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ABSTRACT

Several interesting characteristics of African easterly waves (AEWs) were observed and investigated by
previous studies: two separate propagation paths, genesis mechanisms, restriction of vertical development,
and the interaction with the African easterly jet (AEJ). However, some aspects of these characteristics have
been neglected: the contrast of the AEW population along the two propagation paths, the AEW genesis
mechanism over the Saharan thermal low and the role played by the low-level North African circulation in
this mechanism, the dynamical mechanism restricting the vertical development of AEWs, and the synop-
tic relationship and interaction between the AEJ and the AEWs along the two propagation paths. The
ECMWEF reanalyses for the 1991-2000 period supplemented with those of 1979 were analyzed to explore
these AEW features. Major findings of this effort are the following:

1) The population of AEWs along the propagation path north of the AEJ (AEW,) is approximately 2.5
times of that along the propagation path south of the AEJ (AEW;).

2) The AEW, geneses primarily occur over the three convergent centers and the southwestward extension
of the Saharan thermal low. Underneath the midtropospheric Saharan high, the baroclinic instability of
a shallow, low static stability environment, which may be triggered by the intrusion of dry northerlies
over central North Africa, leads to the AEW genesis.

3) Continental-scale upward motion along the Saharan thermal low and the cyclonic-shear side of the AEJ
maintains positive vortex stretching below the Saharan high and the western part of the Asian monsoon
high. These two regions thus form a favorable environment for the development of AEWs within the
near-surface troposphere along the Saharan thermal low and the midtroposphere south of the AEJ.

4) The passage of AEW, (AEW,) across the coastal zone of West Africa is accompanied by a weak (strong)
AEJ and weak (strong) Saharan high. The westward propagation and development/maintenance of the
two types of AEWs are achieved through vorticity advection by the AEJ, which is the major AEW-AEJ
interaction.

These findings will facilitate the search for AEW dynamics and aid in assessing the impact of AEW activity
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on North African climate change.

1. Introduction

The general depiction of African easterly wave
(AEW) activity was first presented by Carlson
(1969a,b). These studies led Burpee (1972) to explore
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the structure, genesis mechanism, and preferred region
of AEW occurrence over North/West Africa. The
Global Atmospheric Research Program (GARP) At-
lantic Tropical Experiment (GATE) was conducted in
1974. Our understanding of the structure and dynamics
of AEWs was enhanced by analyses using GATE ob-
servations. Reed (1979) offered an excellent review of
several distinct features of AEWs revealed from phase
IIT of GATE. Because GATE was located over the
eastern North Atlantic off the West African coast,
AEWs have already matured after they travel for some
distance from the continent to reach the GATE region.
Thus, the AEW characteristics over this region reflect
only their mature phase. In contrast, using the First
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GARP Global Experiment (FGGE) and modern re-
analysis data, post-GATE research efforts paid more
attention to the AEW activity over the North African
continent.

Using surface observations and upper-air soundings
for two summers (1968-69), Burpee (1974) identified
two AEW propagation paths: one along the Saharan
thermal low near 20°N and the other related to the
rainy zone close to 10°N. For convenience, let us denote
the AEW along the north and south paths as AEW,
and AEW,, respectively. These two propagation paths
were later confirmed by post-GATE studies with the
FGGE/post-FGGE data (Nitta and Takayabu 1985;
Reed et al. 1988a; Lau and Lau 1990) and with modern
reanalyses (e.g., Pytharoulis and Thorncroft 1999;
Thorncroft and Hodges 2001; Grist 2002; Grist et al.
2002; Fink et al. 2004). Because of the existence of an
easterly maximum along equatorial Africa, Burpee
(1972) considered that AEWs were possibly generated
by the barotropic-baroclinic instability (Charney and
Stern 1962). This instability requires a sign change of
the meridional gradient of potential vorticity gradient
or negative potential vorticity gradient coupled with a
surface maximum gradient of potential temperature.
The criterion required by this instability is met by the
atmospheric flow over equatorial Africa (e.g.,
Pytharoulis and Thorncroft 1999; Fink et al. 2004). So-
lar heating makes the near-surface troposphere over
the Saharan thermal low region a low static stability
environment. Chang (1993) and Thorncroft and Hos-
kins (1994a,b) showed that disturbances with AEW
characteristics can also be generated by the baroclinic
instability of the lower troposphere underneath the Sa-
haran high. The preferred regions of AEW occurrence
were also identified by previous studies: 10°W-30°E
south of the African easterly jet (AEJ; Burpee 1972;
Reed et al. 1988a; Pytharoulis and Thorncroft 1999),
and 10°W-5°E north of the jet in the desert region
(Reed et al. 1988a; Pytharoulis and Thorncroft 1999).

Two maxima of the 2.9-4.3-day filtered meridional
wind variance were displayed by Reed et al. (1988b) on
the 9°W latitude-height cross section: one at low levels
north of the AEJ and another at the AEJ level south of
this jet. Analyzing the 2.5-6-day filtered meridional
wind at Dakar, Senegal (north of the AEJ) and Ba-
mako, Mali (south of the AEJ), Pytharoulis and Thorn-
croft (1999) showed that AEWs attain maximum am-
plitude in the midtroposphere south of the jet and at
low levels north of the jet. It was indicated by previous
analyses of the AEW energetics (e.g., Norquist et al.
1977; Fink et al. 2004) and the AEJ instability (e.g.,
Simmons 1977; Thorncroft and Hoskins 1994a,b; Grist
et al. 2002) that AEWs grow at the expense of the AEJ.
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Nitta and Takayabu (1985) therefore questioned
whether the low-level AEWs north and south of the
AEJ developed independently. Examining the statistics
of their filtered meridional wind at different longitudes,
Pytharoulis and Thorncroft (1999) found that AEW ac-
tivity migrates with the AEJ and that westward propa-
gations of AEW, and AEW,, are highly correlated.

Findings of these AEW characteristics lead us to
raise the following questions:

1) The high correlation between westward-propagating
AEW, and AEW, may suggest that populations of
these two types of AEWs are comparable. Actually,
Reed et al. (1988a) observed that the population of
AEW,, is larger than AEW,. Because the time peri-
ods of the datasets analyzed in these studies were
short, observations of these studies may not be rep-
resentative. What is the actual population contrast
between AEW, and AEW?

2) Two possible genesis mechanisms of AEWs were
suggested: the Charney—Stern barotropic—baroclinic
instability in the midtroposphere south of the AEJ,
and the baroclinic instability in a shallow lower-
tropospheric layer with low static stability north of
the AEJ. If the population of AEW,, is much larger
than that of AEW, can the second genesis mecha-
nism of AEWs be a more effective one? Because the
AEW,, genesis and development starts at low levels,
how does the low-level circulation over North Af-
rica affect this genesis?

3) AEW,s develop at low levels, while AEW s grow in
the midtroposphere. Why are vertical developments
of both AEW,, and AEW; restricted in different lay-
ers of the troposphere? Can the Saharan high and
the western part of the Asian monsoon high hinder
the vertical developments of AEW, and AEW, re-
spectively?

4) Because the AEW,, population may be larger than
the AEW, population, what is the relationship be-
tween these two different types of AEWs and how
do they interact with the AEJ?

During their mature phases, AEWs may reach a hori-
zontal scale of approximately 20004000 km. Some of
these waves develop from disturbances below 700 mb
along the Saharan thermal low (approximately 20°N).
To obtain a more accurate depiction of AEWs along
this northern path, data should be generated by an as-
similation system with a high horizontal resolution, a
fine planetary boundary layer, and proper surface ini-
tial conditions. The European Centre for Medium-
Range Weather Forecasts (ECMWF) reanalyses, which
were originally assimilated for 1957-97 and designated
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as the ECMWF 40-yr Re-Analysis (ERA-40), and later
expanded to cover 1998-2002 (Killberg et al. 2004),
meet these special needs; a model with spectral resolu-
tion of T159L60, including a well-resolved boundary
layer and land surface scheme (van den Hurk et al.
2000), and observations of surface air temperature are
used in the ERA-40 data assimilation (Kalnay and Cai
2003). The ERA-40 daily reanalyses for four synoptic
times (0000, 0600, 1200, and 1800 UTC) during the sum-
mer season [June-September (JJAS)] of a 10-yr (1991-
2000) period were analyzed to answer the four ques-
tions listed in sections 2-5, respectively. The 1979 sum-
mer was part of the FGGE, which had a better coverage
of surface observations over North Africa. Because of
this, the relationship and interaction between AEWs
and the AEJ reported in section 5 was examined using
this summer before the other three aspects of AEWs
were investigated. In addition to the 10-yr period of
1991-2000, we also included 1979 in the analysis pre-
sented in section 5. A summary and some remarks on
this study are presented in section 6.

