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ABSTRACT

The intraseasonal variability over Africa during northern summer was analyzed, using 25 years of NCEP-
NCAR reanalysis and satellite data. The dominant pattern of variability was one of enhanced deep convection
over thewhole African monsoon region. |t appeared to arise at |east partly asaremote responseto theintraseasonal
(Madden—Julian) oscillation over the warm pool sector. Twenty days prior to the maximum in convection over
Africa, there was no signal over Africa but convection was reduced over the equatorial warm pool. An equatorial
Kelvin wave response to this change in warm pool convection propagated eastward and an equatorial Rossby
wave response propagated westward and between them they completed a circuit of the equator and met up 20
days later over Africa, where the negative midtropospheric temperature anomalies in the Kelvin and Rossby
waves favored deep convection. Over West Africa, the Kelvin wave component contained |ower-tropospheric
westerly anomalies that acted to increase the boundary layer monsoon flow and moisture supply. The westerly
anomalies also increased the cyclonic shear on the equatorward flank of the African easterly jet, leading to
enhanced African easterly wave and transient convective activity, which then contributed to the enhanced
convection over Africa on the longer intraseasonal time scale. The implications of this intraseasonal mode for
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predictability over Africa are discussed.

1. Introduction

Rainfall over West Africa during the summer mon-
soon season is largely associated with mesoscale con-
vective systems (MCSs; Le Barbé and Lebel 1997; Re-
delsperger et al. 2002; Diongue et al. 2002) that are
often embedded in the northerly flow ahead of thetrough
in African easterly waves (Burpee 1972; Reed et al.
1977). The African easterly wavesthemselvesarise part-
ly through barotropic and baroclinic instabilities of the
low-level African easterly jet (Burpee 1972; Thorncroft
and Hoskins 1994a,b; Thorncroft 1995), and appear to
fall into two distinct frequency bands with periods from
3to 5 days and 6 to 9 days (Diedhiou et al. 1999). In
turn, the existence and strength of the African easterly
jet depends on the poleward surface temperature and
soil moisture gradients and surface fluxes of heat and
moisture together with the shallow dry convection over
the Sahara and the deep moist convection farther south
(Thorncroft and Blackburn 1999; Cook 1999).

West African rainfall ishighly variable on interannual
and decadal time scales and is highly correlated with
global sea surface temperature (SST) variability, with
dry conditions over the Sahel and wet conditions over
Guineabeing associated with positive El Nifio—Southern
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Oscillation (ENSO) SST anomalies over the eastern
tropical Pacific, positive SST anomalies over the South-
ern Hemisphere Atlantic, negative anomalies over the
Northern Hemisphere Atlantic (the Atlantic dipole), and
positive SST anomalies in the tropical Indian Ocean
(Folland et al. 1986; Janicot et al. 1998; Rowell 2001).
These SST anomalies induce changes in the deep con-
vective regions and an anomalous equatorial wave re-
sponse that leads to large-scale atmospheric circulation
and rainfall changes over the West African region (Row-
ell et al. 1995; Janicot et a. 1998). The response to
ENSO SST anomalies over the eastern tropical Pacific
comprises adirect response through changesto the glob-
al atmospheric circulation and an indirect response
through modification of Atlantic SST anomalies, which
then cause further changes in the large-scale circulation
(Rowell 2001) with enhanced trade winds over the At-
lantic region and weaker monsoonal flow over West
Africa leading to dry conditions over the Sahel. How-
ever, the link between ENSO and Sahel rainfall has
changed over the decades, indicating that decadal SST
modes also play a role (Janicot et al. 2001). SST var-
iability appears to be the primary cause of interannual
variability in Sahel rainfall, but changesin soil moisture
gradients are also important (Rowell et al. 1995) al-
though the two are related (Cook 1999). SST variability
over the Mediterranean Sea can also influence Sahel
rainfall, with positive Mediterranean SST and evapo-
ration anomalies|eading to an increase in the southward
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moisture advection over the Sahara and increased rain-
fall over the Sahel (Rowell 2003). The anomaliesin the
large-scale circulation also change the vertical wind
shear and the strength, position, and instability of the
African easterly jet, which in turn leads to changes in
interannual African easterly wave activity and Sahel
rainfall (Thorncroft and Rowell 1998).

Thereis also substantial intraseasonal variability over
West Africa, although this appears to be independent of
SST variability (Rowell et al. 1995), at least on the
month to month time scale. Wavelet analysis of Sahel
rainfall revealed two statisticaly significant spectral
peaks, centered on periods of 15 and 40 days (Janicot
and Sultan 2001). The 15-day mode was clearly sepa-
rated from the higher frequency African easterly waves,
and the enhanced rainfall was located within the low-
level trough of a westward-propagating atmospheric
wave with a larger horizontal scale than the African
easterly waves (Janicot and Sultan 2001; Kiladis and
Weickmann 1997). The start of the West African mon-
soon was also linked with intraseasonal variability; the
onset of rainfall was abrupt and synchronous over the
whole region (Le Barbé et al. 2002) and was associated
with a westward-traveling monsoon depression with a
period of 15-40 days (Sultan and Janicot 2000; Grodsky
and Carton 2001). There are also intraseasonal telecon-
nections between West and East Africa; intraseasonal
low-level westerly anomalies advect moisture from the
West African monsoon region leading to an increase in
rainfall over western Kenya and a decrease over eastern
Kenya (Camberlin 1996).

