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Abstract Numerical simulations of three separate events
of tropical cyclogenesis (TC-genesis) off the West African
coast between the years of 2006 and 2008 were performed.
The purpose of this study was to investigate the processes
that take place during the transition of an African easterly
wave (AEW) and any associated mesoscale convective
systems (MCSs) as they progress from continental West
Africa into the maritime environment of the eastern
Atlantic Ocean. Three tropical cyclones that were associated with AEWs and related MCSs over continental West
Africa that progressed off the coast, later achieving at least
tropical storm (TS) strength, were selected to be investigated. The three tropical cyclones were: TS Debby (2006),
Hurricane Helene (2006), and TS Josephine (2008). The
Weather Research and Forecasting (WRF) model was utilized to conduct numerical model simulations beginning
72 h prior to each system’s AEW being classified as a
tropical depression (TD). Results demonstrated that the
model was able to recapture the evolution of each MCS in
association with AEWs during all three events. The sensitivity experiments of the impact of topography (i.e.,
Guinea Highlands) suggested that the elevation of the
Guinea Highlands plays a significant role in relation to
TC-genesis, even though the highest peaks of the Guinea
Highlands are only approximately 1,300 m. Simulation
results supported that topographical blocking and northwest
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deflection of strong southwest winds from the Atlantic
played an important role in the enhancement of low-level
cyclonic circulation. Without the presence of the Highlands, wind speeds associated with each circulation by
simulation’s end were either weaker or the simulation
failed to generate a circulation completely. As the MCSs
developed along the coast, they became phase locked in the
downstream flow of an AEW as it exited the West African
coast. The MCS in each event acted as a catalyst for
TC-genesis with the associated AEW. Without the Guinea
Highlands, the MCS features were either weakened or
failed to develop, thus hindering TC-genesis for these three
cases.

1 Introduction
About half of the tropical cyclones that form in the Atlantic
can be attributed to African easterly waves (AEWs) that
move off the West African coast (Frank 1970; Burpee
1972). The dynamics behind AEW formation are dependent on several factors. Although there are still discrepancies in fully understanding AEWs, it is generally
believed that AEWs develop from a region in the core of
the African easterly jet (AEJ) and meridional gradients of
low-level potential temperature poleward of the AEJ. From
which, perturbations to the meridional gradients of potential vorticity (PV) have corresponding mixed barotropic–
baroclinic growth mechanisms (e.g., Thorncroft et al.
2003). The Intertropical Convergence Zone (ITCZ) has
been found to have a large impact on the formation of the
AEJ, thus affecting AEW formation and subsequent precipitation (Janicot 1992). Each of the AEWs in this study
had either circular or squall line MCS features, or both,
associated with them during their progression across
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continental West Africa towards the coast. Hopsch et al.
(2007) summarized that the majority of AEWs follow one
of two tracks as they progress westward and exit the West
African coast: a northern track above 15°N, or a southern
track below 15°N. The northern track typically provides
AEWs with a less conducive environment for TC-genesis
(e.g., colder sea surface temperatures, limited duration over
the Atlantic ocean, and close proximity to drier air masses),
while the majority of AEWs that are associated with
TC-genesis follow the southerly track below 15°N and
typically continue westward across the tropical Atlantic
Ocean. The location of not only the AEWs as they progress
westward, but also the location of developing MCSs, vorticity maximums, and convection in relation to the AEWs
is important in better understanding what variables are
factors in whether each AEW will develop an associated
tropical cyclone once they enter the maritime environment
of the Atlantic Ocean.
Using the 45-year ECMWF Re-Analysis, Hopsch et al.
(2007) concluded the most concentrated region of
TC-genesis between the months of May and November
from 1958 to 2002 was along the West African coast in
close vicinity to Guinea (Fig. 1). Arnault and Roux (2011)
summarized the characteristics of AEWs associated with
TC-genesis in the Cape Verde Islands region from July to
September of 2004–2008. They suggested those AEWs
which failed to develop into named storms were most
likely inhibited by an unusually dry environment and
strong vertical wind shear. Reasons as to why this region is
so active in regards to TC-genesis and the necessary conditions for cyclogenetic evolution are still the subject of
intense debate and remain of interest among the scientific
community today.
The African Monsoon Multidisciplinary Analyses
(AMMA) field campaign was conducted during the months
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of August through September in 2006 with the goal of
improving the understanding of the West African Monsoon
system and performing multidisciplinary analysis needed
to improve the prediction of its variability and its associated societal impacts (Redelsperger et al. 2006). The field
project provided a great opportunity to evaluate the transitional processes of MCSs and AEWs from continental to
oceanic environments in association with TC-genesis along
the coastal region of West Africa.
Arnault and Roux (2010) suggested that at least as
important as the intensity of the AEW trough and associated convection leaving the West African continent are two
synoptic conditions associated with the Saharan heat low;
the subtropical high pressure zone and the mid-latitude
circulation. However, only a few studies have suggested
that the Guinea Highlands play an important role in
TC-genesis off the West African coast (e.g., Chiao and
Jenkins 2010; Ventrice 2010). Therefore, numerical
experiments are necessary to determine the entirety of the
Highlands topographical influences on MCSs as well as
TC-genesis processes as they encounter the maritime
environment of the Atlantic.
Although there are numerous variables that impact
TC-genesis, as previously mentioned, the main aspect of
concentration in this research was to investigate the
impacts from the Guinea Highland topography through
numerical modeling. The scientific questions addressed in
this study were aimed towards answering: what is the role
of the Guinea Highlands in association with the structure
and evolution of MCSs that ultimately become TDs? We
intended to find such a relationship between the structure
and environment of MCSs near the coastal region in the
hopes of ultimately providing a guideline for improving
TC-genesis forecasting. The working hypothesis is that the
low-level blocking from the Guinea Highlands in association with a phase locking of AEWs and MCSs near 15°N is
a necessary condition for TC-genesis.
The remainder of this study proceeds as follows: Sect. 2
examines the background and evolution of the three events
while Sect. 3 presents the numerical model and experiment
design. Section 4 examines the results of the control simulations and sensitivity effects of terrain. Finally, summary
and conclusions are offered in Sect. 5.