2. Propagation paths of AEWs

Identification of AEWs

As summarized by Fink et al. (2004), three ap-
proaches were applied to identify AEWs:

1) Manual tracking: Using streamline charts and satel-
lite imageries, Carlson (1969a,b) identified the low-
level relatively cloud-free vortex coupled with the
upper-level synoptic wave over North Africa. Later,
Reed et al. (1988a) described the AEW history in
terms of 700-mb trough axes and 850-mb vorticity
maxima superimposed on streamline charts and sat-
ellite cloud imageries. Most recently, Fink et al.
(2004) identified the AEW trough with an x—¢ dia-
gram of meridional wind and located the cyclonic
center of AEWs with 2-6-day filtered streamline
charts. The filtered vorticity was added in cases
without a cyclonic circulation center shown in
streamline charts.

2) Automated tracking: Thorncroft and Rowell (1998)
designed an automated tracking procedure to iden-
tify AEWs simulated by a general circulation model:
the number of disturbances passing selected points
with amplitude of the 2.5-5-day filtered 850-mb me-
ridional wind larger than 2.5, 5, and 7.5 m s~ L Later,
the automated tracking approach of Hodges (1995)
was adopted by Thorncroft and Hodges (2001) to
track AEWs with their vorticity maxima exceeding a
threshold value of 0.5 X 107> s~ !, life spans larger

CHEN

3541

than 2 days, and westward motion over a distance
larger than 10° longitude.

3) Statistical method: Because of limited upper-air ob-
servations, simple statistical analyses including
power spectra, composite charts, and kinetic energy
of horizontal winds were used to identify the signal,
spatial structure, and propagation paths of AEWs
(e.g., Burpee 1972, 1974; Pytharoulis and Thorncroft
1999, and others). Findings with radiosonde obser-
vations were confirmed with the reanalysis data and
more sophisticated statistical schemes, including
spectral and composite analyses, the lagged correla-
tion pattern, extended empirical orthogonal func-
tion, and rotated EOF analyses (e.g., Lau and Lau
1990).

The automated and statistical tracking methods are
economic and objective in depicting AEW characteris-
tics. However, these methods are hampered by choos-
ing thresholds or selecting criteria in determining
AEW. The manual tracking approach is more realistic
in locating the AEW genesis and quantitatively mea-
suring the AEW population of the two propagation
paths. Using the interactive technique provided by the
Grid Analysis and Display System, we are able to track
locations of AEW with a high accuracy. Even with this
technique advantage, it is not possible to be completely
free of human errors. Furthermore, manual tracking is
always a time-consuming exercise. However, in order to
answer some concerns posed in the introduction, the
manual tracking approach supplemented with proce-
dures introduced by Fink et al. (2004) is adopted in the
current study. These supplemental procedures include
the x—t diagram of 600-mb meridional wind and spa-
tially Fourier-filtered streamfunction. Details of the ap-
proach used in this study are presented below.

1) BACKTRACKING

AEWSs become mature when they reach the west
coast of Africa. Thus, the maximum AEW amplitudes
west of this coast usually appear at the midtropospheric
AEJ level (e.g., Reed et al. 1988b). Even without a
special criterion, AEW troughs can be easily identified
on the 600-mb streamline charts with vorticity isopleths
superimposed, as done by Reed et al. (1988a) and Fink
et al. (2004), with the 700-mb streamline charts and
850-mb vorticity. Longitudinal locations of these AEW
troughs can be further confirmed by the once-daily Na-
tional Oceanic and Atmospheric Administration outgo-
ing longwave radiation data. After AEW troughs were
identified near the coast of West Africa, the backtrack-
ing procedure was applied to trace propagation paths of
AEWs. An advantage of this approach is to reduce
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difficulty in identifying AEWs over the continent. A
disadvantage is that some weak disturbances may not
be counted if they cannot reach the West African coast.
If the forward-tracking approach was adopted, we may
face some uncertainty in determining genesis locations
of AEWs, particularly AEW,s, and their ensuing de-
velopment experienced by previous studies (e.g., Reed
et al. 1988a; Fink et al. 2004). Therefore, additional
constraints were added on the backtracking of the al-
ready identified AEWSs within the continent in deter-
mining genesis locations of both AEW, and AEW,.

(i) Northern path

1) The 925-mb vorticity maximum of an identified
AEW inside North Africa is traced to its genesis
location, which is always north of the AEJ.

2) The sea level pressure around the AEW, genesis
location is smaller than or equal to 1010 mb.

3) The AEW genesis is generally accompanied by the
convergence of the Harmattan (surface northerlies
of North Africa) and the surface monsoon souther-
lies.

4) Before being able to be transported by the AEJ, the
newly generated AEW s move westward under-
neath the midtropospheric Saharan anticyclone.

(ii) Southern path

1) The 600-mb vorticity maximum of an identified
AEW is traced to the location where a cyclonic per-
turbation appears the first time south of the AEJ
and along the southern rim of the Saharan high.
During its genesis phase, an AEW, may not exhibit
a noticeable perturbation in surface pressure and
925-mb vorticity.

2) The cyclonic low of the 2-7-day filtered streamline is
added in locating the AEW, perturbation if it is not
well defined by the 600-mb streamline chart super-
imposed with vorticity. The Butterworth bandpass
filter (Murakami 1979) was adopted in this study to
prepare the filtered field variables.

2) PROPAGATION PATHS

(i) North of the AEJ

As inferred from the low sea level pressure and con-
vergence of 925-mb streamlines shown in Figs. 1c.f, the
merger of the Harmattan and the monsoon southwest-
erlies forms a low-level convergence zone along the
Saharan thermal low (the zonally elongated white-
colored region). Locations (dots) of the AEW,, vortices
at 925 mb every 6 h are distributed primarily along the
Saharan thermal low (Fig. 1c). Two interesting features
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of AEW, locations are revealed. First, four clusters of
AEW,s are located over the convergent centers be-
tween the west coast and 10°W, 10°W-5°E, 10°-20°E,
and 25°-30°E. This coincidence suggests that the
AEW,, genesis is closely related to the circulation struc-
ture of the environment around these centers, which
will be addressed in section 3. Second, it is inferred
from the spatial relationship between AEW, locations
and the Saharan thermal low that the AEW,s are trans-
ported westward by the Harmattan through the meridi-
onal advection of planetary vorticity.

The propagation path of AEW,, turns southwestward
across the coast of West Africa into the eastern North
Atlantic (Fig. 1c). This direction change of the AEW,
propagation was observed by Reed et al. (1988a) and
Pytharoulis and Thorncroft (1999). As indicated by
maximum RMS(v') at 5°W (where v’ is the 2-7-day
filtered meridional wind) near the surface around 20°N
in Fig. 2a, AEW,s are shallow perturbations during
their initial phase. The spatial separation between
maximum RMS(v') and the AEJ does not suggest a
strong interaction between AEW,s and this midtropo-
spheric jet. However, when AEW s move close to the
coast of West Africa, these waves are transported by
northeasterlies of the North Atlantic anticyclone along
the southwestward extension of the Saharan thermal
low (Fig. 1c). On the other hand, it is inferred from
maximum RMS(v") at 20°W (Fig. 2b) that the eastern
North Atlantic ITCZ may facilitate the midtropo-
spheric development of AEW,_s when they reach that
point.

Except for the monsoon southwesterlies along the
Guinea coast and the Harmattan over central North
Africa in the lower troposphere (Figs. 1c.f), the basic
elements of the North African summer circulation are
depicted by the latitude—height cross section of stream-
function and zonal wind at 5°E [(y, u)(5°E)] in Fig. 3.
The North African summer circulation in the lower half
of the troposphere consists of the midtropospheric Sa-
haran high and the low-level Saharan thermal low
(Cook 1999; Chen 2005). The vertical structure of this
circulation resembles a monsoon circulation (Chen
2003). Aloft over the midtropospheric Saharan high ex-
ists the western part of the Asian monsoon high (Fig.
la). Around the southern rim of this monsoon high is
the tropical easterly jet (TEJ; thick, solid line in Figs.
la,d). Because this jet is located farther south of the
AEW, propagation path, the large spatial distance does
not suggest any relation between them. This assertion is
echoed by the RMS(v’") distribution in Fig. 2a where
the RMS(v") maximum is located north of the AEJ and
underneath the Saharan anticyclone. Evidently, AEW
activity is independent of the Asian monsoon high.
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FIG. 2. Summer-mean (JJAS) RMS values of the 2-7-day fil-
tered meridional wind RMS(v') (shaded areas) superimposed on
zonal flow @ (contoured) at (a) 5° and (b) 20°W over the period
of 1991-2000. The contour interval of 7(5°W) is shown at the right
top of (a), while the contour interval of RMS(v’) is shown by the
scale in the bottom right side of both (a) and (b).

