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ABSTRACT

The existence of African easterly waves (AEWSs) north of the African easterly jet (AEJ) core with maximum
amplitude at low levels has been confirmed and clarified using radiosonde data and the U.K. Meteorological
Office global model analysis from the hurricane season of 1995. At Bamako (12.5°N, 8.0°W) the AEWs were
characterized mainly by maximum amplitudes at the level of the AEJ (around 700 mb), whereas at Dakar (14.7°N,
17.5°W) the waves were characterized by maxima between 850 and 950 mb. The low-level waves to the north
of the AEJ arise in association with baroclinic interactions between the negative meridional potential vorticity
(PV) gradients in the jet core and the positive low-level gradient of potential temperature, 6, enhanced by the
presence of low-static-stability air north of the AEJ. These waves follow the positive meridional 6 gradients
over northern Africa in contrast to the jet-level AEWs that follow the meridional PV gradients at the level of
the AEJ. Cross-correlation analysis shows that there is strong coherence between the low-level AEWs and the
well-known cold core AEWsthat propagate south of the jet, confirming that AEWs are associated with acombined

barotropic—baroclinic instability mechanism.

1. Introduction

It is well known that during Northern Hemisphere
summer, synoptic-scale disturbances form in the east-
erlies over tropical northern Africa. These disturbances
known as African easterly waves (AEWS) typically have
periods of 3-5 days, a wavelength of about 2000—4000
km, and propagate westward with amean speed of about
6°—7° long day—* (7-9 m s~1t) at amean latitude of 11°N
over land and 12°N over the ocean (e.g., Reed et al.
1977). They aso propagate across the tropical North
Atlantic Ocean often reaching the Caribbean and even
the eastern Pacific. These waves have been recognized
to contribute to the tropical cyclogenesis not only in the
Atlantic and the Caribbean (Riehl 1954; Frank 1970;
Landsea 1993) but a'so in the eastern Pacific basin (Avi-
la and Pasch 1995).

Much has been written about the structure of the
AEWS based on both observational and modeling stud-
ies (e.g., Burpee 1974; Reed et a. 1977; Thorncroft and
Hoskins 1994a; Paradis et al. 1995). Most have em-
phasized the easterly wave structure south of the African
easterly jet (AEJ) at the jet level. The present study,
however, will show that typically AEWSs are also char-
acterized by marked low-level anomalies to the north
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of the AEJ. This aspect of AEWSs has generally been
ignored in recent work although it is clearly present in
some previous studies. Carlson (1969b) using 2000-ft
and 10 000-ft streamline charts for 1968 found a low-
level relatively cloud-free vortex located at about 20°N
and suggested that it is produced indirectly by the
wave's circulation, implying that it is linked to the pri-
mary (700 mb) wave. Burpee (1974) using surface ob-
servations and upper-air data for the summers of 1968
and 1969 found that the average amplitude of the 1200
UTC surface meridional wind and surface pressure cal-
culated from power spectra at periods of 3.6-5.7 days
have maximum values at about 20°N (i.e., north of the
AEJ). Furthermore, streamline analysis of composite
data revealed the existence of two cyclonic centers (on
either side of the jet) and it was suggested that the
northern one was associated with the semipermanent
east—west-oriented line of minimum surface pressure
near 20°N, while the southern one was related to the
rainy zone (at latitudes near 10°N). Reed et al. (1977)
presented a composite analysis of the Global Atlantic
Tropical Experiment (GATE) easterly waves and also
found two circulation centers at the surface. One center
was located below the 700-mb wave (which propagated
at about 11°N) and the other was located at about 20°N
again north of the AEJ. Dual centers appeared to occur
mainly over the land.

More recently, Reed et al. (1988a) using European
Centre for Medium-Range Weather Forecasts data from
1985 found that the AEWSs propagated in two tracks
over the land (on either side of the jet) while over the
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ocean they merged and moved at about 15°N (Fig. 14).
This work seemed to suggest that two separate types of
AEWSs existed north and south of the AEJ. Reed et al.
(1988b) as part of the same study showed that large
values of meridional wind variance (associated with
waves of 2.9-4.3-day periods) existed at low levels
north of the mean latitude of the AEJ, while south of
the jet the maximum meridional wind variance was ob-
served at the jet level (Fig. 1b). Since the tracksin Fig.
1la were mainly based on 700- and 850-mb data, it can
be seen in Fig. 1b that at 850 mb the waves of both
tracks could be seen. Similarly, Nitta and Takayabu
(1985) found two different paths of AEWSs over the land
but with the southern one extending much farther into
the Atlantic. No track merger appeared in their study
and coherence analysis indicated that the waves follow-
ing the two paths were coupled. On the other hand,

Fic. 1. (d) Composite AEW disturbance tracks from Aug to Sep 1985
(after Reed et al. 1988a), and (b) meridional section along 9°W of the me-
ridional wind variance (m? s~2) for waves of 2.9-4.3-day period (after Reed
et al. 1988h).

Miyakoda et a. (1982) using GATE data only found
high values of transient relative vorticity near 700 mb
south of the AEJ. From this brief examination of the
literature it is not clear whether the AEWSs are systems
with two circulation centers at low levels but with one
strong vorticity maximum at 700 mb south of the AEJ
or if there are two different kinds of AEWs growing on
either side of the jet.