2 Backgrounds and evolution

Fig. 1 Genesis density using storm tracks from May to November
(1958–2002) that passed through a bounded domain of 10–20°N and
20–50°W (considered the main development region of Atlantic
Tropical Cyclones). Scaled to number density per unit where units are
equivalent to 5°radius spherical cap (*106 km2) month-1 (adapted
from Hopsch et al. 2007)
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TS Debby (2006) and Hurricane Helene (2006) occurred
during the 2006 AMMA project, which provided more
extensive observations and data by the National Aeronautics and Space Administration (NASA) and the National
Oceanic and Atmospheric Administration (NOAA) than for
typical tropical cyclone events (Jenkins et al. 2010). The
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potential usage of 11 other cyclone events for this study
was determined by examining the Atlantic Hurricane
Season Track Map from each year’s Hurricane Season
Tropical Cyclone Reports (HSTCRs) from 2000 to 2008,
and selecting cyclone events that visually appeared to have
been classified as TDs in the vicinity (*11.9°W and
21.5°N) of TD classification for TS Debby (i.e., TD-4) and
Hurricane Helene (i.e., TD-8). The last essential similarity
for each of the cyclone events to possess was a similar
AEW track through continental Africa. The requirements
for a similar AEW track consisted of: (1) The AEW track
be a southerly track (i.e., below 15°N). (2) The AEW be
associated with squall line or MCS features that interacted
with the Guinea Highlands (Fig. 2). Thus, TS Josephine
(2008) best met the previously mentioned requirements.
2.1 Tropical Storm Debby (2006)
As displayed through Tropical Rainfall Measurement
Mission merged (TRMM MERG) imagery in Fig. 3 (constructed using the Global-merged IR brightness temperature data, merged from all available geostationary
satellites; e.g., http://mirador.gsfc.nasa.gov/collections/
MERG__001.shtml), the energy associated with TS
Debby traversed the African continent between August 16
and 21. On August 16, the relatively small system was
tracked westward across the Chad/Niger region. While
convection experienced phases of both dissipation and
regeneration, the system was poorly organized as it progressed westward across the countryside. By August 17,
the system encountered the tall mountains of eastern
Nigeria and Cameroon. Although the system began to
quickly dissipate as it traversed the mountains it sustained a
weak circulation that would later intensify over central
Africa. The system continued westward, uninhibited by any
mountainous region on August 19.
By the time the disturbance reached closer to the West
African coast, most of its associated convection had
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dissipated. There was evidence, as seen in Fig. 3a–c, that
the system splits into two disturbances. One of the disturbances eventually traveled west and dissipated over the
open Atlantic ocean while the other traveled southwest
across Senegal and Guinea. Late on August 19, the latter of
the two systems was barely discernible from infrared
imagery but began to quickly reorganize early on August
20 as low pressure remained intact off the Guinea coast
after passing over the mountainous terrain. The mountainous terrain may have actually helped the system
regenerate, as the winds near the area of low pressure may
have amplified counter-clockwise rotation along the coastal
areas of western Africa (but likely limited to the high
mountains of the Sierra Leone). As the system moved
offshore on August 21, enhanced circulation and convective banding were observed, and by 1800 UTC it was
declared TD-4 as it passed south of the Cape Verde Islands.
2.2 Hurricane Helene (2006)
Unlike its predecessor in August (TS Debby), Helene
started as a vigorous area of low pressure as it made its way
across Niger and Cameroon. A distinguished low-level
disturbance was detected on infrared imagery, suggesting
several areas of enhanced convection between September 6
and 7. The system became significantly less organized after
traversing the mountains of the Niger/Cameroon region,
however, as convection rapidly decreased around 0000
UTC on September 7.
By the time the disturbance reached the coastline along
the Sierra Leone region, TRMM MERG imagery suggested
the system exhibited areas of convective wrapping and
banding. By September 10, convection decreased as
it began to pass over the Guinea Highlands (Fig. 4).
Although the system experienced a decrease in convection,
an area of cyclonic circulation could still be identified
through IR imagery, indicating a low to mid-level circulation existed as it reached the open Atlantic waters. As the
AEW experienced significant convective invigoration
around its inner core on September 11, the National Hurricane Center (NHC) declared the system TD-8. Due in part
to an area of enhanced convection near the center of circulation, TD-8 continued to strengthen and was upgraded
to TS Helene on September 12.
2.3 Tropical Storm Josephine (2008)