On aglobal scale, the dominant mode of intraseasonal
variability isthe Madden—Julian oscillation (MJO; Mad-
den and Julian 1994). Thisis characterized by eastward-
propagating convective and SST anomalies over the
warm pool sector and associated global circulation
anomalies, with one complete cycle lasting between ap-
proximately 30 and 60 days (e.g., Knutson and Weick-
mann 1987; Rui and Wang 1990; Hendon and Salby
1994; Matthews 2000). During northern summer, the
MJO interacts strongly with the Asian monsoon. In ad-
dition to the eastward propagation, the convective
anomalies propagate northward from the equatorial In-
dian Ocean to the Tibetan foothills (Yasunari 1981) and
are associated with northward-propagating circulation
anomalies and active-break cycles in the monsoon
(Krishnamurti and Subrahmanyam 1982).

The mechanisms behind the eastward and northward
propagation of the MJO convective anomalies are till
open to debate. The eastward propagation may be due
to complex interactions between equatorial Rossby and
Kelvin waves forced by the anomal ous convection with
the intraseasonal SST anomalies that are generated by
the anomal ous | atent heat flux and surface solar radiative
flux anomalies associated with convectively coupled
equatorial waves (e.g., Flatau et al. 1997; Woolnhough
et al. 2000; Shinoda and Hendon 2001; Inness and Slin-
go 2003). Anomalous moisture convergence due to the
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boundary layer frictional convergence in the atmospher-
ic Kelvin wave may also favor the eastward propagation
of the convective anomalies (Hendon and Salby 1994).
The Kelvin wave component propagates eastward and
completes a circuit of the equator in 30-60 days, and
may initiate the next MJO event (Matthews 2000).

The northward propagation of the convective anom-
alies may be due to air—seainteractions within the equa-
torial Rossby wave component of the MJO. Surface
frictional convergence into the off-equatorial low pres-
sure center of the equatorial Rossby wave may lead to
the initial poleward migration of the anomalous band
of convection along the equator (Kemball-Cooke and
Wang 2001; Lawrence and Webster 2002). Positive SST
anomalies are then generated ahead of the enhanced
convection and may then favor its continued northward
propagation (Sengupta et al. 2001). Therefore, the in-
traseasonal variability of the Asian monsoon system ap-
pears to be controlled by ocean—atmosphere processes;
land—surface interactions do not appear to be important
(Ferranti et al. 1999). The spatial patterns of the intra-
seasonal modes of variability are very similar to those
for interannual variability (Sperber et al. 2000). How-
ever, the magnitude of intraseasonal activity of the Asian
monsoon is not correlated with ENSO or any other in-
terannual SST variability (Lawrence and Webster 2001).

On a larger scale, the effect of the MJO and intra-
seasonal variability of the Asian monsoon on Africais
not clear. Knutson et al. (1986) and Murakami et al.
(1986) both documented eastward- and northward-prop-
agating satellite-measured outgoing longwave radiation
(OLR; a proxy for deep tropical convection) anomalies
over the Indian Ocean—western Pacific sector with time
periods in the 30—-60-day range, but found no signal
over Africa. However, Knutson and Weickmann (1987)
and Annamalai and Slingo (2001) did find a weak con-
vectivesignal over Africaintheir northern summer MJO
life cycles such that enhanced convection over Africa
coincided with enhanced convection over the equatorial
Indian Ocean.

This paper examines further the intraseasonal vari-
ability of the African northern summer monsoon in a
global context with an emphasis on the mechanisms
behind the variability. The data and methodology are
described in section 2, and the relevant aspects of the
mean climate of the monsoon are shown in section 3.
In section 4 the local modes of intraseasonal variability
over Africa are determined and these are put in aglobal
context in section 5. Finally, conclusions are presented
in section 6.

2. Data and methodology

OLR satellite data were used as a proxy for deep
tropical convection. The OLR was obtained as daily
mean data interpolated onto 2.5° X 2.5° gridded maps
(Liebmann and Smith 1996) for the period 1974 to 2000,
with missing data in 1978. National Centers for Envi-
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ronmental Prediction—National Center for Atmospheric
Research (NCEP-NCAR) reanalysis wind and geopo-
tential height data (Kalhay et a. 1996) and Microwave
Sounding Unit (MSU) temperature data (Spencer et al.
1990) were also obtained at the same time and spatial
resolution, and the Reynolds SST data (Reynolds and
Smith 1994) were used from 1982 to 1999. Previous
studies have found the NCEP-NCAR reanalysis does
capture variability over West Africa, in particular Af-
rican easterly waves (Diedhiou et al. 1999, 2001) and
interannual variability of the West African monsoon
(Janicot et al. 2001), and also intraseasonal variability
of the Asian monsoon (Annamalai et al. 1999).