From a theoretical perspective, the AEJ has been
shown to satisfy the Charney and Stern (1962) insta-
bility criterion (Burpee 1972)—the necessary condition
for barotropic and baroclinic instability. Following
Thorncroft and Hoskins (1994a), Fig. 2 is a schematic
of the meridional gradients of Ertel potential vorticity
(PV; 9g/ay) over North Africaversuslatitude and height.
The surface meridional gradient of potential temperature
(960/ay) is adso depicted in the figure. Two possible
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Fic. 2. Schematic of the meridiona gradients of PV (0q/dy), the
low-level meridional gradient of potential temperature (96/ay), and
their interactions (indicated by the arrows) over North Africa. The
plus (+) and minus (—) signs denote positive and negative values,
respectively.

strongly interacting pairs of PV gradients exist. These
are the interactions between the negative 9g/dy in the
jet core with (a) the positive aq/dy on the equatorward
flank of the jet, and (b) the positive 96/dy at the surface.
Theinstability criterion is also satisfied with the positive
ag/ay above and below the jet and the negative dag/dy
in the jet, but the instability is expected to be much
weaker there because the PV gradients are much weaker
above and below the jet (Thorncroft and Hoskins
1994a). Moreover, Thorncroft and Hoskins (1994a)
showed that the Fjortoff condition for instability, which
requires the mean zonal wind to be positively correlated
with the 9G/dy and the surface 96/dy gradients, isindeed
satisfied.

A normal mode study of an idealized AEJ with an
initial PV structure similar to that implied by Fig. 2
showed that both interactions occur (Thorncroft and
Hoskins 1994a). Maximum eddy kinetic energy was
found north and south of the jet near the AEJ level and
also in the region of the maximum 96/9y near the sur-
face. Thorncroft (1995) found that the AEW distur-
bances are expected to attain larger amplitudes if they
evolve in areas with low N2 (Brunt—Vaisala frequency)
such asthe Saharan Desert environment dueto increased
baroclinic instability. Similarly, Chang (1993) found
that the low-static-stability environment to the north of
the AEJisfavorable for the growth of disturbanceswith
AEW characteristics. Thorncroft and Hoskins (1994b)
examined the nonlinear life cycle of the AEWsin order
to simulate them when they reach the West African coast
and found large amplitudes to develop at low levelsin
the regions of strong 96/dy.

Generally, little attention has been given to the waves
that follow the northern track. This may be due to lack
of observationsin the Saharan Desert region or because
they are generally very dry and do not affect the rainfall
in the region. Alternatively it may be because their ex-
istence has not been clarified or understood. Indeed, the
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need to clarify the relationship between the disturbances
that follow the two tracks was admitted by Nitta and
Takayabu (1985).

The aim of this paper is to provide further evidence
for the existence of low-level AEW structures to the
north of the AEJ that propagate over the sub-Saharan
baroclinic zone, and to explore their relationship with
the 700-mb wavesthat evolvein therainy zone of Africa
and the AEJ. This study is based on data from the sum-
mer and autumn of 1995. This particular year was cho-
sen for analysis because it was an unusually active hur-
ricane year (with 19 tropical storms in the Atlantic; 11
of them reaching hurricane strength) (Lawrence et al.
1998). Since it is generally accepted that AEWs play a
crucial role in the tropical cyclogenesis in the Atlantic,
this offered further motivation to examine the easterly
waves in this year. Indeed, Pasch et a. (1998) showed
that 90% of the Atlantic tropical depressions of 1995
were of African origin while all the hurricanes of that
season were formerly AEWSs. Section 2 will describe
the data used and the analysis techniques employed. The
possible role of the mean PV and 6 gradients will be
discussed in section 3. Examination of the structure and
the characteristics of these waveswill be donein section
4 and some inferences on their energetics are going to
be made. Finally, the conclusions from this work will
be presented in section 5.

2. Data and methods

The data used in this study were radiosonde datafrom
May to October 1995 and analysis data from the global
version of the United Kingdom Meteorological Office
(UKMO) Unified Model from June to October 1995.
Meteosat infrared satellite images were also used (but
not shown here) to examine the strength of the con-
vective activity associated with the waves. The radio-
sonde analysis was done for Dakar (14.7°N, 17.5°W)
and Bamako (12.5°N, 8.0°W); see Fig. 5 for the location
of each station. These two stations were chosen not only
because they provide data with good vertical and tem-
poral resolution (compared with the nearby stations) but
also because they are located inside the main area of
AEW development [as indicated by Albignat and Reed
(1980) and consistent with the model analysis presented
in section 4]. The radiosonde data from Dakar consisted
of ascents made twice daily, at 1100 and 2300 UTC,
while at Bamako data were available only for 1100
UTC. The percentage of valid points (i.e., at the above
standard times) was greater than 80% of the maximum
possible number of points for both stations. Moreover,
Reed et al. (1988a) showed in Fig. la that the waves
that follow the northern track pass close to Dakar when
they leave the West African coast while the waves that
follow the southern track pass closer and generally south
of Bamako. Dakar is not the most ideal station to study
the waves that follow the northern track but it is the
station with the best data in the region.
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Fic. 3. Meridional section of potential temperature at 5°E (bold
solid lines) with zonal wind at 5.625°E (light solid) and Ertel PV
(bold dashed) equal to 0.2 and 0.25 PVU at 5°E overplotted. All
graphs are averaged over all timesin Aug 1995. Contour interval =
5K,2ms, 0.05PVU (1 PVU = 10 m2 K s * kg1). The shaded
regions correspond to easterlies (UKMO analysis data).