Fig. 2 The initial nested domain topography. The Guinea Highlands
are located between 6–12°N and 14–6°W

On August 30, much like in the case of Hurricane Helene,
TS Josephine developed from an enhanced area of low
pressure over West Africa (Fig. 5). The area of low pressure became less organized briefly during the day of
August 30, experiencing diminished convection and
infrared imagery suggests the system split into a northern
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Fig. 3 TRMM MERG imagery from a 0600 UTC 19 August to f 1800 UTC 21 August at 12-h interval for TD4

and southern disturbance (similar to what was observed in
the case of TS Debby).
The northern disturbance progressed west-northwest
(WNW), eventually exiting the coast of Senegal and dissipating mostly due to its surrounding dry environment.
The southern disturbance became less organized as it traversed the mountainous terrain of the Guinea Highlands,
but infrared imagery suggests the disturbance reorganized
as it exited the Guinea coast by 0000 UTC on August 31
(Fig. 5b). As in the case of Debby, it appears that the
Guinea Highlands may have aided the disturbance during
its reorganization by enhancing low to mid-level counterclockwise circulation. Convection associated with the disturbance expanded off the West African coast during the
day of August 31 as it began to slowly travel northwest
(NW) along the coast. The combination of upper-level
outflow and organized convection associated with the
surface low were in part responsible for the system
strengthening and being classified by the NHC as the tenth
TD of the season at 0000 UTC on September 2, 2008.
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3 Numerical model and experiment design
To accomplish this study, the Weather Research and
Forecasting-Advanced Research WRF (WRF-ARW)
model was utilized to analyze and compare the simulation
results of three different events of TC-genesis that occurred
just off the West African coast. The main reasons for
choosing these three events were the similarities in their
surrounding atmospheric environment, westward track as
AEWs, and their location when initialized as TDs by the
NHC. The model simulation of each event began approximately 72 h prior to the NHC classifying each event as a
TD. The reason for beginning the simulation 72 h before
such a classification was to allow for the model to simulate
the westward progression of the AEW transitioning from a
continental environment over West Africa, into an oceanic
environment in the eastern Atlantic and forming an associated TD. The interaction of each AEW in relation to
the Guinea Highlands in its westward progression was
also similar in each event, which was important because
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Fig. 4 TRMM MERG imagery from a 0000 UTC 10 September to f 1200 UTC 12 September at 12-h interval for TD8

analyzing the impact of the Guinea Highlands on
TC-genesis is a relatively new investigation.
3.1 Control experiment
To account for various sensitivities (i.e., topographic
effects) in the WRF-ARW modeling of TC-genesis, settings best suitable for initial variables were determined and
used for the control case simulation of all three events. The
determination of such variable settings that could be used
for all three events was difficult given their varied AEW
tracks and the amount of time between each event, which
resulted in diverse atmospheric environments. While most
model simulations are tailored towards either continental or
oceanic environments (i.e., microphysics scheme), each of
these three events experienced a transition from a continental to oceanic environment that made the re-capturing
of all three challenging.
To begin the generation of the control experiment, a
domain was first established. A sufficient domain for the

control experiment considering each of the three events
was determined to be a 30 km resolution domain (Fig. 6a)
with a nested 10 km domain (Fig. 6b) on a Mercator map
projection. The domain was determined by selecting a
center latitude/longitude location (15.0°N, 9.5°W) with a
specified number of grid points (271 9 134) extending
equally from the previously mentioned center point.
Although this domain is capable of capturing each of the
AEWs in their entirety and surrounding synoptic features,
it was necessary to have a nested grid domain within the
parent domain to enhance the model resolution and also
concentrate on the modeling of the mesoscale environment
surrounding each AEW. The chosen control experiment
nested domain was a 1/3 ratio of the parent domain,
resulting in a 10 km resolution.
The cumulus parameterization option was turned on for
the parent domain and set to the Grell 3D Ensemble
scheme (the most favorable scheme for a tropical environment), but turned off for the nested domain. Grid-scale
precipitation was determined from an explicit moisture
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Fig. 5 TRMM MERG imagery from a 1200 UTC 30 August to f 0000 UTC 2 September at 12-h interval for TD10

accumulating errors that may have developed during the
model simulation to that point in time.
3.2 Guinea Highlands: topographical sensitivity
experiment

