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ABSTRACT

This paper presents an investigation of the mechanisms giving rise to the main intraseasonal mode of
convection in the African monsoon during northern summer, here identified as the quasi-biweekly zonal
dipole (QBZD). The QBZD is primarily characterized by a quasi-stationary zonal dipole of convection
whose dimension is larger than the West African monsoon domain, with its two poles centered along the
Guinean coast and between 30° and 60°W in the equatorial Atlantic. The QBZD dynamical processes
within the Atlantic—Africa domain are examined in some detail. The QBZD has a dipole pattern associated
with a Walker-type circulation in the near-equatorial zonal plane. It is controlled both by equatorial
atmospheric dynamics through a Kelvin wave-like disturbance propagating eastward between its two poles
and by land surface processes over Africa, inducing combined fluctuations in surface temperatures, surface
pressure, and low-level zonal winds off the coast of West Africa. When convection is at a minimum over
central and West Africa, a lack of cloud cover results in higher net shortwave flux at the surface, which
increases surface temperatures and lowers surface pressures. This creates an east—west pressure gradient at
the latitude of both the ITCZ (10°N) and the Saharan heat low (20°N), leading to an increase in eastward
moisture advection inland. The arrival from the Atlantic of the positive pressure signal associated with a
Kelvin wave pattern amplifies the low-level westerly wind component and the moisture advection inland,
leading to an increase in convective activity over central and West Africa. Then the opposite phase of the
dipole develops. Propagation of the QBZD convective envelope and of the associated 200 high-level
velocity potential anomalies is detected from the eastern Pacific to the Indian Ocean. When the effect of the
Kelvin wave propagation is removed by filtering, the stationary character of the QBZD is highlighted. The
impact of the QBZD in combination with a Kelvin wave is illustrated by a case study of the monsoon onset
in 1984.

tems (MCSs; Laing and Fritsch 1993, 1997; Hodges
and Thorncroft 1997; Mathon and Laurent 2001),
synoptic-scale easterly waves (Reed et al. 1977; Thomp-
son et al. 1979; Duvel 1990; Thorncroft and Hos-
kins 1994a,b; Diedhiou et al. 1999; Kiladis et al. 2006;
Hall et al. 2006), intraseasonal time-scale variability
(Kiladis and Weickmann 1997; Janicot and Sultan
2001; Grodsky and Carton 2001; Sultan et al. 2003;
Matthews 2004; Mounier and Janicot 2004; Mounier et
al. 2007), and interannual and decadal time scales
(Lamb 1978a,b; Nicholson 1978; Newell and Kidson

1. Introduction

The central and West African regions depend heavily
on rainfall during the summer monsoon season,
which corresponds to the northernmost migration of
the intertropical convergence zone (ITCZ; Hasten-
rath 1991). A large amount of work has already been
completed on rainfall variability of the African mon-
soon, through studies on mesoscale convective sys-
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1984; Folland et al. 1986; Rowell et al. 1995; Ward
1998; Janicot et al. 2001; Rowell 2001; Giannini et al.
2003).
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This paper is part of a series of studies addressing
the West African summer monsoon dynamics at intra-
seasonal time scales. Part I (Sultan et al. 2003) high-
lighted the dominance of 10-25- and 25-60-day period-
icities in rainfall and convective activity over the Sahel
associated with a westward-propagating signal from
eastern Africa to the western tropical Atlantic. Part II
(Sultan and Janicot 2003) documented in detail one of
the main events on the intraseasonal time scale: the
monsoon onset characterized at the end of June by an
abrupt northward shift of the ITCZ associated with
an enhancement of the Saharan heat low circulation.
Mounier and Janicot (2004) extended this work by car-
rying out an EOF analysis on 10-60-day filtered con-
vection fields during northern summer and showed
evidence of two independent modes of convection
dominant in the 10-25-day periodicity domain. The first
is characterized by a stationary and uniform modula-
tion of convection within the African ITCZ, associated
with a modulation of the zonal low-level wind over the
equatorial Atlantic and a zonal dipole of convection
between Africa and the north equatorial Atlantic off
the coast of South America. The second mode is con-
sistent with the signal already detected over the Sahel
in Part I (Sultan et al. 2003). In a recent study, Mounier
et al. (2007) documented evidence at the synoptic scale
of eastward-propagating convectively coupled Kelvin
waves within the Atlantic and African ITCZ during
northern summer, and quantified their impact on the
convective activity in the African monsoon during its
onset and full development. They showed in particular
that these waves, when present, modulate convection at
a similar level as the primary synoptic-scale distur-
bances within African monsoon system, the so-called
easterly waves.

In the present paper, we more thoroughly develop an
investigation of the mechanisms leading to the main
intraseasonal mode of convection in the African mon-
soon identified in Mounier and Janicot (2004) that will
be called the quasi-biweekly zonal dipole of convection
(QBZD). We will also examine its interaction with the
synoptic-scale equatorial Kelvin waves and illustrate its
impact on the African monsoon through a case study of
the 1984 monsoon season, and especially of its onset
phase. The second mode, propagating westward over
the Sahel latitudes (the “Sahelian” mode; Sultan et al.
2003; Mounier and Janicot 2004), is beyond the scope of
this paper and will be examined in future work. This
paper is organized as follows: The datasets used in this
study are detailed in section 2. Section 3 presents the
detection of the QBZD over central and West Africa
during northern summer and analyzes its space-time
evolution at the regional scale. Some possible mecha-
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nisms involved in the dynamics of this mode are exam-
ined in section 4. A case study of the 1984 African
monsoon season is detailed in section 5. Discussion and
conclusions are given in section 6.

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, geopo-
tential height, humidity on pressure levels, surface vari-
ables) 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 1948 to present.
Data are reported on a 2.5° X 2.5° 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 sys-
tems. The NCEP-Department of Energy (DOE) sec-
ond Atmospheric Model Intercomparison Project
(AMIP-II) reanalysis (R-2) dataset, the updated ver-
sion of the NCEP-NCAR reanalysis, has been used
here with one value per day by averaging the four out-
puts of each day. This version of the reanalysis shows
significant improvements over the original, especially
for land surface parameters and surface-air fluxes
(Kanamitsu et al. 2002).

b. The NOAA OLR dataset

Since 1974, launching of polar orbital Television and
Infrared Observation Satellite-National Oceanic and
Atmospheric Administration (TIROS-NOAA) satel-
lites has established a quasi-complete series of twice-
daily outgoing longwave radiation (OLR), at the top of
the atmosphere and at a resolution of 2.5° latitude-
longitude (Grueber and Krueger 1984). The daily
interpolated OLR dataset produced by the Climate
Diagnostics Center (Liebmann and Smith 1996) has
been used over the period 1979-2000 as a proxy for
deep convection. Local hours of the measurements
varied during the period 1979-90 between 0230 and
0730 LT in the morning and between 1430 and 1930 LT
in the afternoon. Since deep convection over West Af-
rica 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 Kila-
dis (2002), and Roundy and Frank (2004), among oth-
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ers, have illustrated the utility of OLR in tracing con-
vectively coupled equatorial waves.