Logarithmic interpolation in pressure was used to de-
rive values at 50-mb intervals. Linear interpolation in
time was applied in the case of one missing observation
(using all the available data), while in the case of more
than one consecutive missing point, the mean value of
the whole (6 months) time series was used in order to
have the least variance associated with these points.
Bandpass filtering in time has been used to isolate those
oscillations associated with AEWSs. The characteristics
of the Lanczos filter that was used are discussed in
Duchon (1979).

Operational analysis data from the UKMO Unified
Model were also used. The operational model is an at-
mosphere only, hydrostatic, primitive equation model.
The variables are calculated on a 0.833° lat X 1.25°
long Arakawa B grid. In the vertical ahybrid coordinate
is used with higher resolution in the boundary layer.
Nineteen model levels are used in total. More infor-
mation for the configuration of the model can be found
in Cullen (1993).
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The model analysis consisted of gridpoint data from
June to October 1995. These data were available four
times per day (at 0000 UTC, 0600 UTC, 1200 UTC,
and 1800 UTC).

When dealing with model analyses it must be rec-
ognized that data coverage over the northern African
region is certainly not as good as in other areas (such
as North America or Europe). In the region between the
equator and 15°N and west of 25°E about 70 surface
stations and 7 stations with radiosonde data were in-
cluded in the UKMO analyses. Cloud-track winds were
also included. North of 15°N the number of observations
decreases dramatically as the Saharan desert is reached.
Data from about 40 surface stations and 6 stations with
radiosonde data as well as cloud track winds were used
in the model analyses from the northern region (between
15° and 30°N and west of about 15°E). Generadly, very
few observations are available from the region east of
about 20°E. In this study analyses are used alongside
radiosonde data from two stations to give alarger-scale
view of the AEWSs.

3. The mean PV and 0 structure over northern
Africa and the Atlantic

AEWSs arise through an instability of the opposite
signed PV gradients and the low-level 6 gradients (Fig.
2); the reversal of the meridional PV gradient on the
southern flank of the AEJ core can be seeninthe UKMO
analysis for August 1995 (Figs. 3, 4). With thisin mind,
given that PV is conserved on isentropic surfaces in
adiabatic and frictionless motions (Hoskins et al. 1985)
and after an examination of Fig. 3, the 315 K surface
was chosen to illustrate the mean PV since this surface
transects the AEJ. This surfaceis at about 700 mb south
of the jet (Fig. 3) and over the Atlantic, but it is very
close to the ground (even reaching it in the warm part
of the day) north of the jet. Figure 4 shows clearly the
jet-level PV gradients discussed in section 1. On this
isentropic surface, the positive PV gradients extend
from the African continent to the Caribbean (Fig. 4),

FiG. 4. Horizontal section of Ertel PV at 315 K for Aug 1995 (averaged over al times). Contour interval = 0.05 PVU (UKMO analysis
data).
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Fic. 5. Horizontal section of potential temperature at 950 mb for Aug 1995 (averaged over
al times). Contour interval = 2 K. The location of Dakar, Bamako, and of the grid points with
coordinates 14.583°N, 16.875°W (*) and 12.083°N, 6.875°W (+) are marked on the figure
(UKMO analysis data).

and the AEWSs that form and propagate south of the jet
(near the jet level) would be expected to follow these
gradients. An examination of the PV gradients on the
315 K surface in other months (not shown) indicated
that the negative meridional PV gradientsin the jet core
were strongest in August. Molinari et al. (1997) in a
study in the Caribbean noted that the magnitude of the
negative PV gradient is related to the growth rate of a
disturbance. Consistent with this and theoretical studies
(e.g., Thorncroft and Hoskins 1994a) stronger AEWs
would be expected to form in that month. If there is
some relationship between tropical cyclogenesis and
AEWSs (cf. Riehl 1954; Frank 1970; Landsea 1993) and
if al the other large-scale factors that affect tropical
cyclogenesis (Landsea et al. 1994) were assumed to be
the same throughout the season, August should have
been the most active month of 1995. Consistent with
this, 7 of the 19 North Atlantic tropical cyclones of 1995
formed in August, making it the most active month of
that season.

At low levels strong 6 gradients exist over land only
(Fig. 5). The 6 gradients extend from one side of north-
ern Africa to the other and they appear to be stronger
near the latitude of the AEJ and dlightly to the north.
An inspection of Figs. 3 and 5 shows that the dry static
stability is very small in the region north of the jet (at
low levels). This is associated with the high surface
temperatures and a deep well-mixed layer especially
over the Saharan Desert from about 17° to 33°N (see
Thorncroft and Blackburn 1999). As discussed by
Thorncroft (1995) the low static stability in the desert
region to the north of the jet (Fig. 3) increases the in-
teraction between the PV anomalies on the jet and the
temperature anomalies at the ground. Consistent with
the discussion above, large wave amplitudes are ex-
pected at both the jet level and the surface.