(ii) South of the AEJ

The AEJ is located around the southern rim of the
Saharan anticyclone (Fig. le). Dynamically, the cy-
clonic shear and vertical shear south and below this jet
(Fig. 2a), respectively, make the region south of the
AEJ a preferred environment for cyclogenesis (Burpee
1972). This argument is supported by the maximum
RMS(v') at 5°W located south of the AEJ core at 600
mb (Fig. 2a). Locations of AEW, superimposed on sea
level pressure pg (Fig. 1f) indicate that these waves gen-
erally exist south of the Saharan thermal low and rarely
move northward across the AEJ (Fig. le). Two com-
pletely separate propagation paths of AEWs emerge
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FIG. 3. Major elements of the North African summer circulation
indicated in terms of the latitude—height cross section of summer-
mean (i, ) at 5°E for the period of 1979-2000 (Fig. 2a of Chen
2005). The contour interval of y(5°E) is 2 X 10° m? s~ !, while that
of #(5°E) is shown by the scale shown in the bottom—rlght—hand
corner.

from locations of AEW,s (Fig. 1b) and AEWs (Fig. 1e)
over the North African continent, although these two
paths eventually merge in the Atlantic.

Projecting locations of all AEW s on the 200-mb
streamline chart (Fig. 1d), one may find that almost all
AEWgs are located north of the TEJ, which appears
along the coast of Guinea. Not only is the anticyclonic
shear north of the TEJ not conducive to cyclogenesis,
the Asian monsoon high may also hinder the vertical
development of AEW,s. This inference is supported by
the latitude—height cross section of RMS(v’) against
zonal flows at different longitudes shown in Fig. 2.
These arguments do not seem to suggest any possible
link between AEW,s and the TEJ.

In addition to the existence of two separate propa-
gation paths of AEWSs, a concern posed in the intro-
duction was the population contrast between these two
paths. Even without precise number counts of both
AEW,s and AEWgs, location distributions of AEW s
(Figs. la—c) and AEWs (Figs. 1d-f) indicate that the
former has a much larger population than the latter. As
shown in Fig. 4, total AEWs identified in this study over
a period of 10 yr is 428 including 302 AEW,s and 126
AEWs. The mean occurrence frequency of AEWs ev-
ery summer (JJAS) is approximately 43, which is some-
what smaller than Avila and Pasch’s (1992) observation
of 59 for May—October 1991. The difference of the
AEW populations between these two studies may be
due to the inclusion of these two extra months by the
latter study. The AEW, group contributes only 29% of
the AEW population, but it is important to West Afri-
can rainfall. In contrast, the AEW,, group, which con-
stitutes the majority of the AEW population, has not
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FiG. 4. The AEW population (N,) contributed by AEW,, (N,,),
and AEW, (N,) during JJAS for the 1991-2000 period.

yet attracted much attention. Approximately, one-half
of the Atlantic tropical cyclones reaching the U.S. coast
developed from the AEWs (Landsea 1993). Following
the back tracking approach presented in section 2a(1),
we found that the AEW,s contribute not only more to
the population of AEWs, but also more to the number
of Atlantic tropical cyclones (~65%) than the AEWs
(based on results of our preliminary analysis). In view
of the contribution of AEW s to Altantic tropical cy-
clones, more research effort should be dedicated to un-
derstanding the AEW,, dynamics and its impact on the
North Atlantic weather system.

3. Genesis mechanisms

a. Mechanisms

The Charney-Stern instability (Charney and Stern
1962) was suggested by Burpee (1972) as the AEW,
genesis mechanism. Numerous studies (e.g., Rennick
1976; Mass 1979; Kwon 1989; Thorncroft and Hoskins
1994a,b) were made to analytically and numerically test
this mechanism. Because this mechanism is only appli-
cable to AEW,s, a smaller population of AEWSs south
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of the AEJ, the majority of AEWs north of the AEJ
must be generated by a mechanism different from
Burpee’s. It was suggested by Chang (1993) and Thorn-
croft (1995) that this mechanism is the baroclinic insta-
bility of a shallow low static stability flow underneath
the midtropospheric Saharan high. For convenience,
this mechanism is designated hereafter as the Chang—
Thorncroft (C-T) baroclinic instability. Eady (1949)
showed that the stabilizing effect of static stability re-
sults in a short-wave cutoff in the baroclinic instability.
The decrease of static stability reduces the wavelength
of this cutoff short wave. When static stability vanishes,
a so-called ultraviolet catastrophe of instability may oc-
cur as long as a given vertical shear (regardless of how
small it is; Fjortoft 1950; Arnason 1963) exists. Al-
though the basic flow in Chang’s model is different
from Eady’s (1949) linear vertical shear, the low static
stability in Chang’s model should have the same effect
in the Eady model to reduce the cutoff wavelength.
This argument is supported well by our observation
(presented later) that the scale of AEW,, is small during
its genesis stage.

As revealed from the latitude—height cross section of
potential temperature 6 (thick, solid line), Ertel poten-
tial vorticity O (thin, dashed line), and zonal wind u
(thin, solid line) at 5°E (Fig. 5a), a reversal of Q, occurs
south of the AEJ and Q, < 0 appears underneath the
AEJ (Charney and Stern 1962) coupled with 6, > 0
near the surface (Thorncroft and Hoskins 1994a). Note
that (), = a()/dy. Evidently, the AEJ satisfies the baro-
tropic—baroclinic instability criterion. On the other
hand, it was confirmed by Pytharoulis and Thorncroft
(1999) that the environment with low static stability and
strong meridional temperature gradient north of the
AE] is a favorable region for the development of AEW
disturbances. As shown in Fig. 5b, these requirements
are satisfied by the 6 (thick, solid line) distribution in
the troposphere (below 600 mb) around 20°N (the Sa-
haran thermal low). The environment of low static sta-
bility and large meridional thermal gradient may not
always warrant the genesis of a synoptic perturbation.
However, the low-level convergence formed by the
monsoon southwesterlies and the Harmattan induces
upward vertical motion along the thermal low (shaded
areas in Fig. 5b). Therefore, the genesis of a synoptic
disturbance by the C-T baroclinic instability may be
triggered by the intrusion of the Harmattan into the low
static stability environment. Apparently, the AEW,
genesis is caused by a mechanism different from the
AEW, genesis.

Surface temperatures 65 over North Africa undergo a
pronounced diurnal variation. As revealed from the
latitude—height cross section of 6 (diurnal amplitude of
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sections of various August
monthly-mean variables at 5°E:
(a) @ (zonal flow; thin, solid line),
6 (potential temperature; thick,
solid line), and Q (Ertel potential
vorticity; thick, dashed line); (b) 6
and —w (vertical motion; shaded
areas); (c) 0, t,, (synoptic time of
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tion (6; shaded areas); and (d)
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6) and the local time of maximum 6 at 5°E in Fig. Sc, the
maximum amplitude of 0 (>15 K shaded area) and
maximum temperature appears at 1600-1800 UTC
(thin, solid line). The horizontal distribution of f¢ (am-
plitude of 6y) is displayed in Fig. 5d. The static stability
(06/0p) near the surface should exhibit a coherent diur-
nal variation with 5. Consequently, the occurrence of
AEW,, genesis caused by the C-T baroclinic instability
may have a timing preference when the static stability
reaches its minimum in late afternoon. As shown in Fig.
6b, the seasonal-mean AEW| genesis does not exhibit
any timing preference. In contrast, the AEW, genesis
(Fig. 6a) reaches its maximum occurrence at 1800 UTC
when the near-surface atmosphere becomes statically
neutral or weakly unstable. It is easier to reach this
condition north of the Saharan thermal low, because
amplitude of § is larger in this region (Fig. 5d). Depend-
ing solely on static stability, the majority of this genesis
may occur over the region north of the Saharan thermal
low. As will be shown in section 3b, this is not the case.
If the C-T baroclinic instability (triggered by the up-
ward motion in response to the intrusion of the Har-
mattan) is the mechanism responsible for the AEW,
genesis, the majority of this genesis should take place
over the region where the upward motion in the lower
troposphere is significant along the Saharan thermal
low (Fig. 5b). However, this mechanism has not yet
been tested against any observed AEW, genesis. To
search for genesis mechanisms of all identified AEWs
across the coast of West Africa, some extra constraints
are added on two different types of instabilities.

1) AEW, GENESIS

1) In the southern flank of the AEJ and around the
southern rim of the Saharan high, a positive {(600
mb) center accompanying the 600-mb perturbation
is identified for first time on the 600-mb streamline
chart. At this stage, this 600-mb perturbation is not
coupled with a noticeable perturbation perceivable
at the surface.

