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ABSTRACT 
 

While most MCSs dissipate upon approaching the coast of West Africa and 

transitioning to the East Atlantic, a few cases have been shown to strengthen, such as 

Hurricane Cindy (1999). A better understanding of how some MCSs decay is essential 

for identifying other MCSs that go on to play a role in tropical cyclogenesis. A six-

year (2000-2006) climatology of TRMM PR data were used to construct CFADs of 

three regimes (continental, transition, and oceanic) in the region of West Africa and 

the Eastern Atlantic. After establishing the differences between MCSs in these three 

regimes, datasets from the NASA African Monsoon Multidisciplinary Analyses 

(2006) field campaign were used to investigate the environments of transitioning 

MCSs as well as small-scale factors contributing to localized convection. The results 

show MCSs that initiate over continental West Africa fail to transition successfully 

into the Eastern Atlantic Ocean, which previous studies using satellite data have not 

been able to resolve. The inability to support additional convection offshore is 

primarily due to decreased environmental instability between continental West Africa 

and the Eastern Atlantic and cold pool expansion ahead of the MCS, which results in a 

tilt in updraft away from the ideal vertical orientation. Although the MCS storm 

structure does not survive the transition from land to ocean, dynamic mid-level 

rotation associated with African Easterly Waves that initiated these MCSs remains 

intact and is responsible for tropical cyclogenesis downstream from the African 

continent. These results should prove useful for incorporation into tropical cyclone 

models with domains including regions east of the Cape Verde Islands. 
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CHAPTER I 

INTRODUCTION 

A mesoscale convective system (MCS) is defined as a cloud system that occurs in 

connection with a group of thunderstorms that produces a continuous precipitation region 

on the order of 100 km in horizontal scale in at least one direction (Houze 1993). MCSs 

are the largest of the convective storms and contain regions of both convective and 

stratiform precipitation (Houze 2004). The convective region consists of intense, 

vertically extending cores, while the stratiform region is more uniform with lighter 

precipitation. Figure 1.1 illustrates a conceptual model of a vertical cross section through 

an MCS. The leading edge of an MCS is generally characterized by strong, convective 

updrafts that produce higher radar reflectivity returns. In contrast, the larger trailing 

stratiform rain region is characterized by lower values of radar reflectivity and larger, but 

also weaker mesoscale updrafts and downdrafts. Above the freezing level in the trailing 

stratiform rain region, ice particles grow through riming and aggregation as they fall. 

Once the freezing level is reached, the hydrometeors melt, producing a “bright band” of 

enhanced reflectivity at the melting level, and evaporative cooling occurs, producing a 

mesoscale downdraft. This region of negatively buoyant air travels to the surface and 

spreads horizontally to the front and rear of the squall line and is sometimes referred to as 

a “cold pool” (Houze 1993, 2004). 
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Figure 1.1 A conceptual model of the kinematic, microphysical, and radar echo structure 
of an MCS with a leading convective line and trailing stratiform precipitation viewed in a 
vertical cross section oriented perpendicular to the convective line. Medium and dark 
shading indicate moderate and strong radar reflectivity, respectively. H and L indicate 
areas of mesoscale positive and negative pressure perturbations, respectively. Dashed- 
line arrows indicate fallout trajectories of ice particles passing through the melting layer 
(adapted from Houze et al. 1989). 
  

MCSs are a common occurrence in the afternoons of West Africa during the 

Northern Hemisphere summer (Laing et al. 1999). These westerly propagating systems 

are normally ahead of a trough region of African easterly waves (AEWs) (Houze 1977; 

Cook 1999; Cifelli et al. 2010). AEWs form in the easterly flow along the southern side 

of a subtropical ridge that lies to the north of the Intertropical Convergence Zone (ITCZ) 

(Thompson et al. 1979). Tropical waves are carried westward by the prevailing easterly 

winds along the tropics near the equator. AEWs are often responsible for the formation of 

large MCSs that cross the African continent and AEWs can sometimes lead to the 

formation of tropical cyclones in the North Atlantic (Sall and Sauvageot 2005; Sall et al. 

2006; Berry et al. 2007; Hopsch et al. 2009). In addition, it has been observed that 

Category 3-5 Atlantic hurricane activity is greatly enhanced when the western Sahel 

region of West Africa has above average precipitation and that nearly all intense 

landfalling hurricanes that impact the U.S. East Coast originate from AEWs (Gray and 
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Landsea 1992). Understanding the connection between MCSs that originate with AEWs 

over West Africa and tropical cyclogenesis in the East Atlantic is essential for increasing 

lead times on hurricane prediction forecasts. Figure 1.2 shows an idealized example of an 

MCS dissipating, where rotation at mid-levels remains intact and can go on to initiate 

additional convection. Although most mid-level circulations dissipate as the parent MCS 

decays, there are occasions in which a mesoscale convective vortex can persist long after 

the parent MCS dissipates and even retrigger convection (Zhang and Fritsch 1987; 

Bartels and Maddox 1991; Trier and Davis 2007). 

 

Figure 1.2 An idealized cloud and system-relative flow structure during decaying 
convective line stage (t) and fully developed mid-level circulation stage (t +4h). Solid 
arrows denote storm-relative flow, and open arrows denote large-scale 500 mb flow 
(Johnson and Bartels 1992). 
  

It has been shown through previous studies from the GARP Atlantic Tropical 

Experiment (GATE) and Convection Profonde Tropicale 1981 (COPT81) that convection 

becomes disorganized as it transitions from land to ocean (Carlson 1969; Zipser and 

LeMone 1980; Szoke et al. 1986; Lafore and Moncrieff 1989; Chang and Yoshizaki 
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1993). However, while most MCSs dissipate after reaching the coast and transitioning to 

the ocean, some strengthening can occur (Gray and Landsea 1992; Gray et al. 1992; 

Landsea et al. 1998; Thorncroft and Hodges 2001), as in the 1999 case of Hurricane 

Cindy (Sall and Sauvageot 2005). The transition between continental MCSs and cyclonic 

organization off the coast of Africa is not well understood because it is rarely observed 

with radars that provide details on the vertical structure. A better understanding of how 

and why some systems decay will prove useful for identifying MCSs with possible links 

to tropical cyclogenesis downstream in the Atlantic basin (Zipser et al. 2009). 

Hodges and Thorncroft (1997) suggested that MCSs tracking over the ocean have to 

adjust to a significantly different environment with lower amounts of convective 

instability and a lack of diurnal fluctuations available over land that tend to retrigger 

convection and may actually decay. The sustainability of MCSs is dependent upon the 

formation of new convective cells (Yuter and Houze 1998; Schumacher and Houze 2003; 

Houze 2004). Schumacher and Houze (2006) went on to show that while the stratiform 

portion of MCSs continues to be present over the eastern Atlantic, the convective rain 

rates decrease. More recently, Fuentes et al. (2008) found similar results, such as the 

reduced vertical extent for convective cells over the ocean, but similar stratiform rain 

region profiles when comparing MCSs over ocean and land. However, the results of 

Schumacher and Houze (2006) and Fuentes et al. (2008) are from the Tropical Rainfall 

Measurement Mission (TRMM) Precipitation Radar (PR) satellite data, which provide 

only a single snapshot of an MCS with each overpass.  

The NASA African Monsoon Multidisciplinary Analyses (NAMMA) field 

campaign, which took place from 15 August through 30 September 2006, was based in 
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the Cape Verde Islands, 350 miles off the coast of West Africa and Dakar, Senegal, 

which is the westernmost point of West Africa (see Figure 1.3). Scientists employed 

surface observation networks and aircraft to characterize the evolution and structure of 

AEWs and MCSs over land in West Africa to maritime environments in the Eastern 

Atlantic. Research planned under this mission was in collaboration with the international 

African Monsoon Multidisciplinary Analyses (AMMA) experiment (Redelsperger et al. 

2006). Most of the data analyzed in this dissertation came from the 2006 NAMMA field 

campaign (dropsondes, rawinsondes, APR-2 and NPOL radars, and flux tower data) in 

addition to data from the TRMM satellite. 

During the NAMMA 2006 field campaign, NASA’s DC-8 medium altitude 

research aircraft was outfitted with in-situ and remote atmospheric research 

instrumentation and conducted 8 h missions every 2 to 3 days over the Eastern Atlantic 

Ocean. In addition to the DC-8, the NASA Polarimetric (NPOL) radar located in 

Kawsara, Senegal and TOGA radar located in Praia, Cape Verde, rain gauge network, 

balloon soundings, and the SMART-COMMIT mobile research ground stations, which 

measured chemical, optical, microphysical, and radiative properties of the atmosphere, 

contributed to the mission. The National Oceanic Atmospheric Administration (NOAA) 

Hurricane Research Division also collaborated with NASA through the Intensity 

Forecasting Experiment (IFEX 2006), a complimentary program in the Caribbean Sea. 

NOAA tracked and continued to study individual AEWs and tropical storms downstream 

of the NAMMA study area as the systems continued westward across the Atlantic Ocean. 
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Figure 1.3 Map of West Africa Figure including five locations where soundings were 
released to sample environments of precipitation. The locations of the MIT, NPOL, APR-
2, and TOGA radars used in this study are shown in red. The DC-8 aircraft flew mainly 
between the Cape Verde islands and the coast of West Africa. 

 

Clearly, from recent work there has been some advancement on what happens to 

the fate of most MCSs as they make the transition from land to the eastern Atlantic, but 

there has not been considerable evidence gathered to formulate a comprehensive story as 

to why this phenomena occurs. The main hypothesis addressed in this dissertation is that 

the rapid deterioration of transitioning MCSs at the West African coast is due to the 

change of low-level inflow environment. While the initial MCS may not survive the 

transition at the coast, mid-level rotation associated with the remnant MCV survives and 
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can go on to initiate subsequent convection associated with tropical cyclogenesis. The 

scientific objectives to test this hypothesis are: 

1.) Establish ground radar evidence as well as satellite radar climatology of MCSs 

using the Tropical Rainfall Measurement Mission (TRMM) satellite, to show 

deterioration of well-established MCSs upon transition from continental West 

Africa to the Eastern Atlantic. 

2.) Document the environments of West African MCSs (continental, 

coastal/transitioning, maritime). 

3.) Examine small-scale dynamic features that determine MCS sustainability. 

