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ABSTRACT: Using 38 years of the ERA-Interim dataset, an objective tracking approach is used to analyze the origin,
characteristics, and cyclogenesis efficiency (CE) of synoptic-scale vortices initiated over West Africa and the Atlantic
Ocean. Vortices initiated over the ocean at a given pressure level often result from a vertical expansion of a ‘‘primary’’
vortex track initiated earlier over West Africa. Low-level (850 hPa) primary vortices are initiated mainly in July near the
Hoggar Mountains (248N, 58E), while midlevel (700 hPa) primary vortices are initiated mainly in August–September near
the Guinea Highlands (108N, 108W). The CE of all these vortices is about 10% in July and 30% in August. The average CE
is, however, smaller for low-level ‘‘Hoggar’’ vortices because they peak in July when the cyclogenesis potential index of the
Atlantic Ocean is weak. Seasonal and interannual modulations of the cyclogenesis is related more to this index than to the
number of vortices crossing the West African coast. Cyclogenesis is nearly equally distributed between the coast and 608W,
but the part of the cyclogenesis due to vortices initiated over West Africa decreases from 80% near the coast to about 30% at
608W. The most probable delay between the vortex vertical expansion and cyclogenesis is 2 days, but it can be up to 10 days.
This analysis also confirms previous results, such as the larger CE for vortices extending at low levels over the continent at
108N, or the delayed and therefore west-shifted cyclogenesis of low-level ‘‘Hoggar’’ vortices.
KEYWORDS: Hurricanes; Orographic effects; Vortices; Waves, atmospheric; Seasonal variability

1. Introduction
Vortices initiated over West Africa are known sources of
tropical storms and hurricanes over the North Atlantic Ocean
and are mostly associated with African easterly waves (AEWs)
(Erickson 1963; Carlson 1969; Burpee 1972; Landsea 1993;
Avila et al. 2000; Hopsch et al. 2007; Russell et al. 2017). This
relation between AEWs and cyclogenesis motivated several
observational studies on the structure of theses waves and on
their life cycle (Reed et al. 1977, 1988a; Duvel 1990; Thorncroft
and Hodges 2001), as well as theoretical studies on their
physical origin related to instabilities of the African easterly jet
(AEJ) (e.g., Thorncroft and Hoskins 1994). Vortices associated
with AEW troughs follow two main paths over West Africa
that generally merge into a single path over the Atlantic Ocean
(Reed et al. 1988a,b; Diedhiou et al. 1999; Thorncroft and
Hodges 2001; Fink and Reiner 2003; Hodges et al. 2003). The
north path coincides with the low-level monsoon trough
around 208N and consists of dry low-level vortices. The south
path coincides with the rainfall maximum around 108N and
consists of moist midlevel vortices associated with deep convection. Previous analysis (e.g., Reed et al. 1977; Diedhiou
et al. 2002) showed that the south path draws more energy from
barotropic energy conversion at the jet level, while the north
path draws more energy from baroclinic energy conversion at
lower levels. Vortices of the north and the south paths are often
coherent features over the African Continent (Carlson 1969;
Nitta and Takayabu 1985; Pytharoulis and Thorncroft 1999;
Fink and Reiner 2003) (see example in Fig. 1).
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Some ambiguities remain on the impact of north and the
south path vortices on cyclogenesis. Thorncroft and Hodges
(2001), Hopsch et al. (2007), and Dieng et al. (2017) estimated
that vortices from the north path generally dissipate shortly
after they leave the African coast, the south path being
therefore the main source of cyclogenesis. On the other hand,
Chen et al. (2008) found that among cyclogenetic AEWs, 55%
are from the north path and 45% from the south path. They
also noticed that cyclogenesis tend to form farther west on the
north path compared to the south path. With some agreement,
Ross and Krishnamurti (2007) showed that both paths may
lead to cyclogenesis, especially when they interact near the
coast. More recently, Chen and Liu (2014) considered the influence of merging dry and wet vortices on MDR cyclogenesis.
They found that among tropical cyclones (TCs) initiated from
these vortices, 70% are associated with a dry vortex merging
with a wet vortex.
The main objectives of this study are: (i) to clarify the origin
of low- and midlevel vortices of the north and the south path
and (ii) to determine the role of these vortices in cyclogenesis
depending on their origin. This study does not consider all
AEWs perturbations, but persistent vortices mostly associated
with the trough of developed AEWs. The initiation of a
vortex (see Table 1 for the definition of different terms used
in this article) can therefore be distinct from the initiation of
the corresponding AEW. For example, the initiation of a
persistent vortex (i.e., when it becomes identifiable in the
geopotential height, see section 2a) may result from the intensification of a relatively weak AEW initiated farther east.
This intensification may be due to mesoscale convective systems
(MCS) (e.g., Ritchie and Holland 1997; Montgomery et al. 2006;
Cecelski and Zhang 2013) and mesoscale convective vortex
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FIG. 1. Domain of vortex initiations (thin black) and more specifically for the north (blue)
and south (red) path vortices. The limits of the Main Development Region (MDR) (magenta)
include longitudes between 108 and 608W. Also shown is an example for two vortex tracks,
merging near the coast, and at the origin of tropical cyclone Edouard in September 2014
(markers are drawn 1 day apart). ‘‘Atlantic and coast’’ and ‘‘Continent’’ refer to areas west
and east of 108W, respectively.

(MCV) (e.g., Zhang et al. 2018) developing in the trough of the
wave. A persistent vortex at a given pressure level may also
result from an AEW reaching a critical latitude (where the
wave phase speed equals the zonal wind) favoring the creation of a ‘‘pouch’’ reinforcing the role of MCS in further
vortex intensification and cyclogenesis (Dunkerton et al. 2009;
Cecelski and Zhang 2013). To determine the origin of these
vortices, a particular emphasis is put on the conjunction, or
merging, of low- and midlevel vortex tracks. This does not
concern only the ‘‘confluence’’ of low-level vortices of the
north path and midlevel vortices of the south path (Ross and
Krishnamurti 2007; Hankes et al. 2015) generated independently or associated with a common AEW. The initiation of a
vortex track at a given pressure level may also result from the
vertical expansion of an already existing ‘‘primary’’ vortex. In
this case, it is not really an initiation but just the point at which
the vortex stretches vertically and remains vertically expanded
for the following days. This ‘‘secondary’’ vortex initiation may
for example result from vertical stretching related to the formation of MCSs and MCVs within a ‘‘primary’’ vortex. It may
also result from the perturbation, possibly linked to orography,
of the synoptic circulation near the primary vortex just before
the actual vortex merging.
As shown in Chen and Liu (2014), the merger of a low-level
dry vortex with a more intense midlevel moist vortex near the
coast favors the cyclogenesis. The development of a midlevel
vortex down to the surface generates frictional drag that may
reinforce the low-level moisture convergence associated with
the deep convection and favor cyclogenesis (Gray 1998). In
addition, the vertical expansion of the Lagrangian recirculation
(the ‘‘pouch’’) in a vortex from the midtroposphere to the
boundary layer is important for cyclogenesis (Wang et al. 2012;
Hankes et al. 2015). This vertical expansion may also appear
well before cyclogenesis, as discussed in Thorncroft and
Hodges (2001) and Hopsch et al. (2010) who showed that cyclogenetic vortices tend to extend at low levels near the Fouta
Djallon Mountains (or Guinea Highlands). This shows that the