2) Positive 600-mb vorticity tendency [£,(600 mb) > 0]
appears ahead of the identified perturbation.

2) AEW, GENESIS

1) At any one of four synoptic times (0000, 0600, 1200,
and 1800 UTC), a surface perturbation is identi-
fied with the following meteorological conditions:
96(925 mb)/gp = 0 (statically neutral or near un-
stable), —®(925 mb) > 0 (upward motion) caused
by the convergence between the monsoon south-
westerlies and the Harmattan, and ¢ = 5 g kg™ !
(dry) near the surface. No corresponding perturba-
tion can be observed above 925 mb.
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F1G. 6. Summer-mean genesis frequency of (a) AEW, and (b)
AEW; at four synoptic times (0600, 1200, 1800, and 0000 UTC)
averaged for the period of 1991-2000.

2) The identified perturbation is accompanied by a
positive ¢(925 mb) center and positive vorticity ten-
dency, (925 mb) [~—fV - V(925 mb)] > 0, as
shown with the 925-mb streamline chart.

3) The pg (surface pressure) of the surface perturba-
tion =1010 mb and surface 6, > 0 south of this
perturbation.

AEW cases used to illustrate the two genesis mecha-
nisms are given in the appendix.

b. Preferred genesis region

The three surface convergent centers along the Sa-
haran thermal low and the southwestward extension of
this thermal low (Figs. 1c,f) are coupled with well-
organized upward motion (Fig. 7a). Based on the hy-
pothesized AEW, genesis mechanism, these conver-
gent centers should be the preferred areas of AEW,
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lines), & (static stability; thin, dashed lines), (77,,, —w) (east-west circulation; 7,
is zonal component of divergent wind), and — o (shaded areas) at 17.5°N to cover
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(dots) superimposed on summer-mean 925-mb streamlines and sea level pressure
(shaded area); and (c) AEW, genesis locations (dots) superimposed on 600-mb
streamlines, isotach (shaded area), and the AEJ core (thick solid line). All sum-
mer-mean field variables cover the 1991-2000 period. Contour intervals of § and
@ are shown at the top right in (a), and —@, P, and isotachs [| V[(600 mb)] are
shown in the bottom-right-hand side of (a)—(c), respectively.
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genesis. As expected, four clusters of identified AEW
genesis locations (dots) shown in Fig. 7b are overlapped
with the Saharan near-surface convergent centers and
the southwest thermal low extension. Reed et al.
(1988a) observed one preferred region of AEW devel-
opment bounded by (18°-25°N, 10°W-5°E) over the
Sahara downwind of the Hoggar Mountains. Using the
distribution of AEW kinetic energy, Pytharoulis and
Thorncroft (1999) identified a region with energy larger
than 2 m? s™2 over the 0°-5°E sub-Saharan baroclinic
zone at 950 mb. These observed regions agree with the
AEW, genesis region over the western Sahara. The
other three AEW,, genesis regions were not previously
recognized.

The AEW, genesis takes place in the baroclinic zone
south of the AEJ by the barotropic-baroclinic instabil-
ity in tropical Africa (Fig. 7c): these AEW, genesis lo-
cations (dots) are farther south of the Saharan thermal
low (Fig. 7b) and extend all the way to 30°E. The west-
ern part of this AEW, genesis region is consistent with
Reed et al’s (1988a) preferred region of AEW devel-
opment with the climatological rainy zone over (8°-
15°N, 0°-10°E) and Pytharoulis and Thorncroft’s
(1999) large kinetic energy region of AEW at about
10°-15°E of this rainy area. Although located south of
the AEJ (thick, solid line in Fig. 7c) and the Saharan
high, the AEW, geneses occur north of the TEJ (Fig. 1).

4. Limit of the AEW vertical development

As indicated by the RMS(v") distribution (Fig. 2a),
AEW, s and AEWs only exist in the lower and midtro-
posphere, respectively. Why is there such a clear con-
trast in the vertical development of AEWs along two
different propagation paths? The AEW,s are gener-
ated near the surface of the Saharan thermal low north
of the AEJ, while the AEWs originate in the midtro-
posphere south of the AEJ. Is the difference in the
vertical development between AEW, s and AEW,s at-
tributed to the difference in the elevation of their gen-
eses? Otherwise, can the vertical structure of the North
African summer circulation embedded with AEWs
have any effect on the vertical development of AEW,s
and AEWs? The comparison between the RMS(v')
distribution at 5°W (Fig. 2a) and the ¥(5°E) cross sec-
tion (Fig. 3) suggests that the vertical developments of
AEW,s and AEWs are limited by the Saharan and
Asian monsoon high, respectively. How do these two
upper-level anticyclones affect these vertical develop-
ments?

The latitude-height cross section of {(5°E) super-
imposed with the meridional circulation is shown in Fig.
8b. Upward motion over the Saharan thermal low is
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confined to the lower troposphere by the Saharan an-
ticyclone, while the upward branch of the Hadley cir-
culation in the Tropics is limited by the western part of
the Asian monsoon high. The contrast of vertical mo-
tions between these two latitudinal zones can be illus-
trated more clearly with (y, —w) at 20°N (Fig. 8a) and
at 10°N (Fig. 8c). The development of synoptic distur-
bances can be facilitated by upward motion of the
large-scale environmental circulation. In view of con-
straints exerted by the two upper-air anticyclones on
the upward motion over the Sahara and tropical West
Africa along the Guinea coast, it is expected that ver-
tical developments of AEW s and AEW,s are hindered
by the Saharan and Asian monsoon highs, respectively.

The vertical structure of a monsoon circulation is
characterized by a phase reversal with a monsoon low
in the lower troposphere overlaid by a monsoon anti-
cyclone in the upper troposphere. This vertical struc-
ture is well explained by the Sverdrup vorticity balance,
a balance between the meridional advection of plan-
etary vorticity advection and vortex stretching (Chen
2003). Because the core speeds of the TEJ and AEJ
may reach 25 and 13 m s, respectively, horizontal ad-
vection of relative vorticity ¢ by these jets is not negli-
gible. However, this dynamic process works coherently
with the meridional advection of planetary vorticity f to
move perturbations westward. The inclusion of this
horizontal advection of relative vorticity by strong east-
erlies in low latitudes does not change the Sverdrup
dynamics. Therefore, the dynamics of the summer
tropical circulation may be expressed by the following
vorticity equation:

( i ) ow
0= —uza—vB +f—, 1)

where the overbar indicates long-term summer-mean
value. Here u_, v, B, and o are the zonally averaged
zonal velocity, meridional wind, meridional gradient of
f(=2Q sing), and p velocity, respectively. In the Trop-
ics, thermal advection is generally much weaker than
diabatic heating in maintaining vertical motion (e.g.,
Chen and Baker 1986). Below the Saharan anticyclone,
upward motion in the lower troposphere over North
Africa is primarily maintained by the Saharan thermal-
low heating. Above this anticyclone, downward motion
is caused by radiative cooling (Chen 2005). Along the
rainy zone of tropical Africa, upward motion under-
neath the Asian monsoon high is driven by latent heat
released by tropical deep cumulus convection. With the
difference in vertical motion (—w) between 20° and
10°N (Fig. 8), positive vortex stretching is likely to ap-
pear only in the lower troposphere underneath the Sa-
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haran high and in the midtroposphere below the Asian
monsoon high, respectively. This inference is confirmed
by the opposite vertical differentiation of vortex
stretching between 20° and 10°N in Fig. 9.

At 20°N underneath the Saharan high, it is revealed
from Figs. 9a,b that strong positive vortex stretching
along the Saharan thermal low forms an environment
conducive to AEW,, genesis. In contrast, strong nega-
tive vortex stretching associated with the midtropo-
spheric Saharan high hinders the development of
AEW,. This vertical differentiation of vortex stretching
embedded in the North African summer circulation
consequently confines the vertical development of
AEW,, below the Saharan high. For the tropical region
south of the AEJ, vortex stretching (displayed in Figs.
9b,c) should be counterbalanced by horizontal vorticity
advection (confirmed by our diagnosis, but not shown).
Based on the vorticity budget, vortex stretching of the
environmental flow may not be directly involved with
the development of AEW,s, but supplies vorticity in
developing them through the redistribution of vorticity
by horizontal advection. In other words, the environ-
mental vorticity, which is generated by vortex stretch-
ing, is consumed by horizontal advection through the
interaction between the AEW, perturbations and the
environmental flow. This interaction is equivalent to
the barotropic energy conversion illustrated by previ-
ous studies (e.g., Norquist et al. 1977). For the tropical
region south of the AEJ, the midtropospheric positive
vortex stretching underneath the Asian monsoon high
provides a preferred area not only for the AEWs gen-
esis, but also for their development. On the other hand,
the strong vortex compression associated with the
Asian monsoon high prevents the vertical development
of AEWs generated in the midtroposphere. Although
vortex stretching is weak in the lower troposphere near
the surface, its negative values are not helpful in devel-
oping AEW,. Under these circumstances, the AEWs’
development is restricted within the midtropospheric
layer.