The datawere analyzed for the July—September (JAS)
West African summer monsoon season, 25 summersin
total. To isolate the intraseasonal variability, the sea-
sonal cycle (first 12 annual harmonics) was removed
and the data were passed through a 241-weight 20—200-
day bandpass Lanczos filter (Duchon 1979), identical
to that used in Matthews (2000). This filter has a much
broader bandpass than the typically 30—70-day vari-
ability associated with the MJO. Empirical orthogonal
function (EOF) analysis was used to determine the main
modes of variability. Lagged regression maps of other
variables were then constructed using the principal com-
ponent (PC) time series as the dependent variable. The
EOF and regression analyses as applied here are de-
scribed in more detail in Matthews (2000). The analysis
was repeated with an even broader 10—200-day filter
and the results were very similar.

3. Climatology of the African summer monsoon

Some aspects of the mean climate over the African
region are discussed here so that the anomalies shown
later can be put into context. The southeasterly lower-
tropospheric trade winds in the tropical South Atlantic
cross the equator and are deflected to the right by the
changing Coriolis force to become the southwesterly
monsoon flow over Africa between approximately 5°
and 15°N (Fig. 1@). These southwesterly winds also
form the equatorward part of a cyclonic circulation
around the Saharan heat low. These monsoon winds
advect moisture from the Atlantic, which feeds the deep
moist convection in this region, indicated by the mean
OLR values below 210 W m~2 (shaded areain Fig. 1a).
This region of active convection is enclosed by a rect-
angular domain between 10°S and 20°N, 40°W and
40°E, shown by the heavy box in Fig. 1la. Thisis the
domain on which the EOF analysisis performed in sec-
tion 4. The southerly cross-equatorial flow over the
western Indian Ocean that supplies the moisture to the
Asian monsoon is outside this domain.

The mean flow over the region is dominated by var-
ious zonal jets (Fig. 1b). The westerly subtropical jets
peak at the 200-hPa level in both hemispheres, the
Southern Hemisphere jet being the stronger at thistime
of year. In the Tropics, the mean flow has a westerly
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Fic. 1. Climatological mean fields for JAS 1975-2000: (a) OLR,
values below 210 W m~2 are shaded with an interval of 20 W m~2;
925-hPa wind vectors, reference vector is 10 m s*. The box shows
the domain over which the EOF analysiswas performed. (b) Latitude—
pressure cross section of zonal wind u averaged from 40°W to 40°E.
Contour interval is4 m s—* and negative values are shaded. (c) Stan-
dard deviation of 20-day high-pass filtered meridional wind v at 700
hPa. Contour interval is 0.5 m s~* and first contour isat 2.5 m s—*.

component near the surface between 5°N and 15°N, cor-
responding to the southwesterly monsoon flow de-
scribed above in Fig. 1a. Above the 850-hPa level, the
mean flow is easterly and shows two peaks, in the Af-
rican easterly jet at 600 hPa and the tropical easterly jet
at 200 hPa, denoted by AEJ and TEJ in Fig. 1b, re-
spectively.

The African easterly jet is barotropically and baro-
clinically unstable, and easterly waves grow on the jet
(e.g., Thorncroft and Hoskins 1994a,b). These have a
strong meridional wind v component and tend to have
maximum amplitude at approximately the 700-hPalevel
(Reed et a. 1977). The average period of the easterly
waves is approximately 5 days; hence a useful diag-
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nostic for the amplitude of the easterly waves is the
standard deviation of the high-frequency 700-hPa v
wind (Fig. 1c). The high-frequency winds are obtained
by passing the total wind time series at each grid point
through a 241-weight high-pass Lanczos filter with a
cutoff frequency corresponding to a period of 20 days.
The maximum amplitude is found in the subtropics and
extratropics of both hemispheres, corresponding to the
baroclinic waves in the storm tracks, but there is a sec-
ondary maximum along 15°N over west Africa and the
Atlantic, corresponding to the easterly waves.

4. Intraseasonal variability over Africa

To determine the modes of intraseasonal variability
of deep convection over tropical Africa, an EOF analysis
of intraseasonal OLR anomalieswas performed over the
domain shown by the box in Fig. 1a. The 20-200-day
bandpass filter is much wider than the 30—70-day var-
iability associated with the MJO, and the main regions
of MJO convection are over the warm pool sector, which
is outside the domain used here. Here, the EOF analysis
should truly pick out the dominant modes of African
intraseasonal variability, and not be a priori biased to-
ward MJO variability.