interannual cyclonic activity of the south path could be related
in part to AEW characteristics near the coast, and not only to
environmental conditions over the ocean (Gray 1968; DeMaria
et al. 2001).
The orography may influence AEW initiation, either by its
impact on the convective activity (see, e.g., Carlson 1969;
Burpee 1972; Albignat and Reed 1980; Berry and Thorncroft
2005; Mekonnen et al. 2006; Mekonnen and Rossow 2018;
Hamilton et al. 2020) or by its impact in the setting up of a
mean state favorable to their development (Wu et al. 2009;
Hamilton et al. 2020). Orography can also promote vortex
initiation by amplifying AEWs. Indeed, the deep convection
triggered by the orography not only promotes the genesis of
AEWs in East Africa, but also their intensification over West
Africa (Hamilton et al. 2020). The role of orography on the
dynamical initiation of dry vortices was explored by Mozer and
Zehnder (1996a) using numerical simulations of a dry adiabatic
flow. They showed that barotropic instabilities resulting from
the blocking of the easterly flow by a mountain range can
produce lee vortices that propagate downstream, in particular
over West Africa (Mozer and Zehnder 1996b). A strengthening of low-level easterly winds (Harmattan) over the Hoggar
Mountains by an AEW could therefore favor the appearance
of a vortex over West Africa. The potential role of the Hoggar
Mountains on the genesis of low-level vortices for the north
path was also mentioned in Reed et al. (1988b) and in
Thorncroft and Hodges (2001). Dry low-level vortices studied
by Bou Karam et al. (2009) and that develop in the lee of
Hoggar and Aïr Mountains are also certainly related in part
to AEWs of the north path.
A detailed description of the objective vortex tracking approach and of the datasets is given in section 2. Different aspects
of the origin, the merging, and the cyclogenesis of the vortices
are analyzed in the following sections: initiation and track density in section 3, seasonal and interannual variations in section 4,
and longitudinal variations in section 5. Section 6 explores different types of vortex merging (confluence, expansion, local
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TABLE 1. Definitions of different acronyms and specific terms.

Acronyms and specific terms
Vortex

Vortex track

Atlantic vortex (AV)
North path
South path
Main development region (MDR)
Cyclogenetic Atlantic vortex (CAV)

Noncyclogenetic Atlantic vortex (NCAV)
AV merging

Primary AV
Secondary AV
Confluence
Vertical expansion (deepening)

Definition
A vortex is defined here as a synoptic-scale circulation around a local minimum in the
geopotential height of a given pressure level. This is equivalent to a closed circulation, or a
minimum of the streamfunction, in the geostrophic approximation. We consider that this
approximation is valid in most cases even if it is not strictly the case for some of the smaller
vortices. The term vortex also refers to the entire life cycle of a vortex disturbance moving
over West Africa and the Atlantic Ocean.
A vortex track is a time series of consecutive barycenter positions of a given moving vortex.
We consider only vortex tracks initiated over the domain 08–308N, 608W–508E . The
tracking is done for a larger domain 08–608N, 1308W–508E.
An AV is a vortex that spend at least 1 day over the Atlantic Ocean and enters the domain
south of 208N.
The north path is the ensemble of low-level (850 hPa) AV initiated over West Africa north
of 158N and east of 108W.
The south path is the ensemble of midlevel (700 hPa) AV initiated over West Africa south of
158N and east of 108W.
The MDR is the domain extending from 58 to 208N and from 108 to 608W.
A CAV is an AV that has at least one barycenter position within 38 of an IBTrACS system.
More than 97% of CAVs have more than four consecutive positions (1 day) in common
with their IBTrACS system.
An NCAV is an AV with all barycenter positions at more than 38 from any IBTrACS
system.
A merging of a low-level (850 hPa) and a midlevel (700 hPa) AV occurs when they are
within 38 of each other for the first time. After merging, the two AV tracks are nearly
identical in most cases (e.g., Fig. 1).
When two AVs merge, the primary AV is the older at merging time.
When two AVs merge, the secondary AV is the younger at merging time.
If both AVs are initiated long before merging (e.g., $1 day), the merging is called a
‘‘confluence’’ of the two vortex tracks.
If the secondary AV is initiated shortly before merging (e.g., ,1 day), the merging
corresponds more to a vertical expansion (or deepening) of the primary AV.

development) and their impact on cyclogenesis. The results are
summarized and discussed in section 7.

2. Data and analysis
a. Vortex detection
The vortex tracking is done for 38 seasons (June to October)
between 1980 and 2017 using ERA-Interim (ERA-I; Dee et al.
2011). This dataset has a horizontal resolution of 0.758 3 0.758
and a 6-h time step. The vortex tracking is based on the geopotential height (f) of a given pressure level (Duvel 2015; Duvel
et al. 2017). The first step of this approach is to compute a geopotential height anomaly defined as the difference between
f and its average over a region of 67.58 (i.e., 610 ERA-I grid
points). The ‘‘vortex area’’ is the ensemble of continuous grid
points with a negative geopotential height anomaly and with an
absolute value Df of this anomaly larger than a threshold Dfs.
To detect both weak and strong vortices while conserving a
reasonable vortex size, Dfs varies between a minimum value
Dfmin adapted to weak depression, and a maximum value Dfmax
adapted to strong cyclonic depression. Technically, the threshold is increased from Dfmin until it gives a vortex area with an
equivalent radius lower than Rmax 5 4.28. This value is a reasonable vortex size that allows a good overlap of the vortices
between two timesteps. For the weakest vortices, the equivalent
radius at Dfmin must be larger than 1.28. The threshold is chosen

among an ensemble Dfs 5 Dfmin 1 s2 (where s is an integer
0 # s # 40). The s2 progression of the thresholds gives a better
size adjustment capability for weak vortices.