Fig. 6 Grid representing the control experiment parent domain D1 at
30 km resolution and nested domain D2 at 10 km resolution

scheme that includes graupel of Thompson et al. (2004).
The National Center of Environmental Protection’s
(NCEP’s) Final Operational Model Global Tropospheric
Analysis (FNL) on a 1.0°91.0° grid was used as forcing
data for the initial condition and at each 6-h interval for
the time-dependent lateral boundary condition during
the model simulation to minimize the effect of any
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As mentioned previously, the region of the Guinea Highlands (cf. Fig. 2) near the West African coast is within the
highest density area of TC-genesis in the last 50 years (cf.
Fig. 1). This sensitivity experiment examined the role that
the elevation of the Guinea Highlands plays in TC-genesis
when a westward progressing AEW interacts with the
elevated topography. This was done by altering the geographical data to eliminate the effect of topography
throughout the parent and nested domains. The geographical data resolution was initially set to 2 min (*3.7 km)
for the parent domain and 30 sec (*0.92 km) for the
nested domain in the control experiment. Due to the staggered Arawaka C–grid being used in the WRF–ARW, the
topography at U, V, and H grid points were set to zero
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(e.g., http://www.mmm.ucar.edu/wrf/users/docs/arw_v3.
pdf). The purpose of this alteration was to remove the
elevation of the Guinea Highlands from the model simulation and document its impact on TC-genesis in that
region. The alteration in the geographical data effectively
reduced the peak elevation of the Guinea Highlands from
approximately 1,300 m to 0 m. A summary of numerical
experiments is shown in Table 1.

4 Results
4.1 Tropical Storm Debby (2006)
The control experiment (TD4CTRL) 30 km (parent
domain) and 10 km (nested domain) resolution provided
details regarding the synoptic and mesoscale processes
surrounding AEW-2 through the 72-h simulation leading
up to the classification of TD-4. To evaluate the synoptic
aspect of the TD4CTRL, the parent domain was used in
comparison to the FNL. Since the FNL was used to form
the initial and lateral boundary conditions of the simulation, assessment of the TD4CTRL began 12 h into the
simulation to allow sufficient model spin-up time. The
TD4CTRL 10 km nested domain was used to analyze
the mesoscale environment related to AEW-2.
At 0600 UTC on August 20, geopotential heights and
zonal winds at 700 hPa in the TD4CTRL showed an inverted
shortwave trough along the coast near 9°N, 14°W, while the
inverted trough axis of AEW-2 was located to the east
between 11°–14°N, and 10°W (Fig. 7a). The TD4CTRL’s
ability to discern that the 700 hPa shortwave with associated
convective activity was its own entity (i.e. initially a separate
feature from AEW-2) was contrary to what was reported
by the NHC. This was significant because it suggested that
it was a combination of the amplifying coastal MCS feature and AEW-2 that later resulted in the TC-genesis of
AEW-2 as the wave exited the coast, rather than AEW-2
evolving from its already strong vorticity center once
entering the maritime environment of the Atlantic.
The TD4CTRL 10 km results demonstrated a 3 h
accumulated precipitation maximum greater than 60 mm
and radar reflectivities exceeding 45 dBZ (not shown) at
0600 UTC on August 20 that corresponded to the previously mentioned MCS observed through TRMM MERG
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imagery along the southern Guinea coast. Related positive
vertical velocities extended from approximately 1–5 km
vertically near 9°N, 14°W, with corresponding RH[90%
(not shown). To the northeast (NE) of the Guinea coast,
simulated radar reflectivity emphasized a squall line feature
associated with AEW-2, further supporting that the aforementioned MCS off the Guinea coast was initially separate
from AEW-2 and not a product of the wave.
By 1800 UTC on August 20, the MCS feature near
Guinea had expanded along the West African coast
between southern Senegal and Guinea (Fig. 7b). Reasons
for the expansion were attributed to the invigorated area of
convection being supplied by a strong NE flow from its
downstream location to the inverted trough axis of AEW-2,
the close proximity of westerly flow and moisture from the
ITCZ, and low-level NW deflection from the Guinea
Highlands, all of which were supportive for an increase in
PV (not shown). Consequently, the TD4CTRL enhanced
the convective area into a vortex with characteristics of a
TD by 1800 UTC on August 21 (Fig. 7c), centered off the
West African coast between 10–11°N and 21°W.
The differences between model output from the
TD4CTRL and TD4TOPOG highlighted the impacts from
the Highlands on the surrounding atmospheric environment
and in relation to TC-genesis regarding TD-4. Substantial
disparities between the TD4CTRL and TD4TOPOG began
around 0000 UTC on August 20. At this time, the
TD4TOPOG advanced the squall line MCS further westward than its location in the TD4CTRL, while also dissipating the structured radar reflectivity of the feature (not
shown). Without the blocking and deflection of the lower
level winds from the Highlands, the TD4TOPOG simulated
low-level east-northeasterly (ENE) winds from inland West
Africa reaching the Guinea coast. This resulted in a lack of
sufficient moisture downstream of the squall line MCS due
to the advection of drier continental air, which caused the
squall line to become less organized. By 0600 UTC on
August 20, the TD4TOPOG advanced the squall line feature off the Guinea coast (roughly 12 h before the
TD4CTRL). The TD4TOPOG’s accelerated westward
advancement of the squall line compared to the TD4CTRL
was due in part to the lack of the Guinea Highland
topography hindering the rate of its westward progression
at lower levels. Even so, the previously observed area of
convection off the Guinea coast (cf. Fig. 3c) began