¢. The IRD daily rainfall dataset

To validate the OLR data, a daily interpolated in situ
rainfall dataset available from Institut de Recherches
pour le Développement (IRD) has been used. Daily
rainfall amounts at stations located within the West
African domain 3°-20°N, 18°W-25°E have been com-
piled. These data are available for the period 1968-90,
utilizing more than 1300 stations from 1968 to 1980, and
between 700 and 860 for the period 1981-90. These
daily values were interpolated to the same 2.5° X 2.5°
grid as NOAA OLR and NCEP fields, by assigning
each station daily value to the nearest grid point and
averaging all the values related to each grid point. The
greatest density of stations is located between the lati-
tudes 5° to 15°N. Data along 17.5°N can also be taken
into account since 30 to 45 stations are available near
that latitude.

d. The cloud cluster dataset

A database identifying cloud clusters from the full-
resolution (30 min, 5 X 5 km?) Meteorological Satellite
(Meteosat) infrared channel (10.5-12.5 wm) has been
constructed over the period June-September (JJAS)
1983-99, and MCS identification was carried out
through a tracking algorithm based on an areal overlap
method (Mathon and Laurent 2001; Mathon et al.
2002). Convective clouds are delineated in Meteosat
infrared images using two different brightness tempera-
ture thresholds, 233 and 213 K. The 233-K threshold
is within the range of the most commonly used thresh-
olds for identifying deep convection (Duvel 1989) and
accumulated convective precipitation in the tropics
(Arkin 1979). The 213-K threshold targets the most
active part of the convective systems. MCSs have been
defined as convective clouds larger than 5000 km? at
the 233-K threshold. With this definition, they contrib-
ute to 93% of the total Sahelian cloud coverage at the
233-K threshold for the core of the rainy season July—
September (Mathon et al. 2002). MCSs lasting more
than 12 h have been retained, and a set of daily dura-
tion of MCS occurrences has been constructed on a
1° X 1° grid. This dataset is available for the mon-
soon period (June—September) between 1983 and 1999
over the domain 0°-20°N, 60°W—40°E. Because of the
varying availability of Meteosat data, the extracted
areas are not identical, the overlapping area being 5°-
20°N, 20°W-20°E. No data were available east of 20°E
over the period 1989-91, south of 5°N and west of 29°W
for the year 1992, and west of 25°W over the period
1993-97.
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e. The CLAUS dataset

The European Union funded a project entitled Cloud
Archive User Service (CLAUS) to construct an archive
of global top-of-the-atmosphere brightness tempera-
ture for the period 1983-93. This archive is based on
the International Satellite Cloud Climatology Project
(ISCCP) level B3 data (Rossow et al. 1997), which are
then synthesized to provide a global dataset on a regu-
lar 0.5° latitude—longitude grid at 3-hourly intervals, the
temporal sampling being sufficient to enable diagnosis
of diurnal variability (Hodges et al. 2000; Yang and
Slingo 2001). This dataset will be used to illustrate the
case study of the 1984 African monsoon season.

3. Detection of the Guinean mode and its
regional-scale pattern

a. Local detection

A spatial empirical orthogonal function analysis
(SEOF; Richman 1986) has been performed on the
10-90-day bandpass-filtered June-September OLR val-
ues over the domain 10°S-30°N, 30°W-30°E for the
period 1979-2000. The first-mode SEOF1 is presented
in Fig. 1. Figure 1a (contours) displays the 10-90-day
filtered OLR composite map of strong minus weak con-
vective intraseasonal events, where strong (weak)
events are selected when the respective principal com-
ponent (PC) time series values are maximum (mini-
mum) and greater (lower) than the PC standard
deviation. This mode explains 13.3% of the 10-90-day
filtered variance and is retained as it passes both the
Scree (Cattell 1966) and North (North et al. 1982) tests.
SEOF?2 is also significant, explaining 7.9% of the vari-
ance, but this mode is unrelated to SEOF1 and will not
be considered here. It is in fact consistent with the sig-
nal detected over the Sahel in Sultan et al. (2003) and
will be examined in a follow-on study.

In Fig. 1, SEOF1 represents an enhancement of up to
15 W m 2 relative to the mean OLR with higher than
10 W m~2 values over the African monsoon domain,
since its spatial pattern is superimposed onto the clima-
tological mean of the ITCZ OLR field (in summer the
ITCZ is centered along 10°N). To evaluate this result
based on OLR as a proxy for convection, composites of
unfiltered rainfall fields based on the OLR PC time
series have been computed over the period June-
September from 1979 to 1990, the common period be-
tween the OLR and the IRD-rainfall datasets to exam-
ine the correspondence between deep convection and
rainfall (Fig. 1a, shaded). This mode is associated with
a modulation of rainfall across the entire ITCZ with
large differences in precipitation amounts but without
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-1.0

time in days

F1G. 1. First mode of an SEOF analysis of 10-90-day filtered
OLR values. (a) Composite fields of strong minus weak convec-
tive events for JJAS 1979-2000 based on the PC time series (see
details in the text); contours, OLR differences (W m~?); shaded
areas, same as contours but for unfiltered rainfall (mm day ')
computed on the period 1979-90. (b) Same as (a) but for SEOF
computed on 10-25-day filtered OLR. (c) Normalized composite PC
time series of the first EOF mode of filtered OLR over the period
band 10-90-day (solid line) and 10-25-day (dashed line), for the
difference between strong and weak intraseasonal convective
events sequences. This composite sequence is displayed from #, —
20 days to f, + 20 days where ¢, is the maximum of the time series.
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any significant changes in the latitudinal location of the
ITCZ (the highest mean precipitation in the heart of
the ITCZ is between 6 and 8 mm day'; see Fig. 6 of
Sultan et al. 2003). High positive rainfall anomalies are
mainly located where the OLR anomalies are the low-
est, especially for the 10-25-day filtered signal (Fig. 1b).
However, some qualitative differences appear due to
the fact that rainfall data are not filtered at the intrasea-
sonal scale and that there are areas where no rainfall
data are available.

Sultan et al. (2003) showed that intraseasonal vari-
ability of convection over central and West Africa can
be separated into two ranges of periodicities, at less
than and greater than approximately 25 days. Figure 1b
displays the SEOF1 pattern of OLR but filtered be-
tween 10 and 25 days. This pattern explains 10.3% of
the filtered variance. It is very similar to the 10-90-day
filtered OLR SEOF1 pattern, and in fact dominates the
intraseasonal signal. Figure 1c shows the composite
PC1 time series for strong minus weak convective event
sequence related to the 10-90- (solid line) and 10-25-
day (dashed line) filtered OLR SEOF1 modes. It is
clear that the 10-90-day mode has a dominant period-
icity of 13 days, similar to the mean periodicity of the
10-25-day signal. We also note that away from t, the
amplitude of the 10-90-day signal is weakened relative
to the 10-25-day signal. This results from the contribu-
tion of longer periodicity signals mainly belonging to
periods between 25 and 90 days (not shown).