The zonally elongated 6 gradients do not extend into
the Atlantic but follow the West African coast toward
the north (Fig. 5). Hence, while the 700-mb waves may
be expected to move westward over the Atlantic fol-
lowing the zonally elongated PV gradients, it is not
obvious what the low-level waves will do when they
reach the coast. Some of them may continue northward

as neutral Rossby waves following the 6 gradients (Fig.
5); others may continue westward as indicated by Nitta
and Takayabu (1985), while others may move south-
westward until they are located below the 700-mb max-
imum. In the second case the strong low-level winds
would be expected to result in increased surface fluxes
of moisture from the underlying ocean and an increase
in boundary layer equivalent potential temperature (6,).
The increased buoyancy of the low-level air may in-
crease the likelihood of convection and a Wind Induced
Surface Heat Exchange (WISHE) type development
may be expected (Emanuel 1986). However, another
important aspect of the low-level waves (to the north)
is their dryness aloft. If convective activity erupts, the
dryness of these waves aloft may cause strong down-
drafts, stabilizing the air at low levels and inhibiting
WISHE development. It is unclear how the convection
will evolve in these waves and what impact this will
have on the waves. Future work in this area is recom-
mended. The third possibility is to have an interaction
between the jet-level and low-level waves. In this case
the 700-mb wave can ‘‘constructively interfere’” with
the low-level wave in order to strengthen the low-level
winds (cf. Molinari et al. 1995), enhance the surface
fluxes of moisture, and again trigger the WISHE mech-
anism.

4. The African easterly wave structuresin 1995
a. Single point analysis

Radiosonde data analysis at Dakar and Bamako is
now presented in order to examine the structure of the
AEWSs. Although the examination of the model analyses
later provides a clearer insight of the waves, radiosonde
data are presented to confirm the wave structures using
real observations with no model bias.

1) POWER SPECTRA

Power spectrum analysis of the meridional wind time
series at 700 and 950 mb (Fig. 6) indicates substantial
power inthe 2.5-6-day timescale. Thesetwo levelswere
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chosen because they are expected to reflect more clearly
the AEWSs at the jet level and low levels. Different fea-
tures appear at the two stations. At Dakar (Fig. 6a) the
strongest power associated with AEWSs is at very low
levels while at Bamako (Fig. 6b) the waves have a very
strong signal at 700 mb where they exhibit a period of
about 4.9 days. No strong AEW signal appears at 950
mb at Bamako. These results indicate that the easterly
waves that pass from Dakar are dominated by astructure
with maximum amplitude at low levels while mainly
jet-level structures pass Bamako.

Our finding that the AEWs in 1995 exhibited periods
between 2.5 and 6 days is consistent with studies based
on data from other years. Burpee (1972) found strong
variance of the meridional wind at Dakar at about 3-5
days at 700 mb. Viltard and De Felice (1979) using
radiosonde data from Dakar found strong spectral en-
ergy associated with AEWSs with periods between 3.2
and 4 days (with the strongest signal at about 700—800
mb). Moreover, Albignat and Reed (1980) found a spec-
tral peak in the 850-mb meridional wind time series at
Dakar lying between 2.5 and 5 days.

2) KINEMATIC STRUCTURE AND CONVECTIVE
ACTIVITY

The radiosonde data analysis at Dakar and Bamako
in 1995 and particularly time-height plots of meridional
wind show the AEWSs that passed each station. Although
the analysis of the unfiltered radiosonde data provides
good insight of the structure of the waves, a clearer
pictureis seen if the flow not associated with the waves
is removed.

Bandpass filtering was therefore performed at the
2.5-6-day timescale to make the analysis clearer. Fig-
ures 7a,b are time-height plots of the 2.5-6-day fil-
tered meridional wind and they depict the vertical
structure of the waves that passed Dakar and Bamako
in July 1995. This month was chosen because, in this
year, it was one of the months that the AEWs were
more clearly defined at these stations. The most in-
teresting point of Fig. 7 is that strong waves appear
at low levels at Dakar while the strongest part of the
waves at Bamako appears to be nearer the AEJ (which
had a maximum at about 600 mb in July), consistent
with Fig. 6.

The vertical distribution of the mean strength of the
meridional wind fluctuations in the 2.5-6-day timescale
is further illustrated in Fig. 8. In agreement with the
above, the maximum wave energy at Dakar is observed
at very low levels (especially in July) and certainly be-
low the core of the AEJ. On the other hand, a double
maximum appears at Bamako and the strongest wave
activity is observed at 850 and 700 mb (close to the
AEJ maximum). There is a considerable intraseasonal
variation in the nature of the AEWSs at each station. The
waves appeared to be well developed in July at both
stations. At Dakar the waves were also strong in August
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Fic. 6. Power spectrum density vs period of the meridional wind
time series from May to Oct 1995 at (a) Dakar, (b) Bamako. Solid
line: 950 mb, dotted line: 700 mb (radiosonde data).

especialy at low levels and very weak in September,
while at Bamako the second strongest month was Sep-
tember and August was a generally weak month. These
differences imply that waves of different nature passed
from the two stations. It should be noted that the results
from each station may not reflect the actual maxima of
the waves since the AEW maximum may not always
pass from these stations and the results are influenced
by the relative position of the AEJ to the station.