Table 1 Summary of numerical experiments
Cases

Grid spacing (km)

Cumulus

Microphysics

Feedback

Forcing data

TD4CTRL

30 (2 min) and 10 (30-s terrain)

Grell 3D for domain1

Thompson

On

NCEP FNL (1 9 1 degree)

TD4TOPOG

30 and 10 (Zero terrain height)

Grell 3D for domain 1

Thompson

On

NCEP FNL (1 9 1 degree)
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Fig. 7 TD4CTRL parent
domain (30 km) 700 hPa
geopotential heights and zonal
winds from a 0600 UTC 19
August, b 1800 UTC 20 August,
and c 1800 UTC 21 August. The
lines denote the inverted trough
axis of AEW-2 and the boxes
highlight the area of evolving
convection associated with the
coastal MCS
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development at this time. The TD4TOPOG recaptured
700 hPa vertical velocities and radar reflectivity that were
supportive of development. By the end of the TD4TOPOG
simulation at 1800 UTC on August 21, the previous area of
convection had advanced westward and expanded between
8–11°N and 24–21°W, but failed to form a closed

65

circulation near the surface up to lower levels as seen in
TD4CTRL (Fig. 8a, b)
The TD4TOPOG developed the aforementioned MCS
feature along the Guinea coast partially not only due to
low-level convergence associated with the ITCZ, but also
from convergence between the strong continental NE
winds and the strong SW maritime winds. The convergence
of the three sources of high magnitude winds explained
why the values of convergence were unrealistically high.
At 1200 UTC, the TD4TOPOG simulated the 700 hPa
trough axis of AEW-2 exiting the coast between southern
Senegal and Guinea, but the MCS feature along the Guinea
coast had migrated south-southwest (SSW), located substantially south from the base of the 700 hPa inverted
trough axis. This inhibited phase locking between the
strong convective system and AEW-2 that was seen in the
TD4CTRL (cf. Figs. 7a–c), and eventually led to the dissipation of the convective system in TD4TOPOG.
4.2 Hurricane Helene (2006)

Fig. 8 The nested domain TD4CTRL streamlines a and the nested
domain TD4TOPOG streamlines b at 700 hPa from 1800 UTC on
August 21