Figure 1 shows a much different result than what is
obtained when a similar approach is used for 10-90-day
OLR including the Indian or west Pacific sectors, where
the 30-60-day MJO is the dominant mode (e.g., Knut-
son and Weickmann 1987). As the 10-25-day signal
dominates intraseasonal variability over Africa, we will
consider in the following only the 10-25-day filtered
OLR SEOF1 mode that we call the QBZD.

The explained variance of this mode is rather weak,
so to evaluate its impact on the ITCZ convection area,
we have computed the correlations between 10°W and
10°E averaged 10-25-day filtered OLR and their recon-
struction by SEOF1 at different latitude bands from
the equator to 20°N (Table 1). The high correlation
coefficients, up to +0.83 and higher than +0.77 be-
tween 2.5° and 12.5°N, emphasize the significance of
the SEOF1 mode in explaining intraseasonal variability
in the African ITCZ area. A QBZD index has been
computed from the reconstruction of the 10-25-day fil-
tered OLR by SEOF1 over the area 2.5°-12.5°N,
10°W-10°E. To better evaluate the contribution of the
QBZD in the intraseasonal variability of convection
during northern summer, a wavelet analysis (Torrence
and Compo 1998) has been performed on indices com-
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TABLE 1. Correlation coefficients computed between 10°W and
10°E averaged 10-25-day filtered OLR and their reconstruction
by SEOF1 at different latitude bands for the period JJAS
1979-2000.

15°-20°N 0.27
12.5°-17.5°N 0.46
10°-15°N 0.64
7.5°-12.5°N 0.77
5°-10°N 0.83
2.5°-7.5°N 0.80
0°-5°N 0.74

puted over the ITCZ area (2.5°-12.5°N, 10°W-10°E)
where the correlations with the QBZD are the highest,
for the months June to September from 1979 to 2000.
Figure 2 displays the mean 1979-2000 wavelet diagrams
for the index based on raw OLR (shaded), the index
based on OLR reconstructed by the QBZD (dashed
contours), and the index based on OLR filtered for the
Kelvin wave signal (solid contours) over the period
range 2.5-36 days. The Kelvin-filtered OLR values
were obtained as in Mounier et al. (2007) by filtering in
the wavenumber—frequency domain that included
wavenumbers 1-14 and equivalent depth ranging from
8 to 90 m. The raw OLR variability is highest in June
and September. Both QBZD and Kelvin-filtered in-
dices also have their peak signals in June; in fact both
are highest during spring (not shown) when the convec-
tion is located along the Guinean coast at the time of
the primary rainy season, and to a lesser extent after
mid-September at the time of the second rainy season
along the coast. This is consistent with the location of
the QBZD pattern and with the fact that convection is
more modulated by the dynamics of equatorial Kelvin
waves when the ITCZ is closer to the equator. It is also
clear that activity of both QBZD and Kelvin waves
contribute substantially to the overall OLR variability
during summer. The QBZD activity is centered be-
tween 12 and 15 days but extends over a wider period
domain covering the whole 10-25-day range. We also
note that while Kelvin waves are more active at synop-
tic time scales (the main Kelvin mode has been shown
to operate at a 6-day periodicity; Mounier et al. 2007),
very little Kelvin variability is present at periods higher
than 10 days to superimpose onto the QBZD signal.

b. Regional-scale space—time evolution of the
OBZD

We focus now on atmospheric composite fields based
on the QBZD index. As this index is expressed through
OLR values, a maximum in the corresponding time se-
ries means weaker convection. We retained the dates ¢,
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F1G. 2. Mean wavelet diagram performed for indices computed
over the ITCZ area (2.5°-12.5°N, 10°W-10°E) for the months
June to September averaged over 1979-2000. Shaded areas, indi-
ces based on raw OLR; dashed contours, indices based on OLR
reconstructed by the QBZD; solid contours, indices based on
OLR filtered for the Kelvin wave signal. The diagram is presented
over a period range of 2.5-36 days.

16SEP

where this index is maximum (minimum) and the de-
viation from its mean for each year is greater (lower)
than its standard deviation to define a weak (strong)
convective phase of the QBZD.

Figure 3 shows the strong minus weak convective
composite sequence associated with this QBZD index
for the 10-25-day filtered OLR and the unfiltered 200-
hPa velocity potential fields. OLR and velocity poten-
tial values are displayed when significant at the 90%
level. These sequences go from ¢, minus 6 days to #, plus
6 days with an irregular lag. Between five and six cases
per summer have been retained for strong and for weak
convective phases. The first character of the QBZD
sequence to note is a modulation in convection as a
standing oscillation growing and decreasing over the
southern coast of West Africa and over central Africa.
Moreover, an opposite polarity is centered at 40°W,
yielding evidence of a zonal dipole. This time sequence
also confirms that the dominant periodicity of these
fluctuations is at intraseasonal time scales, between 12
and 13 days as seen in Fig. 1c, since we get a rather
similar OLR anomaly field at ¢, — 6 and ¢, + 6 but with
a smaller eastern lag on #, — 6 (this periodicity will be
also confirmed in Fig. 7).

A second characteristic of this sequence concerns the
eastward propagation of OLR anomalies over the
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FiG. 3. (top to bottom) Composite time sequences based on the QBZD index. Dates (¢,)
where this index is maximum (minimum) and its deviation from its mean is greater (lower)
than 1 std dev have been retained to define a weak (strong) convective phase of the QBZD.
The respective strong minus weak convective composite sequences are shown for the 10—
25-day filtered OLR (W m ™2, shaded) and unfiltered 200-hPa velocity potential (10° m?s~ 2,
contours) fields. This sequence goes from £, — 6 days to t, + 6 days with irregular lags (days
are marked in the left upper corners). OLR and velocity potential values are displayed when

significant at the 90% level.

equatorial Atlantic between the two poles of convec-
tion. A third point is that this signal continues propa-
gating eastward to modulate convection over the Indian
Ocean. There is not a clear propagation of the negative
OLR anomalies from central Africa to the Indian basin:
the signal of OLR enhancement remains stationary
from ¢, — 2 to t, + 2 over Africa, then abruptly dis-
appears at f, + 3 while reappearing over the Indian

Ocean. This may be due to the East African orography
that separates the convective regime over East Africa
where MCSs initiate and move westward from the In-
dian sector convective regime belonging to the Indian
monsoon system. However, the unfiltered 200-hPa
velocity potential field sequence, closely linked to the
OLR filtered fields, highlights the propagating charac-
ter of the upper-level dynamical signal across the East
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African mountains. A final point is that the propaga-
tion of OLR anomalies and of the associated 200-hPa
velocity potential patterns is also evident over the east-
ern Pacific whereas the signal is weaker than over the
Indian Ocean. From this we conclude that the QBZD is
embedded in a regional-scale pattern over a domain
larger than Africa itself, and in fact it may be related to
a global-scale pattern linked to variability over the
Amazon and Pacific studied by Chen et al. (2001) and
Chelliah and Bell (2004). In these studies pattern hav-
ing components of the QBZD emerge in a global analy-
sis of interannual to multidecadal variability.