 

The following chapters present background information relevant to understanding 

the content of the dissertation (Chapter 2), the data and methods used for analyses 

(Chapter 3), results of satellite and ground-based radar analyses (Chapter 4), analysis and 

discussion of transitioning MCS environments (Chapter 5), analysis of flux tower data 

and fast manifold dynamics (Chapter 6), and discussion, conclusions, and future work 

(Chapter 7). 
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CHAPTER II 

BACKGROUND 

 This chapter presents information on determining storm strength from satellite 

platforms, African Easterly Waves (AEWs) and a newly developed theory for tropical 

cyclogenesis, environments of West African MCSs, and fast manifold dynamics believed 

to related to maintaining long-lived MCSs. 

Tropical Rainfall Measurement Mission (TRMM) Satellite  

Until the Global Precipitation Mission (GPM) launch scheduled for 2013, the 

TRMM satellite will provide the only precipitation radar (PR) in space. In addition to the 

PR, the passive TRMM Microwave Imager (TMI), Visible and Infrared Scanner (VIRS), 

and Lightning Imaging Sensor (LIS) provide an overlap of instruments for analyzing 

storms between ± 36° latitude (Kummerow et al. 1998, 2000). TRMM’s 35° inclination 

angle, low-altitude, non-sun-synchronous orbit also allows for the sampling of storms 

throughout the diurnal cycle. Figure 2.1 shows a schematic of the scan geometries of the 

three TRMM primary sensors: TMI, PR, and VIRS. 
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Figure 2.1 A schematic view of the scan geometries of the three TRMM primary sensors: 
TMI, PR, and VIRS (imaged adapted from Kummerow et al. 1998). 
 

Among the three primary instruments of TRMM, the most innovative is the PR, 

which was the first spaceborne instrument designed to provide three-dimensional storm 

structure for the purpose of measuring rainfall. The TRMM PR provides high-resolution 

radar reflectivity profiles with 250 meter vertical resolution at nadir, which allows for 

quantitative studies of precipitation systems from space (e.g., Nesbitt et al. 2000; Petersen 

and Rutledge 2001; Toracinta et al. 2002; Houze 2003; Cecil et al. 2005; Boccippio et al. 

2005; Liu and Zipser 2005; Nesbitt et al. 2006), although Doppler capabilities are not 

available. Data collected provide information on the intensity and distribution of rain, 

rain type, storm depth, and the melting layer. It has a horizontal resolution at the ground 
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of about 5 km and a swath width of 247 kilometers. One of its most important features is 

the ability to provide vertical profiles of rain and snow from near the surface up to a 

height of approximately 20 km. The TRMM PR can detect fairly light precipitation rain 

rates down to 0.7 mm/hr. The TRMM PR operates at 14 GHz (2 cm wavelength), which 

does suffer from significant attenuation in moderate to heavy precipitation when 

compared to lower radar frequencies, such as the 3 GHz frequency (10 cm wavelength) 

that is used in ground-based radars like the WSR-88D network and polarimetric radars 

such as SPOL, CSU-CHILL, and NPOL. However, the attenuation correction algorithms 

developed for TRMM are highly refined and are accurate for rain estimation in most 

cases (Iguchi et al. 2000; Meneghini et al. 2000).  

The TMI is a passive microwave sensor designed to provide quantitative rainfall 

information over a wide swath under the TRMM satellite. It determines water vapor, 

cloud water, and rainfall intensity in the atmosphere by measuring the amount of 

microwave energy emitted by the Earth and its atmosphere. The instrument is based on 

the design of the Special Sensor Microwave/Imager (SSM/I), which has flown 

continuously on Defense Meteorological Satellites since 1987 (Liou et al. 1981; Negri et 

al. 1989; Spencer et al. 1989). The TMI measures the intensity of radiation at five 

separate frequencies: 10.7, 19.4, 21.3, 37, and 85.5 GHz. These frequencies are similar to 

those of the SSM/I, except that TMI has an additional 10.7 GHz channel to provide a 

more linear response for the high rainfall rates common with tropical rainfall. An 

additional improvement for TMI is the increased horizontal resolution, which is a 

function of TRMM’s lower altitude (402 km compared to SSM/I’s altitude of 860 km). 

TMI has an 878 km wide swath at the surface and a horizontal resolution of 5.1 km for 
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the 85.5 GHz frequency. The high frequency microwaves measured by TMI are strongly 

scattered by ice present at the tops of many raining clouds (Spencer and Santek 1985; 

Spencer et al. 1989; Negri et al. 1994; Mohr and Zipser 1996a,b). 

The TRMM VIRS is a passive sensor that measures radiation from the Earth in 

five spectral regions, ranging from the visible to infrared (0.63 to 12 µm). VIRS serves as 

a transfer standard to other measurements collected on both Polar Orbiting 

Environmental Satellites (POES) and Geostationary Operational Environmental Satellites 

(GOES). The instrument uses a rotating mirror to scan across the track of TRMM, 

sweeping out a region 833 km wide as the satellite proceeds along its orbit. At nadir, the 

horizontal resolution is 2.4 km. 

A variety of techniques use TRMM VIRS infrared imagery to estimate 

precipitation. Higher cloud tops are in general positively correlated with precipitation 

from convective clouds (Cecil et al. 2005; Liu and Zipser 2005; Nesbitt et al. 2000, 

2006). One exception is high cirrus clouds that are cold in infrared observations but do 

not precipitate. To differentiate these cirrus clouds from cumulonimbus clouds, a 

technique involving the comparison of two IR channels at 10.8 and 12.0 µm is used. 

Nonetheless, IR techniques usually contain significant errors for instantaneous rainfall 

estimates (McCollum et al. 2000).  

The TRMM LIS is a small, but highly sophisticated instrument that detects and 

locates lightning over the tropics. The sensor collects data both day and night for cloud-

to-ground, cloud-to-cloud, and intra-cloud lightning around the globe. It provides 

information on cloud characteristics, storm microphysics, and seasonal/yearly variability 

of lightning flash rates in thunderstorms. The lightning detector is a compact combination 
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of optical and electronic elements including a staring imager capable of locating and 

detecting lightning within individual storms. The imager’s field of view allows the sensor 

to observe a point within a cloud for 80 seconds, which is a sufficient amount of time to 

estimate the lightning flash rate and determine growth or decay of a storm (Orville and 

Henderson 1986; MacGorman and Rust 1998). 

Level-2 data consist of the retrieved geophysical parameters at the TRMM 

satellite footprint level, while Level-3 data products represent either space- or time-

averaged geophysical parameters (Kummerow et al. 2000). Table 2.1 provides a 

summary of Level-2 and Level-3 TRMM satellite data products. 
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Table 2.1 Summary of available TRMM satellite products.  
 

  

 

Determining Storm Strength from Satellite Platforms 
 

In a region where tropical cyclones have been shown to originate, there are no 

ground-based long-term operating radars that archive data to examine transitioning MCSs 

from the coast of West Africa into the Eastern Atlantic. However, the TRMM satellite 

allows for the climatologic examination of precipitation systems in the tropics. The 
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ability to determine storm strength from satellite platforms is outlined as follows in 

Figure 2.2 from Zipser et al. (2006): 

1.) The height reached by the 40 dBZ level within a precipitation system, with higher 

heights implying stronger updrafts necessary to loft/suspend hydrometeors 

having diameters sufficiently large enough to produce reflectivity of that 

magnitude (Cecil et al. 2005; Liu and Zipser 2005; Nesbitt et al. 2000, 2006). 

2.) The brightness temperature reached at 37 and 85 GHz, with colder cloud tops 

implying higher cloud top heights (Spencer and Santek 1985; Spencer et al. 

1989; Negri et al. 1994; Mohr and Zipser 1996a,b). 

3.) The greater the lightning flash rate, the more intense a storm will be assuming 

charge separation occurs in mixed phase clouds above the melting layer 

(MacGorman and Rust 1998). 
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Figure 2.2 Locations of intense convective events with parameter limits for each category 
indicated below each color bar. The thresholds for each order of magnitude in rarity of 
occurrence are signified by green (~1%), orange (~0.1%), purple (~0.01%), and black 
(~0.001%) (adapted from Zipser et al. 2006). 

  

The database for Figure 2.2 consists of all TRMM precipitation features (PFs), 

defined as continuous regions of precipitation greater than 75 km2 between 1 January 

1998 to 31 December 2004, with substitution of August 2005 data for August 2001 

during which time the TRMM satellite was boosted from 350 to 402 km to increase its 

lifetime, thus compromising data for that month. As the intensity of an event increases –

higher altitudes reached by the 40 dBZ contour, lower 37 or 85 GHz polarization 
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corrected temperatures (PCT), and increases in lightning flash rate – it becomes 

increasingly more rare to find such observations within the database, with the thresholds 

for each order of magnitude in rarity signified by green (~1%), orange (~0.1%), purple 

(~0.01%), and black (~0.001%). For each of the four different characteristics shown in 

Figure 2.2, there is a strong similarity of the distribution of extreme events. Each criterion 

comes from a different sensor (or frequency, in the case of the 37 and 85 GHz PCTs) and 

is mostly independent of the others. To the extent that extreme values of one parameter 

are indicative of the intense vertical speed of convective updrafts based on the previously 

stated assumptions to diagnose storm strength, Figure 2.2 suggests the location of the 

most intense thunderstorms on Earth occur over land. 

The climatology of six years of TRMM data shows that there is a strong 

preference for the strongest thunderstorms to be located over land, which has been shown 

in other studies (e.g., Spencer and Santek 1985, Mohr and Zipser 1996b, Williams and 

Stanfill 2002, Brooks et al. 2003, Schumacher and Houze 2006, and Fuentes et al. 2008). 

For example, Orville and Henderson (1986) showed lightning to be stronger over land 

than in oceanic regimes. Of particular interest is the region of West Africa. While there is 

a clear tendency for the strongest storms over the ocean to be located adjacent to land, 

where storm motion is from east to west, there is an absence of the rarest minimum cloud 

temperatures, a decrease in heights reached by the 40 dBZ contour, and decrease in 

lightning flash rate once transition from land to ocean occurs. While some 1% events 

(green) are shown to occur over the ocean (and may be related to the continued 

propagation of progressively weakening MCSs over the ocean or possibly tropical 

cyclogenesis downstream from the African continent), Figure 2.2 shows strong evidence 
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that MCSs located over the Eastern Atlantic Ocean are weaker than those over adjacent 

continental West Africa. 