b. Vortex track
A given vortex is tracked over time by considering the
overlap (weighted by Df) between vortex areas for two consecutive time steps. If several vortices overlap, the tracking
uses the vortex with the largest overlap. The remaining vortices
either start a new track generated by splitting or stop by
‘‘fusion.’’ The positions of the vortex track are the barycenters of
the vortex area computed considering all its grid points weighted
by Df. We consider only vortices initiated in the domain
08–308N, 608W–508E (Fig. 1), but the tracking is done for a
domain extending westward to 1308W and northward to 608N.
Since we are mostly interested in the cyclogenesis resulting
from these vortices, we consider only vortices with a barycenter that spends at least one day over the Atlantic Ocean
and that spends at least one time step south of 208N (in order
to remove vortices that do not enter the MDR). Vortices
that fulfill all these conditions are called Atlantic vortices
(AV) in the following sections.

c. Cyclogenetic vortices
If the barycenter of a vortex is located within 38 of an
IBTrACS (Knapp et al. 2010) system (regardless of its intensity)
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for at least one time step, it is considered a cyclogenetic Atlantic
vortex (CAV), the others being therefore Non-CAV (NCAV).
With this criterion, the match between the CAV and its
IBTrACS system is longer than 1 day for 97% of the CAV and
the average match is about 7 days. The first match generally
corresponds to the first time step of the IBTrACS system and is
considered here as the CAV cyclogenesis point (see the example
in Fig. 1).
The CAV statistics was also used to refine the definition of
Dfmin. CAV are indeed always detected when the corresponding TC appears over the ocean, whatever the value of
Dfmin, but the initiation of the CAV may shift westward for
large Dfmin. This is because a weak depression may break the
vortex track and gives a new vortex downstream (i.e., westward). On the other hand, a too small Dfmin produces many
weak tracks of little interest, or even inconsistent structures in
the geopotential anomaly field that reduces the number of AV.
For this study, we use the two thresholds (Dfmin 5 40 m2 s22 at
850 hPa and 50 m2 s22 at 700 hPa) that maximize the number of
CAV initiated over the continent. Using a larger Dfmin (up to
80 m2 s22) decreases this number but this has no significant
impact on the conclusions given below, in particular on the
average vortex distributions (spatial, seasonal) or on the relative impact of the north and the south path on cyclogenesis.

d. Merging between low-level and midlevel vortex tracks
A vortex track generally merges over the ocean with a vortex
track of the other pressure level (e.g., Fig. 1). The common
parts of the tracks are detected by looking at pairs of 700 and
850 hPa vortices having their barycenters located within 38 of
each other. The first time this happens is the merging time
between the two vortices and corresponds to the beginning of a
vertically expanded vortex track that generally persists until
vortex dissipation. It is thus possible to define a primary and a
secondary vortex before merging, the primary being the older
at merging time. If the secondary vortex is produced shortly
before merging (e.g., ,1 day), the merging corresponds to a
vertical expansion of the primary vortex. In this case, the primary vortex initiation can be considered as the onset of the
disturbance, e.g., the time at which a persistent closed circulation is formed near an AEW trough. If the secondary vortex
is produced long before merging (e.g., $1 day), we may consider that the two vortices are formed ‘‘independently,’’ while
possibly related to a common synoptic or large-scale feature,
and the merging corresponds to the confluence of the two
vortex tracks (e.g., Fig. 1). In this case, which roughly corresponds to the path merger studied in Hankes et al. (2015), the
primary vortex is just the older one. AV initiated at the same
time for both levels are counted as 700 hPa primary vortices.

e. Advantages and shortcomings of the tracking and
merging algorithms
AEWs and their associated vortices are complex and intermittent features with perturbation patterns depending in particular on geographical location, pressure level, and season.
Different tracking algorithms based on different physical parameters, pressure levels and processing approach are thus
susceptible to extract a different ensemble of cases. It is not
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necessarily a problem if the results are interpreted considering
the particularities of each algorithm. The vortex tracking approach used in this study is no exception to the rule. This algorithm is not designed to track all AEWs, in particular weak
AEWs which are better targeted by dedicated algorithms such
as those of Berry et al. (2007), Agudelo et al. (2011), Brammer
and Thorncroft (2015), and Belanger et al. (2016). This algorithm detects the trough of the wave as soon as it is sufficiently
developed to generate a persistent closed circulation (i.e., a
detectable geopotential minimum). This is consistent with the
approach of Thorncroft and Hodges (2001) but perhaps with a
more precise vortex location because the geopotential field is
naturally smoother than the vorticity field and does not require
the use of low resolution. The adaptive threshold makes it
possible to detect the vortex initiation at an early stage.
However, vortex initiations are probably statistically shifted to
the west compared to the initiation of the associated AEW
since, as discussed above, a vortex is initiated only when the
wave reaches a sufficient amplitude. This must be kept in mind
when interpreting the results.
Regarding vortex merging, it should be noted that a vortex
of the north path may coexist but not merge with a vortex of the
south path. These vortices are classified as nonmergers by the
algorithm while they are theoretically part of the same perturbation. Some low-level vortices on the north path are
therefore not considered to be cyclogenetic whereas they
can influence cyclogenetic vortices of the south path via a
modification of the environmental flow (e.g., Brammer and
Thorncroft 2015, 2017). These cases are probably not very
frequent as the two paths generally merge over the ocean (e.g.,
Reed at al 1988a,b; Diedhiou et al. 1999; Thorncroft and
Hodges 2001; Ross and Krishnamurti 2007).
For some mature AEWs, the midlevel vortex of the south
path may first expand downward and then merge with a lowlevel north path vortex, temporally forming a system with one
midlevel vortex and two low-level vortices (e.g., Carlson 1969;
Berry and Thorncroft 2005). The couple of low-level vortices
generally join over the ocean west of the Guinea Highlands.
The algorithm considers those cases, but associates the midlevel track with either the north or the south low-level track
(quite randomly since it is based on the vortex overlap at
‘‘fusion’’ time, see above). The other low-level track becomes
either a nonmerging AV or is eliminated if it does not fulfil the
AV criteria before fusion. As shown in Ross and Krishnamurti
(2007, such fusion between low-level vortex tracks near the
coast is the exception rather than the rule.