Comparisons of the FNL and the control experiment (i.e.,
TD8CTRL) 30 km and 10 km resolution were made during
the 72-h period prior to the classification of TD-8, allowing
for an analysis of the evolution of synoptic and mesoscale
processes surrounding AEW-7. By 0300 UTC on September 10, the TD8CTRL simulated radar reflectivity and
low-level vertical velocities that suggested the existence of
a squall line MCS feature along the border of Mali and
Cote D’Ivoire (not shown), which corresponded with
TRMM MERG imagery.
The TD8CTRL exited the squall line MCS feature off
the West African coast by 1200 UTC on September 11,
while forming a secondary MCS near the coast from
northern Guinea-Bissau to southern Senegal that possessed
strong lower level PV over Guinea-Bissau. Although the
TD8CTRL further developed the second MCS feature as it
exited the southern Senegal coast by 0000 UTC on September 12, 3 h accumulated precipitation (not shown) and
TRMM MERG imagery suggested that precipitation was
restricted farther south than simulated (cf. Fig. 4e). The
reason for the TD8CTRL continuing to develop the
northern portion of the MCS that exited the Senegal coast
was most likely due to its inability to account for the recent
strong Saharan Air Layer (SAL) dust outbreak in the
northern region of the nested domain at that time (e.g.,
Zipser et al. 2009).
The comparison between the TD8TOPOG and
TD8CTRL showed significant differences that began at
approximately 1200 UTC on September 10. The TD8TOPOG developed not only the squall line feature that corresponded with the location of the primary TD8CTRL
squall line MCS, but also an additional squall line
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downstream near Sierra Leone. While the squall line in the
TD8CTRL was a result of low-level convergence from
WNW winds being deflected by the Highlands and SW
winds from the gap between Highland peaks, the additional
squall line of the TD8TOPOG was a result of low-level
NW flow converging with uninhibited easterly flow where
the Highlands previously existed. By 0000 UTC on September 11, the primary squall line MCS in TD8TOPOG
began exiting the NW Guinea coast and, due to the lack of
topography from the Highlands, was able to sustain its
intensity through convergence between low-level NE
winds from the cyclonic circulation near the coast and the
strong low-level onshore westerly flow (not shown). This
differed from the TD8CTRL in that the westerly progression of the squall line MCS was impeded due to low-level
blocking of easterly winds by the Guinea Highlands. The
Highlands weakened the TD8CTRL squall line initially,
but strong low-level westerly winds encountered the
mountainous terrain, which forced upward motion of the
moist air from off the Atlantic. The forced uplift created
positive vertical velocity and supplied moisture to the
squall line feature, allowing it to maintain its organized
structure as it progressed over the Highlands.
By 2100 UTC on September 11, the NW deflection of
low-level winds caused by the elevated terrain in Guinea
aided cyclonic circulation at lower levels (Fig. 9a) as well
as convective activity in the TD8CTRL. Conversely, the
TD8TOPOG had no NW deflection of strong southerly
winds in that region due to the absence of the Highlands,
weakening the cyclonic curvature of winds in the NE
quadrant of the low-level closed low (Fig. 9b) which
resulted in less organized convection along the coast. The
significance of this time in the evolution of AEW-7 and the
TC-genesis process, combined with the differences
between the TD8CTRL and TD8TOPOG, should be noted.
By the end of the simulation at 1200 UTC on September
12, the TD8CTRL formed a closed circulation from the
surface up to mid-levels in the atmosphere, centered near
13°N and 21°W (Fig. 10a). Westerly winds were strongest
about 500 m above the surface (*27 m s-1) just south of
the center of circulation, with a well-defined gradient
between westerly and easterly winds extending from the
surface upward to approximately 12 km (Fig. 11a). Northerly winds were strongest near the surface ([24 m s-1),
while the peak southerly winds ([24 m s-1) were between
1 and 4 km in the troposphere (Fig. 11b). The strong zonal
and meridional gradients that extended up to upper-levels of
the troposphere suggested a well-developed vortex.
By the end of the simulation at 1200 UTC on September
12, the TD8TOPOG created an area of organized precipitation approximately 3°W of the TD8CTRL’s center of
circulation (cf. Fig. 10a), near the westward limits of the
nested domain between 13–15°N and 24°W (Fig. 10b). A
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Fig. 9 The 10 km domain a TD8CTRL and b TD8TOPOG 950 hPa
streamlines at 2100 UTC 11 September 2006

strong zonal wind gradient extended vertically from the
surface up to *6 km in the troposphere near 13.5°N, and
24°W, but no correlating meridional gradient existed from
the surface upward along 13.5°N (Fig. 11c, d). Such results
suggested the lack of a defined vortex in the TD8TOPOG
and supported the dependency of TC-genesis of TD-8 on
the existence of the Guinea Highlands.
4.3 Tropical Storm Josephine (2008)
From 1200 UTC August 30 to 0000 UTC August 31
(Fig. 12a, b), the TD10CTRL distinguished a shortwave
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Fig. 10 The nested domain maximum radar reflectivity (dBZ) for
a TD8CTRL and b TD8TOPOG valid at 1200 UTC 12 September
2006. The solid lines AA0 , BB0 , CC0 and DD0 represent the orientation
of the x–z and y–z cross sections in subsequent analyses