It is expected that the AEWs that grow on the south-
ern flank of the jet (in the rainy zone of Africa) will
be associated with stronger convective activity than the
low-level waves that form in the northern flank of the
jet (i.e., on the southern edge of the Sahara Desert).
This has been examined through analysis of infrared
satellite imagery. Time series of the number of pixels
(derived from 3-hourly Meteosat infrared imagery in
a3° X 3° box centered at each station) with temperature
colder than athreshold value have been examined. The
cloud-top temperature of —50°C was taken as the char-
acteristic threshold value of deep convection in the
region. Also, it must be mentioned that the pixel di-
mensions are 0.115° lat X 0.123° long. The mean num-
ber of pixels (per image) with temperature below
—50°C (averaged from July to September 1995) was
27.3 and 51.2 and the standard deviation of the time
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Fic. 7. Time-height sections of 2.5-6-day bandpass-filtered meridional wind from radiosonde

data at (a) Dakar and (b) Bamako in Jul 1995.

correspond to northerlies from radiosonde data.

series filtered between 2.5 and 6 days was 25.0 and
39.4 at Dakar and Bamako, respectively. Hence, stron-
ger convective activity was associated with the waves
that passed over Bamako.

The analysis of the radiosonde data and the satellite
imagery showed big differences between Dakar and Ba-
mako. These differences reflect the complicated struc-
ture of the AEWS, consistent with the discussion in the
introduction. Therefore, AEWs cannot simply beviewed
as sinusoidal waves at 700 mb in the rainy zone since
significant amplitudes are also apparent at low levels
north of the jet. The idea that the significant low-level
amplitudes observed at Dakar can be attributed to AEWs
growing to the north of the AEJ will be elaborated on
in the following section using UKMO analysis data.

Contour interval = 2 m s 1. Shaded regions

b. UKMO analyses

The single-point analysis (using radiosonde data) has
provided an indication of the characteristics of the
AEWSs in 1995. However, a broader-scal e picture of the
easterly waves will be obtained from an examination of
the UKMO model analyses.

1) POWER SPECTRA

Power spectrum analysis of meridional and zonal
wind time series at 950 and 700 mb at two grid points
close to the actual location of Dakar and Bamako has
been performed in order to confirm the existence and
periodicity of the AEWSs in the model analyses. The
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Fic. 8. Graphs of the mean v'?/2 (v’ is the 2.5-6-day bandpass-
filtered meridional wind) vs height (a) for Dakar in 1995, (b) for
Bamako in 1995. Solid line: Jun, dotted line: Jul, dashed line: Aug,
dot—dashed line: Sep, and bold solid line: the mean for the Jun—-Sep
period (radiosonde data).

coordinates of the two selected points are 14.583°N,
16.875°W and 12.083°N, 6.875°W (Fig. 5). Spectral
peaks between 2.5- and 5-day periods appeared at both
grid points (Fig. 9). In the zonal wind component, u,
the variations were almost always stronger in the grid
point near Dakar except in the daily timescale (Figs.
9a,¢). In the meridional wind component, v, the results
were similar to the radiosonde data as expected. Stron-
ger spectral energy associated with AEWswas observed
at very low levels in the grid point near Dakar (Fig.
9d), while at 700 mb (Fig. 9b) the stronger spectral peak
associated with AEWs was observed near Bamako, con-
sistent with the radiosonde data. It is interesting to note
the strong signal of the diurnal cycle that appeared at
low levels in the grid point near Bamako (Figs. 9c,d)
and also that strong oscillations in the 700-mb u and v
time series (Figs. 9a,b) were observed in periods of
about 8 days. Viltard and De Felice (1979) had also
found strong variance at around 7.5 days on the merid-
ional wind at Dakar. Further analysis of the 8-day signal
is beyond the scope of this study.

2) MERIDIONAL DIFFERENCES AND LONGITUDINAL
VARIATION OF AEW STRUCTURES

The existence of two regions of AEW development
on either side of the AEJ is further illustrated in Fig.
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10, using the July—September time-mean value of the
quantity 0.5(u’2 + v'?) (u’, v" arethe 2.5-5-day filtered
winds) at 950 and 700 mb, as well as the mean location
of the AEJ (averaged from July to September 1995).
Figure 10a clearly showsthat at 700 mb the waves attain
maximum amplitude south of the AEJ where a double
maximum appears near the West African coast in agree-
ment with Albignat and Reed (1980). At very low levels
and particularly at 950 mb (Fig. 10b) the maximum
amplitude is observed on the northern flank of the jet
where the sub-Saharan baroclinic zone exists. Strong
wave amplitudes are also observed just off the coast
south of the land maximum. At 850 mb (not shown)
both tracks—north and south of the AEJ—can be seen.
As far as the genesis of the waves is concerned, they
appear in the analyses at 700 mb to attain energy stron-
ger than 2 m? s2 at about 10°-15°E in the rainy zone
of Africawhile at 950 mb these amplitudes are reached
between about 0°-5°E in the sub-Saharan baroclinic
zone. The identification of these areas as the most prob-
able regions for the initial development of the AEWs
is in good agreement with Reed et al. (1988a,b).