African Easterly Waves  
 
 African easterly waves (AEWs) are westward propagating disturbances that form 

over the African continent during the months from June to October. Piersig (1936) was 

among the first to discuss these disturbances when he noted cyclonic wind circulations 

that moved from West Africa toward the Eastern Atlantic. Much of the interest in AEWs 

stems from the fact that they can be tracked by satellite from their origin over the African 

continent to the coast and then onto the Atlantic where, on occasion, they can serve as 

precursors to tropical storms and hurricanes (Simpson et al. 1968, 1969; Frank 1970; Sall 

and Sauvageot 2005; Sall et al. 2006; Berry et al. 2007; Hopsch et al 2009). Typically 

AEWs cross the coast near Dakar, Senegal at intervals of approximately 3 to 5 days, 

traveling at 6 to 7° longitude per day (~ 8 m s-1), with typical wavelengths of 2000 to 

2500 km (Carlson 1969a,b; Burpee 1972; Albignat and Reed 1980; Kwon 1989). 

MCSs account for a large proportion of precipitation in both the tropics and 

midlatitudes and thus are important from a climatological standpoint (Fritsch et al. 1986). 

In most parts of the world, temperature and moisture advection are in phase and 

precipitation occurs in association with the advection of warm, moist air. However, south 

of the Sahara Desert low-level moisture and temperature advection are negatively 

correlated. The warm desert air is dry and the moist maritime air is relatively cooler 

(Burpee 1974). This complicates the synoptic patterns of precipitation since the advection 

of warm but extremely dry air will likely preclude saturation and precipitation. 
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A north-south gradient of surface temperatures due to differences in diabatic 

heating between the Sahara desert and equatorial Africa sets up thermal contrasts over 

North Africa. These contrasts drive a thermally direct, ageostrophic meridional 

circulation, which acts as a source of kinetic energy for the African easterly jet (AEJ) 

(Burpee 1972). The ageostropic meridional flow is also responsible for the advection of 

moist air at low-levels into the continent from the Gulf of Guinea, and therefore feeds the 

moist convection in the Sahel summer months (Cook 1999). In response to the strong 

baroclinic zone between the Sahara and equatorial Africa, the AEJ forms near 700 mb. 

The AEJ is a mid-tropospheric flow with a peak amplitude of around 10 to 20 m s-1 at a 

latitude of approximately 15°N in August and is known to be in approximate thermal-

wind balance with the thermodynamic contrasts from the Guinea coast to the Sahara 

(Thorncroft and Blackburn 1999; Cook 1999; Parker et al. 2005).   

Once it was determined that AEWs originate over the continent of Africa and 

propagate westward to the Atlantic, the next question was to determine their exact 

location of origin in East Africa. Albignat and Reed (1980) concluded that wave 

disturbances observed over West Africa and the eastern Atlantic during Phase III of 

GATE experienced their main growth in the region between 10°E and 0°. AEWs can be 

traced farthest east at 700 mb due to their dependence on the AEJ (Burpee 1972; Albignat 

and Reed 1980). AEWs develop south of the jet core in a region where mean zonal flow 

is inertially unstable. On the equatorward side of the jet, both horizontal and vertical 

shear of the mean zonal flow are important sources of energy for the easterly waves 

(Burpee 1972). 
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 Both barotropic and baroclinic energy conversions associated with the instability 

of the mid-tropospheric jet stream contribute to the growth of AEWs (Burpee 1972; 

Norquist et al. 1977). In general, the basic flow includes a jet stream that has both 

horizontal and vertical mean flow shears. Barotropic instability is a wave instability 

associated with horizontal shear in the jet current. Barotropic instabilities grow by 

extracting kinetic energy from the mean flow field. Baroclinic instability, on the other 

hand, is associated with vertical shear of the mean flow. Baroclinic instabilities grow by 

converting potential energy associated with the mean horizontal temperature gradient that 

must exist to provide thermal wind balance for vertical shear in the basic state flow 

(Holton 1992). 

Horizontal and vertical shear of the mean zonal wind may act as a source of 

energy for AEWs (Burpee 1972; Thorncroft and Hoskins 1994a,b). Calculations based on 

quasi-geostrophic internal jet theory (Charney and Stern 1962) showed that barotropic 

and baroclinic processes act as nearly equal sources of energy for these perturbations and 

that horizontal momentum and heat transport are sufficiently large enough to account for 

the observed growth of AEW disturbances. Burpee (1972) computed momentum and 

sensible heat transports in the lower troposphere of southwest North Africa and found 

that there was a southward transport of easterly momentum away from the AEJ indicating 

wave growth at the expense of the mean zonal current and a sensible heat transport down 

the zonal temperature gradient at periods corresponding to AEW motion. The strongest 

fluxes occur west of 10°E where AEW amplitudes (1-2 m s-1) are largest. Albignat and 

Reed (1980) computed cross spectra between winds at 850 and 700 mb to determine the 

tilt of AEWs and found that for a wave to receive energy from a baroclinic conversion 
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process, it is necessary for it to lean in the direction opposite the shear of the basic 

current, i.e., to lean eastward with height at levels beneath the easterly jet stream. 

However, barotropic and baroclinic instabilities are not the sole source of energy for 

AEWs. Surface precipitation amounts were found to be much larger in the region ahead 

of the trough axis than in other regions of the wave, which suggests that latent heat 

release also contributes to the growth of AEWs (Reed et al. 1977; Thorncroft and 

Hoskins 1994 a, b; Thorncroft and Hodges 2001; Arnault and Roux 2009; Wang and 

Gillies 2011).  

AEWs have long been associated with tropical cyclogenesis over the eastern 

Atlantic (Simpson et al. 1968, 1969; Frank 1970), however not all AEWs contribute to 

the formation of a tropical cyclone. Frank (1970) compared Atlantic tropical storms 

during the 1968 and 1969 hurricane seasons. While the tropical storm activity in 1968 

was below normal, Frank (1970) found that essentially the same number of AEWs passed 

Dakar in both years. Carlson (1971) attributed the August 1968 decrease in tropical storm 

activity to below normal SSTs. Burpee (1974) showed a comparison of the average 

period and wavelength of the v-wind component using the power-spectrum method for 

those two years to be quite similar. This indicated that the amplitude of wave motion at 

the surface changed very little and suggests that there was no change in the frequency or 

amplitude of AEW motion over continental Africa to account for differences in tropical 

storm activity in the eastern Atlantic. 

 Although large-scale convection initiated by and associated with AEWs can be 

used to track the waves as they propagate across Africa, there is a need to quantitatively 

diagnose them. Berry et al. (2007) used the AEW trough axis position at 700 mb using 1° 
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x 1° National Centers for Environmental Prediction (NCEP) Global Forecast System 

(GFS) operational analyses, which have a temporal resolution of 12h, to diagnose their 

existence. Recalling that the zonal (u!) and meriodional (v!) components of the 

nondivergent wind (V!) are given by 

! 

u" = #
$"
$y

                 (1)                                      

! 

v" =
#"
#x

     (2) 

reveals that the nondivergent wind in the tropics is essentially the counterpart of the 

geostrophic wind in the extratropics. Figure 2.3 shows a large-scale anticyclone between 

20° and 30°N, west of the Greenwich meridian, marking the upper portion of the Saharan 

heat low circulation (Thorncroft and Blackburn 1999). On the equatorward side of this 

midlevel cyclone (between 10° and 20°N) a zonally elongated band of enhanced 

streamfunction gradient can be observed, which indicates the approximate location of the 

AEJ. The signature of an AEW is a wavelike perturbation of this gradient that moves 

westward in time. The position of a trough axis is marked by a poleward displacement of 

the streamfunction contours and a ridge is marked by an equatorward displacement as 

shown in Figure 2.3. The advantage of using the streamfunction field is that it can be 

used to compute diagnostic quantities that enable AEWs, as well as AEJs, to be plotted 

objectively in line segment format. 
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Figure 2.3 An example of the 700 mb streamfunction (!) field over North Africa at 1200 
UTC 12 September 2004. The labels “T” and “R” indicate the locations of trough and 
ridge axes, respectively (adapted from Berry et al. 2007).  
  

 According to Berry et al. (2007), using the zonal and meridional components of 

the nondivergent wind (Equations 1 and 2), the “streamfunction vorticity” ("!) can be 

defined as 

! 

"# =$h %V#      (3) 

where 

! 

"h is the standard horizontal gradient operator and the computed streamfunction 

vorticity is implicitly a vertical component. From the streamfunction vorticity the 

position of a trough or ridge is defined as 

! 

"V# $ %h&# = 0      (4) 

that is, the point where advection of the streamfunction vorticity by the nondivergent 

wind is equal to zero. This agrees with synoptic reasoning, where positive vorticity 
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advection lies ahead of a trough axis and negative vorticity advection lies behind. 

However, this definition of trough and ridge lines is only mathematically correct for 

idealized two-dimensional waves (i.e., where V! is a function of only one horizontal 

direction). Those that occur over North Africa are not of this type because a large 

contribution to the total streamfunction vorticity comes from horizontal shear across the 

AEJ (Burpee 1972; Reed 1977; Thompson et al. 1979; Albignat and Reed 1980; Berry et 

al. 2007). The advection of streamfunction vorticity due to the westward propagation of 

AEWs is obscured by the advection of streamfunction vorticity associated with relatively 

small fluctuations in the position of the AEJ. The solution is to partition the 

streamfunction vorticity into that due to the shear of the non-divergent wind and that due 

to the curvature of the non-divergent wind field, that is, 

! 

"# = "#
Shear + "#

Curvature     (5) 

The advantage here is that each term in (5) is implicitly a vertical component, computed 

solely from the horizontal non-divergent wind field. The AEW trough and ridge axes can 

then be redefined to be where 

! 

"V# $ %h&#

Curvature = 0     (6) 

To differentiate between AEW troughs and ridges, masks must be used to remove AEW 

ridges. One mask is applied to remove lines wherever the streamfunction curvature 

vorticity is below a certain positive threshold value, resulting in only trough lines being 

displayed. Since there are occasions where the curvature of the non-divergent wind field 

reaches a local minimum and yet is still positive (or reaches a local maximum, and yet is 

still negative), a further masking diagnostic is required to remove additional lines that 

were not removed by the streamfunction curvature vorticity mask: 
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! 

V" # $h (%V" # $h&"

Curvature ) > K     (7) 

where K is greater than or equal to zero for plotting troughs (for ridges the inequality sign 

would be reversed and K would be less than or equal to zero)1. Figure 2.4 shows that the 

three solid black lines that cross the streamfunction contours (labeled 1, 2, and 3) would 

all be retained as AEW trough axes after applying the streamfunction curvature vorticity 

mask because the streamfunction curvature is everywhere positive. However, only the 

trough axes labeled 1 and 3 should be retained. Equation (7) yields negative values only 

along line 2 due to the opposition of plotted vectors, so this line segment would be 

successfully removed when using the mask. 