The leading eigenvector from the EOF analysis ac-
counted for 15.8% of the variance and was well sepa-
rated from the second eigenvector, which accounted for
8.4% of the variance. In turn, the second eigenvector
was well separated from the third, which together with
the remaining eigenvectors were degenerate and could
not be separated from sampling noise according to the
criteria of North et al. (1982). The spatial structures
(EOFs) were then dimensionalized by multiplying by
the square root of their respective eigenvalue. Given the
broadness of the 20—200-day filter, these leading EOFs
account for a large fraction of the variance. For com-
parison, the MJO is accepted as the dominant mode of
intraseasonal variability in the Tropics, yet an EOF anal-
ysis of 20—200-day filtered OLR over the wholetropical
band had the first two EOFs (which described the MJO)
as only accounting for 6.6% and 5.4% of the variance,
respectively (Matthews 2000). When the analysis was
carried out on a narrower 30—70-day bandpass filtered
dataset, the leading EOFs accounted for much more var-
iance.

The dominant mode of intraseasonal convective var-
iability over Africais an enhancement of the mean con-
vection, as the negative OLR anomaliesin EOF 1 (Fig.
2a) have a similar pattern to the region of low mean
OLR (Fig. 1a), with maximum convective anomaliesin
a zonal band along 10°-15°N and a southeastward-ori-
ented band over central Africa. The principal component
(PC) time series gives the amplitude of this spatial pat-
tern on any given day and is shown for just one season,
JAS 2000, in Fig. 2c. During the latter half of July 2000,
the mode was in its positive phase with enhanced con-
vection over tropical Africa. One month later, in late
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Fic. 2. EOF analysis of 20-200-day filtered OLR over tropical
Africa (10°S-20°N, 40°W-40°E) for JAS 1975-2000: (a) EOF 1 and
(b) EOF 2. Contour interval is 2 W m~2; negative contours are dotted
and the zero contour is bold. Shading is shown by the legend. (c) PC
time series for JAS 2000. The tick marks on the horizontal axis show
the first day of the month. PC 1 (PC 2) is shown by the solid (dashed)
line.

August 2000, the mode was in its negative phase with
reduced convection. This period coincided with the
JET2000 field experiment (Thorncroft et al. 2003) from
25 to 30 August 2000, during which the detailed struc-
ture of African easterly waves was observed. Unfor-
tunately, easterly wave activity and rainfall were strong-
ly suppressed during JET2000, which may be due to
the suppressed phase of the intraseasonal mode during
that period. This will be discussed further in section 5.

The second eigenvector describes a dipole pattern of
convective activity (Fig. 2b). In its positive phase there
is enhanced convection (negative OLR anomalies) over
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Fic. 3. Lagged regression maps of OLR anomalies on (a) day —20, (b) day —10, (c) day O, (d) and day 10. Contour
interval is 4 W m~2; negative contours are dashed and the zero contour is omitted. Shading is shown by the legend
and only anomalies locally significant at the 95% level are shaded.

West Africa and the Atlantic, and reduced convection
over East Africa. The PC 2 time series for JAS 2000
(dotted line in Fig. 2c) shows no obvious relationship
with PC 1. When all 25 summers were analyzed, PC 1
and PC 2 were significantly lag-correlated at the 95%
level. Thecritical correlation coefficient at the 95% level
r was calculated according to Livezey and Chen
(1983). There were 2300 data samples and the decor-
relation time scale was 10.4 days; hence there were 221
degrees of freedom and ry; = 0.113. The peak corre-
lation coefficient isr = —0.288 at a lag of 10 days.
This implies that PC 2 is a minimum, with enhanced
convection over East Africa and reduced convection
over West Africa, 10 days before PC 1 peaks, with en-
hanced convection over most of the domain, peaking
over central Africa. This scenario is one of westward
propagation of an enhanced convective anomaly over
Africa. However, as only 8% of the variance (r2) in PC
2 can be accounted for by PC 1, this relationship is
extremely weak and EOF 2 will not be discussed further.

5. Global structure
a. Global convective anomalies

The development of deep convective anomalies over
the entire tropical belt during the “life cycle” of an
African intraseasonal oscillation can be described by a
sequence of lagged regression maps of OLR, lagged
with respect to PC 1. Local statistical significance at
each grid point was determined by comparing the value
of the correlation coefficient r between the OLR time
series at that grid point with the PC 1 time series. If
[r| > rg, the regression map was deemed significant
at that grid point.

On day 0 (Fig. 3c), which corresponds to the time
when PC 1 is a maximum, the OLR anomalies over
Africa had a very similar pattern to those in EOF 1,
with enhanced convection over the whole region of ac-
tive convection. However, there were also large ampli-
tude convective anomalies el sewhere in the Tropics, par-
ticularly over the warm pool region, with a zonal band
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FiG. 4. Anomalous 20—200-day filtered OLR on (a) 7 and (b) 17 Jul 1998. Contour interval is 10 W m~2; negative
contours are dashed and the zero contour is omitted.

of enhanced convection along the equator over the In-
dian Ocean and the western Pacific and a zonal band of
reduced convection along 10°-15°N.