Although synoptic-scale disturbances as well as meso-
scale convective systems over Africa and the tropical
Atlantic generally travel westward, eastward propaga-
tion of convective signals in the African monsoon have
recently been documented (Mounier et al. 2007;
Mekonnen et al. 2006; Wang and Fu 2006). It has been
shown that Kelvin waves significantly modulate the
convective intensity over this area through an eastward
displacement of a “convective envelope,” as seen both
through the OLR data and the high-resolution cloud
cluster dataset. Similar computations have been per- -
formed here using the high-resolution cloud cluster B g - C
data. These data are rather consistent with the OLR R [S50.57 530,50 40 2;/;/

55 g 55
2 0 (“,""‘
05y 0 0
L o -1 B
5%

data since they are both based on satellite irradiance ; Q?; F=0.5
but some differences exist due to the sampling, which is e,
greatly enhanced for the MCS dataset. Strong minus
weak convective composite sequences of MCS occur-
rences based on the QBZD index are shown in Fig. 4
for the period June-September 1983-99. Only MCSs
lasting more than 12 h have been considered; these
MCSs have a larger mean size (Fig. 6 of Mathon and
Laurent 2001). These MCSs contribute to about 75% of
their total coverage at the 233-K threshold, which dem-
onstrates the importance of long-lived MCSs in spite of
their small occurrence numbers (Fig. 6 of Mathon and
Laurent 2001). MCS occurrence is expressed on each

.5 .
[—0.5'11’_0"5\,“_ -

p R

grid point as duration of occurrences per day by 30-min
steps (the scale can go then from O to 48; the mean 2% A A

2.6 /\

L/ N\ J~
2.4 AN Y, \
Y ) N \ >\//\ \
F1G. 4. Same as in Fig. 3, but for MCS occurrences at the 233-K 2 \\ / W

threshold for the period June-September 1983-99. The MCS .| -"\ /
dataset is available over the domain 0°-20°N, 40°W-20°E. MCS -
occurrence is expressed as the duration of occurrences per day in iy
30-min steps (the scale can then go from 0 to 48) for MCSs lasting 141
more than 12 h (shaded for positive values). The time sequence 1.2
goes from £, — 6 days to f, + 6 days with a 3-day lag. (bottom) The 5 . . . . i i ' ’ .
corresponding composite time series from ¢, — 10 to 7, + 10 days -0 -8 -6 -4 -2 t0 2 4 6 8 10

of the mean MCS occurrences averaged over the area 2.5°-
12.5°N, 10°W-10°E for strong (solid line) and weak (dashed line)
convective intraseasonal events. The horizontal line represents
the overall mean. The African coastline is shown as the heavy line.
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FIG. 5. Same as in Fig. 3, but for unfiltered OLR (W m™2, shaded), wind (vectors, scale in
m s~ ! displayed beneath the panels), and geopotential height (gpm, contours) at 925 hPa. (top
to bottom) This sequence goes from ¢, — 9 days to f, + 7 days with irregular lags (days are
marked in the left lower corners). The values are displayed when significant at the 90% level.

value in the African ITCZ is approximately 3). These
results show the eastward-propagating envelope of the
QBZD signal modulating the mean duration of occur-
rences of MCSs from the eastern tropical Atlantic to
central and West Africa, and in particular over the
Fouta Jalon and Cameroon highlands. This can induce
breaks over the entire extent of the ITCZ convec-
tive belt due to its large zonal extension (not shown).
The time series at the bottom of Fig. 4 represents
the corresponding composite time series from ¢, — 10 to
t, + 10 days of the mean MCS occurrences aver-
aged over the area 2.5°-12.5°N, 10°W-10°E for strong
(solid line) and weak (dashed line) convective intra-
seasonal events. It shows the highly symmetric charac-

ter of the modulation of the convective activity and
confirms a mean periodicity of about 14 days. The am-
plitude of the modulation is also high relative to the
mean (the horizontal line) with a percentage of about
30% at ty to £, — 1.

4. QBZD dynamical structure

We focus now on the Atlantic—African domain to
further investigate the dynamical structure of the
QBZD. Composite sequences of strong minus weak
convective QBZD phases for unfiltered OLR and at-
mospheric fields will be considered (Figs. 5-8). The ob-
jective is to gain insight into the dynamics of the dipole
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Fi1G. 6. Same as in Fig. 3, but for longitude—pressure cross sec-
tion of unfiltered vertical motion (shaded, Pa s™! X 50) and
streamlines of unfiltered zonal circulation. Values are averaged
on the latitude band 2.5°-12.5°N. (top to bottom) The sequence
goes from #, — 6 days to ¢, + 6 days with a 2-day lag (days are
marked in the right upper corners).
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pattern associated with the QBZD and its mixed sta-
tionary—propagating character. The horizontal pattern
will be analyzed through a time sequence of OLR,
NCEP wind, and geopotential height at 925 hPa (Fig.
5). The vertical structure will be analyzed in Fig. 6
through a time sequence of vertical circulation along a
longitudinal axis (averaged over 2.5°-12.5°N latitude).

The summer atmospheric circulation in a meridional
plane over West Africa does not yield the traditional
view of a meridional Hadley-type circulation. It is in
fact largely disturbed by the predominance of the heat
low transverse circulation between the surface and 500
hPa (see, e.g., Fig. 8 of Sultan and Janicot 2003). This
circulation is well developed with a dry convective area
around 20°N and subsidence between 25°-30°N and be-
tween 10°-15°N. This circulation interacts both with the
northern subsiding branch of the Hadley-type cell north
of 20°N and with the ascending branch of the ITCZ
around 10°N. The heat low transverse circulation not
only disturbs the northern Hadley-type circulation but
also distorts the meridional circulation of the southern
Hadley-type cell by influencing the northern extension
of the low-level southerly monsoon winds up to 20°N.
The heat low also affects the zonal circulation of the
lower half of the troposphere, especially the cyclonic
circulation of the low-pressure center controlling the
westerly component of the monsoon winds.