 

 

 

                                                
1 This is essentially the method used to identify and plot jet stream cores on two of the 
figures in Hewson (1997). 
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Figure 2.4 A schematic representation of complex AEW structure to illustrate the 
operation of Equation (7). Gray contours show streamfunction; black contours show the 
advection of streamfunction curvature vorticity by the nondivergent wind denoted by 
“A”; thick solid black line represents Equation (6); the thin solid (dashed) black line 
indicates positive (negative) vorticity advection (adapted from Berry et al. 2007). 
  

 Previous literature (e.g., Riehl 1948; Yanai 1961) has discussed the transition 

from a cold core (CC) to warm core (WC) system as an important indicator of potential 

system development into a tropical storm. Early studies showed both developing and 

non-developing systems were WC at upper-levels, and therefore direct circulations. 

However, the warm air at 300 mb was much more pronounced in developing sytems 

(McBride and Zehr 1981). In the lower atmosphere, observations revealed that if a 

transition does take place from CC to WC, it happened very early (Williams and Gray 

1973; Ruprecht and Gray 1976a, b; McBride and Zehr 1981). More recently, Hopsch et 
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al. (2009) found that AEW transition from CC to WC occurs at approximately two days 

before reaching the coast for developing systems. 

 It appears that the conversion of AEWs from CC structures over the continent of 

Africa to warm core WC structures over the Eastern Atlantic is essential for continued 

intensification of the wave to occur. The impact of latent heating in an AEW is quite 

different from that in a midlatitude cyclone, which naturally has a cold core and thus can 

be readily enhanced by self-induced latent heating. However, AEWs are essentially 

generated by barotropic instability and have a cold core. In their modeling study, Kwon 

and Mak (1990) found that for an AEW to be able to intensify within 10 days, the CC 

must be quickly transformed into a WC within a few days. Similar to later studies 

(Hopsch et al. 2009), their results suggested that this could only happen under the 

influence of sufficiently strong cumulus heating during westward propagation of the 

wave. Their study found that the CC was substantially warmed at the center of upward 

motion due to latent heat released at the 550 mb level. As a result, the temperature field, 

which was initially out-of-phase between 550 and 700 mb progressively became in-

phase. After four days, this vertical in-phase temperature structure became well 

correlated with the vertical motion as the wave propagated westward and only then did 

strong intensification occur.  Yanai (1968) similarly reported a wave disturbance in the 

Caribbean Sea with a CC structure at lower tropospheric levels that transformed into a 

WC during its intensification. 

 Hopsch et al. (2009) found several characteristics of developing AEWs at the 

West African coast from a composite study of ECMWF ERA40 reanalysis data and 

satellite brightness temperatures between 1979 and 2001. The study found that AEWs 
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had a distinctive CC structure at two days inland from reaching the coast. Convective 

activity associated with the developing AEWs increased in the vicinity of the Guinea 

Highlands and this was again believed to aid in the transition from a CC to WC structure. 

Low-level vorticity in the AEW trough also increased, which is consistent with 

transformation to a WC structure. As the developing AEWs moved over the ocean, 

convection was maintained in the trough, as is also consistent with observed tropical 

cyclogenesis.  

The “Marsupial Paradigm” of Tropical Cyclogenesis from African Easterly 
Waves 
 
 A recent development showing promise for earlier prediction of tropical 

cyclogenesis is based on the “marsupial paradigm” presented in a recent study by 

Dunkerton et al. (2008). This theory states that the critical layer of a tropical easterly 

wave, defined as a region of closed circulation where air is repeatedly moistened by 

convection, is important to tropical cyclone formation because 1.) wave breaking or roll-

up of cyclonic vorticity near the critical surface in the lower troposphere provides a 

favored region for the accumulation of vorticity seedlings and tropical cyclone formation, 

2.) the wave critical layer is a region of closed circulation, where air is repeatedly 

moistened by convection and protected from dry air intrusion (the Saharan Air Layer, or 

SAL, is often present in the transition zone of West Africa and the Eastern Atlantic), and 

3.) the parent wave is maintained and possibly enhanced by diabatically amplified 

mesoscale vortices within the wave. Tropical cyclogenesis tends to occur near the 

intersection of the critical surface and the trough axis of the parent easterly wave, which 



Texas Tech University, Amber Emory, May 2012 
 

 28 

is the center of the pouch (Dunkerton et al. 2008; Wang et al. 2009) as shown in Figure 

2.5. 

 
Figure 2.5 A conceptual model of the “marsupial pouch” of tropical cyclogenesis 
associated with African easterly waves. The dashed green lines depict AEW streamlines, 
which is usually open with an inverted V-pattern. The solid black curves outline the 
boundary of the “marsupial pouch”. Moist air inside the pouch is protected from dry air 
associated with the Saharan Air Layer (SAL) that flows westward from the African Sahel 
region. The intersection of the critical line (purple line) and the trough axis (black line) 
pinpoints the center of the pouch, which is the preferred location for tropical cyclogenesis 
(adapted from Wang et al. 2009). 
  
 “Marsupial” tracking is a real-time experimental forecast product used to track the 

wave pouch and predict the location of tropical cyclogenesis using global model 

operational data. Pouches often begin over continental West Africa and are associated 

with strong AEWs and their related MCSs. The objective of marsupial tracking is to 

follow the wave pouch (rather than the individual vortices within the pouch that often 

exhibit short lifetimes), estimate its propagation speed, and predict the genesis location. 
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Environments of West African Mesoscale Convective Systems 
 

 The amount of convective available potential energy (CAPE), convective 

inhibition (CIN), vertical wind shear, and strength of convective updrafts comprise some 

of the factors affecting the longevity of MCSs in West Africa. In their study of the 

diurnal cycle of the West African monsoon circulation, Parker et al. (2005) showed that 

MCSs normally occur under strong low-level wind shear, CAPE values greater than 2500 

J kg-1 over the continent, and a strong African Easterly jet located at approximately 650 

mb. In contrast to the environment in continental West Africa, Zipser and LeMone (1980) 

attempted to resolve why vertical velocities in the GATE cores in the Eastern Atlantic, 

which they defined as having vertical velocities greater than 1.0 m s-1 continuously for 

greater than or equal to 500 m, were so small in magnitude. The GATE maritime 

convective cores were found to be much weaker than those found in other mid-latitude 

convective cloud experiments that have taken place since. Cores that were narrow (1 to 2 

km) and weak (2 to 3 m s-1) were shown to not only be a frequent occurrence during 

GATE, but were also shown to be important in vertical mass transport. The decreased 

intensity of updrafts sampled during the GATE field campaign appears to be related to 

the nearly moist adiabatic temperature sounding. 

Sounding data over West Africa is normally sparse, and radiosonde observations 

away from the main synoptic hours of 0000 and 1200 UTC have been rare in the past 

(Parker et al. 2005), except during intense observational periods associated with field 

campaigns, i.e., GATE, COPT81, NAMMA. For GATE, CAPE and CIN were calculated 

for hundreds of soundings and Zipser and LeMone (1980) chose a value of 1500 J kg-1 as 

representative of soundings just ahead of convective systems.  
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 Fast Manifold Dynamics (RKW theory) 
 
 The crucial role of downdrafts in initiating and maintaining severe continental 

storms has been long recognized (Ludlum 1959; Browning 1964). Zipser (1969) showed 

the importance of downdrafts in the tropics over the ocean in a classic squall line case 

study. The question to be answered is: What occurs in the transition from continental 

West Africa to the Eastern Atlantic Ocean that alters the dynamics/thermodynamics of 

MCSs that are well established, long-lived systems prior to their transition offshore? 

Rotunno et al. (1988) (hereafter RKW) proposed a theory for strong, long-lived squall 

lines that they argued could be used to describe the physics of both mid-latitude and 

tropical MCSs. Figure 2.6 demonstrates that if the low-level shear relative to a cell is of 

sufficient strength, then the generated cold pool outflow may be prevented from surging 

ahead and effectively cutting off inflow that will sustain the system. In addition, new 

convective cell growth is upright, which encourages MCS propagation that is in pace 

with the magnitude of the cold pool outflow. RKW used a two-dimensional simulation 

conducted under conditions with shear restricted to the lowest 2.5 km directed 

perpendicular to the squall line and found a long-lived state of intense convection. Thorpe 

et al. (1982) also argued that this is a favorable condition for intense, long-lived 

convection.  However, the long-lived case is also characterized by intense convection that 

is intermittent. A cell will grow and decay, with its evaporation-produced cold pool 

triggering a new cell to repeat the process.  
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Figure 2.6 A conceptual diagram that shows how a buoyant updraft may be influenced by 
wind shear and/or a cold pool. (a) With no shear or cold pool, the updraft axis produced 
by a thermally created, symmetric vorticity distribution is vertical. (b) With the presence 
of a cold pool, the distribution is biased by the negative vorticity of the underlying cold 
pool and the updraft leans upshear. (c) With wind shear, the distribution is biased toward 
positive vorticity and causes the updraft to lean downshear. (d) With both a cold pool and 
wind shear, the two effects are balanced and allow the updraft to remain upright (adapted 
from Rotunno et al. 1988). 
  

Barnes and Sieckman (1984) also examined the environmental soundings of 

tropical mesoscale cloud lines that occurred during GATE. They identified two different 

types of lines: “fast movers” (squall lines) and “slow movers”. Although much less 

unstable than typical mid-latitude squall lines, the environment of tropical squall lines 

was also characterized by strong low-level shear with reversed, weaker shear above 650 

mb likely due to the presence of the AEJ and the principal component of the shear 

directed perpendicular to the line. Frank (1978) also found that tropical squall lines 

observed during GATE occurred under conditions of relatively strong low-level shear. In 

contrast, the environment of the slow moving cloud lines had virtually no shear and was 
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more moist above the boundary level than that of the environments associated with squall 

lines. These studies lend further support to the conclusion that low-level shear directed 

perpendicular to a squall line is a feature of a wind profile that promotes long-lived 

systems in the tropics in addition to mid-latitudes. In fact, according to RKW, there seem 

to be very few features that clearly distinguish mid-latitude from tropical squall lines in 

terms of requirements for maintaining vertically oriented updrafts. The only important 

difference is that, because of the more frequent occurrence of deep strong shear with 

large instability, mid-latitude squall lines may sometimes be composed of three-

dimensional supercell storms that may, in principle, be steady. 