3. Vortex initiation and track density
a. All Atlantic vortices
Over West Africa, AV are initiated mostly north of 158N at
850 hPa and south of 158N at 700 hPa (Figs. 2a,b). At 700 hPa
(Fig. 2a), AV initiations are maximal at 108N and west of the
Fouta Djallon Mountains in agreement with previous results
(e.g., Thorncroft and Hodges 2001; Berry and Thorncroft 2005;
Chen 2006; Hopsch et al. 2010). This is likely associated with
AEW reinforcement by latent heat release in organized deep
convection that generally develops in the lee side of high
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FIG. 2. Initiation density of the barycenter of all Atlantic vortices (AV) detected at (a) 700 and (b) 850 hPa
between June and October 1980–2017. AV are vortices spending at least 1 day over the Atlantic Ocean. Fields are
smoothed by a 58 3 58 running mean. The first contour (dotted line) is 0.5 and the increment is 1. The total number
of AV initiations is reported in the top-right corners.

terrain (Laing et al. 2008). There are two secondary maxima
at 58 and 308E that are located east of the Cameroon and the
Ethiopian Highlands (only results west of 308E are shown to
focus on regions with large AV density). At 850 hPa (Fig. 2b),
AV initiations are clearly related to the orography with a
large maximum centered west of Hoggar Mountains (248N,
58E) and a secondary maximum centered west of Tibesti
Mountains (208N, 168E). This relation with orography is
clearer than in previous studies, probably because of the
larger and more persistent impact of orography on geopotential compared to vorticity. The precise physical origin of
these AV initiations is not studied in this paper. They are not
necessarily the signature of AEW initiations, but they do
show the influence of orography in forming persistent lowlevel closed circulations that propagates westward to the
ocean. For the 38 seasons (JJASO), the number of AV initiated in our domain (608W to 508E) is comparable for both
pressure levels (;1700 or about 45 by season). More details
are given below for initiation density maps of nonmerging
AVs (Fig. 3), merging noncyclogenetic AVs (NCAV; Fig. 4),
and cyclogenetic AVs (CAV; Fig. 5).

b. Nonmerging Atlantic vortices
Nonmerging AVs are disturbances with no persistent vertical expansion and they are generally not cyclogenetic.
Initiations of nonmerging AV (Fig. 3) are more evenly distributed over the domain compared to the AV ensemble,
with a relatively higher density over the Atlantic Ocean. In
fact, vortices initiated over land and reaching and staying
over the ocean for at least one day have certainly more chance
to be stronger vortices since the weaker ones will dissipate
before reaching the ocean. On the contrary, AV generated

over the ocean can be short-lived systems (i.e., 1 day). This
fact certainly contributes to increase the proportion of weak
nonmerging and noncyclogenetic AVs over the ocean. At
700 hPa (Fig. 3a), a particular pattern is underlined in the
northwest sector of the domain with AV generated north of
158N at midlevel and that propagate southwestward over the
ocean. These midlevel vortices are probably linked to the
Moroccan vortex (Cheng et al. 2019) generated by the interaction between the AEW and the basic-state potential
vorticity gradient.

c. Noncyclogenetic Atlantic vortices (NCAV)
Midlevel primary NCAVs (Fig. 4a) are mainly initiated
around 108N over the ocean west of Guinea Highlands and
over land west of Cameroon Highlands and Jos Plateau. Only a
few low-level secondary NCAVs (Fig. 4c) are initiated at 108N
and may correspond to local downward expansion of midlevel
vortices. Low-level secondary NCAVs are mainly initiated
around 158N over the ocean and thus north of the midlevel
vortex track (see Fig. 6) and the merger occurs mostly near
208W (Fig. 4e). These mergers may correspond to dry vortex
mergers studied in Chen and Liu (2014). Low-level primary
NCAVs (Fig. 4b) are mainly initiated near the Hoggar
Mountains and have thus a totally different density pattern
compared to low-level secondary NCAVs (Fig. 4c). These
primary vortices do not dissipate over the ocean, but rather
merge west of 208W (Fig. 4f) with midlevel vortices initiated
mostly to the west of the Guinea Highlands (Fig. 4d). The
maximum merging density (Figs. 4e,f) is shifted west by only a
few degrees compared to the maximum initiation density of
secondary NCAV. This shows that the merging occurs generally shortly after the initiation of the secondary vortex and may

FIG. 3. As in Fig. 2, but for AV tracks that do not merge with an AV track of the other pressure level.

Unauthenticated | Downloaded 01/09/23 11:34 PM UTC

590

MONTHLY WEATHER REVIEW

VOLUME 149

FIG. 4. As in Fig. 2, but for initiation density of the barycenter of not cyclogenetic Atlantic vortices (NCAV)
detected at (a) 700 and (b) 850 hPa and that merge with a secondary AV track of the other pressure level. (c) Initiation
density of secondary vortices at 850 hPa associated with a primary vortex at 700 hPa. (d) Initiation density of secondary
vortices at 700 hPa associated with a primary vortex at 850 hPa. Merging position density for the barycenter of the
primary vortices at (e) 700 and (f) 850 hPa. The first contour (dotted line) is 0.5 and the increment is 1.

therefore be considered as a vortex deepening, even if the
secondary vortex is initiated at some distance from the primary
vortex track. However, among the secondary vortices initiated
over the continent east of 108W, some are initiated south of
158N at 700 hPa (Fig. 4d) and north of 158N at 850 hPa (Fig. 4c)
while there is no local primary vortex counterpart. This reveals
initiations of independent north and south vortex tracks that
will later merge by confluence (see section 6).

d. Cyclogenetic Atlantic vortices (CAV)
Figure 5a suggests that there are relatively more CAV initiated over the continent. The ratio between initiations occurring east and west of 108W is indeed 1.5 times greater for the
CAV compared to NCAV. This shows that AEWs that
develop a vortex farther east at the jet level have more chance
to be cyclogenetic. Many secondary low-level CAV are also
initiated (Fig. 5c) and merge (Fig. 5e) over the continent, in
good agreement with previous studies showing that cyclogenetic AEWs generally extend at low levels over the continent (see section 5b). For CAV, maximum initiation and
merging are both on the coast near 108N, suggesting a large
influence of deep convection on the vertical expansion. This
downward expansion is also more distributed in longitude for
CAV compared to NCAV. Some secondary vortices appear
west of 308W over the ocean (Fig. 5c), corresponding to late
downward expansion and cyclogenesis. A more detailed
analysis (not shown) reveals that: (i) the maximum cyclogenesis
west of 208W (Fig. 5g) is related to downward expansion near the
coast and over West Africa along 108N and (ii) that the smaller
cyclogenesis maximum west of 308W is related to secondary
CAV initiated (Fig. 5c) north of 158N near 208W.