Time series of standardized indices have also been
defined by averaging selected NCEP variables (ob-
served OLR, NCEP vertical velocity at different pres-
sure levels, surface temperature, mean sea level pres-
sure, cloud cover and net surface short wave budget,
925- and 200-hPa zonal wind) over three key zones
(Fig. 7): the Saharan heat low area (Z1; 15°-20°N,
15°W-10°E) characterized by dry convection in the low
levels below 500 hPa and overlain by subsiding air of
the northern Hadley-type circulation over Africa; the
eastern pole area of the QBZD over Africa (Z2; 2.5°-
12.5°N, 20°W-20°E); and the western pole area of the
QBZD over the Atlantic (Z3; 2.5°-12.5°N, 55°-30°W).
Other indices defined over other nearby areas have also
been used and will be described when necessary. The
analysis of the links between the modulation of convec-
tion in the African ITCZ and low-level moisture advec-
tion will be based on the NCEP 925-hPa wind and 400-
hPa vertical velocity data. We have confirmed that at
low levels moisture transport is highly correlated to the
wind field itself, as has been very often shown in other
studies. To limit the number of indices used, we have
also preferred to use 400-hPa vertical velocity rather
than low-level moisture convergence because convec-
tion in Africa does not depend only on moisture con-
vergence but also on local instability, so that indices
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F1G. 7. Composite time series based on the QBSD index as in Fig. 3, but for time series of
standardized unfiltered indices from f, —10 days to ¢, + 10 days (see text for more details). (a)
OLR and 400-hPa vertical velocity in areas Z2 and Z3: OLR,,, OLR_;, OLR,, ,3, 0400,,,
04005, 0400, 5. (b) Surface temperature (Tp,,), mean sea level pressure (mslp,,), cloud
cover (cloudy,), and net surface short wave budget (Swnet,,) on area Z2, 925-hPa zonal wind
on the area 0°-10°N, 35°W-0° (u925), 200-hPa zonal wind on the area 15°S-10°N, 40°W-20°E
(u200), mean sea level pressure difference between 0°-~10°N, 60°-30°W and 0°-10°N, 10°W-
40°E (g.mslp). (c) 700-hPa vertical velocity (0700,,), surface temperature (Tp,,), and mean
sea level pressure (mslp,;) on area Z1, and 925-hPa zonal wind on the area 10°-20°N,
25°W-0° (u925).
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FIG. 8. Mean composite time—-longitude diagrams averaged over
2.5°-12.5°N of unfiltered OLR for (a) the QBZD and (b) the
QBZD where the Kelvin wave signal has been removed (see de-
tails in the text). Negative values are shaded.

like convective available potential energy (CAPE) and
convective inhibition (CIN) are also important. How-
ever we have verified that the sequence of spatial pat-
terns of moisture convergence over central and West
Africa is consistent with the evolution of the other vari-
ables (not shown).

We first consider the zonal convection dipole evolu-
tion through a composite time series of the OLR indi-
ces (Fig. 7a). OLR,, shows a 12-day periodic signal as
was seen in Fig. 3. By definition OLR,, has its lowest
value at t, when convection is the highest over West
Africa, and it has its highest value six days before when
convection is weakest. OLR 5 over the western pole of
the QBZD dipole shows a clear out-of-phase evolution
with OLR,,, however with a slight lag of one to two
days (Fig. 7a). This means that, as seen in Fig. 3, OLR .3
reaches its weakest (highest) value one or two days
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after OLR,, reaches its highest (weakest) value. The
standardized dipole index OLR,, 5 shows a slightly
longer periodicity of about 14 days with its lowest value
at t, + 1 (Fig. 7a). Vertical velocity indices at 400 hPa
(04004, and 0400,5; negative values for upward mo-
tions) are highly consistent with associated OLR indi-
ces, except they reach their extrema about one day
after OLR indices (Fig. 7a). Some interpretation of the
dynamics of the QBZD dipole are now given by con-
sidering its step-by-step evolution, beginning around
t, — 6 when convection is weakest over West Africa and
at its strongest over its western pole (recall that Figs.
5-7 are expressed as mean composite differences be-
tween strong and weak convective events over central
and West Africa).

a. Fromty,— 9tot,— 4

At 925 hPa (Fig. 5) a negative pole of geopotential
high anomalies develops over the domain 80°-20°W,
10°S-15°N at t, — 9 to t, — 8, being rather symmetric
about the equator. At this time, the large-scale zonal
mean sea level pressure (MSLP) difference between
60°-30°W and 10°W-40°E reaches its highest negative
values (Fig. 7b). From ¢, — 7 to ¢, — 4, this negative pole
travels rapidly eastward and settles over Africa (Fig. 5)
where MSLP reach their lowest values at ¢, — 4 (Fig.
7b). At t, — 6 when the QBZD OLR dipole index is
the highest and convection over Africa the weakest,
the zonal wind component at 925 hPa over the area
0°-10°N, 35°W-0° shows consistent behavior by reach-
ing its highest easterly value (Fig. 7b), meaning that less
moisture is advected inland. Consistent with the OLR
pattern, Fig. 6 depicts at this time a Walker-type circu-
lation in a near-equatorial plane linking downward mo-
tions over 20°W—40°E with upward motions over 50°—
30°W. Within this circulation the 925-hPa zonal wind is
in phase with the OLR,, convective pole over Africa,
and 200-hPa zonal winds reach their highest westerly
values one day later at f, — 5 as convection is strongest
over Z3 as shown by OLR and strongest at f, — 3 in the
400-hPa vertical velocity index (Figs. 7a,b). These hori-
zontal and vertical QBZD atmospheric patterns, as well
as the rapid eastward propagation over the Atlantic
between t, — 7 and ¢, — 4, are very similar to the struc-
ture and behavior of the convectively coupled Kelvin
waves detected over these regions by Mounier et al.
(2007), although the periodicity is very different, be-
tween 12 and 14 days for the QBZD instead of 6 days
for the Kelvin wave. In Mounier et al. (2007) we
showed that these waves interact strongly with convec-
tion in the ITCZ and are centered a bit north of the
equator symmetrically around 5°N.
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We saw that the low-level zonal wind over the equa-
torial Atlantic is consistent with the QBZD dipole evo-
lution by reaching its highest values at ¢, — 6. However,
the persistence of weak convection over Africa is asso-
ciated with reduced cloud cover and higher net short-
wave flux at the surface (Fig. 7b), which leads to high
surface temperatures over the Z2 area at ¢, — 5 (Fig.
7b) and the lowest MSLP at ¢, — 4 as seen above (Fig.
7b). So following ¢, — 6, the combination of the east-
ward propagation of low pressure toward Africa and
the development of low pressure over Africa due to less
cloud cover and convection appears to contribute to the
reversal of the zonal wind component over the equato-
rial Atlantic, which reaches its highest westerly value at
t, (Fig. 7b).

The convection and cloud cover decrease over Africa
contributes to a temperature increase there (Z2) and
also northward and especially over the area of the
Saharan heat low location (Z1). Figure 7c shows that
over the area Z1 the temperature is highest at f, — 5,
followed by maximum upward motions at 700 hPa and
minimum MSLP at ¢, — 4.

b. Fromty, — 4tot,+ 2

The enhancement of the Saharan heat low activity
around f, — 4 leads to an increase of westerly winds at
925 hPa on the area 10°-20°N, 25°W-0° (whose index
reaches its highest value at ¢, — 1; see Fig. 7c) associ-
ated to a slow westward development of the heat low
cyclonic circulation. This signal combined with lower
pressures over Africa due to the cloud cover decrease,
and the temperature increase began contributing to an
increase of inland moisture advection (see Fig. 5 at
to — 3). This process is accelerated by the arrival of the
leading edge of the positive 925-hPa geopotential pole
of the Kelvin-type wave pattern from the west after
to — 2 (Fig. 5), which then leads to the highest westerly
winds around t, from the equator to 20°N (Fig. 5 and
7b,c) and the highest convective activity over Africa at
t,- The Walker-type circulation of the previous phase
(around ¢, — 6) moves eastward and an opposite
Walker-type circulation develops over Africa and the
Atlantic between t, and ¢, + 2 with a similar two-day
time lag between first peak in convection and 925-hPa
westerly wind over Z2, and the 200-hPa easterly wind
and lower convection over Z3 (Figs. 7a,b). In the me-
ridional plane over West Africa, upward motion in the
ITCZ is highly enhanced whereas dry convection de-
creases in the Saharan heat low.