 Several previous studies have looked into the causes of MCS dissipation over 

land. The main focus of this dissertation is to determine the cause of MCS dissipation as 

the result of transition from land to ocean. Ogura and Liou (1980) noted that during the 

dissipation stage of a squall line passing over Oklahoma in 1976 that the area of 

reflectivity greater than 34 dBZ in the stratiform region was continually separating from 

the leading edge as time progressed, which indicates the expansion of the cold pool as 

seen in previous studies (Fujita 1955; Frank 1978; Leary and Houze 1979). Smull and 

Houze (1985) noted that this evolution in reflectivity pattern was accompanied by an 

increase in rear-to-front flow. An intensified downdraft leads to a significantly cooler 

cold pool. As a result, the cold pool is able to overcome the opposing force of the low-

level shear directed perpendicular to the line, and begins to surge outward underneath the 

updraft in the downshear direction. This “upshear tilt” signals an increase in dominance 

of the cold pool circulation that leads to a decrease in strength of subsequent convection. 

Since low-level shear feeding the convection changes only slightly with time, a less than 
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optimal state eventually develops in which the cold pool’s circulation makes it 

progressively more difficult for new convective cells to form and the system ultimately 

weakens. The characteristic properties of the cold pool can change substantially 

depending on the thermodynamics of air in rainy downdrafts, since it is generally the 

result of quickly evolving convective processes. 

 The essential ingredient that sustains a long-lived line of time-dependent cells is 

the amount of low-level shear that counters the circulation induced by the cold pool 

outflow. An estimate of the cold pool outflow can be obtained from a temperature 

sounding (Betts and Silva Dias 1979), while an estimate of the low-level shear can be 

estimated from the wind profile portion of the sounding. If these two quantities are 

comparable, then the balance between the cold pool circulation and the low-level shear is 

approximately optimal. The greatest uncertainty in this evaluation is in estimating the 

strength and depth of the cold pool since these features are a product of convection and 

may be sensitive to the details of its evolution. The derivation of the cold pool outflow 

wind speed (c) is as follows according to Betts and Silva Dias (1979): 

! 

c 2 " 2 (#BL
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where,       

! 
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Substituting Equation (9) into Equation (8) and simplifying, we have 
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where g is gravity, #o is the base state potential temperature, and H is the height/depth of 

the cold pool defined where Tsounding#1 = Tsounding#2. Sounding#1 is defined as the sounding 
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of the environment prior to MCS passage, while Sounding#2 is defined as the sounding 

the representative of the MCS cold pool. The base state potential temperature at the 

surface is defined as 300 K following Lipps and Hemler (1982). The potential 

temperature of a parcel at pressure P is the temperature that a parcel would have if 

brought adiabatically to a standard reference pressure Po, usually 1000 hPa. Potential 

temperature (") is given by Poisson’s Equation: 
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                                     (11) 

where T is the absolute temperature (in degrees Kelvin) of the parcel at a given pressure 

level P, R is the gas constant for dry air (287.04 J kg-1 K-1), and cp is the specific heat 

capacity at a constant pressure (1005 J kg-1 K-1).  

 Using the ideal gas law, Equation 11 can be expressed as a relationship between 

pressure and density for a surface of constant potential temperature: 

                       

! 
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cv
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R
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                                 (12)  

Density is a function of pressure only on an isentropic (constant-") surface and the 

solenoidal term in the circulation theorem therefore vanishes. For adiabatic flow the 

circulation computed for a closed chain of fluid parcels on an isentropic surface satisfies 

Kelvin’s circulation theorem: 

                        

! 

D
Dt

C + 2"#Asin$( ) = 0                             (13) 

where C is the closed loop encompassing the area #A on an isentropic surface. If the 

isentropic surface is approximately horizontal and the vertical component of relative 

vorticity is given by: 
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! 
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                                          (14) 

then for an infinitesimal parcel of air, Equation 13 can be rewritten as: 

                           

! 

"A #$ + f( ) =  constant                             (15) 

where $" is the vertical component of relative vorticity evaluated on an isentropic surface 

and f = 

! 

2"sin#  is the Coriolis parameter. 

 If a parcel is confined between two potential temperature surfaces "o and "o + #" 

and separated by a pressure interval -#p, then the mass of the parcel #M = (-#p/g) #A 

must be conserved following the motion: 
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since #" is a constant on an isentropic surface. Substituting this into Equation 15 to 

eliminate #A and taking the limit #p % 0 yields: 

              

! 

P " #$ + f( ) %g&$
&p

' 

( 
) 

* 

+ 
, =constant                         (17) 

The quantity P, which has units of K kg-1 m2 s-1, is the isentropic coordinate form of 

Ertel’s potential vorticity. It is defined with a minus sign so that its value is normally 

positive in the Northern Hemisphere. Equation 17 shows that potential vorticity is 

conserved following the motion in adiabatic frictionless flow. It can also be used as a 

measure of the ratio of absolute vorticity to the effective depth of the vortex (Holton 

1992). 
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CHAPTER III 

 

DATA & METHODOLOGY 

 This chapter will present the various datasets and methodology used in analyses 

discussed in Chapters 4 through 7. The emphasis is to begin with large-scale factors, 

including analyses of satellite data, the environments of transitioning MCSs, and African 

Easterly Waves, and then to progress to small-scale factors, such as the analysis of 

individual MCS cases, flux tower data analyses, and the evaluation of RKW theory, 

which is used to explain MCS collapse off the coast of West Africa. 

  

TRMM Database 
 

The TRMM database (Liu et al. 2008) allows for individual case studies of MCSs 

sampled during satellite overpasses as well as the creation of contoured frequency by 

altitude diagrams (CFADs; Yuter and Houze 1995) to compare continental, transition, 

and oceanic CFADs of MCSs from TRMM observations. A description of the locations 

used to compare CFADs from the various regimes is explained in this section. The 

method used to create CFADs from TRMM satellite data is explained in the next section. 

 Another application of the TRMM database is to study the regional variations of 

vertical structures of precipitation features (Liu et al. 2008), based on climatology rather 

than individual case studies. CFADs of maximum PR reflectivity profiles of TRMM 

precipitation features with at least one 40 dBZ echo were created. The CFADs of 

maximum reflectivity profiles of MCSs were categorized by size (75-150 km2, 150-750 

km2, 750-2000 km2, and greater than 2000 km2) and analyzed over 10° by 10° grid boxes 
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for the months of June, July, and August for the years 2000 through 2006. The red box in 

Figure 3.1 shows the three separate regimes defined in this study to analyze MCSs in 

continental West Africa (blue grid box located from 5° to 15° N and 0° to 10° W), the 

transition zone at the coast (light blue grid box located from 5° to 15° N and 10° to 20° 

W), and the “open ocean” of the Eastern Atlantic (white grid box located from 5° to 15° 

N and 20° to 30° W). The transition zone grid box was further separated into land in 

transition zone and ocean in transition zone, accordingly.  

  

 
Figure 3.1 An example of grid boxes used to construct TRMM CFADs.  
 

Contoured Frequency by Altitude Diagrams  

 Yuter and Houze (1995) developed a statistical method to examine a three-

dimensional storm in two-dimensions called contoured frequency by altitude diagrams 

(CFADs). CFADs display information about the width of frequency distribution at each 

altitude and the number, values, skewness, and degree of peakedness (kurtosis) of the 

frequency distribution modes for the entire storm volume. 

For a two-dimensional histogram of a variable A, the total number of points Nt is 
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where N is the frequency distribution function, defined such that the integrand is the 

number of observations of A in the range A to A + dA. The terms on the right hand side of 

Equation 18 represent the number points in a finite interval &A. They represent the area 

under one bar of the histogram: 
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 In a three-dimensional plot of histograms, the total number of points Nt in the 

volume is 
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where h is the height of the storm top, and N(A,z) is the frequency distribution function 

defined so that the integrand is the number of observations of A in the range A to A + dA 

at heights in the range z to z + dz. The number of points in a bin defined by both Ai and zi 

is 

! 
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z j +#z
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$ dzdA, i = 1, 2, …  j =1, 2,…             (21) 

 The final step in the creation of a CFAD is to normalize the plot by the number of 

points at each level. For this study, a constant vertical bin size of &z = 0.5 km was used. 

The total number of points in each bin was divided by the number of points at each given 

level and then multiplied by 100 to express the fraction as a percent. Normalizing by the 

number of points at each level has the side effect of increasing the percentages at the top 

(or at the bottom with respect to satellite data) of the storm where there are fewer data 

points, but it makes it easier to compare diagrams. Levels where the numbers of available 

data points are too few to be representative of the storm structure were removed from the 

plot.  
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Environmental Soundings 
 
 The NAMMA field campaign extended the environmental sampling from the 

GATE field campaign to include interior continental regimes of Africa as well as 

coast/transition and oceanic regimes in the Eastern Atlantic. Figure 1.3 shows the five 

locations of rawinsondes (Niamey, Niger [13.45° N, 2.11° E], Kawsara, Senegal [14.42° 

N, 17.08° W], Dakar-Yoff airport [14.66° N, 17.44° W], and Praia, Cape Verde [14.93° 

N, 23.52° W]) as well as dropsondes (aboard the DC-8 that flew missions mainly over the 

Eastern Atlantic between the Cape Verde Islands and the West coast of Africa near 

Senegal). A total of 220 environmental soundings were analyzed – Niamey (35), Kawsara 

(13), Dakar-Yoff (15), Praia (20), and DC-8 (137). Although there were additional 

locations where environmental soundings were taken during the NAMMA field 

campaign, these locations were chosen due to the fact that radars were co-located: MIT 

radar in Niamey, NASA TOGA radar in Praia, and NPOL for Dakar-Yoff and Kawsara. 

Quicklooks from the APR-2 radar aboard the DC-8 aircraft were used in addition to 

mission flight paths to determine the location of dropsonde release relative to each MCS 

sampled. Soundings were classified relative to their location to MCS: prior to MCS 

passage, into MCS precipitation, or after MCS passage. The Universal Rawinsonde 

Observation (RAOB) program version 6.1 was used to calculate surface-based, most 

unstable, and mixed layer CAPE/CIN. Algorithms written using the Python programming 

language were used to calculate low-level (surface-1 km), mid-level (surface-3 km), deep 

(surface-6 km), and pouch (850-500mb) shear. 

 In addition to using soundings collected during the field experiment to determine 

the large-scale environments of continental, transition, and oceanic regimes, pairs of 
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soundings were used to determine small-scale factors, such as MCS cold pool outflow. 