Low-level primary CAV initiations (Fig. 5b) are more frequent near the Hoggar Mountains, but there are also some
initiations near 108N over West Africa showing that cyclogenetic low-level vortices may lead slightly midlevel ones on
the south path. Midlevel secondary CAV are initiated mainly
near the coast, around 358W and west of 508W (Fig. 5d). Those
formed over the ocean merge rapidly and correspond to a local
upward expansion of the low-level vortices (Fig. 5f) shifted
westward for CAV compared to NCAV. Cyclogenesis of vortices initiated near Hoggar and Tibesti Mountains is also
shifted westward compared to the cyclogenesis of vortices
initiated at the jet level, with a weak cyclogenesis near 258W
(Fig. 5h). This agrees with the results of Chen et al. (2008)
showing that disturbances of the north path take longer to
initiate a TC.
Compared to the NCAV ensemble, CAV have a more variable initiation distribution for both primary and secondary
vortices. While most NCAV mergers occur near the coast just
west of 208W (Figs. 4e,f), CAV mergers occur either farther
west over the ocean or over land and at the coast for downward
expansion of midlevel vortices (Fig. 5e). This suggests that
there are specific or favorable processes for the vertical expansion of the vortices before cyclogenesis over these regions,
related for example to pouch formation over the ocean and to
the development of deep convection over land.

e. Initiation and cyclogenesis statistics
A summary of the distribution of primary AV initiations and
of their influence on cyclogenesis is reported in Table 2.
Summing all primary AVs initiated over the north and the
south path domains, there are 938 initiations and thus about
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FIG. 5. (a)–(f) As in Fig. 4, but for initiation density of cyclogenetic Atlantic vortices (CAV). (bottom) The
density of the first match between a CAV and an IBTrACS system for (g) 700 and (h) 850 hPa primary vortices. This
match generally corresponds to the first time step of an IBTrACS system and is considered here as a cyclogenesis.
The first contour (dotted line) is 0.125 and the increment is 0.25.

25 by season (JJASO) (Table 2a). As expected, because we
detect only developed AEWs, this is small compared to the 43
AEWs initiated over West Africa per season (JJAS) in Chen
(2006) and the 61 AEWs per season (MJJASON) in Avila et al.
(2000) that suggest a quite continuous wave activity with more
than one trough crossing the coast every 3 or 3.5 days.
Compared to the present analysis, Chen (2006) found a more
comparable number of initiations for the south path (;13 by
seasons), but a larger number of initiations for the north path
(;30 by season), suggesting that a larger proportion of weak
AEWs are not selected by our approach for the north path.
About 23% of primary AV initiated on the south path are
cyclogenetic compared to only 10% on the north path (Table 2b).
For the 38 hurricane seasons, there are 305 IBTrACS systems
(about 57% of the total number of North Atlantic systems)
initiated south of 208N, 217 in the MDR and 88 west of 608W.
Over the MDR, 16% of the cyclogenesis is due to low-level
primary AV of the north path and 38% to midlevel primary
AV of the south path (Table 2c). In total, 62% of the MDR
cyclogenesis is due to primary AV initiated east of 108W at
both pressure levels. However, this percentage drops to 30%
of the entire North Atlantic cyclogenesis. This is half of the
cyclogenesis due to AEWs found in previous studies (e.g.,
Avila et al. 2000; Chen et al. 2008; Russell et al. 2017) using a
subjective AEW detection. This suggests that about half
of these cyclogenetic AEWs are associated with a vortex

initiated east of 108W, the remainder being mainly initiated
near the coast (Fig. 5a).
Only 38% of the MDR cyclogenesis is due to primary AV
initiated locally over the Atlantic Ocean and coastal regions
at either 700 hPa (20%) or 850 hPa (18%) (Table 2c). These
primary AV are more numerous compared to continental
primary AV, especially at 700 hPa where there is a large
concentration near the coast (Figs. 4a and 5a), but they have
a weak cyclogenesis efficiency (9% at 700 hPa and 11%
at 850 hPa) (Table 2b). West of 608W and south of 208N
(Table 2d), only 37% of the cyclogenesis is associated with
AV coming from eastern regions: 12% from the continent
and 25% from the Atlantic Ocean and coastal regions. This
shows that cyclogenesis occurring far from the West African
coast have logically little chance to be associated with a
persistent vortex initiated over West Africa or near the coast
(see also section 5).

f. Track density
A track density map gives the probability of presence of a
vortex of a given type. The track density is maximal around
258W for both levels and for all NCAV types (Fig. 6). This is
due to the superposition of AVs just initiated near the coast
and those initiated over the continent and not yet dissipated
over the ocean. The speed of the vortex barycenters also tends
to slow down and thus to increase the vortex occurrence at
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FIG. 6. Track density for (a),(b) AVs that do not merge; (c),(d) primary merging NCAV; and (e),(f) corresponding
secondary NCAV at the other level. The first contour (dotted line) is 0.5 and the increment is 1.

these longitudes (not shown). For nonmerging NCAV (Figs. 6a,b)
this probability is smaller compared to primary merging NCAV
(Figs. 6c,d), mostly because of their shorter duration. There is no
clear gap in the NCAV track density near the coast. Low-level
vortices initiated near the Hoggar Mountains follow quite continuously a west-southwestward trajectory and midlevel vortices
initiated south of the AEJ follow quite continuously a westnorthwestward trajectory. Secondary NCAV (Figs. 6e,f) have a
smaller track density, not only over West Africa, but also over the
ocean because of their later development.
At 700 hPa, primary CAV track density (Fig. 7a) grows eastnortheastward from West Africa with a maximum density at
258W and a large track density until the western boundary. As
expected, associated secondary track density at 850 hPa is
smaller over the continent and is maximal farther west over the
ocean (Fig. 7c). The track density of primary CAV at 850 hPa
(Fig. 7b) is very different with a maximum shifted southwestward near 408W over the ocean. There is a weak south-path
track associated with low-level primary CAV initiated over
West Africa. At 158W, the maximum track density jumps from
208 to 158N, suggesting a discontinuity of AV tracks near the
coast for CAV. This is not due only to primary vortices initiated near the coast. Low-level CAV initiated near the Hoggar
Mountains have indeed a similar track density pattern (not
shown) and are thus not dissipated near the coast. This discontinuity may be associated with the feature described in
Chen and Liu (2014) that intense AEWs tend to shift dry lowlevel vortices southwestward before favoring cyclogenetic
merge with a midlevel vortex.