Figure 10 clearly confirms the idea (presented in sec-
tion 1) that AEWs are not only expected to form in the
southern flank of the jet near the AEJ level (because of
the interactions between the opposite sign PV gradients)
but also on its northern flank in association with the
strong low-level 6 gradients and low static stability
there. These low-level waves (on the northern flank of
the AEJ) were responsible for the large values of me-
ridional wind variance observed at Dakar at low levels
(see Fig. 8a). The extension of the 950-mb maximum
over the ocean south of the inland maximum suggests
that the low-level waves continue to move southwest-
ward when they meet the coast as suggested by Reed
et al. (1988a,b; Fig. 1a), although one must bear in mind
that part of the 950-mb amplitude over the ocean could
be attributed to downward development of the 700-mb
waves near the coast.

An examination of horizontal charts of the mean value
of the quantity 0.5(u’? + v’'?) for each month (not
shown) showed seasonal variation in the magnitude and
location of the AEWSs at these two levels. At 950 mb,
stronger energy was observed in July (near the coast)
and the maximum was located more equatorward than
later in the season. At 700 mb, the energy maximum
was strongest in August. At thislevel two maxima (over
the land and just off the coast) appeared during the
season. The large values of energy observed in August
at 700 mb are consistent with the finding that stronger
negative meridional PV gradients were observed in Au-
gust (section 3).

The evolution of the AEWSs as they propagate along
the AEJ will now be considered. Figure 11 contains
latitude-time diagrams of 2.5-5-day filtered meridional
wind at different longitudes. In Fig. 11 the bold line is
a15-day moving average of the latitude of the maximum
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Fic. 9. Power spectrum density vs period of (a) zonal wind at 700 mb, (b) meridional wind at
700 mb, (c) zona wind at 950 mb, and (d) meridional wind at 950 mb at 14.583°N, 16.875°W
(solid line), 12.083°N, 6.875°W (dotted line) (UKMO analysis data).

easterly flow (between 5° and 20°N) at any longitude at
700 mb and corresponds to the latitude of the AEJ.
At 5.625°E the activity is clearly stronger at 700 mb
south of the jet (Fig. 11a). At 950 mb (Fig. 11b) there
are only a few weak waves. The indication that the
waves are better developed at 700 mb south of the jet
than at lower levels at 5.625°E is consistent with Fig.
10. As the waves propagate westward their amplitude
increases and at 4.375°W (Figs. 11c,d) it can be seen
that strong waves exist on both sides of the jet. At 700
mb (Fig. 11c) the maximum wave amplitude is either
at the jet latitude or south of it, while at 950 mb (Fig.
11d) the waves are clearly defined north of the jet lat-
itude. At 9.375°W (Figs. 11ef) the situation is very
similar. An interesting feature that appears at this lon-
gitude is the latitudinal migration of the wave activity
with the jet. Early in July the jet maximum was |ocated
at about 13°N and the wave activity was concentrated
very close to the AEJ maximum at 700 mb and about
5° to the north at 950 mb. As the season progressed the

wave activity migrated more to the north and later it
returned southward confirming a close link between
waves and jet. This migration of the wave activity with
timeis even clearer in Fig. 11f (which shows the waves
at 950 mb) because the low-level waves attain maximum
amplitude at these longitudes. As the waves approach
the West African coast their tracks begin to converge
(Figs. 11g,h). The wave structure becomes deeper and
stronger winds appear at low levels south of the jet.
Finally, over the ocean at 24.375°W (Figs. 11i,j) there
is no clear separation between waves in the northern
and southern flank of the 700-mb jet. More and gen-
erally stronger structures appear at 700 mb (Fig. 11i).

As a final comment it must be mentioned that an
interesting and consistent feature throughout western
Africaisthat the waves appear in packets of about three
waves (e.g., Figs. 11ef). A possible reason for this may
have to do with changes in the strength and associated
instability of the AEJ, with periods of strong wave ac-
tivity and a weakening of the jet, followed by low wave
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Fic. 10. Mean (u'2 + v'?)/2 (m? s72) averaged from Jul to Sep 1995 at (@) 700 mb and (b)
950 mb. Here u’, v’ are the 2.5-5-day bandpass-filtered zonal and meridional winds. Contour
interval = 1 m2 s72. The bold dashed contours show regions where the mean easterly flow at
700 mb (from Jul to Sep 1995) was stronger than 6 m s—*. Contour interval = 2 m st (UKMO
analysis data).

activity while the jet replenishesits strength (cf. Thorn-
croft and Blackburn 1999). In any case, the existence
of packets of about three waves may also be consistent
with the 8-day peak in the power spectrum of the 700-
mb wind.