The vertical differentiation of vortex stretching in the
North African summer circulation forms two preferred
paths of the AEW westward propagation: one for
AEW,s in the lower troposphere along the Saharan
thermal low and the other for AEW s along the midtro-
posphere south of the AEJ. To substantiate this argu-
ment, let us use the RMS values of the 2-7-day filtered
vorticity RMS({’) as an indicator of AEWs and super-
impose them on vortex stretching (contoured) of the
environmental flow at 925 and 600 mb in Fig. 10. The
coincidence of positive environmental vortex stretching
and maximum values of RMS({") supports our argu-
ment concerning the two AEW propagation paths.
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5. Interaction between the AEJ and AEWs

It was suggested by Burpee (1972) that the growth of
AEWs is energetically supported by the AEJ through
the AEW-AEJ interaction. This interaction was exam-
ined by numerous studies (e.g., Norquist et al. 1977 and
many others) in terms of baroclinic and barotropic en-
ergy conversions in the Lorenz (1955) energy cycle. Al-
though, the AEJ appears to be zonally oriented in the
long-term mean fields (Fig. 1), this jet actually exhibits
an undulatory structure on any daily weather chart over
the region between North Africa and the tropical North
Atlantic. The application of the Lorenz energetics
scheme to illustrate the AEW-AEJ interaction may
face some difficulties: 1) because length scales of AEW
and the AEJ are regional, it may be difficult to mean-
ingfully separate the summer atmospheric circulation of
North Africa into zonal-mean and eddy components
required by this energetics scheme (Lorenz 1967); 2)
because the Lorenz energy cycle was developed for a
closed domain, its application to an open system is deli-
cate in selecting the system’s lateral boundary and the
energy conversion from more than one possible expres-
sion (Wiin-Nielsen and Chen 1993). To avoid these un-
certainties in dealing with the AEW-AEJ interaction
with the Lorenz energy cycle, we need 1) a feasible
scheme of separating the AEJ and AEW components
of any field variable, and 2) a proper diagnostic scheme
to illustrate this interaction.

a. AEW-AEJ spatial relationship

1) SEPARATION SCHEME

The maximum east-west extent of the AEJ (from
North Africa to the North Atlantic) is about 120° in
longitude, while the AEW wavelength is roughly 2000—
4000 km. Length scales of the AEJ and AEW are
equivalent wavenumbers 3 and 9-18, respectively, at
15°N. To explore the AEW-AE] relationship/interac-
tion, a spatial Fourier separation is used to divide any
variable into its long (wavenumbers 0-5) and short
(wavenumbers 6-31) wave regimes. For convenience,
variables in these two wave regimes are designated by
()" and ()®, respectively. The most unstable modes of
the AEJ are wavenumber 11 by Simmons (1977) and
wavenumbers 10-11 by Thorncroft and Hoskins
(1994a). The scale separation introduced here to isolate
AEWs agrees well with the growth rate of the AEJ
unstable modes estimated by these studies.

Let us use an AEW,, (13 July 1979) and an AEW, (30
August 1979) to test the feasibility of this separation
scheme. Shown in Fig. 11 are the total zonal wind u and
streamfunction ¢ at 600 mb (top row), and their long-
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F1G. 10. The 1991-2000 summer-mean (JJAS) RMS values of
the 2-7-day filtered vorticity {’ superimposed on vortex stretching
(—fV - V)at (a) 600 and (b) 925 mb. The AEJ core is indicated by
a thick, solid line in (a). The contour interval of —fV - V is shown
at the right top of (a), while that of RMS({") is shown by the scale
in the bottom-right-hand corner of both (a) and (b).

and short-wave components of the two selected AEW
cases: (u, )“(600 mb) (middle row) and (u, )(600
mb) (bottom row), respectively. The ridge (thick
dashed) and trough (thick solid) lines of both AEWs
are superimposed; troughs of short-wave trains are jux-
taposed with ridges on their east and west sides. Nega-
tive (positive) values of u5(600 mb) appear in the
northern (southern) part of negative (cyclonic) (600
mb) cell. In contrast, the structure of u°(600 mb) values
associated with a positive (anticyclonic) ¢5(600 mb) cell
is opposite to that of a negative *(600 mb) cell. An
east-west elongated strip of #”(600 mb) = —5 ms™'
(stippled areas in the middle row of Fig. 11) forms the
basic structure of the AEJ along the southern rim of the
Saharan high depicted by *(600 mb). Because total
zonal wind 1(600 mb) is a combination of u*(600 mb)
and #%(600 mb), the undulatory structure of total wind
speed u(600 mb) (top row in Fig. 11) is primarily estab-
lished by ©5(600 mb) of the AEW,/AEW, short-wave
train. The surface low centers of the two selected AEW
cases are marked by crosses; the AEW, surface low
center is located north of the AEJ, while the AEW, is
situated south of the AEJ. Based on a linear combina-
tion of u*(600 mb) and u5(600 mb), the zonal wind
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speed becomes higher when the AEJ and the AEW,
trough and/or AEW, ridge are collocated, but becomes
lower when the AEJ and the AEW, ridge/AEW,
trough are superimposed. This kinematic relationship
between AEW,, and/or AEW, and the AEJ appears in
all identified AEWs.

2) FURTHER SPATIAL RELATIONSHIP

Because the AEJ is part of the Saharan high (Fig.
11), variations in the AEJ may not only be caused by
the AEW-AE]J interaction, but also by the Saharan
high. An indication of this possibility may be revealed
from a latitude—time diagram of u*(600 mb, 5°W). To
serve this purpose, summer 1979 is selected as a typical
example to show the daily maximum easterly of u” (i.e.,
the AEJ at 5°W), connected by a thick dashed line in
Fig. 12a. The intensity variation of the AEJ is more
discernable with the kinetic energy departure AKEL =
A{1/2[u*(600 mb, 5°W)]?} (thick solid line in Fig. 12b).
This kinetic energy departure is computed by the fol-
lowing procedure. First, KE% {=1/2[u*(600 mb, 5°W)]?}
and KEZ {=1/2[@*(600 mb, 5°W)]?} were computed at
every 2.5° grid over a 5° latitude zone centered at the
latitude of daily maximum u*(600 mb, 5°W) shown in
Fig. 12a. Note that @(600 mb, 5°W) is the seasonal-
(JJAS) mean value of daily maximum «(600 mb, 5°W).
Here AKEX (=KEX — KEL) was then computed and
averaged over the 5° latitude zone. On the other hand,
the kinetic energy departure computed with (600 mb,
5°W) including contributions from AEW, and/or
AEW; is estimated by AKE,, = A{1/2[u(600 mb, 5°W)]}
(not shown to avoid any visible complication of the
relationship between AEWs and the AEJ revealed
from Fig. 12b). Let RMS represent the root-mean-
square value. The ratio of RMS(AKE, — AKEZX)/
RMS(AKEL) is about 10%. Obviously, the primary
contribution to the intensity variation of the AEJ
comes from u”. What is the synoptic or dynamic impli-
cation of the u” contribution to the AEJ intensity varia-
tion?

Passages of the AEW, and AEW, troughs across
5°W are marked by “N” and “S,” respectively, on the
time series of AKEZ(600 mb, 5°W). As shown in Fig. 11,
passage of the AEW, (AEW;,) ridge may be accompa-
nied by an increase (decrease) of AKEL(600 mb, 5°W).
For such a synoptic condition, the Ny (Sg) symbol is
added on the AKE%(600 mb, 5°W) time series. An un-
expected interesting feature of the AKEZ(600 mb, 5°W)
temporal variation emerges: AKEX (600 mb, 5°W) maxi-
mum >0 during most passages of AEW;, troughs across
5°W and AKEZ(600 mb, 5°W) minimum <0 during
most passages of AEW, troughs across 5°W. Previous
studies of the AEW energetics have shown that energy
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F1G. 11. The separation of the (top) (u, ¥)(600 mb) fields of (left) an AEW, case and (right) an AEW, case into the long-wave regime,
(middle) (u, ¥)“(600 mb), and (bottom) the short-wave regime (u, )°(600 mb). Contour intervals of (600 mb), §*(600 mb), and
5(600 mb) are 10° m>s !, 10° m?s~ !, and 5 X 10° m? s~ !, respectively. For zonal winds, only easterlies of « and u’ are presented by
stippled areas, but both easterlies and westerlies of u* are displayed by stippled and dotted areas, respectively. Scales of u, u”, and u*

are shown in the bottom-right-hand side of each panel in (a).

is extracted out of the AEJ to maintain these waves
through the barotropic energy conversion west of the
African continent. One may expect the decrease of
AKEZX(600 mb, 5°W), that is, the decrease of the AEJ
intensity, by its interaction with AEW through barotro-
pic energy conversion. The temporal variation of
AKEL(600 mb, 5°W) and passages of AEW, and/or
AEW; (Fig. 12b) reveal a dynamic relationship be-
tween the AEJ and AEWs different from that reflected
by the conventional AEW energetics analysis.

