kiladis 2012). The patterns on
Fig. 16A are very similar to this description, especially
when looking at To, except that the zonal dimension is
larger than in Tulich and Kiladis study. The phase speed is
around 25 m s~ ' with an average wavelength of 5,500 km
and a mean periodicity of 2.5 days on Fig. 16A which is
near the ones observed over the Pacific (29 m st
5,000 km, 2 days) in Kiladis et al. (2009). However Tulich
and Kiladis (2012) observed over north Africa a mean
phase speed of 18 m s™'. They also performed simulations
with WRF model where the control run (with no mean
wind) produces a phase speed of 19 ms~' and a run
including a typical vertical profile of the north Africa
atmosphere a phase speed of 26 ms~'. However the
amplitude of the WIG is very weak (see the regression time
series on Fig. 16D). The kinematic differences with the
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«Fig. 16 A Regression patterns from To —3 to To +3 days by 1-day
step over March—June onto the standardised 2-8-day filtered NOAA
OLR reference index of WIG filtered NOAA OLR (colour), 925 hPa
geopotential height (contours) and wind. B Regression patterns from
To —6 to To +6 days by 2-day step over March—June onto the
standardised 8-22-day filtered NOAA OLR reference index of CCER
filtered NOAA OLR (colour), 925 hPa geopotential height (contours)
and wind. C Regression patterns from To —12 to To 412 days by
4-day step over March—June onto the standardised 20-90-day filtered
NOAA OLR reference index of CCER filtered NOAA OLR (colour),
925 hPa geopotential height (contours) and wind. Only 90 %
significant NOAA OLR regression coefficients are displayed. For a
better clarity all wind and geopotential height regression coefficients
are displayed. Vector scales are displayed. D Evolution from To —10
to To 410 days of the regression coefficients of A left averaged over
2.5°S-7.5°N/5°W-5°E for deseasonalised NOAA OLR (red “GG”),
filtered WIG NOAA OLR (red “GG/WIG”), deseasonalised TRMM
(blue “GG”), and for the same variables (red “CA”, red “CA/WIG”
and blue “CA” respectively) averaged over 2.5°S—7.5°N/10°E-30°E.
E Same as D but for B middle regression coefficients and CCER
instead of WIG. F Same as Middle but for C right regression
coefficients and from To —20 to To +20 days

results of Tulich and Kiladis could be due to the different
spectral domain filtering. This deserves more investigation
but is out of the scope of this paper.

Regression patterns of the CCER filtered fields on the
standardised 8-22- and 20-90-day NOAA OLR reference
indices are also shown on Fig. 16B, C. The fields regressed
on the 8-22-day index show spatial dynamical structures
moving westward close to theoretical CCER waves with
cyclonic/anticyclonic cells located north of 10°N and rather
symmetric structures south of the equator. Along the
equator the winds are mainly zonal and converge towards
the envelop of enhanced convective activity (see for
instance at To —2 and To). The mean wavelength is about
6,700 km, the estimated phase speed about 5.4 m s~ ! and
the periodicity around 15 days. The main difference from
the theoretical wave is that convection is located along the
equatorial band and no signal is evident outside of it. This
may be one sign of a weak contribution of CCER to the
8-22-day variability.

The fields regressed on the 20-90-day index also show
spatial dynamical structures moving westward close to
theoretical CCER waves with cyclonic/anticyclonic cells
located north of 10°N but no symmetric structures south of
the equator. The mean wavelength is about 7,800 km, the
estimated phase speed near 4 m s~' and the periodicity
around 24 days. Another difference from the theoretical
wave is that convection is located along the equatorial band
and no signal is evident outside of it. Again this may be one
sign of a weak contribution of CCER to the 8-22-day
variability.

We showed in Sect. 4 that the propagation of synoptic to
intra-seasonal signals is mainly eastward. In Sects. 6 and 7
we have decomposed these signals into eastward and

westward components. Figures 11D, 12D, 13D enable to
evaluate the contributions of CCEK and MJO to the three
main modes (2.5-8-, 8-22- and 20-90-day), and Fig. 16D,
E, F the contributions of WIG and CCER to these three
main modes. First, looking at the mean periodicities of the
signals, the first mode is centred around 5-6 days, con-
sistent with the detected CCEK periodicity but not with the
WIG periodicity of 2-2.5 days. The second mode is cen-
tred around 11-12 days, consistent with the detected
CCEK periodicity but less with the CCER periodicity of
15 days. Finally the third mode is centred around
28-30 days, consistent with the detected MJO periodicity
but less with the CCER periodicity of 24 days. The relative
contributions on the signals amplitude at To can also be
evaluated through these figures. The amplitude at To of the
three modes are respectively 14, 14 and 10 Wm_2, and 3, 2
and 1.5 mm day_l, for 2.5-8, 8-22 and 20-90 days modes.
The relative contributions of the equatorial waves at To
are, for the 2.5-8-day signal: 40 % for CCEK and 7 % for
WIG, for the 8-22-day signal: 40 % for CCEK and 20 %
for CCER, and for the 20-90-day signal: 60 % for MJO
and 15 % for CCER. All these results confirm that east-
ward propagating signals (CCEK and MJO) are highly
dominant in the synoptic to intra-seasonal variability of
convection and precipitation over the Guinean coast during
northern spring.

8 Conclusion

This study has proposed an overview of the main synoptic,
medium-range and intra-seasonal modes of convection and
precipitation in northern spring (March—June) over West
and Central Africa, and to understand their atmospheric
dynamics. Some examples have been presented, showing
that mesoscale convective systems can be modulated in
terms of occurrences number and intensity at such time
scales. Based on EOF analyses on the 2-90-day filtered
data, it has been shown that the main mode of convective
and rainfall variability is located along the Guinean coast
with a moderate to weak extension over Central Africa.
Corresponding regressed deseasonalised atmospheric fields
highlight an eastward propagation of patterns consistent
with convectively coupled equatorial Kelvin wave
dynamics. Then a SSA-HAC approach has enabled to
define objectively the main spectral bands of variability
within the 2-90-day band, separated into three main bands,
2-8-, 8-22- and 20-90-day. Within these three bands,
space—time spectral decomposition has enabled to identify
the relative impacts of CCEK, CCER, MJO and WIG wave
dynamics over West and Central Africa. It has been con-
firmed that eastward propagating signals (CCEK and MJO)
are highly dominant in the synoptic to intra-seasonal
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variability of convection and precipitation over the Guin-
ean coast during northern spring.

We have used different products in terms of longwave
irradiance and precipitation. Considering several products
instead of only one is interesting because we know that
uncertainty is present in these products. So one can get
robust conclusions based on common features present
within these different data, and have some idea about the
related uncertainty of these conclusions.

In conclusion, while rain-producing individual systems
are moving westward, their activity are highly modulated
by sub-regional and regional scales envelops moving to the
east. This is a burning issue for operational forecasting
centers to be able to monitor and predict such eastward
propagating envelops of convective activity. This study
will be also useful as a basis for more detailed further
studies, in particular to discriminate the role of local sur-
face-atmosphere interactions from remote forcings in this
modes dynamics and to evaluate their predictability.
Another issue is the role and impact of these synoptic to
intra-seasonal modes of variability on the occurrence of
extreme events.
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