The existence of AEWSs exhibiting maximum ampli-
tude below the AEJ level and growing on the poleward
side of the AEJ has been confirmed. A remaining very
interesting question that was also posed by Nitta and
Takayabu (1985) is whether these waves evolve in iso-
lation of the 700-mb waves (south of the jet) or if they
are part of the same AEW. Cross correlations between
2.5- and 5-day meridional wind time series at different
latitudes and longitudes were calculated in order to ex-
amine whether there is coherence between the waves
following the two tracks. For brevity only the results
obtained at 4.375°W will be shown. This longitude was
chosen because the waves on both sides of the jet are
well developed there. Similar resultswere obtained from
cross correlations made at other longitudes (not shown).
Figure 12 presents the cross correlations between the
time series at 9.583°N at 700 mb and at (a) 9.583°N,
(b) 14.583°N, (c) 19.583°N at 950 mb. The 9.583°N lat
was chosen as reference latitude for the 700-mb flow at
the above-mentioned longitude because the waves ex-
hibit maximum amplitude at 700 mb over land there
(seeFig. 10a). Negative lag meansthat the 700-mb wave
is behind (i.e., east of) the 950-mb one.

The maximum correlation at 4.375°W is equa to
about 0.83 and it is observed for lag = —0.25 days

between the time series at 9.583°N (700 mb) and at
14.583°N (950 mb) (Fig. 12). This also implies an east-
ward tilt with height consistent with baroclinic growth.
Even at higher latitudes (e.g., at 19.583°N) the corre-
lation remains high (Fig. 12). Similar lag correlations
at other longitudes (not shown) suggest that there is a
separation of about 5°—6° lat between the 700-mb and
the low-level waves throughout western Africa. Over
the ocean this separation becomes almost 0°; that is, the
700-mb meridional wind time series are strongly cor-
related with the 950-mb ones only for nearby latitudes.

The cross-correlation analysis suggests that there is
a high degree of coherence between the 700-mb waves
south of the AEJ and the low-level waves north of the
jet. This important result confirms the complicated
structure of the AEWSs. The 700-mb and the low-level
waves are not independent structures but are part of the
same AEW. An interesting topic for future work is to
examine whether the two parts of the AEW grow si-
multaneously or if one part dominates in individual
waves.

3) ENERGETICS INFERRED FROM FILTERED
COVARIANCES

Burpee (1972) found that both baroclinic and baro-
tropic instability are important for the growth of the
AEWSs. To assess qualitatively the relative importance
of these two mechanisms for the growth of the 700-mb
and low-level structures the 'T’, v'T’, U'v" covari-
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Fic. 11. Latitude-time diagrams of 2.5-5-day period meridional wind (m s=*) from Jul to Sep 1995 at (a,b) 5.625°E, (c,d) 4.375°W, (ef)
9.375°W, (g,h) 18.125°W, (i,j) 24.375°W. Left column: 700 mb, right column: 950 mb. Contour interval = 2 m s—. Dashed lines correspond
to northerlies. The location of the AEJ is indicated by the bold line. See text for details (UKMO analysis data).
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10 , , : : : ances have been calculated. Bandpass filtering in the
08 - 18580 o j 2.5-5-day timescale at 950 mb, 850 mb, and 700 mb
06 was performed in u, v, o (=dp/dt), and temperature (T)
B ' in order to calculate these covariances. Through the cal-
5 culation of the covariances it is not intended to provide
5 %2 a strict analysis of the energetics of the waves, but to
g 00 examine the geographical distribution of the conversion
g -0.2 terms (in the Lorenz energetics diagram). This approach
8 _o4 was previously followed by Albignat and Reed (1980)
—0.6 " and Reed et al. (1988b).
o8 ] The o' T’ covariance exhibits largest values slightly
1o ‘ . ‘ ‘ ‘ , ‘ north of the mean latitude of the jet with a maximum
“7=20 -15 10 05 00 o5 1o 15 20 gt about 16°N, 5°W at 850 mb (Fig. 133). The high

Lag (days)

Fic. 12. Cross correlations at 4.375°W between the 2.5-5-day band-
pass-filtered meridional wind time series at 9.583°N at 700 mb and
at 9.583°N (solid), 14.583°N (dotted), and 19.583°N (dashed) at 950
mb. Positive lag means that the 950-mb time series lags behind the
700-mb time series (UKMO analysis data).

values at 850 mb extend from about 5°E to 20°-25°W
(i.e., just off the coast). The sign of this covariance
indicates a conversion of eddy available potential en-
ergy (AE) to eddy kinetic energy (EKE). Similarly, the
v'T’ covariance exhibits highest values just north of
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FiG. 13. Covariances (from Jul to Sep 1995) for the 2.5-5-day period of (a) omega and tem-
perature (102 Pa st K) at 850 mb, (b) meridional wind and temperature (m s* K) at 950 mb,
and (c) of zonal and meridional winds(m?s-2) at 700 mb. Contour interval: 1, 0.5, 0.5, respectively.
The bold dashed contours show regions where the mean easterly flow at 700 mb (from Jul to Sep
1995) was stronger than 6 m s~*. Contour interval = 2 m s** (UKMO analysis data).