Twenty days prior to the peak in convection over
Africa, there were no convective anomalies over Africa
but there was a reversal of the convective signal over
the warm pool sector, with reduced convection along
the equator and enhanced convection to the north (Fig.
3a). Ten days later (Fig. 3b), the band of reduced con-
vection had moved northward to 10°N and the enhanced
convection had disappeared. There was also a region of
enhanced convection over the extreme eastern Pacific,
off the coast of Central America. This was associated
with SST anomalies of up to 0.2°C (not shown) and
appeared to be the eastern Pacific response to the MJO
identified by Maloney and Kiehl (2002). By day 0 (Fig.
3c), the enhanced convection over Africa had devel-
oped. Over the warm pool sector the band of reduced
convection had moved farther northward to 10°-15°N,
and the band of enhanced convection had appeared
along the equator. By day 10 (Fig. 3d), the anomalous
African convection had disappeared, and the enhanced
convection over the warm pool had moved northward
off the equator. This northward propagation of bands of
convective anomalies over the warm pool sector can be
identified as the tropical intraseasonal oscillation or
MJO during northern summer (e.g., Knutson et al. 1986;
Annamalai and Slingo 2001).

Only anomalies significant at the 95% level were
shown in the regression maps of Fig. 3. A qualitative
further test of the significance of this mode of variability
can be gained from a snapshot of the OLR anomaly
field on a day when PC 1 peaks. For example, 17 July
1998 was such aday (Fig. 4b), and the anomaliesclearly
correspond to the day O regression pattern in Fig. 3c,
with enhanced convection over tropical Africa and the
equatorial Indian Ocean with a band of reduced con-

vection over the warm pool sector along 10°N. Else-
where, the negative anomaly along 20°-30°N that was
present over the western Pacific on 17 July 1998 does
not seem to be part of the average life cyclein Fig. 3c.
Ten days previously, on 7 July 1998 (Fig. 4a), the OLR
anomalies correspond to the day — 10 regression pattern
(Fig. 3b) with no significant convective anomalies over
Africaand reduced convection over the equatorial warm
pool and a band of enhanced convection to the north.

b. Equatorial Kelvin wave

The appearance of the warm pool sector convective
anomalies 20 days before the enhanced convection over
Africa in Fig. 3 suggests that the African convection
may arise as a forced response to the warm pool con-
vection and associated latent heat release, possibly via
an equatorial wave mechanism. The anomalies shown
here can be superimposed onto a mean state, which
includes mean convection and latent heat release over
the western Pacific, that isin equilibrium with the mean
pressure and wind fields. Part of this equilibrium will
involve an equatorial Kelvin wave response to the east
of the mean convection.

On day —20 there was a weak negative convective
anomaly over the western Pacific (Fig. 3a). This would
be associated with a negative latent heating anomaly (a
cooling anomaly) or equivalently areduction in thetotal
heating. The dynamical response to such an anomaly
would be an anomalous equatorial Kelvin wave re-
sponse to the east, of opposite sign to that of the mean
flow. The near-surface 925-hPa geopotential height and
wind anomalies did show such a weak Kelvin wave
signal on day —20 (Fig. 5a). A positive geopotential
height or high pressure anomaly was collocated with
the reduced convection over the equatorial western Pa-
cific and extended eastward along the equator into the
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Fic. 5. Lagged regression maps of 925-hPa geopotential height and vector wind anomalies on (a) day —20, (b) day
—10, and (c) day 0. Contour interval for geopotential height is 2 m; values above —2 m are shaded; the zero contour
is bold and negative contours are dotted. Reference wind vector is 2 m s=1. Only wind vectors locally significant at

the 95% level are plotted.

central Pacific asaKelvinwave (cf. Bantzer and Wallace
1996; Milliff and Madden 1996; Matthews 2000). Con-
sistent with the Kelvin wave pressure signal, there were
westerly anomalies over the central Pacific, though these
were a maximum along 10°N rather than at the equator.
By day —10 the negative convective anomaly over
the warm pool had strengthened (Fig. 3b), and itsKelvin
wave response had strengthened and propagated farther
eastward with larger positive 925-hPa geopotential
height and zonal wind anomalies over the entire equa-
torial Pacific (Fig. 5b). The Kelvin wave appeared to
have been blocked by the Andes mountain range, asin
Matthews (2000). Part of the surface pressure signal
propagated southward on the western side of the Andes
and part of it propagated through the gap at Panama
between the Andes and the Central American mountain
ranges. This part then propagated across the Atlantic as
an equatorial Kelvin wave, such that by day O there was
an equatorial maximum in pressure over the Atlantic
with accompanying westerly anomalies (Fig. 5c).
Positive SST anomalies appeared over the equatorial
Atlantic between day —5 and day 5 (not shown). These
are consistent with the anomalous surface westerlies,
which would reduce the strength of the mean easterly
trade winds and the latent heat flux from the ocean.
However, the anomalies were very weak (up to 0.05°C)
and not statistically significant and do not appear to be

an important component of the variability described
here.