To determine the magnitude of MCS cold pool outflow relative to opposing low-level 

shear, which according to previously discussed RKW theory is important for maintaining 

long-lived MCSs, soundings at Kawsara, Praia, and Niamey as well as from the DC-8 

aircraft were matched to capture the environment both prior to and post MCS passage. 

Soundings from the Dakar-Yoff airport could not be used because the time difference 

between soundings (12 h) was too great to be representative of changes in the boundary 

layer. The difference in potential temperatures for Equation 10 were calculated over the 

height/depth of the cold pool defined where Tsounding#1 = Tsounding#2. The predicted speed of 

the cold pool (c) was then compared with low-level wind shear (&u) over the same depth. 

 Analysis of African Easterly Waves  
 
 ECMWF Interim Reanalysis data with 1.5° resolution were used to analyze 

AEWs in the continental, transitional, and oceanic regimes of West Africa and the 

Eastern Atlantic. The u- and v-wind components were analyzed at 700 mb for August and 

September 2006. Stream functions were created using Equations 1 and 2, while vorticity 

contours were created every 6 h using the following equation 
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                                           (22) 

The analysis was performed using the Grid Analysis and Display System (GrADS), 

which is an interactive desktop tool that is used for easy access, manipulation, and 

visualization of earth science data.  

 Hovmoller diagrams (Hovmoller 1949) were created for 700 mb vorticity and 

TRMM 3B42 Version 6 geostationary precipitation data calibrated daily at 1° resolution, 
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300 mb temperatures and 850 mb vorticity to examine AEW transition from WC to CC 

following McBride and Zehr (1981) and Hopsch et al. (2010), and potential vorticity at 

700 mb to show mid-level rotation from remnant MCVs subtracted from the background 

rotation associated with synoptic scale AEWs. The TRMM data were obtained from the 

Giovanni TRMM Online Visualization and Analysis System (TOVAS; available at 

http://gdata1.sci.gsfc.nasa.gov/daac-bin/G3/gui.cgi?instance_id=TRMM_3-Hourly) and 

were displayed in precipitation rainfall rates of [mm/hr]. The ECMWF ERA-Interim data 

were provided by ECMWF and obtained from the ECMWF data server. The area of 

interest used to create each Hovmoller was 0° to 33° W to correspond to previous grids 

defined as continental, transition, and oceanic, 14° to 16° N to concentrate on 

environments associated with MCSs exiting the coast of West Africa near the range of 

the NPOL radar, and from August 24 0000 UTC (the first MCS case collected during 

NAMMA with NPOL) to September 30, 1800 UTC during the NAMMA field 

experiment. Each Hovmoller diagram also contains the numbered AEW of the 2006 

hurricane season identified using the method from Berry et al. (2007). 

NASA Polarimetric (NPOL) Radar 

One platform used to study the transition of individual MCSs at the African coast 

during the NAMMA field campaign was the NASA Polarimetric (NPOL) radar. The 

NPOL radar is a fully transportable and self-contained S-band (10 cm wavelength) 

research radar that was located in Kawsara, Senegal (14.66°N, 17.10°E, 80 m ASL) 

approximately 40 km southeast of Dakar. NPOL has a beamwidth of 1.4° and a gate 

spacing of 200 m. The unambiguous range for the radar was 157.8 km for volume scans 

with a corresponding Nyquist velocity of 25.4 m s-1. During the NAMMA field campaign 
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the system operated nearly continuously from 19 August through 30 September 2006, 

taking fifteen-minute volume scans. The following radar parameters were collected: total 

unfiltered reflectivity (dBZ), noise filtered reflectivity (dBZ), mean Doppler velocity (m 

s-1), spectral width (m s-1), differential reflectivity (dB), differential phase (deg), specific 

differential phase (deg/km), and correlation between horizontal and vertical polarization 

('hv). 

Analyses of NPOL radar data were limited to MCSs that transitioned from land to 

ocean. The data were edited using SOLOII, a software package developed at the National 

Center for Atmospheric Research (NCAR). SOLOII was used to remove artificial noise 

from the data by setting a maximum spectral width threshold of 6.0 m s-1 on the raw 

velocity data. SOLOII was also used to unfold ambiguous velocities around a 

predetermined Nyquist velocity of 25.4 m s-1.  

 The REORDER software program (Mohr et al. 1986; Oye and Case 1995) was used 

to interpolate and grid the radar data from its original spherical (radar) coordinates (r, !, 

") onto a Cartesian grid (x,y,z). The analysis domain was a 300 km by 300 km box (-

150.0 < x < 150.0, -150.0 < y < 150.0, 0.0 < z < 18.0) centered on the NPOL radar. The 

Cartesian grid was given a horizontal and vertical resolution of 1.0 km and 0.5 km, 

respectively, for the 31 August and 2 September 2006 cases and a horizontal and vertical 

resolution of 2.0 and 1.0 km, respectively, for the 11 September 2006 case since the MCS 

was located farther to the south of the NPOL radar location. The horizontal radius of 

influence was set to 2.0 km while the vertical radius of influence was set to 1.0 km for the 

31 August and 2 September 2006 cases. The horizontal radius of influence was set to 3.2 

km and the vertical radius of influence was set to 1.6 km for the 11 September 2006 case. 
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A Barnes weighting scheme was used to derive Cartesian grid points from the polar radar 

data. Once the data were interpolated to a Cartesian grid, constant altitude plan position 

indicator (CAPPIs) and vertical cross sections were taken every hour along a line 

perpendicular to the storm motion vector. 

Flux Tower Data Analysis 
 

Meteorological and flux observations were made from a 12 m guyed, triangular 

tower. The field site was co-located with the NASA NPOL radar in the village of 

Kawsara, Senegal (14.5° N, 17.08° W). The vegetation consisted of two layers: a sparse 

overstory of 1-3 m shrubs and understory of herbaceous grasses less than 1 m tall. The 

site was less than 200 m from a highway and is grazed by the village goats and nomadic 

herds of cattle. The observation period ran from 21 August 2006 to 17 September 2006. 

Data were collected using two data loggers (Campbel Sci 23x and CR3000) connected to 

a laptop computer. Data for most instruments were averaged over one minute and files 

were written every 30 minutes. The eddy covariance instruments recorded data at 10 Hz. 

Due to issues with power at the site, there are fifteen days with 24 h of observations and 

another nine days have partial data. 

A gust front analysis was performed using one-minute averages of wind speeds 

from the flux tower. From the days where a full 24 h of data were collected, days were 

chosen to represent strong MCSs (August 31, September 2, and September 11), weak 

MCSs (August 24, August 28, August 29), and no MCS (August 26, August 30, and 

September 3) based upon echo tops exceeding 5 km altitude and time series measuring 

cold pool outflow in excess of 5 m s-1. Severe MCS days were identified where gust front 

wind speed magnitudes exceeded 10 m s-1. For days where either weak or strong MCSs 
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passed the flux tower, the data were partitioned based on wind direction. Wind directions 

between 225° and 315° were defined as westerly and wind direction thresholds between 

45° and 135° were defined as easterly. At the location of the flux tower, onshore flow 

was consistently present except during the passage of an MCS. 

In wind engineering, turbulence intensity is defined as 
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and {x1, x2,…, xn} are the observed values of the sample and 

! 

x  is the mean of the data. 

The use of n -1 instead of n is known as Bessel’s correction. The reason for the use of this 

correction is that s2 is an unbiased estimator for the variance $2 of the underlying 

population, if that variance exists and the sample values are drawn independently with 

replacement. However, s is not an unbiased estimator for the standard deviation $, and it 

tends to overestimate the population standard deviation. The term n -1 is the number of 

degrees of freedom in the vector of residuals, (x1-

! 

x ,…, xn -

! 

x ). The gust factor is 

defined as the peak in the time series relative to the mean wind speed. While there are 

different formulas used for computing the gust factor, here the gust factor is defined as 

the maximum of the ratio of the mean of a small window (size ngust = 1 minute) to that 

of the length of the dataset. A matrix of all data (9 cases), MCS data (6 cases), severe 

MCSs (3 cases), and weak MCSs (3 cases) were created in Matlab. Separate vectors with 

data meeting wind direction threshold criteria were created. Mean, median, mode, 

standard deviation, turbulence intensity, and gust factor were determined for winds 

representing inflow (westerly) and for MCS cold pool outflow (easterly). 



Texas Tech University, Amber Emory, May 2012 
 

 45 

 The following three chapters will present results and discussion for satellite and 

ground-based radar analyses of transitioning MCSs (Chapter 4), the environments of 

transitioning MCSs (Chapter 5), and small-scale factors such as flux tower data wind 

analysis and the evaluation of RKW theory (Chapter 6).  
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CHAPTER IV 

 

SATELLITE AND GROUND-BASED RADAR ANALYSES 

 
 The results from TRMM satellite and NPOL ground-based radar analyses are 

presented in this chapter. Individual cases are discussed first for TRMM and NPOL and 

then a radar climatology analysis of TRMM PR data from 2000 to 2006 is discussed. 

Tropical Rainfall Measurement Mission (TRMM) Satellite Database 

 During the time period of 24 August 2006 to 30 September 2006, only three cases 

were sampled by both the ground-based NPOL radar and the orbiting TRMM satellite 

PR: 24 August 2006, 27 August 2006, and 8 September 2006. The number of cases was 

further limited by the fact that the maximum and minimum latitudes/longitudes were 

based upon the maximum unambiguous range of 150 km from the NPOL radar located at 

14.65°N, 17.10°W. MCSs within latitude range of 13.31° to 16.01°N and longitude range 

of 15.70° to 18.49°W with a minimum 85 GHz polarization corrected temperature (PCT) 

of less than 250K during the time period of interest from the NAMMA field campaign 

were examined. 