The AEJ is part of the Saharan high. What is the role
played by this midtropospheric anticyclone in the rela-
tionship between AEWSs and the AEJ? Let us compare

the (u, ¥)*(600 mb) fields (Fig. 11) between 30 August
1979 [passage of an AEW;, trough and a AKEZ (600 mb,
5°W) maximum] and 13 July 1979 [passage of an AEW,
trough and a AKEZ(600 mb, 5°W) minimum]. The
*(600 mb) maximum of the former case (middle panel
in Fig. 11b) is larger than that of the latter case (middle
panel in Fig. 11a). In other words, the Saharan high is
stronger in the former than the latter. This comparison
indicates that the intensification/weakening of the AEJ
and the Saharan high occurs simultaneously. However,
this observation is only based on two AEW cases. To
support this observation, the relationship between the
AEJ and the Saharan high was examined for all iden-
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FIG. 12. (a) The summer 1979 latitude—time diagram of ©*(600 mb) at 5°W superimposed with a thick, dashed
line connecting maximum easterlies of u*(600 mb), and (b) time series of AKEX(600 mb) (thick, solid line).
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respectively, on the AKEL time series during passages of the AEW, and AEW, troughs across 5°W. Passages
of the AEW, and AEW; ridges resulting in noticeable AKE%(600 mb, 5°W) are denoted by Ny; and Sy, respec-

tively.

tified AEWs. The intensity of the Saharan high is de-
fined by a 5° latitude X 5° longitude area-mean
Ay=(600 mb) [=¢(600 mb — (600 mb); where the
overbar = summer-mean value] around the maximum
or minimum value of “(600 mb) at 5°W within the
North African continent. The scatter diagram of
AKEL(600 mb, 5°W) versus Ays“(600 mb) for all iden-
tified AEWs is shown in Fig. 13. AEW s are denoted by
open circles and AEW s by dots. If the relationship
between intensities of the AEJ and the Saharan high
follows our observation in Fig. 11, we expect that
AEW,s are clustered over the quadrant [AKEZX(600
mb, 5°W) < 0, Ay(600 mb) < 0] and AEWs over the
quadrant [AKEZ(600 mb, 5°W) > 0, Ay(600 mb) > 0].
This expectation is confirmed by the scatter diagram of
AKEL versus Ay in Fig. 13: a close correlation exists
between intensities of the AEJ and the Saharan high.
More importantly, intensities of both elements of the
North African summer circulation function as a sepa-
rator of the westward-propagating AEW_s and AEW s
across 5°W: Most AEW,s (AEW.s) troughs propagate
across West Africa when the AEJ and the Saharan high
are weak (strong).

A coherent relationship between AEWs along the

two propagation paths was suggested by previous stud-
ies (e.g., Pytharoulis and Thorncroft 1999; Fink et al.
2004). The population contrast between AEW, and
AEW;, (Fig. 7) and the separated westward propaga-
tions of these two types of AEWs determined by the
AEJ intensity do not seem to support the coherent
westward propagation scenario between AEW, and
AEW,. In view of this argument, the relationship and
interaction of the AEJ with most AEW, and AEW,
should be independent. The westward propagations of
AEW, and AEW, are clearly revealed from the 1979
x—t diagrams of ¢7,(600 mb, 20°N) and ¢3(600 mb,
10°N) in Figs. 14a,c, respectively. Longitudinal loca-
tions of both AEW,, (indicated by N) and AEW; (in-
dicated by S) on the x—t diagram of ©*(600 mb, 15°N)
(Fig. 14b) show that most AEW;, tracks follow strong
easterlies, while the majority of AEW,, tracks coincide
with weak easterlies. Although these two types of
AEWs propagate with about the same speed, only 6 out
of 20 AEW,s and 15 AEW,s propagate coherently
westward. No obvious coherent relationship exists be-
tween them. Following Fig. 14b, the x—t diagrams of
u*(600 mb) at 15°N superimposed with longitudinal
locations of AEWs for 1991-2000 were examined.



3556

4O_AKE1';(600mb,5°W) vs. Ay (600mb)

MONTHLY WEATHER REVIEW

s
'AEW; o. . .

s “AEW, . s, °
T 20
[aV]
Ig
E 10
o
Q£
S 0
(e}
3
J5 10
=
5

-20

~30

oO
—40—g—s -7 —2 0 2 4 6 8

Ay (600mb) 10%mPs?

FIG. 13. Scatter diagram of AKEX(600 mb, 5°W) vs Ays“(600
mb) for trough crossings of both AEW,s (open circles) and
AEW_s (dots) at 5°W. The Ays*(600 mb) is an area-mean value of
(600 mb) — (600 mb) over a 5° lat X 5° lon box around the
maximum or minimum value of this difference at 5°W. Here
(600 mb) is the 1991-2000 summer-mean ¢(600 mb) field.

Populations of AEW,, AEW,, correlated cases, and
combined AEW, and AEW; for every summer over
this 10-yr period are shown in Fig. 15. As in the 1979
summer case, correlated AEW s and AEWs represent
only a small population of AEWs.

b. AEW-AE]J interaction

It was revealed from Fig. 13 that the temporal varia-
tion of the AEJ mainly follows that of the Saharan high.
On the other hand, the x—t diagram of ©*(600 mb) at
15°N superimposed with longitudinal locations of
AEWs in Fig. 14b indicates strong (weak) u*(600 mb,
15°N) is coupled with the westward propagation of
AEW s (AEW,s). In other words, this relationship per-
sistently exists between the AEJ and the two types of
AEWs. Therefore, constant zonal wind speeds of the
AEJ were often assumed by numerical simulations of
AEW genesis and development with simplified global
models (e.g., Thorncroft and Hoskins 1994a,b). Imply-
ing an unlimited energy supply by the AEJ and no en-
ergy feedback from AEWs to the AEJ, this assumption
is consistent with the negligible feedback from AEWs
to the AEJ reflected by Figs. 13 and 14b. Therefore, we
shall focus the AEW-AEJ interaction on the impact of
the AEJ on the evolution of AEWs.
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Because AEWs are well portrayed by ¢5, AEW evo-
lution/development can be illustrated by its tendency,
7 (=0¢/ar). Despite numerous applications of the
Lorenz energetics scheme to explore the AEW-AEJ
interaction, some uncertainties of this approach were
pointed out earlier. In addition, it is difficult to illus-
trate synoptically the AEW-AE]J interaction through
energy conversions. On the contrary, Sanders’s (1984)
application of the streamfunction tendency to examine
the development of monsoon depressions suggests an
alternative way to synoptically explore the ¢s* tendency
caused by different dynamical processes through the
inverse Laplace transform of the vorticity equation.
Following Sanders (1984), we may write the ¢* equa-
tion as

2 3€ S —2 S
[v (5)] S V-V P
W E‘
FIVCHHV-VE. @
\%/—/

lJ/X

The notation used in Eq. (2) is conventional: ¢, f, and V
are relative vorticity, Coriolis parameter, and velocity
vector, respectively. In Eq. (2), tendency ¢ may be
expressed as

P = [V (=V-VOPF + [V 2(—uB)I. 3)
\%(—)
‘1‘511 Ll/SAz

For AEWs, relative vorticity advection is generally
much larger in magnitude than the meridional advec-
tion of planetary vorticity, and so %, is much larger
than 5,. It was shown in Fig. 11 that the zonal wind
component contributed by the AEJ is much larger than
that by AEWs, that is, |”| > |u*|. Therefore, one may
expect the following approximation:

'wlffu = [Vﬁz(*VL : Vg)]s = ‘Vfuu

The impact of the AEJ on the evolution of AEWs may
be achieved through %,. The application of the ¢*
budget to the AEW-AE]J interaction is illustrated by
the two cases of AEWs crossing 5°W presented in Fig.
11: the AEW,, on 13 July 1979 and the AEW, on 30
August 1979.

1) AEW,, caskE (13 JuLy 1979)

A minimum AKE. appears on 13 July 1979 (Fig.
12b). At this time, a short-wave train, shown in the
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FiG. 14. The x—t diagrams of (a) °(10°N), (b) u*(15°N), and (c) °(20°N) at 600 mb during summer 1979.
Longitudinal locations of AEW, and AEW, are marked by S and N, respectively, on the x— diagrams. The location
of 5°W is denoted by a thick, solid line. Contour intervals of all three variables are shown at the bottom left of
(a)—(c). To make these diagrams more readable, all three variables are shaded by the scale shown at the bottom

right of (a)—(c).