The Kelvin wave propagation can be seen more clear-
ly in the independent midtropospheric MSU34 (com-
bination of MSU channels 3 and 4) temperature anom-
alies. On day —10, there was a large negative temper-
ature anomaly within the region of reduced convection
over the warm pool (Fig. 6a). An equatorial tongue of
negative temperature anomalies extended to the east as
a Kelvin wave over the Pacific and Atlantic, with slight
southward propagation along the Andes also evident.
An equatorial Rossby wave structure could also be seen
with off-equatorial minima extending westward from
the negative convective anomaly over the Indian Ocean
into East Africa. This equatorial Rosshy wave response
could also be seen as two off-equatorial high pressure
and anticyclonic wind anomalies in the lower tropo-
sphere (Fig. 5b). By day O the eastward-propagating
Kelvin wave and the slower westward-propagating
Rosshy wave had between them completed a circuit of
the equator such that they met over Africa (Fig. 6b),
and there were negative temperature anomalies around
the entire equatorial belt. Correlation maps of MSU34
temperature anomalies at day —10 and day O (not
shown) indicate that 25%—35% of the variance of the
intraseasonal midtropospheric temperature anomalies
associated with African convection can be ascribed to
the equatorial waves.
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Fic. 6. Lagged regression maps of anomalous midtropospheric temperature MSU34 on (a) day —10 and (b) day 0.
Contour interval is 0.08 K; negative values are shaded.

This propagation can be clearly seen in a Hovmoller
diagram of equatorial (averaged from 10°S to 10°N)
temperature anomalies (Fig. 7). The peak signal ema-
nated from approximately 140°E over the warm pool on
day —5 and propagated eastward (as a Kelvin wave) at
an average speed of 33 m s~* and westward (as a Rosshy
wave) at an average speed of 19 m s, meeting at 5°E
on day 4. The ratio of Kelvin to Rosshy wave speeds
is only 1.7, rather than 3 as predicted by linear wave
theory (Gill 1980). However, there are other factors that
are not present in the simple linear model, such as the
effect of the background mean winds and interaction
with convection and orography.

The vertical structure of the equatorial waves along

e b b b b b b b b by by s

MSU34: equator

20T Y T
180 150WI120W90W 60W 30W 0 30E 60E 90E 120E150E 180

Fic. 7. Hovmoller diagram of regressed anomalous equatorial mid-
tropospheric temperature MSU34 averaged from 10°S to 10°N. Con-
tour interval is 0.08 K; negative values are shaded and negative
contours are dotted. The thick straight lines indicate the average
propagation speed of the peak anomalies.

the equator was primarily a first internal mode, consis-
tent with forcing by a midtropospheric heat source from
anomalous deep convection. On day —10, the negative
heating anomaly over the warm pool between 80°E and
the date line led to anomalous descent and adiabatic
warming (Fig. 8), which would partialy offset the
anomal ous diabatic cooling there. The equatorial Kelvin
wave response to the east consisted of |ower-tropo-
spheric westerly and high pressure anomalies and upper-
tropospheric easterly and low pressure anomalies with
the nodal point at approximately 450 hPa. The anom-
alous diabatic cooling signal over the warm pool forcing
region was spread eastward by the adiabatic cooling
associated with the ascent in the Kelvin wave front,
which extended from 120° to 40°W at this time.

The equatorial Rossby wave signal can aso be seen
in this cross section, with lower-tropospheric easterly
and high pressure anomalies extending from the western
edge of the diabatic cooling at 90°E westward to the
Rossby wave front at 40°E where there was weak ascent
throughout the troposphere. The Rossby wave structure
was not evident in the upper troposphere, where non-
linear effects may have masked it. It should also be
noted that the Rossby wave signal would be amaximum
off the equator at approximately 15° latitude.

c. Mechanisms for the enhancement of convection
over Africa

The anomalous equatorial Kelvin wave front that
propagated eastward from the warm pool region and
reached the Atlantic and West Africa by day O forced
deep anomal ous ascent over this region and lowered the
temperature in the middl e troposphere by adiabatic cool -
ing. This would tend to destabilize the troposphere and
favor anomal ous deep convection as observed (Fig. 3c).
This process would then contribute to the enhanced up-
per-tropospheric divergence over West Africa, and the
subsequent divergent outflow, which mainly formed an
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Fic. 8. Longitude—pressure cross section of regressed geopotential height Z, zonal wind u, and
vertical pressure velocity » anomalies along the equator (averaged from 10°S to 10°N) on day
—10. Geopotential height contour interval is 2 m; values above —2 m are shaded; the zero contour
is bold and negative contours are dotted. Zonal and vertical wind is plotted as a pseudovector,
the reference vector corresponds to 1 m s—* for u and 3 hPa day —* for w.

anomalous local Hadley-type circulation into the South-
ern Hemisphere (Fig. 9a).