4. Seasonal and interannual variation
Previous analyses (e.g., Duvel 1990; Thorncroft and Hodges
2001; Hopsch et al. 2007; Ross and Krishnamurti 2007) generally

found that north path activity is larger at the beginning of the
season and south path activity at the end of the season (August
and September). As shown in Fig. 8, this seasonal variation is
mostly related to the number of primary merging AV initiations
(NAV) over West Africa (Fig. 8b) which is maximum in July at
850 hPa and in August at 700 hPa. Since primary AV at 850 hPa
are mostly initiated near Hoggar Mountains (Figs. 4b and 5b),
this illustrates the large efficiency of these orographic processes
at the start of the hurricane season. For both pressure levels, the
number of primary CAV initiations (NCAV) over West Africa is
small in July, maximal in August, and decreases for the following
months. AVs initiated near the coast (Fig. 8a) and nonmerging
AV (Figs. 8c,d) have a weak seasonal variation. For coastal regions (Fig. 8a), NAV is more evenly distributed along the season
with values of about 1 month21 at 700 hPa and 0.5 month21 at
850 hPa.
The cyclogenesis efficiency (CE 5 NCAV/NAV) of primary
AV initiated over West Africa is maximal in August (;30%)
and small in July (,10%) for both paths (Fig. 9a). Both paths
have thus an equivalent CE for July and August. This is consistent with Agudelo et al. (2011) who showed that about 80%
of the seasonal cycle of CE is determined by the large-scale
environment over the ocean that is optimal in August and
September (Emanuel and Nolan 2004; Tippett et al. 2011;
Menkes et al. 2011). The low average CE for the north path
(10%) in Table 2b is thus mostly due to its unfavorable
seasonal phase with maximum vortex initiations in July.
According to previous results (e.g., Duvel 1990; Ross and
Krishnamurti 2007), AEW amplitude and low-level vorticity
near the coast is also maximal in August–September, that
could explain part of the relation between south path vortices intensity and cyclogenesis.
The Merging Efficiency (ME) index that is just the proportion of merging AV represents the ability of the vortices to
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TABLE 2. Statistics on the number of primary AV initiations and the proportion of cyclogenetic AVs (CAVs) for different regions of
initiation and the contribution of AVs coming from these initiation regions to cyclogenesis over the MDR and over regions west of 608W
and south of 208N. North and south path initiation regions are located east of 108W and north and south of 158N, respectively (Fig. 1).
The ‘‘continent’’ statistics corresponds to the summation of north and south path statistics. The statistics are shown for each pressure level
(850 and 700 hPa) and on average for both pressure levels for the continent and for the Atlantic and coastal regions. Numbers in boldface
type represent the main contribution for the north and the south path.
Primary AV initiations
(a) No. of AV
initiations
Region of initiation

Impact on cyclogenesis

(b) Proportion of
CAV (%)

(c) Proportion
cyclogenesis
MDR (%)

(d) Proportion
cyclogenesis western
regions (%)

850 hPa

700 hPa

850 hPa

700 hPa

850 hPa

700 hPa

850 hPa

700 hPa

North path
South path
Continent, east of 108W

428
54
482

32
424
456

10
26
12

16
23
23

16
6
22

2
38
40

5
1
6

0
6
6

Atlantic and coast, west of 108W

562

770

11

9

18

20

11

938

17

1332

deepen and could be also related to the cyclogenesis. The ME
for primary AV initiated over West Africa (Fig. 9b) has however high values for the north path between June and August
with no correlation with CE. Nevertheless, the smaller ME in
September at 850 hPa may be at the origin of the corresponding
smaller CE. This shows that the vertical deepening of a vortex
is a necessary but not a sufficient condition for cyclogenesis
and that a larger ME does not necessarily lead to a larger CE
at the seasonal time scale.
Primary AVs initiated in August and September over West
Africa have an averaged CE of 26% that agrees well with the
value found by Agudelo et al. (2011). This CE is however very
variable from one year to another (Fig. 9c). This suggests that
the cyclogenesis does not depend on the number of AVs initiated over the continent during the active season. According
to Agudelo et al. (2011), about half of the interannual variability of the cyclogenesis may be attributed to variations of the
large-scale environment. Our result suggests that the remaining part is not due to the number of AV generated over West
Africa, but rather to vortex intensification due to more local

10

62

12

38

14
25

and stochastic process (such as the development of MCSs
and MCVs).

5. Longitudinal variations of cyclogenesis
a. Impact of the CAV origin on the cyclogenesis longitude
The average number of cyclogenesis is quite evenly distributed with longitude (Fig. 10). However, the CAV origin
(West Africa, coast or open ocean) strongly depends on the
cyclogenesis longitude. Vortices initiated over West Africa are
the main contributor for the MDR cyclogenesis (62% on average, Table 2c) with a cyclogenesis fraction that gradually
decreases from 80% near the coast to about 30% at 608W. The
large fraction near the coast may be due to the fact that many
AV initiated over West Africa are already strong and vertically
developed when arriving over the ocean. These vortices increase low-level convergence and possibly create a ‘‘pouch’’
effect (Dunkerton et al. 2009) that may promote deep convection and cyclogenesis near the coast. The comparison of
Figs. 5g and 5h shows that most of the cyclogenesis near the

FIG. 7. As in Fig. 6, but for (a),(b) primary CAVs and (c),(d) corresponding secondary CAVs. The first contour
(dotted line) is 0.125 and the increment is 0.25.
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FIG. 8. Seasonal variation of the average monthly number of primary AV (NAV; filled circles) and CAV (NCAV;
open circles) initiations at 700 (red) and 850 hPa (blue) for (a) merging AV initiated near the coast (between 108 and
208W); (b) merging AV initiated over West Africa (east of 108W). (c),(d) As in (a) and (b), but for nonmerging AV.

coast is due to the moist midlevel CAVs of the south path and
not to the dry low-level CAVs of the north path that take more
time to trigger cyclogenesis. The cyclogenesis fraction due to
CAV initiated over the ocean increases from 0% at 208W to
about 40% at 608W. Such CAV initiation and intensification
over the ocean may be related to local development of organized deep convection, possibly triggered by weak AEWs
formed farther east over West Africa. By contrast, the cyclogenesis fraction due to primary AV initiated near the coast is
quite constant with longitude (;20%), probably because it
mixes the process of the two other regional sources of CAV.