c. Fromty+2toty+7

At this point the opposite phase of the QBZD dipole
is developing. Westerly moisture advection decreases in
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Africa due to both the westward propagation and van-
ishing of the cyclonic circulation in the Saharan heat
low as well as the eastward propagation of the Kelvin-
type wave pattern at the latitude of the ITCZ (Fig. 5).
This is also combined with pressure rise over Africa due
to the arrival of the Kelvin-type positive 925-hPa geo-
potential pole from the west and due to higher cloud
cover over Africa inducing lower surface temperatures,
leading to higher pressures at ¢, + 3 (Fig. 7b). In the
near-equatorial zonal plane this is accompanied by an
eastward propagation of the Walker-type circulation
and the development of an opposite phase over Africa
and the Atlantic (Fig. 6). In the meridional plane over
West Africa, lower surface temperatures between ¢,
and f, + 4 in the Saharan heat low area (Z1) lead to
subsiding anomalous motions (Fig. 7c), consistent with
the development of an anticyclonic circulation and east-
erly winds along the coast of West Africa (see at ¢, + 5
in Fig. 5). The combined effect is to lead to a reversal of
the large-scale zonal MSLP difference between 60°—
30°W and 10°W-40°E (¢, + 5; Fig. 7b), inducing a re-
versal of the low-level zonal winds, which reach their
highest easterly values at t, + 7 (Fig. 7b). Convection
over Africa (Z2) then decreases up to ¢, + 6, as well as
cloud cover, so that surface temperature can increase
again due to a net surface shortwave flux enhancement
(Fig. 7b). A new cycle of the QBZD dynamics can then
begin.

d. Interactions between the QBZD and equatorial
Kelvin waves

The QBZD dynamical structure identified here
shows a high degree of similarity with the biweekly
oscillation detected by Grodsky and Carton (2001)
during spring 2000 by using Quick Scatterometer
(QuikSCAT) wind and Tropical Rainfall Measuring
Mission (TRMM) rainfall data. They demonstrated evi-
dence of a similar mechanism based on the coupling
between convective modulation over Africa and related
land surface temperature and zonal surface pressure
gradient anomalies, leading to variations in the zonal
wind field over the eastern Atlantic. However, apart
from the fact that we are studying northern summer
1979-2000 while they looked at only spring 2000, some
other differences emerge between their analysis and
ours. First, they describe a stationary mode controlled
mainly by convection and the surface radiation budget
over Africa, whereas the QBZD highlights a zonal
convection dipole in which eastward propagation over
the Atlantic is dominant through Kelvin-type wave
dynamics. Second, we infer the role of the Saharan
heat low north of the ITCZ in developing a low-level
cyclonic circulation when surface temperatures are
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higher, leading to an increase of moisture advection
inland. The implication of the heat low center of action
helps us in understanding why the detected signals can
be significant rather far from the equator, whereas
Kelvin waves are more closely developed around a 5°N
zonal axis (see Mounier et al. 2007). At this time we
assume that the QBZD dynamics we analyze over 22
northern summers is a statistical rendition of the case
study of Grodsky and Carton, whose structure is em-
bedded in a larger zonal convection dipole and whose
internal dynamics is probably linked to Kelvin wave
propagation. The QBZD then comprises a sequence
involving a stationary phase of convection between
t, — 8 and 1, — 6, a transition phase of internal eastward
propagation between ¢, — 4 and ¢, — 2, another station-
ary phase of opposite sign between f, — 2 and ¢, + 2,
another transition phase between ¢, + 2 and ¢, + 4, and
a stationary phase between ¢, + 4 and ¢, + 8 similar to
the first one.

To explore the possible effect of the Kelvin wave dy-
namics within the QBZD zonal dipole, we removed
from the QBZD reconstruction the Kelvin-filtered OLR
signal represented by the box in the wavenumber—
frequency domain that included wavenumbers 1-14 and
equivalent depth ranging from 8 to 90 m (see Fig. 1 in
Mounier et al. 2007; this corresponds to periods be-
tween 2.5 and 20 days with highest signals over Africa
between 4 and 9 days and a maximum around 6 days as
seen in Fig. 2), and compared this result with the full
QBZD pattern. This analysis is done by computing
composite longitude—time diagrams of OLR related to
the occurrences of the QBZD with and without the
Kelvin wave signal. It should be noted that removal of
the Kelvin variability still leaves the bulk of the vari-
ance in eastward-propagating OLR.

Figure 8 shows the mean strong minus weak convec-
tive composite time-longitude diagrams for averaged
2.5°-12.5°N unfiltered OLR for (a) the QBZD (con-
structed as in section 3) and (b) the QBZD when the
Kelvin wave signal is removed from the unfiltered
OLR. The diagram for the full QBZD (Fig. 8a) depicts
the stationary biweekly modulation of convection over
central and West Africa followed by a 2-day lag for the
occurrence of the opposite-sign western pole around
40°W. Eastward propagation of the convection signal
from 70°W to 40°E is also evident, while no clear
propagation appears in the OLR field over the Indian
Ocean, where a new negative OLR pole is present at
70°E. When the Kelvin wave signal is removed (Fig.
8b), the stationary character of the QBZD dipole is
highlighted and the propagating signal over the tropical
Atlantic is completely suppressed. This demonstrates
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statistically that the QBZD is composed both by a sta-
tionary dipole with strong interactions with surface pro-
cesses, as was initially shown by Grodsky and Carton
(2001), and by Kelvin wave dynamics linking the west-
ern pole of the QBZD to its eastern pole of the same
sign with a time lag of about 5 days.

5. Case study of the 1984 African monsoon season

The objective in this section is to show, through study
of the summer monsoon of 1984, evidence of the impact
of the QBZD on the convection variability over central
and west Africa and to illustrate an example of the
combination of the QBZD with a Kelvin wave at the
time of the monsoon onset. Over West Africa, the onset
stage of the monsoon is characterized by an abrupt lati-
tudinal shift of the ITCZ from a quasi-stationary loca-
tion at 5°N in May-June to another quasi-stationary
location at 10°N in July—August (Sultan and Janicot
2000, 2003; Le Barbé et al. 2002). The mean date for the
onset occurrence is 24 June and its standard deviation is
8 days (Sultan and Janicot 2003). This abrupt shift oc-
curs mostly between 10°W and 5°E, where a meridional
land-sea contrast exists, and it is characterized by a
temporary rainfall and a decrease in convection over
West Africa.