600-mb streamline chart (Fig. 16a), is located north of
the AEJ along the southern periphery of the Saharan
high. This AEW, wave train consists of a trough
(marked “27) juxtaposed with a ridge to its west
(marked 1) and another ridge to its east (marked “3”).
As illustrated by Fig. 11, easterlies are strengthened by
the two AEW, ridges, but weakened by the AEW,

troughs. According to Eq. (2), ¢ is a result of the
combined dynamical processes in the rhs of this equa-
tion. Various terms of the *(600 mb) budget during
passage of trough 2 are displayed in Figs. 16a—e: posi-
tive (negative) streamfunction tendencies are denoted
by dotted (stippled) areas. Salient features of this bud-
get are highlighted as follows:
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F1G. 15. Population histograms of AEW (open histogram), AEW, (gray histogram), AEW, (dark
histogram), and coherent westward-propagating AEW_ /AEW, (black histogram) for each year from
1991 to 2000. The population percentage of each group is shown on the top of its population histogram.

1) In Fig. 16b, ¢3(600mb) (dotted/stippled area) exhib-
its positive (negative) anomalies west of the positive
(negative) 5(600 mb) cell (contour) representing
ridge 1 (trough 2) of the AEW,. This s7—* spatial
quadrature relationship results in the westward
propagation of this AEW,.

2) The contrast between (600 mb) (Fig. 16¢c) and

5 (600 mb) (Fig. 16d) shows that the {* tendency

generated by vortex stretching plays a minor role in

developing/maintaining the AEW, wave train at this
stage compared with the * tendency generated by

vorticity advection, namely 7(600 mb) ~ (600

mb).

Although the meridional advection of planetary vor-

ticity (—vB) (not shown) is not completely negli-

gible, the (600 mb) tendency is dominated by
relative vorticity advection (=V - V{). The AEJ was
well depicted by u*(600 mb) in Fig. 11. The effect of
the AEJ on the AEW, evolution can be realized by
the similar spatial structure and comparable magni-

tude between (600 mb) (Fig. 17d) and %, (600

mb) (Fig. 17e) along the AEW, wave train.

3)

Because —V* - V¢ plays a major role in propagating

and developing the AEW,, wave train, the impact of the
AEJ on the AEW,, activity is primarily accomplished
by relative vorticity advection.

2) AEW, cASE (30 AucusT 1979)

A maximum AKEZ appeared on 30 August 1979. As
shown in Fig. 11, the spatial relationship between the
AEJ and the AEW;, short-wave train (Fig. 16f) is op-
posite to that between the AEJ and the AEW,, short-
wave train (Fig. 16a). The ridge of AEW, weakens the
AEJ, while the trough of AEW, intensifies this jet. The
(600 mb) anomalies representing the AEW, short-
wave train are spatially in quadrature with ¢s3(600 mb)
anomalies (Fig. 16g); negative (positive) {F anomalies
are ahead (i.e., west) of negative (positive) y5(600 mb)
anomalies. This ¢>—s* spatial relationship, which is a
result of the imbalance between %(600 mb) (Fig. 16i)
and (600 mb) (Fig. 16h), enables the AEW, wave
train to propagate westward. The resemblance between
(600 mb) and 5, (600 mb) (Fig. 16j) indicates that
relative vorticity advection by the AEJ is also the major
dynamic process in developing AEW,. Regardless of
the difference in their genesis mechanisms, the (600

—

FIG. 16. (a) The 600-mb streamline chart when AKEZL(600 mb, 5°W) reaches its minimum value on 13 Jul 1979 during the passage
of an AEW, across 5°W embedded in a short-wave train (its ridge—trough-ridge structure marked by 1-2-3), and (b)—(e) three terms
of the 5(600 mb) budget and 5, (600 mb) superimposed on §s5(600 mb) (contours). On 30 Aug 1979, AKEL(600 mb, 5°W) reaches
its maximum value during the passage of an AEW, across 5°W. (f)—(j) The 600-mb streamline chart and the ¢*(600 mb) budget and
%, (600 mb) corresponding to those of the 13 Jul 1979 AEW,, case. The surface low center coupled with the 600-mb trough of either
AEW, or AEW, is marked by a cross. The trough and ridge lines of AEWs are denoted by thick, solid and thick, dashed lines,

respectively. The contour interval of (600 mb) is 5 X 10° m* s~*

, while scales of various streamfunction tendencies are shown in the

bottom-right-hand side of (h)—(j). Scale of 600-mb isotach is displayed in the bottom-right-hand side of (f)—(j).



DECEMBER 2006 CHEN 3559

(8) (¥ ¥%)(600mb

I‘\
e T

A - vir
i

. ' bz
A |7/13/79

/

¥ 1
\ PN
s 3 |

(i) (v S_:"//E’%L)l(“600m
N q

i
N
S




3560

MONTHLY WEATHER REVIEW VOLUME 134
(a) AEWy < t40 ~ (b)AEWs +40 —~
. s e Q
- By E o7 B
x w5 8 x:’x‘ 8
103 ----------- A,“_ L, * x—-20 ©
X 5 n_x S LI 0>
> . >
$(600mb) 0 I”’ 95 (600mb): 0 Iw
Ya g
Yo ° r—20
s ") =
X = =
r—40 o r—40 o
o o
N L
0n< n<
r—60 = 5 r—60 =
AlL
s
oL A" leastsquare fit ====| g5
AL < standard deviation e
L ’ 1 L L 1 L Il I
—-60 —40 —-20 0 —-60 —40 —-20 0
m?§? m?s?

FIG. 17. Scatter diagrams of §/7(600 mb) vs [¢5(600 mb), ¢s%,, (600 mb)] and 7 vs ¢r3(600 mb) over a 2.5° X 2.5°
box encircling the minimum (maximum) centers of ¢r%(600 mb), 5, (600 mb), and ¢r5(600 mb): scatters of these
three variables are marked by dots, open circles, and crosses, respectively. Standard deviation (stippled area) and
the least squares fit lines are also added on scatter diagrams.

mb) budget of AEW, shown in Figs. 16f-j behaves in
the same way as that in the ¢5(600 mb) budget of
AEW, (Figs. 16b—e).

The analysis of the AEW-AEJ interaction through
the streamfunction budget in the short-wave regime
was performed only for two AEW cases (one AEW,
and one AEW,). Can the findings obtained from these
two cases be applied to all identified AEW cases? Scat-
ter diagrams of 7(600 mb) versus [¢5(600 mb), 5,
(600 mb)] and ¢;(600 mb) versus (600 mb) for maxi-
mum values of these s tendencies west of centers of all
negative ¢5(600 mb) cells (representing all AEW, and
AEW;{ troughs) across 5°W are shown in Fig. 17. The
statistical mean values and departures of scatters in this
figure are presented by the least squares fit (dashed)
lines and standard deviations (stippled areas) from
these mean values. Scatters of s versus gbi are nearly
distributed along a least squares fit line almost parallel
to the y° = 0 axis. As indicated by these scatter dia-
grams, l[li is always positive, but small, regardless of the
® magnitude. All scatters of ¢s* versus (%, ¢5,,) are
distributed along the least squares fit lines with a slope
of almost 45° which indicates not only magnitudes of
% and 5, are comparable, but those of > and (%,
¥, ,) of all identified AEWs are also comparable. The
conclusion drawn from these scatter diagrams is that
the westward propagation of AEWs across 5°W and the
evolution of these waves are primarily determined by
their interaction with the AEJ through vorticity advec-
tion by this jet.

6. Concluding remarks

The AEW characteristics presented by previous stud-
ies may be summarized by the following four major
features: two propagation paths (one north of the AEJ
and another south of the AEJ), two possible genesis
mechanisms (the barotropic-baroclinic instability south
of the AEJ and the baroclinic instability of a shallow
low-static stability layer north of the AEJ), vertical de-
velopment of AEWs (AEW,, confined in the lower tro-
posphere near the surface and AEW; in the midtropo-
sphere), and a strong interaction between the AEJ and
AEWs. These features lead to the following concerns of
AEW activity:

1) What is the population contrast of AEWs between
the northern (AEW,)) and southern (AEW,) propa-
gation paths?

2) How does the low-level circulation of North Africa
affect the C-T baroclinic instability mechanism of
AEW,? Can this mechanism be more effective than
the barotropic-baroclinic instability mechanism in
generating AEW,?

3) Why are the vertical developments of AEW, and AEW,
restricted to different layers of the troposphere?