Similarly, the equatorial Rossby wave that had prop-
agated westward from the warm pool region and reached
eastern and central Africa by day O also forced deep
anomalous ascent, cooled the midtroposphere, destabi-
lized the atmospheric column, and induced deep con-
vection. The strongest regions of ascent and negative
midtropospheric temperature anomaliesin the equatorial
Rossby wave were centered off the equator, correspond-
ing to the off-equatorial anomal ous convective maxima
at 10°N and 10°S over eastern and central Africa (Fig.
30).

The Kelvin wave also had boundary layer westerly
anomalies over the Atlantic and West Africa (Fig. 5c).
These anomalous winds were of the order of 1 m s4,
compared to a climatological mean wind speed of be-
tween zero and 5 m s~* over the region (Fig. 1a). These
anomal ous winds would enhance the advection of mois-
ture by a similar amount into West Africa by the mean
monsoon circulation (Fig. 1a), leading to positive hu-
midity anomaliesin the region (Fig. 9b) that would fuel
the enhanced convection. Once the convection over Af-
ricawas established, it could then force its own dynam-
ical response. The anomalous low-level subtropical cy-
clone centered at 20°N, 30°W may be attributable to an
equatorial Rossby wave response to the enhanced Af-
rican convection. The anomalous westerly and south-
westerly flow on the equatorward flank of this cyclone
would then also act to increase the monsoonal moisture
flux, providing a positive feedback between the con-
vection and the circulation. It is difficult to separate
cause and effect within an observational analysis; this
will be addressed by future modeling studies.

In addition to destabilizing the atmosphere and en-
hancing the mean moisture supply to West Africa, the
arrival of the Kelvin wave changed the basic-state cir-
culation upon which the rain-bearing easterly waves
grow. The easterly waves grow through a combination
of barotropic and baroclinic instability of the African
easterly jet, which peaks at the 600—700-hPa level. On
day 0, there was a westerly 700-hPa equatorial anomaly
over the Atlantic and West Africa due to the Kelvin
wave and an easterly anomaly at 20°N (Fig. 9c). The
cyclonic shear of these wind anomalies (Fig. 9d) in-
creased thetotal cyclonic shear on the equatorward flank
of the African easterly jet. The African easterly jet
would then be more barotropically unstable and would
lead to an increase in easterly wave activity, as shown
by the positive anomaly in the variance of the high-
frequency (20-day high-pass filtered) 700-hPa meridi-
onal wind over West Africa (Fig. 9e). Consistent with
this increase in easterly wave activity, there was also
an increase in high-frequency convective activity (var-
iance of 20-day high-pass filtered OLR, Fig. 9f) over
West Africa. This increase in transient convective ac-
tivity around day O and the concomitant decrease in
transient convective activity in the opposite phase of the
cycle would then rectify onto the longer intraseasonal
time scale and contribute to the increase in the slowly
varying envelope of convection observed over West Af-
ricaon day 0. It is possible that the unusually low level
of transient wave and convective activity observed dur-
ing the JET2000 field experiment (Thorncroft et al.
2003) in late August 2000 was due to these processes,
as the intraseasonal mode was in its negative phase dur-
ing that period (Fig. 2c).
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6. Conclusions there was a band of reduced convection over the equa-
torial warm pool. This forced a *‘ negative’” anomalous
equatorial Kelvin and Rossby wave response that prop-

agated eastward and westward, respectively. Eventually

The structure of the dominant mode of intraseasonal
variability of the African northern summer monsoon has
been determined, based on 25 years of NCEP-NCAR

reanalysis and satellite data. The mode had the form of
enhanced convection over West Africa and enhanced
off-equatorial convection in both hemispheres over east-
ern and central Africa. It appeared to arise at least partly
as a remote response to convective anomalies over the
warm pool associated with the MJO. Twenty daysbefore
the appearance of convective anomalies over Africa,

the two waves completed a circuit of the globe and met
up 20 days later over Africa. The wave fronts had anom-
alous deep ascent and negative midtropospheric tem-
perature anomalies associated with them and acted to
destahilize the troposphere and trigger anomalous deep
convection over Africa (Fig. 10). The maximum ascent,
midtropospheric cooling, and convection due to the
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equatorial Rossby wave was located off the equator in
two bands, at 10°N and 10°S, over central and eastern
Africa. The maximum ascent, midtropospheric cooling
and convection due to the equatorial Kelvin wave was
concentrated along a single line of latitude over West
Africa. In addition to this direct forcing of convection
over Africa, the equatorial Kelvin wave also acted to
(i) increase the surface monsoon flow and moisture sup-
ply into West Africa by up to 20% and (ii) increase the
cyclonic shear on the equatorward flank of the African
easterly jet, which enhanced the barotropic instability
of the jet and led to enhanced African easterly wave
and transient convective activity (Fig. 10). Both of these
processes then contributed to the enhanced convection
over Africaon theintraseasonal time scale. Quantitative
calculations of the effect of increasing the shear of the
African easterly jet are being carried out in a further
model study.