Figure 9 shows various plots of the 1984 African
monsoon season. Sultan and Janicot (2003) defined the
monsoon onset date to be on 3 July during this year
based on IRD rainfall indices at 5° and 10°N. It can be
seen on the time-latitude diagrams of IRD rainfall and
OLR (Figs. 9b,c) that this date corresponds to the be-
ginning of the transition phase leading to the onset of
rainfall at the northernmost latitudes, also character-
ized by the abrupt displacement of the ITCZ from the
Guinean Coast to the Sahelian latitudes. The year 1984
was very unusual for the African summer monsoon sea-
son since it was the driest recorded during the last cen-
tury. This was hypothesized to be due to highly abnor-
mal warm sea surface temperatures in the Guinea Gulf
leading to an abnormal southward location of the ITCZ
during summer (Lamb et al. 1986). For instance, the
ITCZ axis was located about 9°N in the latter part of
July 1984 instead of the usual 11°N in the multiyear
mean (Le Barbé et al. 2002), and the 5 mm day ™! iso-
line only reached 12°N instead of 14°N, typical for the
mean (Sultan and Janicot 2003). This fact may have
been favorable to an enhancement of interactions be-
tween the ITCZ and equatorial Kelvin waves, since the
ITCZ was nearer to the equator.

Figure 9a shows a wavelet diagram similar to Fig. 2
but for the period May-September 1984. High activity
in the QBZD is shown (red contours) having a mean
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periodicity of 12 days during spring and fall, transition-
ing to near 20 days in July, with a statistical significance
level higher than 90% (not shown). The QBZD evolu-
tion is consistent with the variability of the unfiltered
OLR signal (shaded). Figure 9d shows a time series of
the QBZD index (open circles). It is easily seen that
positive (negative) sequences of the QBZD coincide
with similar enhanced (weakened) sequences of con-
vection in the ITCZ (Fig. 9¢), confirming the dominant
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impact of the QBZD on the African convection in sum-
mer 1984. This is associated with a modulation of the
low-level zonal wind component off the West African
coast (solid line in Fig. 9d) whose enhanced westerly
component is in phase or lags by 1 or 2 day the con-
vective enhancement due to the QBZD. The wavelet
diagram (Fig. 9a) also shows enhanced activity of
Kelvin waves especially in June and the first half of
July.
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Figure 9e presents a longitude-time diagram of the
3-hourly CLAUS brightness temperature (blue shad-
ing) field and of the daily Kelvin band filtered OLR
(green contours) both averaged over 2.5°-12.5°N from
1 June to 31 July 1984. The CLAUS data enable us to
follow westward trajectories of MCS from East Africa
to the west as far as the Gulf of Mexico. It can also be
seen that the level of activity over Africa is variable,
along with the westward extension of the MCS trajec-
tories. This activity can also vary along the track of
individual MCSs. The Kelvin wave activity has been
delineated when the related filtered OLR signal is
higher than 10 W m™? in absolute value. Several wave
trains are detected crossing from West to East Africa in
particular. We note an interesting modulation of MCS
activity by the passage of a Kelvin wave train, with the
negative (positive) OLR phase of the wave enhancing
(weakening) convection in the MCS. In Mounier et al.
(2007) it was shown that Kelvin waves significantly
modulate the convective intensity of individual west-
ward propagating MCSs through an eastward displace-
ment of their “convective envelope.” In particular,
Mounier et al. (2007) analyzed in detail the Kelvin
event from 1 and 10 July 1984 (see Fig. 9 of their pa-
per). It shows the enhancement of the MCS activity
(from the high-resolution dataset) over the eastern At-
lantic and Africa when the Kelvin wave crosses this
domain as well as a strong modulation of rainfall in the
African ITCZ.

Also shown in Fig. 9e is the activity of the QBZD
dipole (red rectangles). These rectangles are based on
QBZD index peaks greater than one standard devia-
tion in absolute value (Fig. 9d) and depict the space-
time areas of the QBZD dipole [solid (dashed) con-
tours for positive (negative) OLR anomalies]. As for
the modulation of the MCS by the Kelvin waves, we see
that the QBZD negative (positive) phases are associ-
ated with the enhancement (weakening) of the convec-
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tive intensity of the embedded MCS. In particular, the
highest modulation by the QBZD occurs on 10 July
(Fig. 9¢). The impact of the QBZD on the MCS activity
at this time is dramatic. An envelope of highly en-
hanced convection is located over West Africa and is
associated with the absence of any significant convec-
tive activity over the central and western Atlantic dur-
ing the following days partly due to the development of
the western opposite pole of the QBZD dipole. Finally,
when considering the Kelvin wave tracks along with the
space—time location of the QBZD poles, we see that
during most of the time positive (negative) phases of
the Kelvin waves link western and eastern positive
(negative) QBZD poles.

Let us now focus on the African monsoon onset (3
July) and its interactions with the QBZD and the oc-
currence of Kelvin waves. The sequence from 30 June
to 13 July corresponds with the combined occurrence of
a Kelvin wave train and the high activity of the QBZD.
Just before this onset on 3 July, we observe a temporary
decrease of convection over the whole of West Africa
(Figs. 9b,c), which is a primary characteristic of onset
for this monsoon system (Sultan and Janicot 2003). This
suppressed-convective sequence corresponds both to
the occurrence of a positive OLR contribution from the
QBZD and the arrival over West Africa of a positive
OLR phase of a Kelvin wave (Fig. 9¢). The crossing of
this Kelvin wave train during the sequence 1-10 July
has been detailed in Mounier et al. (2007) and is asso-
ciated with an enhancement of the low-level easterly
wind component off the coast of West Africa, decreas-
ing the moisture advection inland (Fig. 9d). This is fol-
lowed by the negative phase of the Kelvin wave cross-
ing the whole longitude domain, partly linking the west-
ern negative OLR pole of the QBZD with the eastern
negative OLR pole of the following opposite phase of
the QBZD. Consequently, convective activity in the
African ITCZ is enhanced after 5 July in phase with the