the mean latitude of the jet (Fig. 13b) and a maximum
at 950 mb (at about 17°N, 8°W). The sign of the co-
variance in association with the strong positive merid-
ional temperature gradient that is observed there (Fig.
5) implies a conversion of zonal available potential
energy to AE. On the other hand, the u’v’ covariance
at 700 mb (Fig. 13c)—which is the level where it at-
tains maximum values—is positive south of thejet and
negative to the north. Higher values are observed south
of the jet and especially over the ocean. The sign of
the u’v’ covariance on either side of the jet (at 700
mb) in conjunction with the meridional gradient of the
zonal wind (Fig. 13c) implies a conversion of zonal
kinetic energy to EKE on both sides of the jet. Hence,
itisconcluded that the low-level waves on the northern
side of the jet grow mainly from the baroclinic energy
conversion (which has larger values at low levels)
while south of the jet the barotropic energy conversion
dominates [in agreement with Norquist et al. (1977)]
and the maximum energy input in the wavesis at 700
mb.

c. Discussion

Based on the results in this section the life cycle of
atypical AEW can be envisaged. It must be mentioned
that this study is based on data from one year only and
interannual variations are certainly expected. Initially
the easterly wave disturbances seem to appear at 700
mb (close to the jet latitude) at about 10°-15°E. It is
possible, however, that some disturbances originate far-
ther east but do not attain significant strength until they
reach the above longitudes (cf. Burpee 1972; Carlson
1969a).

Because of the strong momentum fluxes on the equa-
torward side of the jet (Fig. 13c), the AEWSs gain much
energy there (i.e., they grow barotropically), and they
are well detected before they cross the prime meridian,
in contrast to the waves to the north. The meridional
gradient of PV is stronger on the southern flank of the
jet and it remains amost unchanged from about 20°E
until the coast. The low-level structures develop only
when the wave reaches the regions where the 96/0y
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gradients are strong and the static stability is low. The
interaction between the jet-level PV gradients and the
low-level 6 gradients is assisted by the low dry static
stability that exists on the poleward side of the jet in
association with the very deep well-mixed boundary
layer. At the same time the 700-mb wave amplitude
increases and some identification of this wave at low
levels (i.e., below the 700-mb maximum) occurs only
near the coast probably in association with latent heat-
ing. Hence, the AEWs grow through a mixed baro-
tropic—baroclinic instability (Burpee 1972; Thorncroft
and Hoskins 1994a) with barotropic instability acting
initially.

The 700-mb wave that has maximum amplitude near
the jet core and generally on the southern flank exhibits
strong coherence with the low-level waves to the north.
However, the former wave propagates on the PV gra-
dients that exist from the rainy zone of North Africa
until Central America (Fig. 4), while the latter waves
propagate on the 6 gradients (Fig. 5) that exist only on
the southern flank of the Saharan Desert.

In section 3 it was mentioned that when the low-level
AEWSs encounter the West African coast there are three
possibilities. From the results presented in this study the
most probable track appears to be the southwestward
track as found by Reed et al. (1988a). Finally, either if
the low-level waves merge with the 700-mb ones cre-
ating a deep structure or if they continue to move in
isolation, they must be taken into account since their
energy is concentrated at very low levels, which could
make them likely candidates for precursors of tropical
cyclones. Indeed, Karyampudi et al. (1997) found that
a low-level vortex of unknown origin, which was ad-
vected from the north was associated with the genesis
of Tropical Storm Ernesto in 1994 at about 10.1°N,
29.9°W. Also, Lawrence et al. (1998) noticed that the
wave that formed Tropical Storm Chantal in 1995
crossed the West African coast on 5 July and soon
showed signs of alow-level circulation. This wave can
be seen to exhibit a strong signal at low levels at Dakar
(see Fig. 7a).

5. Conclusions

The existence of low-level easterly wave structures
to the north of the AEJ has been shown. Radiosonde
data analysis showed that waves with AEW periods and
maximum amplitudes at low levels pass Dakar. The ver-
tical distribution of the wave amplitude was different
in Bamako where the typical 700-mb waves were en-
countered. These results were also verified by the
UKMO global model analyses. The model analyses ex-
hibited strong low-level amplitudes—associated with
2.5-5-day easterly waves—on the northern flank of the
AEJ where the low-level waves are expected to form.
These strong low-level amplitudes extended for about
15° over the ocean displaced south of the land maxi-
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mum. On the other hand, strong 700-mb amplitudes
appear in the southern flank of the jet.

The low static stability and the temperature gradients
on the southern flank of the Sahara are conducive for
the development of the low-level waves north of thejet.
These waves devel op in association with theinteractions
of the negative meridional PV gradients that exist in the
jet core with the low-level 0 gradients. It is suggested
that baroclinic instability is mainly responsible for the
maintenance and development of the low-level waves
to the north, consistent with the theory that predicts
larger amplitude baroclinic disturbancesin the low-dry-
static-stability region north of the jet (Chang 1993;
Thorncroft 1995). The convective activity associated
with these waves is weaker than that of the waves that
propagate in the rainy zone of North Africa

Although there are some differences between the low-
level and the 700-mb waves, it was found that they
constitute a single mode and propagate simultaneously
at least over the African continent. The former waves
propagate westward following the 6 gradients over land,
whiletheir 700-mb counterparts follow the PV gradients
not only over the land but also over the ocean. This
confirmsthat the AEWs are complicated structurescom-
posed of two circulation centers, one at low levels north
of the jet and the other at the jet level. Finaly, more
attention should be given to the low-level structures
north of the jet since some of them move over the ocean
and could be associated with tropical cyclogenesis.
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