b. Vortex intensity and vortex merging
The impact of vortex intensity on CE may be studied by
comparing average CAV and NCAV intensity as a function of
longitude or relative to merging time. For the south path at
700 hPa (Fig. 11a), the primary NCAV intensity is relatively
constant with longitude with a slight increase west of 08 and a
slight decrease over the ocean. This agrees with the average
growth rate reported in Thorncroft and Hodges (2001). As
expected, the CAV intensity is larger and increases westward
over the ocean, mostly because of the increasing TC proportion
and TC strength. An interesting point is that CAV intensity is
also significantly larger between 58W and the coast (Fig. 11a),
showing that AV having a large intensity over the continent are
more likely to be cyclogenetic. This is compatible with Hopsch
et al. (2007) who showed that AEW variance near the coast is
positively correlated with the number of TCs at interannual time
scale. This also agrees with previous studies (Thorncroft and
Hodges 2001; Hopsch et al. 2010; Agudelo et al. 2011; Arnault
and Roux 2011; Brammer and Thorncroft 2015) showing that

characteristics of the AEW trough (low-level vorticity, column
humidity, vertical velocity and other parameters related to deep
convection) between 08 and the coast have an influence on further wave development and cyclogenesis. Other features such as
the effect of consecutive AEW troughs (Dieng et al. 2017) may
also have an influence on AEW development near the coast. The
intensity of north path NCAV (Fig. 11b) is larger over land at
850 hPa compared to 700 hPa. While this intensity decays
strongly near the coast, as noticed by Thorncroft and Hodges
(2001), it remains stronger or equal to the NCAV intensity of the
south path for all longitudes. Although less significant than at
700 hPa, there is also a tendency for a larger CAV intensity near
the coast at 850 hPa.
The downward deepening of 700 hPa vortices is associated
with a transitory intensification for both CAV and NCAV
(Fig. 11c). The upward deepening of 850 hPa vortices corresponds to a pause in an intensity decrease over the previous
2 days (Fig. 11d). The CAV intensity becomes significantly
larger than the NCAV intensity about 36 h after vortex deepening, partly because of the progressively greater TC occurrence westward. Cyclogenesis generally occurs after vortex
deepening (Figs. 11c,d) with most probable delay around
2 days, but cyclogenesis can occur up to 10 days after vortex
deepening. The consistent timing between the deepening and
the cyclogenesis demonstrates the remarkable agreement between IBTrACS and the vortex dynamics in ERA-I.

6. Different types of vortex merging
The previous sections present the difference between primary and secondary vortices, but with no consideration of the
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FIG. 9. Seasonal variations of (a) cyclogenetic efficiency (CE) and (b) merging efficiency (ME) for primary AV
initiated east of 108W and south of 158N at 700 hPa (red) and north of 158N (blue) at 850 hPa. Average for both
paths (black). (c) As in (a), but for interannual variations of the mean CE for August and September.

delay between initiation and merging. However, the nature of
the merging can be interpreted differently depending on this
delay. Four merging categories are illustrated in Fig. 12 based
on the merging types described in section 2d. The first category
(Fig. 12a) corresponds to the confluence of two vortex tracks.
The second category (Fig. 12b) corresponds to a local development of the depression, related for example to MCSs, with
delay #1 day between initiation and merging for both levels.
The next two categories (Figs. 12c,d) correspond to a delay
between initiation and merging .1 day for the primary vortex

and #1 day for the secondary vortex. This is interpreted as a
vertical expansion of the primary vortex. The 1-day threshold is
somewhat arbitrary among reasonable values (say between
12 h and 2 days). It is chosen because it gives a relatively homogeneous distribution of the four merging categories (between 21% and 30%) and it makes it possible to identify quite
clearly the source of the vortices for each category (Fig. 13).
For merging happening more than one day after vortex
initiations at both levels, initiation density maps clearly reflect
the north and the south paths over the continent and near the

FIG. 10. Longitudinal distribution of the proportion of cyclogenesis as a function of the
easternmost initiation region of the CAV at either 700 or 850 hPa: West Africa (red), coast
(green), and ocean (blue). The dotted curve represents the longitudinal distribution of the
season-average number of cyclogenesis.
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FIG. 11. Longitudinal distribution of the average vortex intensity (maximum Dgz in the ‘‘vortex area’’) for primary CAV and NCAV tracks initiated east of 108W and between (a) 58 and 158N at 700 hPa and (b) 158 and 258N at
850 hPa. (c),(d) As in (a) and (b), but for the average vortex intensity as a function of the delay relative to the vortex
deepening for deepening occurring west of 108W (i.e., for already formed continental AVs). The shading represents
the uncertainty on the average values for a 99% significance level. In (c) and (d), the bar graph represents the
number of vortices with a given delay between vortex deepening and cyclogenesis.

coast (Fig. 13a). This ‘‘confluence’’ category represents 25%
of the mergers. The shift of the merging densities between the
two pressure levels (Fig. 14a) shows that the low-level vortex
is located northwest and therefore slightly ahead of the
midlevel vortex at merging time. This merging category is
associated with 23% of the cyclogenesis, mostly east of 308W.
These mergers peak in July and August (Fig. 15a) and give a

CE of about 20% in August and September that agrees with the
value found by Hankes et al. (2015) for a similar definition of the
confluence of north and south path vortices (but not identical
since they consider only cyclogenesis east of 408E).
Initiation density maps for fast merging vortices (Fig. 13b) is
concentrated offshore, west of the Guinean coast, for both
levels. As expected for these fast mergers that corresponds to a

FIG. 12. Schematic illustrating the four merging categories of the 700 (red) and 850 hPa (blue) vortex tracks:
(a) merging of vortices of the north and the south paths, (b) local vortex development, (c) downward expansion of a
vortex of the south path, and (d) upward expansion of a vortex of the north path. The proportion of each merging
category is reported in the bottom left of each panel.
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FIG. 13. Initiation density (number per season per 108 box) for 700 (red) and 850 hPa (blue) Atlantic vortices
belonging to merging categories a, b, c, and d in Figs. 12a–d, respectively. The first contour (dotted line) is 1 and the
increment is 1. The black dots correspond to the location of cyclogenesis (first match with an IBTrACS system). The
proportion of merge and of cyclogenesis are reported in the top-right boxes for each category. Fields are smoothed
by a 58 3 58 running mean.

local vortex development, initiation (Fig. 13b) and merging
(Fig. 14b) density maps are quite similar. These fast merging
vortices are associated with 24% of the cyclogenesis, with a clear
maximum for occurrence and CE in September (Fig. 15b).
Downward deepening of primary 700 hPa vortices (Fig. 13c)
concerns mostly midlevel vortices initiated over the continent,
those initiated offshore west of the Guinean coast being fast
mergers (Fig. 13b). Only a few midlevel vortices expand downward over the continent, mostly near the Guinea Highlands. The
most part expands downward by merging with low-level vortices
initiated over the ocean around 158N (Figs. 13c and 14c). This
category represents the largest amount of cyclogenesis (37%),
mostly near the coast, with a peak activity in August and
September (Fig. 15c). Upward deepening of primary 850 hPa
vortices (Fig. 13d) concerns mostly low-level vortices initiated
west of the Hoggar and Tibesti Mountains. A few of these vortices expand early over the continent, but most of them expand
over the ocean near 208W by merging with midlevel vortices
initiated west of the Guinea Highlands (Figs. 13d and 14d). The
midlevel vortices are clearly located south of the low-level vortices at merging time (Fig. 14d), suggesting that these midlevel
vortices are induced by the synoptic dynamical perturbation of a
low-level vortex and not by deep convection developing into the

low-level vortex. This category is relatively frequent (24%), but
represents only 16% of the cyclogenesis. This is mostly due to
the fact that these mergers peak in July (Fig. 15d) when the
MDR cyclogenesis potential index related to the large-scale
environment is weak. Note that CE is large in September for this
merging category compared to the ensemble of low-level primary AV (Fig. 9a) that includes nonmergers.