 

24 August 2006 

 The TRMM satellite overpass at 2337 UTC 24 August 2006 allows a more 

detailed analysis of a weakening MCS that dissipated to the east of NPOL although it was 

within range of the radar. A cross-section through the coldest cloud top (brightness 

temperature <196K) associated with this MCS only reached 10 km altitude according to 
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the 2A23 storm height product (Figure 4.1), with the PR 35 dBZ contour not extending 

above 6 km (Figure 4.2). The 2A23 product shows maximum storm heights extended 

slightly above 10 km farther to the east, but did not extend above 12 km as indicated by 

the 85 GHz PCTs that ranged from 225K down to one pixel of 195K. The TRMM 2A12 

product shows rain rate values to the east of the NPOL location to be approximately 6 

mm hr-1 (Figure 4.3), which is consistent with the near complete disintegration of the 

MCS by 0000 UTC 25 August 2006. 
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Figure 4.1 Several products from the 2337 UTC 24 August 2006 TRMM overpass, 
including PR reflectivity at 4.0 km altitude, 2A23 product storm height, channel 4 
brightness temperature, and 85 GHz PCT. The thin black line marks the coast of West 
Africa, the thin dashed line marks the TRMM PR swath, and the dark black line running 
diagonal indicates the cross-section used in Figure 4.2. 
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Figure 4.2 Vertical cross-section of TRMM PR at 2337 UTC 24 August 2006 along the 
dark black line shown in Figure 4.1. The thick lines at the top of the image are the TMI 
37 GHz PCT (dashed) and 85 GHz PCT (solid). At the bottom of the image, rainfall rates 
from TRMM 2A12 (retrieved from TMI; dashed) and TRMM 2A25 (retrieved from PR; 
solid) are shown. 
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Figure 4.3 Several products from the 2337 UTC 24 August 2006 TRMM overpass, including 85 GHz PCT, channel 4 brightness 
temperature, 2A23 product storm height PR near surface reflectivity, 2A25 near surface rain rate derived from PR, and 2A12 rain rate 
derived from TMI. The dashed line circle in the lower right is the field of view of the NPOL radar.
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27 August 2006 

 The 27 August 2006 MCS was a stronger system with higher, colder cloud top 

heights and produced significant amounts of rainfall. The TRMM overpass occurred at 

2227 UTC and by 2300 UTC a moderately organized MCS with a convective portion 

located to the north of the trailing stratiform rain region located farther south were 

observed at the NPOL radar. However, by 0000 UTC 28 August 2006, as the system 

transitioned over the ocean, the MCS weakened slightly and progressively weakened 

from 0100 UTC on. 

 When compared to the coverage of brightness temperatures from the previous 24 

August 2006 case (Figures 4.1 and 4.3), the channel 4 brightness temperatures of < 196K 

were similar in size for this case (Figure 4.4). However, along the southernmost edge of 

the PR swath, the 2A12 product rain rate ranged from a few indications of 30 mm hr-1 to 

nearly 50 mm hr-1, which is significantly greater than the previous case. TRMM PR 

reflectivities at 4 km, which are likely near or just below the bright band, in this same 

region show values > 48 dBZ (Figure 4.5). The 2A23 product along the southern region 

of the PR swath indicated storm heights reaching altitudes greater than 14 km, which 

were collocated with regions of brightness temperature equal to 195K. A vertical cross-

section taken along the southern most regions of the PR swath (Figure 4.6) shows that in 

the strongest regions of the MCS, brightness temperatures reached down nearly to 100K 

(85 GHz PCT; dark solid line) corresponding to storm heights of nearly 16 km and rain 

rates > 60 mm hr-1.
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Figure 4.4 Same as Figure 4.3, except for 2227 UTC 27 August 2006. 
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Figure 4.5 Same as Figure 4.1, except for 2227 UTC 27 August 2006. 
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Figure 4.6 Same as Figure 4.2, except for 2227 UTC 27 August 2006. 

  

8 September 2006 

 The TRMM 1613 UTC 8 September 2006 MCS overpass (Figure 4.7) shows an 

example of a slowly propagating MCS. The MCS remained within range of the NPOL 

radar from approximately 1600 UTC 7 September until 0800 UTC 8 September 2006, 

and translates to a propagation speed of approximately 5.2 m s-1, which is nearly half of 

the average speed of MCSs associated with AEWs (Berry et al. 2007). Brightness 

temperatures were slightly warmer for this case, measuring approximately 220 to 210K 

(Figure 4.7). A vertical cross-section through the edge of the cloud system (Figures. 4.8 

and 4.9) show brightness temperatures greater than 240K, corresponding to storm heights 

not extending above 10 km altitude and the 35 dBZ contour not reaching above 5 km. 

The combination of characteristics for this MCS case shows a relatively shallow 
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precipitating system with maximum rain rates of approximately 15 mm hr-1. A vertical 

cross-section taken through the strongest region of the storm, showed reflectivities 

reaching nearly 14 km and brightness temperatures < 170K, however the horizontal 

extent of the MCS was only approximately 70 km. A comparison of differences in storm 

structure between cross-sections taken through a storm in Figures 4.8 and 4.9 compared 

to Figures 4.10 and 4.11 shows why a comprehensive, three-dimensional view of an 

entire storm is necessary. 
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Figure 4.7 Same as Figures 4.3 and 4.4, except for 1613 UTC 8 September 2006.
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Figure 4.8 Same as Figures 4.1 and 4.5, except for 1613 UTC 8 September 2006. 
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Figure 4.9 Same as Figures 4.2 and 4.6, except for 1613 UTC 8 September 2006. 
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Figure 4.10 Same as Figure 4.8, except through one of the strongest portions of the MCS. 
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Figure 4.11 Same as Figure 4.9, except through one of the strongest portions of the MCS. 
  

Ground Radar Analysis 
 
 The advantage of using TRMM satellite data is that a long period of observations 

(now over a decade) has been collected in a region where ground-based radar 

observations are not consistently available. The disadvantages of using satellite data to 

examine a phenomenon like transitioning MCSs are that data available for individual 

cases come from a single overpass, so monitoring the evolution of an MCS upon reaching 

the coast is not possible, as can be seen in previous Figures 4.2, 4.6, 4.9, and 4.11.  

In this section, the evolution of three strong MCS systems (31 August, 2 

September, and 11 September 2006) will be examined using the NPOL radar. In contrast 

to using satellite radar data, a stationary ground-based radar like NPOL has the advantage 

of being able to look at the evolution of individual transitioning MCS cases.  
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31 August 2006 

 The 31 August 2006 case provides the first example of a collapse in convection 

once an MCS transitioned offshore. This was a particularly strong case with radial 

velocities exceeding 25 m s-1 slightly above ground level. Figure 4.12 shows that a 

majority of the MCS was still over land at 0700 UTC and that the leading convective 

edge had just reached the coast by 0800 UTC. The evolution of new cells that develop 

along the leading convective edge and then transition rearward into the stratiform region 

as shown by Houze et al. (1989) is also apparent in Figure 4.12. By 0900 UTC, the 

leading edge of the MCS transitioned offshore and convective cores still extended to 17 

km altitude. However, by 1000 UTC with the leading edge still within range of the NPOL 

radar, the convective portion of the MCS became highly disorganized, leaving just the 

stratiform rain region, with a characteristic bright band located between 4.5 and 5 km 

altitude, in its wake. These results are consistent with the findings of Schumacher and 

Houze (2006) and Fuentes et al. (2008), which showed that while the stratiform portion 

of MCSs continues to be present over the East Atlantic, convective rain rates decrease. 

However, both studies showed results solely from TRMM and could not indicate how 

quickly MCSs collapse upon reaching the ocean, in contrast to what is shown by the 

NPOL case here. 
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Figure 4.12 Evolution of 31 August 2006 case from 0700 to 1000 UTC. The thin black 
line in the 4 km altitude horizontal cross-sections (150.0 by 150.0 km2 box) in the right 
column is the coast of Senegal. The dashed black line is the average storm motion vector 
along which the vertical cross-sections of the MCS were plotted as seen in the left 
column (18.0 km altitude by 300.0 km along storm motion vector). Reflectivity is scaled 
in 6 dBZ increments from 6 dBZ (navy blue) to 60 dBZ (purple). 
  

2 September 2006 

 Figure 4.13 shows the dramatic collapse of the 2 September 2006 MCS. This case 

showed similar characteristics in evolution as the 31 August 2006 MCS, except that 

collapse of both the leading convective line and trailing stratiform rain region occurred. 

Similarly the MCS exhibited strong, deep convective cores reaching nearly 18 km in 

altitude as it approached and transitioned offshore. However, after reaching the coast 

within an hour the organized structure of the MCS fell apart with separation of the 

convective and stratiform rain regions appearing in the last hour of analysis at 0300 UTC. 
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Figure 4.13 Same as Figure 4.12, except for 0000 to 0300 UTC 2 September 2006. In 
addition the horizontal cross-section at 0300 UTC was taken at 2 km, instead of 4 km due 
to the overall collapse of the MCS once the convective line transitioned offshore. 
  
  
 11 September 2006 
 
 Figure 4.14 shows the northern portion of an MCS associated with a vortex 

located to the south (out of range) of the NPOL radar. The vertical cross sections show 

that the leading convective line weakened somewhat as shown by the decrease in 

maximum reflectivity observed once transition from land to ocean occurred. The largest 

differences are seen in the CAPPIs shown on the 4 km altitude plots on the right hand 

side of the image. By 1100 UTC, the convective leading line was highly disorganized in 

comparison to 2 h prior. Similar to the previous 2 September 2006 case, it appears that 

the convective portion of the MCS surged out ahead and partially separated from the 
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remaining trailing stratiform rain region. The 11 September 2006 case shows evidence of 

the expansion of a cold pool and resulting separation of the leading convective edge from 

the trailing stratiform rain region similar to previous studies by Fujita (1955), Frank 

(1978), and Leary and Houze (1979). 

 

Figure 4.14 Same as Figure 4.12, except for 0900 to 1100 UTC 11 September 2006. 

  

The three previous cases from the ground-based NPOL radar show the life cycle 

of organized MCSs over land, with a characteristic leading convective edge and trailing 

stratiform precipitation region, and the disintegration of the MCS structure once 

transition over the Eastern Atlantic occurs. The change in the structure of the MCSs 

occurs relatively quickly as shown by the disorganization of the leading convective edge 

within 2 to 3 h of each MCS exiting the coast. The inability of MCS to sustain the leading 

0900 UTC 

1000 UTC 

1100 UTC 
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convective edge eventually impacts the trailing stratiform rain region since cells created 

along the leading convective edge decay in strength and move backward relative to the 

MCS to form part of the stratiform rain region. These results are the first ground-based 

radar analyses to show consistent agreement with previous studies of transitioning MCSs 

using TRMM (Schumacher and Houze 2006; Fuentes et al. 2008; DeLonge et al. 2010). 

In addition, the surge of the convective line upon transition over the ocean relative to the 

remaining stratiform rain region signals the beginning stages of dissipation for an MCS, 

similar to surge of the gust front over land. However, the disadvantage of the NPOL radar 

dataset is that the radar was only on location in West Africa for nearly 2 months during 

the 2006 NAMMA field campaign, which drastically reduces the number of MCS cases 

available for study. 