The ““direct” equatorial wave forcing of African con-
vection may also operate on the interannual time scale.
During El Nifio events, the enhanced convection over
the central Pacific forces an equatorial Kelvin wave that
propagates eastward over South America and the At-
lantic to Africa. Anomalous SST gradients between the
Indian Ocean and the western Pacific also force deep
convection and an equatorial Rossby wave that propa-
gates westward to Africa. The subsidence in the wave
fronts of both of these waves then leads to suppressed
convection and reduced rainfall over the Sahel (Rowell
2001). However, on these longer time scales, an equi-
librium equatorial wave response would be set up, with

surface friction and other damping processes being cru-
cial in determining the exact position of the subsidence
region. The propagation speed and timing of the wave
arrivals would not be so directly important.

The MJO is known to interact with high-frequency
transient circulations and convection during northern
winter over the eastern Pacific (Matthews and Kiladis
1999) and the Indian Ocean—western Pacific sector (Hall
et al. 2001). It would be of interest to see whether the
interactions over Africa during summer that are de-
scribed in this paper also occur during winter. Another
aspect of this scale interaction that is not currently
known is the relationship between the 30—70-day M JO-
related variability over Africa discussed in this paper
and the 15-day variability described by Janicot and Sul-
tan (2001).

Hurricanes in the Atlantic basin often develop from
African easterly waves that have propagated westward
across the Atlantic, and there is a strong association
between West African monsoon rainfall and intense At-
lantic hurricanes on the seasonal time scale (Landsea
and Gray 1992). On interannual time scales, ElI Nifio
events are associated with suppressed Atlantic hurricane
activity, as the vertical shear is increased over the At-
lantic (Goldenberg and Shapiro 1996), and the changes
in Atlantic hurricane activity are highly correlated with
changes in African easterly wave activity (Thorncroft
and Hodges 2001). During the positive phase (day 0)
of the intraseasonal mode presented here, the vertical
shear over the Atlantic was reduced and there was an
enhancement in the African easterly wave activity, the
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hurricane ‘‘source.”” Both of these factors may have
contributed to the enhanced Atlantic hurricane activity,
which has been observed to occur during this phase of
the MJO (Maloney and Hartmann 2000). Similarly, dur-
ing northern winter the MJO strongly affects the num-
bers of tropical cyclones in the Indian Ocean and west-
ern Pacific basins (Hall et al. 2001), although this ap-
peared to be due to changes in low-level vorticity.

Hence, it appears that the MJO, African convection,
African easterly wave activity, and Atlantic hurricane
activity are bound together in a series of complex scale
interactions, and accurate prediction of variability inone
component may need accurate prediction of the other
components (Meehl et al. 2001). In particular, the en-
hancement of African convection and African easterly
wave activity on intraseasonal time scales during north-
ern summer was preceded by suppressed MJO convec-
tion over the equatorial warm pool 20 days previously.
Such a relationship on its own may give useful pre-
dictability for Africawith a20-day lead time, depending
on the relative importance of the MJO compared to other
factors such as stochastic forcing. If the subsequent de-
velopment of the MJO could be accurately predicted
this could increase the skill of a forecast further. The
ability of atmospheric models to simulate and predict
the mechanisms and patterns of intraseasonal variability
over Africais not known and is worthy of future study.

However, even the MJO itself is not well simulated
in most atmospheric general circulation models (Slingo
et al. 1996). In the case of the NCEP atmospheric fore-
cast model, even when it was initialized with an active
MJO, this MJO structure degraded in the resulting fore-
cast and was essentially lost after approximately 7 days
(Hendon et al. 2000; Jones et al. 2000). The reason for
this is not clear, but is possibly due to the lack of air—
sea interaction processes. Hence, coupled ocean—at-
mosphere models may be necessary to improve the sim-
ulation of the MJO (Inness and Slingo 2003) but inclu-
sion of these processes is certainly not a panacea (Hen-
don 2000). However, statistical prediction models of the
MJO do currently show significant promise with skillful
predictions made out to 15-20 days lead time (Waliser
et a. 1999; Lo and Hendon 2000; Mo 2001; Wheeler
and Weickmann 2001). Such models could be applied
to forecast intraseasonal variability over Africa. Ulti-
mately it is hoped that the dynamically and physically
based models will succeed in accurately modeling the
MJO, and the simulation of the behavior and mecha-
nisms presented in this paper would be a suitable test
for them.
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