feature with high dBZ values ([45 dBZ) and positive
vertical velocities near the Guinea coast. The TD10CTRL’s
ability to discern the shortwave was significant since there
was a corresponding area of cold cloud tops (\220°K)
observed through TRMM MERG imagery in the vicinity
(cf. Fig. 5b). The importance of the observed cloud tops
was that they would eventually evolve into TD-10.
The TD10CTRL amplified the aforementioned shortwave perturbation into a series of mesoscale closed lows
along the Guinea coast from 1200 UTC 31 August to 0000
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UTC 1 September (Fig. 12c, d). Contributing factors to the
sustained development of the convective area at lower
levels were its proximity to the ITCZ along 9°N and
deflection of SW winds to the NW from the Guinea
Highlands, aiding low-level cyclonic rotation (Fig. 13a, b).
This evolution from the TD10CTRL output suggested that
a shortwave perturbation existed along the Guinea coast
downstream of the AEW prior to the AEW exiting the
coast, insinuating that the previously observed MCS off the
Guinea coast was initially a separate feature from the
AEW.
The resolution of the TD10CTRL nested domain
allowed for the determination that the SW component of
convective activity was due in part to convergence along
the ITCZ, while convection along the coast was aided by
moisture from the Atlantic and low-level convergence of
offshore and onshore winds. Potential vorticity analyses at
lower levels along 17.5°W supported the area of convection along the coast being favorable for cyclonic
enhancement (not shown). These favorable conditions were
in part due to the previously mentioned MCS becoming
phase locked in the downstream flow of the AEW as it
exited the coast (cf. 12a–d).
Significant differences between the TD10TOPOG and
TD10CTRL began at 0600 UTC on August 31. The
TD10CTRL began to develop organized convective activity
off the Guinea coast in relation to a lower level shortwave
perturbation, while the TD10TOPOG simulated maximum
radar reflectivity within scattered individual cells of convection off the Guinea coast and throughout western Guinea
(not shown). The absence of organized convective activity in
the TD10TOPOG was partially caused by the lack of
topography from the Guinea Highlands, which impeded
strong offshore low-level SW winds and deflected the SW
winds and NW winds from Senegal while aiding low-level
cyclonic circulation along the Guinea coast in TD10CTRL
(Fig. 14a, b). In the vicinity of the center of cyclonic circulation in TD10CTRL existed a corresponding concentrated
area of high PV, suggesting more favorable conditions for
TC-genesis than the scattered concentrations of lesser
magnitude PV simulated in the case of TD10TOPOG
(Fig. 14c, d). By 1800 UTC on August 31, both simulations
formed substantial convection within the areas of low-level
convergence just off the Guinea-Bissau/Guinea coast. The
TD10CTRL, however, formed a more organized squall line
type feature of convection than the scattered convection seen
in the TD10TOPOG. The lack of organized convection in the
TD10TOPOG was partially caused by the absence of the
Guinea Highlands, which allowed the TD10CTRL to
establish and amplify the organized convection along the
Guinea coast 12 h prior.
By 1800 UTC on September 1, the TD10TOPOG
accelerated the westward progression of the AEW as well
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Fig. 11 The 10 km domain TD8CTRL x–z and y–z cross sections (as
denoted in Fig. 10) of the a zonal wind velocity (m s-1), AA0 ,
b meridional wind velocity (m s-1), BB0 at 1200 UTC 12 September.

TD8TOPOG cross sections of the c zonal wind velocity (m s-1) of
CC0 and d meridional wind velocity (m s-1) of DD0 at 1200 UTC 12
September 2006

as the primary area of convection in comparison to the
TD10CTRL, resulting in the dominant region of convective
activity being located approximately 3°W from that in
TD10CTRL. The PV in the TD10CTRL was of greater
magnitude within the concentrated area of convective
activity and extensive throughout the system, while the
TD10TOPOG established only a limited low-level area of
PV (not shown). Such results implied a lack of TC-genesis
in the TD10TOPOG, partially attributed to the previous
insufficient development of organized convection off the
Guinea coast and rapid westward acceleration of the AEW
and associated convection. By the end of the simulation at
0000 UTC on September 2, the TD10CTRL produced a
closed lower level circulation with wind velocities of TD
magnitude while the TD10TOPOG dissipated convective
activity associated with the AEW.

5 Conclusion
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The goal of this study was to better understand the processes that take place during the westward progression of
AEWs over continental West Africa, their transition into
the maritime environment of the eastern Atlantic, and
eventual evolution into TDs. This was accomplished by
simulating the progression and evolution of three AEWs
72 h prior to their classification as TDs. After establishing
control simulations for three events [TS Debby (2006),
Hurricane Helene (2006), and TS Josephine (2008)], sensitivity experiments were conducted to evaluate the
role of topography (i.e., Guinea Highlands) for each event.
To assess the significance of topographic impacts in association with AEWs, MCSs, and TC-genesis, the elevation
of the Guinea Highlands was removed. The scientific
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Fig. 12 The parent domain TD10CTRL 700 hPa geopotential
heights and zonal winds from a 1200 UTC 30 August, b 0000 UTC
31 August, c 1200 UTC 31 August, and d 0000 UTC 1 September.

The lines denote the inverted trough axis of the AEW and the boxes
highlight the area of evolving convection associated with the coastal
MCS

questions addressed in this study were: (1) What is the
relationship between MCSs and the AEWs that ultimately
become TDs? (2) What are the impacts of the Guinea
Highlands on the structure and evolution of the TC-genesis
processes?
In the Debby and Josephine events, the eventual TDs
formed from MCSs that intensified off the Guinea coast. In
both events, the MCS that formed off the Guinea coast was
initially a separate feature and downstream from the
700 hPa AEW inverted trough. The Guinea Highlands
hindered low-level offshore SW winds and partially
deflected them to the NW, aiding the generation of cyclonic
circulation and causing further intensification of the MCS
features. As the 700 hPa AEW advanced off the West
African coast into a favorable maritime environment in the
two events, the MCS feature off the Guinea coast was
absorbed in the downstream flow of the inverted trough
axis, causing the MCS to migrate WNW with the AEW. The
MCS feature in both events served as a ‘‘trigger’’ effect that
ignited TC-genesis, providing each AEW with sustained
energy through latent heat release from convection for
further development into a TD. The results of those two
events suggest that when a sustained MCS feature exists off