4) Can the AEW-AEJ interaction be illustrated in
terms of the synoptic relationship between them?

The ERA-40 reanalyses for the 1991-2000 period
supplemented with 1979 were analyzed to answer these
questions because these reanalysis data were initialized
with surface observations (Kalnay and Cai 2003; Kall-
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berg et al. 2004). Major findings of the present study are
as follows:

1) Based on the genesis frequency of the AEWs propa-
gating across 5°W, the AEW,, population is approxi-
mately 2.5 times of the AEW, population. The ma-
jority of AEWs over West Africa and off the West
African coast are contributed by AEW,.

2) The AEW, genesis by the C-T baroclinic instability
is facilitated by the collaborative effect of weak
static stability and the intrusion of the Harmattan.
Therefore, the AEW, genesis occurs more fre-
quently over the three convergent centers and the
southwestward extension of the Saharan thermal
low. Because the near-surface temperature exhibits
a pronounced diurnal variation, the AEW,, genesis
undergoes the same variation with their maximum
occurrence at 1800 UTC (when the near-surface
static stability is weakest).

3) Strong upward motion appears along the Saharan
thermal low and in the midtroposphere south of the
AEJ. Therefore, positive vortex stretching devel-
oped by upward motion in these two regions forms
a positive vorticity source of the environmental flow
below the Saharan high and the western part of the
Asian monsoon high. Consequently, these two re-
gions not only facilitate the westward propagation of
AEW, and AEW, over North Africa, but also form
an environment conducive to the layer-restricted de-
velopment of AEWs.

4) Both AEW, and AEW, develop into their mature
phase when they propagate westward across 5°W.
The passage of AEW,, (AEWj) across this longitude
occurs when the AEJ and the Saharan high are weak
(strong). These two circulation elements of North
Africa function as a separator of these two types of
westward-propagating AEWs. Because of this sepa-
ration, westward propagations of most AEW s and
AEWss are relatively independent. The AEW-AEJ
relationship does not suggest a noticeable AEW
feedback to affect the variation of the AEJ intensity.
Illustrated synoptically through the streamfunction
budget in the short-wave (waves 6-31) regime, the
AEW-AE]J interaction is primarily accomplished
through relative vorticity advection by the AEJ.

Tracing the wave history of AEW, with the ECMWF
operational archives, Reed et al. (1988a) found signifi-
cant discrepancies between forecasts and observations,
particularly over the data-sparse region of North Af-
rica. However, compared with spectral analysis of up-
per-air observations at two stations close to the west
coast of North Africa (one on the northern propagation
path and another on the southern one), Pytharoulis and
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Thorncroft (1999) showed that the Met Office global
model analysis contains all major features of the AEW
activity. We may not be able to claim that the ERA-40
reanalyses are free of data assimilation system bias, but
all major basic features of the AEW activity observed
by previous studies are well depicted by the ERA-40
reanalyses. It is certainly our hope that a denser net-
work of upper-air observations will be developed over
North Africa in such a way that the new findings of the
present study can be further verified. Nevertheless,
these findings are informative and helpful in our future
search for AEW dynamics and the impact of AEW
activity on North African climate change.

Approximately half of the North Atlantic tropical
cyclones (TCs) and tropical storms (TSs) develop from
AEWs. Thorncroft and Hodges (2001) argued that
AEW,s do not contribute to this transformation of
AEWs into TC or TS. Despite the population ratio of
AEW_/AEW, (~2.5), it was observed by the prelimi-
nary result of a companion study that the ratio of TC
and TS developed from AEW,_s and AEWs is about
1.7. The contrast between these two ratios indicates
that AEW,s are less effective in transforming into TC
or TS, but not completely negligible. In view of contri-
butions to North Atlantic TC and TS formation from
these two types of AEWs, new findings of AEW activ-
ity are useful in improving the formation forecasts of
North Atlantic TC or TS. The AEJ and the Saharan
high act as a separator of westward-propagating
AEW,s and AEWs. The impact of any climate change
on the Atlantic TC/TS activity can be accomplished
through the AEJ and the Saharan high. It has been
observed that sub-Saharan rainfall has exhibited an in-
terdecadal decline since 1960 (e.g., Nicholson et al.
2000). Because AEWs are an important rain producer
of the sub-Saharan region, the location and intensity
changes of the AEJ and the Saharan high may affect
the population, propagation paths of AEW,_ and
AEW,, and contributions of these two types of AEWs
to the sub-Saharan rainfall decline in the past five de-
cades. In short, the climatology of the AEW activity
disclosed here paves the way for further study of the
AEW characteristics and dynamics and the role played
by AEWs in North African climate change.
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F1G. Al. The 600-mb streamline charts superimposed with (a) (600 mb), (b) Q(600 mb), (c) (600 mb), and (d) £,(600 mb), and
latitude-height cross sections of 6 (thick, solid line) superimposed with (e) u, (f) Q, (g) ¢, and (h) ¢, of an AEW, case at 0000 UTC 23
Aug 1995. The AEJ at 600 mb is marked by a solid line in (a). The longitudinal location of this AEW, is marked by a heavy black bar
at the bottom of (e)-(h). Scales of (600 mb) in (a), Q(600 mb) in (b), {(600 mb) in (c), (600 mb) in (d), and their corresponding
variables in the latitude-height cross sections (e)-(h) are located at the bottom-right-hand side of (a)-(h). The contour interval of 6 for
every cross section in the right column is 5 K, while that of Q in (f) is 107°m*>s™! K kg~ ..
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APPENDIX

AEW Cases Used to Illustrate the Two Genesis
Mechanisms

The two AEW genesis mechanisms outlined in sec-
tion 3a are illustrated by the following two randomly

selected AEWs in terms of streamline charts and lati-
tude-height cross sections cutting through the pertur-
bations at their genesis locations:

1) AEW;, (at 0000 UTC 26 June 1992; Fig. Al): The
maximum activity of AEW;, is located at 600 mb
(Fig. 2). The synoptic condition of the AEW genesis
is depicted by the 600-mb streamline charts super-
imposed with different variables in Figs. Ala—d and
the latitude—height cross sections of 6 superimposed
with the corresponding variables in Figs. Ale-h. As
indicated by the genesis location (i.e., the initial lo-
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cation of this AEW, path) and the ensuing propa-
gation track (Fig. Ala), this AEW, is always located
south of the AEJ (thick, solid line) along the south-
ern rim of the Saharan anticyclone (Fig. Ala).
Large-value positive vorticity (600 mb) is associ-
ated with the identified AEW, perturbation (Figs.
Alc,g). South of the AEJ, there are strong vertical
and horizontal shears (Fig. Ale) where a sign
change of Q, appears in Figs. Alb,f. In addition to
the sign change of Q,, the negative Q, gradient is

b (d)(0,¢)(10°F)

5°N 10°N 15°N 20°N

Q
mb (e)(8,—FVV)(10°E)

5°N 10°N 15°N 20°N

F1G. A3. Latitude-height cross sections of §(10°E) superimposed
with (a) u, (b) (o, q), (c) meridional secondary condition (vp, —w),
(d) ¢, and (e) —fV -V at 10°E for an AEW,, case at 1800 UTC 21
Jun 1992. The latitudinal location of the AEW, center at the surface
is marked by a heavy black bar. The contour interval of 6 in every
cross section is 5 K. Scales of « in (a), g in (b), {in (d), and —fV -V
in (e) are located at the bottom-right-hand side of (a)-(e). The o <
0 is dotted in (b) and scales of (v,, —w) depicting the local second-
ary circulation in (c) are shown in the top-right-hand corner.

coupled with the large positive 0, gradient (Fig.
A1f). The Charney-Stern criterion (Burpee 1972) is
satisfied by the environmental flow of this AEW
and its development is supported by positive £,(600
mb) (Figs. Ald,h).

AEW, (at 1800 UTC 21 June 1992; Figs. A2-A3):
The genesis location (the initial location of this
AEW, path) and propagation track of this AEW,
are located north of the AEJ (Figs. A2a and A3a),
but underneath the Saharan anticyclone (Fig. A2a).

2)
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This AEW,, genesis occurs along the surface conver-
gence zone with pg < 1010 mb (Fig. A2b) and north
of the cool-moist monsoon air mass (Fig. A3b) along
the line of ¢ = 5g kg ! (Fig. A2c). Below 600 mb,
static stability o = 0, around the genesis location and
6, > 0 south of this location (Fig. A3b). The upward
motion coupled with the surface convergence (Figs.
A2e and A3e) facilitates the occurrence of the C-T
instability. Consequently, positive vorticity ({ > 0 in
Figs. A2d and A3d) is generated by vortex stretch-
ing (—fV-V > 0) (Figs. A2f and A3f) associated
with this instability of the lower troposphere under-
neath the Saharan high.
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