«—

FIG. 9. The case study of the 1984 African monsoon season. (a) Wavelet diagram for indices computed over the ITCZ area
(2.5°-12.5°N, 10°W-10°E) from 1 May to 30 Sep 1984: shaded, ITCZ index based on raw OLR (red contours); QBZD index (green
contours); ITCZ index based on OLR filtered for the Kelvin wave signal; the figure covers the period of 2.5-36 days. (b) Latitude-time
diagram of daily rainfall (mm day ') from 1 Jun to 31 Jul 1984 over the latitude domain 5°~12.5°N, averaged over 10°W-10°E and
filtered to remove variability lower than 10 days (values greater than 5 mm day ™! are shaded). (c) Same as (b), but for OLR (values
lower than 230 W m~? are shaded) in the latitude domain 0°~15°N. The location of the Guinean coast is displayed as a horizontal line
at 5°N. (d) QBZD standardized time series (open circles) and mean 925-hPa standardized zonal wind averaged over 0°~20°N, 25°W-0°
(solid line) from 1 Jun to 31 Jul 1984. (¢) Longitude-time diagram from 1 Jun to 31 Jul 1984 of 3-hourly CLAUS brightness temperature
(K, blue shading) and of daily Kelvin band filtered OLR (green contours, W m~?), both averaged over the latitude 2.5°~12.5°N. The
longitude area 10°W-10°E is delineated. The two green dashed lines in (b) and (c) depict the occurrence of the negative OLR phase
of the Kelvin wave over West Africa at the time of the monsoon onset transition period. The red rectangles in (e) are based on the
QBZD index peaks and depict the space-time areas of the QBZD dipole [solid (dashed) contours for positive (negative) OLR
anomalies]. The two red dashed lines in (b) and (c) depict the occurrence of the negative OLR phase of the QBZD over West Africa
[corresponding to red circles in (d)] at the time of the monsoon onset transition period.
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enhancement of the low-level westerly wind component
off the West African coast (Fig. 9d). The sequences of
occurrence of the negative phases of both Kelvin wave
(green lines) and QBZD (red lines) over West Africa
are represented in Figs. 9b and 9c. Both the QBZD and
the Kelvin wave are preceded by easterly wind anoma-
lies and followed by westerly wind anomalies. It ap-
pears that the Kelvin wave accounts for the first part of
the transition period of the monsoon onset, contribut-
ing to increase convection both over the Guinean Coast
and the Sahelian latitudes, while the QBZD phase is
responsible for the second part of this transition period
by maintaining a high level of convection over the Sa-
helian latitudes. We thus suggest that a Kelvin wave
train combined with the QBZD triggered the monsoon
onset process over Africa in 1984. A last point of inter-
est is that the negative Kelvin phase is immediately
followed by the positive one, still superimposed on the
negative pole of the QBZD (dotted red rectangle cen-
tered on 10 July). Figure 9e shows clearly the tempo-
rary decrease of convective activity over Africa due to
the positive Kelvin phase, but it is not strong enough to
weaken the global convective activity in this rectangle,
and convection reactivates immediately after the pas-
sage of the positive phase. This demonstrates that due
to a shorter space—time scale, a Kelvin wave can modu-
late convection within the QBZD pole over Africa
without modifying the primary character of the convec-
tive intensity controlled by the QBZD.

The monsoon onset of 1984 has been presented as a
case study possibly favorable to interactions with the
QBZD and Kelvin wave occurrences since the ITCZ is
located more equatorward relative to the mean dur-
ing the summer, when convective activity can excite
equatorial waves more strongly. Mounier (2005)
showed that the Kelvin wave activity as well as the
projection of OLR values on the QBZD is higher
during northern spring when the ITCZ is centered on
the equator. Similarly, Nguyen (2007) showed that
the Kelvin wave is the main synoptic-scale system over
central Africa in March—April. So it appears that it is
during the first rainy season between April and June,
at the time of the monsoon onset before the ITCZ
“jumps” to the north that equatorial dynamics inter-
acts best with convective activity in the African
ITCZ. The summer monsoon onsets over West Africa
have not been systematically studied in detail over
the last 25 yr but individual wavelet diagrams of OLR
have been computed (Mounier 2005). Peaks in the
QBZD spectral energy can be noticed at the time of
the monsoon onset for other years like 1981, 1987, 1988,
1989, 1990, 1994, 1997, 1998, 1999, and 2000 (not
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shown). Similarly, activity in the Kelvin spectral signal
can also be detected during some monsoon onsets but a
more detailed investigation, beyond the scope of this
study, would be needed to be able to compare those
evolutions with that during 1984.

6. Conclusions

We have investigated the mechanisms giving rise to
the main intraseasonal mode of convection in the Af-
rican monsoon during northern summer, which we re-
fer to as the quasi-biweekly zonal dipole (QBZD). Its
mean periodicity is centered around 12-14 days but it
varies between 10 and 25 days. The QBZD is primarily
characterized by a quasi-stationary zonal dipole of con-
vection whose dimension is larger than the West Afri-
can monsoon domain with the two poles centered re-
spectively along the Guinean coast and between 30°
and 60°W in the equatorial Atlantic. The QBZD is as-
sociated with a Walker-type vertical circulation in a
near-equatorial zonal plane. It is controlled both by
equatorial atmospheric dynamics through a Kelvin
wave-type disturbance propagating eastward between
its two poles and by land surface processes over Africa,
inducing combined fluctuations in surface tempera-
tures, surface pressures, and low-level zonal winds off
the coast of West Africa. When convection is at a mini-
mum over central and West Africa, reduced cloud
cover induces higher net shortwave flux at the surface,
which increases surface temperatures and lowers sur-
face pressures. This induces an east—west pressure gra-
dient both around the latitudes of the ITCZ (10°N) and
of the Saharan heat low (20°N), leading to an increase
in eastward moisture advection inland. The arrival from
the Atlantic of the positive pressure signal associated
with a Kelvin wave pattern amplifies the low-level west-
erly wind component and the moisture advection in-
land, leading to an increase in convective activity over
central and West Africa at the peak of the oscillation.
Then the opposite phase of the dipole develops. The
role of surface fluxes may be crucial in setting the time
scale of the QBZD, as was hypothesized for a similar
mode observed during northern spring by Grodsky and
Carton (2001). Examination of surface temperature,
moisture, and flux data from the African Monsoon
Multidisciplinary Analysis (AMMA) field program
during summer 2006, when some QBZD occurrences
have been observed, may provide a useful basis to test
this hypothesis.

The propagation of the convective envelope and of
the associated 200-hPa velocity potential anomalies is
also detected from the eastern Pacific to the Indian

Unauthenticated | Downloaded 06/10/21 04:21 PM UTC



1 May 2008

Ocean, covering a longitude band from approximately
120°W to 90°E. Figure 3 depicts the teleconnection pat-
tern in the 200-hPa velocity potential field. Similar
modes of northern summer variability including Africa
have been detected previously both at interannual and
decadal time scales (Janicot et al. 2001; Chen et al.
2001; Chelliah and Bell 2004). In particular, the decadal
time-scale pattern (Fig. 3¢ of Chelliah and Bell 2004)
highlights negative—positive—negative 200-hPa velocity
potential poles over equatorial America—Africa—south-
east Asia, similar to those of the QBZD. This might
indicate some systematic organization of Walker-type
circulations in the vertical-zonal plane at different time
scales, linking a portion of the monsoon system activity
over these three continents.

When the effect of the Kelvin wave propagation is
removed by filtering, the stationary character of the
QBZD is highlighted. This demonstrates that the
QBZD is composed 1) of a stationary dipole whose
interactions with surface processes are strong and 2) by
Kelvin wave dynamics linking the western pole of the
QBZD to its eastern pole of the same sign with a time
lag of about 5 days. One possible scenario is that Kelvin
wave activity can excite large-scale convection over Af-
rica if the surface flux field is primed, in turn exciting
the lower-frequency QBZD mode. This type of sce-
nario appears to occur occasionally during monsoon
onset, when the large-scale pressure, temperature, and
moisture gradients are set up for monsoon convection
and a Kelvin wave acts as a trigger for onset. This ap-
pears to have happened during the West African mon-
soon onset in 1984.
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