the Guinea coast and downstream of an approaching AEW,
phase locking will likely occur between the two features,
creating favorable conditions for TC-genesis.
In the event of Hurricane Helene, the MCS feature that
later evolved into TD-8 came from SE Senegal and progressed off the coast. As the MCS exited the coast, any
associated convective activity was limited to the most
southern regions of the feature due to the presence of a
substantial SAL dust outbreak extending southward over
the Atlantic from the Sahara. Although the heavy concentration of dust initially hindered the amplification of the
MCS off the Guinea coast in the event of Hurricane Helene, the feature was still impacted by low-level NW
deflection of SW winds from the Atlantic by the Guinea
Highlands.
While the TD4CTRL sufficiently recaptured the evolution of the surrounding environment of AEW-2 through the
72-h simulation, the timeframe of most significance was
between 1800 UTC on August 19th and 0000 UTC on
August 21st. During that span of time, the TD4CTRL
simulated the beginning of convective development along
the coast of the Guinea and Sierra Leone border while
also progressing AEW-2 from continental West Africa
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Fig. 13 The nested domain
TD10CTRL a maximum radar
reflectivity (dBZ) and
b 950 hPa streamlines at 1200
UTC 31 August 2008

(9–12°N, 6–5°W) westward toward the coast. This suggested that the coastal convection was initially separate
from AEW-2, but as AEW-2 exited the coast, the two
became phase locked, allowing the coastal convection to
serve as the catalyst for TC-genesis (cf. Fig. 7a–c). This is
contrary to what the FNL 700 hPa geopotential heights and
zonal winds (not shown) suggested by only amplifying
AEW-2 as it exited the coast, implying the initial coastal
convection was directly associated with AEW-2. Similar
findings were made in the TD10CTRL (i.e., TS Josephine).
The corresponding results of a phase locking scenario
between an MCS feature and AEW along the Guinea coast
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in the TD4CTRL and TD10CTRL were significant, offering partial explanation as to why that area has been
exceedingly active regarding TC-genesis during the last
50 years (Hopsch et al. 2007). In addition, the topography
sensitivity experiment in each of the three events either
developed a less organized cyclonic circulation (e.g.,
weaker 10 m winds) than in the control experiment or
failed to generate a closed circulation, providing further
evidence of the Highland’s importance in each event’s
TC-genesis process.
Each event demonstrated that the Guinea Highlands not
only hindered strong low-level WSW winds just north of
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Fig. 14 The nested domain 950 hPa streamlines from a TD10CTRL and b TD10TOPOG; the 315 K isentropic potential vorticity (shaded) for
c TD10CTRL, and d TD10TOPOG at 0600 UTC 31 August 2008

the ITCZ from reaching far inland West Africa, but also
deflected those winds to the NW as they encountered the
NW–SE oriented elevation of the Highlands. The suppression of strong WSW winds combined with the NW
deflection allowed for an increase in cyclonic circulation
and the enhancement of coastal convection. The hindering
of strong low-level winds along the Guinea coast and in
proximity to the Highlands also allowed for the MCS
features to remain along the coast and not advance further
inland to be dissipated by the typically drier ENE low-level
winds from Mali.
The sustained position of the coastal MCS features off the
Guinea coast in the events of Debby and Josephine was
favorable for TC-genesis as the AEWs approached from the
east. When the AEW in both events began to exit the West
African coast, the MCSs entered the favorable location for
positive relative vorticity generation located downstream of
the inverted trough axis. The MCSs then became phase

locked with the AEWs, continuing TC-genesis under
favorable conditions up to the formation of TDs. Figure 15
depicts the conceptual diagram of this process.
As a result of this study, a better understanding of the
evolution of MCSs and their relationship to AEWs was
gained. The complexities of the impacts from the Guinea
Highlands on the evolution of MCSs and TC-genesis are
extensive, but through the control and sensitivity experiments in each event they became more resolved on a broad
scale. To better comprehend the sensitivities of topography
relating to TC-genesis, more intricate studies that use further enhanced resolution and data assimilation must be
completed. Expanding this study to include more MCSs
over a more extensive period of time that both did, and did
not, evolve into TDs could yield more similarities and
consistencies that take place along the West African coast,
perhaps allowing for better future forecasting of tropical
cyclones in the region.
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Fig. 15 Schematic diagram representing the scenario in which the
development of coastal MCSs is enhanced by low-level wind
deflection from the Guinea Highlands while also in the favorable
conditions of the downstream flow of the 700 hPa AEW, allowing for
phase locking of the two
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