7. Conclusions
a. Importance of distinguishing primary and
secondary vortices
This study shows the importance of considering at least two
pressure levels, one in the low-level monsoon and Harmattan
flows (850 hPa) and one in the AEJ (700 hPa), in order to take
into account the complexity of vortex initiation processes over
West Africa. Figures 4 and 5 shows that many vortex tracks
initiated near the coast or over the Atlantic Ocean result
from a vertical expansion of primary vortices initiated over
West Africa where they follow very distinct paths depending
on the pressure level. As illustrated in Figs. 13a and 14a, about
25% of mergers are confluences between north and south path
vortices initiated independently over West Africa (such as the

FIG. 14. As in Fig. 13, but for the merging density. The first contour (dotted line) is 1 and the increment is 1.
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FIG. 15. Seasonal variation of the number of merges due to AV (red) and to CAV (black) for the four merging
categories of Fig. 12. The gray filled curves represent the cyclogenesis efficiency.

case shown in Fig. 1) or near the coast. For the ‘‘expansion’’
categories c and d and even for the ‘‘local development’’ category b, the merging does not generally occur at the same place
as the initiation of the secondary vortex (Figs. 13 and 14). This
suggests that some secondary vortices do not develop vertically
from the primary vortex, but nearby due to the dynamic influence of this primary vortex. This can be for example the case
for the dry low-level vortices that are associated with midlevel
vortices described in Chen and Liu (2014) and that have a
signature near 158N in Figs. 4c, 5c, 13a, and 13c.
In agreement with Chen et al. (2008), merging categories
involving the north path tend to delay the cyclogenesis to the
west. The vortex deepening associated with merging is a necessary but not a sufficient condition for cyclogenesis. The
deepening tends to increase the vortex strength, especially for
midlevel primary vortices (Fig. 11c), but this is generally not
sufficient for cyclogenesis. The cyclogenesis efficiency increases for vortices that deepen over West Africa or near the
coast, but it also largely depends on environmental conditions,
as discussed above. Cyclogenesis occurs more often about two
days after deepening, but it can be delayed for up to 10 days.

b. Seasonal and interannual variations of continental
primary vortices
The number of primary vortices produced on the north path
is maximal in July and gradually decreases in August and
September. For the south path, this number is maximal in
August and September. Since the cyclogenetic potential index
of the MDR is far larger in August and September compared to
July, the south path is more efficient for cyclogenesis (23% of
CAV) compared to the north path (10% of CAV). However,
the cyclogenetic efficiency is about 30% for both paths in
August, suggesting that low-level north path vortices are nearly
as efficient as midlevel south path vortices when the cyclogenesis potential index is high. The interannual variation of
the total number of AV produced in August and September
over West Africa is not correlated with the cyclogenesis.
This suggests that seasonal and interannual modulations of
the cyclogenesis over the North Atlantic is related more to

large-scale environmental conditions than to the number of
vortices crossing the West African coast. This is not a common
tendency for other basins and time scales. For example, the
MJO modulation of cyclogenesis over the Indian Ocean is
more linked to the number of vortices than to the intensification of these vortices (Liebmann et al. 1994; Duvel 2015). For
the Atlantic Ocean, the weak impact of the number of vortices
can be tentatively attributed to the large and sustained number
of vortices produced over West Africa and near the coast
during the whole season. These numerous vortices may seed
cyclogenesis over the MDR as soon as local environmental
conditions are favorable. As shown in Fig. 10, this process is,
however, mostly valid near the coast and is progressively replaced toward the west by local vortex initiations due for example to MCS organization or to AEWs reaching a critical
layer. Patricola et al. (2018) showed that the cyclogenesis frequency is maintained in a climate model if the AEWs are
suppressed. This is because the model generates TCs by other
mechanisms. In nature, however, it is possible that the cyclogenesis will be reduced, especially near the coast, if the AEW
activity decreases significantly. This will be the case if the development of a local vortex is not as efficient for cyclogenesis as
the triggering by an already closed circulation coming from
West Africa. In such a case, the excess of convective instability
(and ocean heat content) could be released gradually by a
succession of MCSs rather than rapidly by a single TC. In
global warming simulations, current GCMs indicate an increase in the north path intensity and a decrease of the south
path intensity (Skinner and Diffenbaugh 2014; Hannah and
Aiyyer 2017; Kebe et al. 2020). Brannan and Martin (2019) also
showed a shift of the south path amplitude toward the end of
the season. These changes may influence the longitudinal distribution of the cyclogenesis and the average cyclogenesis by
modifying the seasonal phase of the AEW activity.

c. North path and orography
This analysis clearly shows the fundamental influence of
the Hoggar Mountains on the initiation of persistent dry vortices of the north path. This agrees with the recent study of
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Hamilton et al. (2020) who showed, using a high-resolution
model, that the wave kinetic energy at low level is reduced
north of 158N over West Africa when the orography is reduced
or removed. Previous results of Mozer and Zehnder (1996b),
while based on a coarser resolution and simplified dry model,
give interesting additional information on this vortex genesis
process. In their model the easterly flow is blocked by the
Hoggar Mountains and forms a low-level jet primarily to the
south. When the simulation starts, a vortex develops west of
the Hoggar Mountains as a transient disturbance that moves
downstream. The dry vortex genesis region west of the Hoggar
Mountains could thus result from episodic reinforcements of
the northeastern wind (Harmattan), related for example to
intraseasonal pulsation of the West African heat low (Lavaysse
et al. 2010), that would cause the development of such transient
disturbances. This agrees with a hypothesis of Chen (2006) that
the baroclinic instability at low levels may be triggered by the
intrusion of dry northerlies and transported westward by the
Harmattan. This also agrees with Thorncroft and Rowell
(1998) who showed a positive correlation between the strength
of the easterly low-level wind and the AEW activity in a GCM,
possibly due to the resulting stronger interaction with the
orography. Further analysis using the vortex dataset obtained
here and ECMWF reanalysis could provide an interesting assessment of the role of these orographic processes on the origin
of the dry north path vortices.
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