 

Reflectivity CFADs 
 

This section includes the results of using six years of TRMM data to evaluate the 

changes in MCS systems as they transition from land in West Africa to the Eastern 

Atlantic. The use of CFADs to determine changes in MCSs once off the West African 

coast is important because no single horizontal or vertical cross-section of MCSs within 

the TRMM database is truly representative of the entire reflectivity pattern within the 

radar volume scan. The benefit of using CFADs in this manner is that aspects of storm 

structure not easily determined from the examination of conventional spatial cross-

sections can be revealed. The statistical presentation of CFADs is a more robust way to 

display information from an entire radar volume rather than the often subjectively chosen 

subset of data presented in a cross-section. The CFAD technique is also useful for 
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comparing radar data collected by several different platforms, e.g. ground-based, aircraft, 

ship, and satellite, that looks simultaneously at the same storm but is difficult to overlay 

precisely (Yuter and Houze 1995). Another benefit to using CFADs is that they are not 

sensitive to the interpretation of radar data at a single point in a radar volume. The 

horizontal locations of data are ignored, but the frequency of occurrence for the 

parameter of interest at a given height is retained. However, it should be noted that the 

frequency distribution of radar-derived parameters, such as reflectivity, are typically non-

Gaussian and often multimodal. 

 CFADs display information about the width of the frequency distribution at each 

level and the number, values, skewness, and degree of peakedness (kurtosis) of the 

frequency distribution modes for the entire storm volume. The spatial pattern of contours 

within a CFAD reveals the steepness (with closely packed contours) or flatness (with 

widely spaced contours) of the frequency distribution. For example, there is a wider 

distribution of frequency for maximum reflectivity for MCSs over the continental regime 

and land in transition zone grid (Figures 4.15 through 4.18) than for MCSs once over the 

ocean in the transition zone and over the open ocean (Figure 4.19 through 4.21). For 

MCSs with precipitation area greater than 2000 km2, the top 10% of MCSs in the 

continental regime exceeded 18 km in altitude with median heights slightly greater than 

15 km, while the top 10% of MCSs within the open ocean or over the ocean in the 

transition zone reached only slightly greater than 15 km with median heights at 14 km. 

The CFADs created include six years of TRMM data and show that altitudes reached by 

MCSs once they have transitioned offshore are reduced significantly when compared to 
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their counterparts located over land. It was also necessary to normalize the number of 

data points at each level of altitude, which is shown to the right of each CFAD.  

 

 In both the oceanic and ocean transition zone CFADs (Figures 4.19 through 4.21), 

there was a sharp unimodal diagonal ridge of increased reflectivity with decreasing height 

from approximately 8 km altitude down to the melting level. This suggests that in MCSs 

over the ocean where vertical velocities, outside of those associated with hot towers 

(Fierro et al. 2009; Heymsfield et al. 2010), are unable to keep frozen aggregates 

suspended aloft and as they fall, aggregation occurs until the melting level is 

encountered. Generally, as precipitation-sized ice particles cross the 0°C level, they melt 

within a thin layer of the atmosphere. This melting produces a localized high radar 

reflectivity maximum just below the melting level, known as a bright band (Houze 1993). 

However, a distinct indication of a bright band signature was more pronounced in MCSs 

over land than over the ocean. The bright band signature was also more evident in the 

larger MCS systems (with precipitation regions covering at least 750 km2). This may be a 

result of producing CFADs of the entire MCS instead of separating stratiform and 

convective regions within these systems. The more reflective, heavier ice particles 

associated with reflectivities greater than 40 dBZ that disappear from the frequency 

distributions at increasing heights would have had an approximate fall speed of 2 to 3 m 

s-1 if they were composed entirely of snow (Marks and Houze 1987). This suggests that 

updrafts in the oceanic regime are not strong enough to loft and keep hydrometeors 

suspended above the freezing level, similar to results shown previously by Zipser and 

LeMone (1980). 
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The decrease in frequency distribution from continental and land in the transition 

zone to ocean in the transition zone and finally “open ocean” is indicative of greater 

homogeneity in reflectivity at each level. This characteristic, in addition to increasing 

reflectivity with decreasing height above the melting level, is generally found within 

stratiform precipitation. The CFADs created using the TRMM database exhibit 

characteristics of stratiform rain since they were constructed without first separating 

convective from stratiform precipitation in an effort to characterize entire MCSs as they 

underwent transition from land to ocean. This is particularly the case for large MCS 

systems seen in Figures 4.18 and 4.21, which tend to contain more stratiform rain as a 

percentage of the entire MCS volume. These results agree with previous findings from 

Schumacher and Houze (2006)  and Fuentes et al. (2008) who showed that while the 

stratiform portion of MCSs continues to be present over the Eastern Atlantic, the 

convective rain rates decrease. 
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Figure 4.15 CFADs of maximum reflectivity for MCSs with precipitation covering 75 to 
150 km2 from continental grid box (left) and land in transition zone grid box (right). The 
number of good samples used for normalization at each altitude is shown to the right of 
each CFAD.  

  

  

 

 

 

 

 

 

 

Latitude: 5° to 15°N, Longitude 10° to 20°W Latitude: 5° to 15°N, Longitude 0° to 10°W 
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Figure 4.16 CFADs of maximum reflectivity for MCSs with precipitation covering 150 to 
750 km2 from continental grid box (left) and land in transition zone grid box (right). The 
number of good samples used for normalization at each altitude is shown to the right of 
each CFAD.  
 
 
 
 
 
 
 
 
 
 
 
 
 

Latitude: 5° to 15°N, Longitude 10° to 20°W Latitude: 5° to 15°N, Longitude 0° to 10°W 
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Figure 4.17 CFADs of maximum reflectivity for MCSs with precipitation covering 750 to 
2000 km2 from continental grid box (left) and land in transition zone grid box (right). The 
number of good samples used for normalization at each altitude is shown to the right of 
each CFAD.  
 
 
 
 
 
 
 
 
 
 
 
 

Latitude: 5° to 15°N, Longitude 10° to 20°W Latitude: 5° to 15°N, Longitude 0° to 10°W 
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Figure 4.18 CFADs of maximum reflectivity for MCSs with precipitation covering 
greater than 2000 km2 from continental grid box (left) and land in transition zone grid box 
(right). The number of good samples used for normalization at each altitude is shown to 
the right of each CFAD.  
 
 
 
 
 
 
 
 
 
 
 
 

Latitude: 5° to 15°N, Longitude 10° to 20°W Latitude: 5° to 15°N, Longitude 0° to 10°W 
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Figure 4.19 Same as Figure 4.16, except for CFADs from the open ocean grid box (left) and 
the ocean in transition zone grid box (right).  
  

 

 

 

 

 

 

 

 

 

 

 

Latitude: 5° to 15°N, Longitude 10° to 20°W Latitude: 5° to 15°N, Longitude 20° to 30°W 
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Figure 4.20 Same as Figure 4.17, except for CFADs from the open ocean grid box (left) and 
the ocean in transition zone grid box (right).  
 

 

 

 

 

 

 

 

 

 

 

 

Latitude: 5° to 15°N, Longitude 10° to 20°W Latitude: 5° to 15°N, Longitude 20° to 30°W 
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Figure 4.21 Same as Figure 4.18, except for CFADs from the open ocean grid box (left) and 
the ocean in transition zone grid box (right).  
 

 

 

 

 

 
  
  
 
 
 
 
 

Latitude: 5° to 15°N, Longitude 10° to 20°W Latitude: 5° to 15°N, Longitude 20° to 30°W 
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Finally, the fractional occurrence of 20, 30, and 40 dBZ contours reaching 4.5 km 

altitude is shown in Figure 4.22. The image has bounds of 10° to 20°N and 3°E to 23°W. 

The fractional occurrence for all three thresholds of reflectivity is greatest farther to the 

south (10° to 13°N) in relation to the presence of the ITCZ. There is a decrease in the 

frequency of all thresholds up to approximately 16°N reflecting the monsoon season in 

the Sahel. However, north of 16°N the fractional occurrence is drastically reduced in 

areas like Mauritania and other regions within the Sahara where precipitation is nearly 

nonexistent. In the Sahel region, the fractional occurrence is also greater over the 

continent and decreases over the ocean for 20 and 30 dBZ reflectivity values. Of interest 

is the increased fractional occurrence of 40 dBZ at 4.5 km over the ocean off the coast of 

Senegal. There are several possibilities for this occurrence. First, it may simply be an 

artifact of the data, but this seems unlikely since the other CFAD analyses showed low 

margins of error as shown by the gray shading outside the top and bottom 10% in Figures 

4.15 through 4.21. It may also be an indication of the bright band within stratiform rain 

regions that survive over the ocean. This also seems to be an unlikely explanation since 

this feature does not occur in the other surrounding 1° x 1° grid boxes. It could also be an 

indication of reintensification of convection offshore associated with tropical 

cyclogenesis, as has been indicated in previous studies like Sall and Sauvageot (2005). 

The increased fractional occurrence does appear in a region far enough downstream of 

the African continent where convection associated with tropical cyclogenesis has been 

shown to occur, although an increased fractional occurrence should show up in the 

gridboxes surrounding the point of interest. However, in using six years of TRMM PR 
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data, if one tropical cyclone developed downstream from the African continent in the 

Eastern Atlantic, such as in the case of Hurricane Helene, it would likely lead to an 

increase in the fractional occurrence in the grid box where tropical cyclogenesis occurred. 

  

 
Figure 4.22 Fractional and mean occurrence for 20, 30, and 40 dBZ at 4.5 km altitude in 
the region of West Africa.  
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CHAPTER V 

 

ENVIRONMENTS OF TRANSITIONING MESOSCALE CONVECTIVE SYSTEMS 

 In this chapter, the dynamic and thermodynamic conditions of the environments 

of transitioning MCS will be examined. Analysis of AEWs during the NAMMA field 

campaign including individual waves related to severe MCSs observed by NPOL 

presented in the previous chapter and Hovmoller diagrams of mid-level vorticity and 

surface precipitation, cold core to warm core transition, and potential vorticity for 

tracking MCV genesis are presented first. The environments of transitioning MCSs are 

then presented and include CAPE/CIN as well as various methods for calculating wind 

shear: low-level (surface to 1 km altitude), mid-level (surface to 3 km altitude), deep 

(surface to 6 km) and pouch shear (as defined by Dunkerton et al. (2008) as 850 mb – 

500 mb). 

African Easterly Wave Analysis 
 
 Figures 5.1 through 5.3 show streamlines and contoured vorticity associated with 

AEWs that initiated the three severe transitioning MCSs described in the previous 

chapter. Streamlines were calculated at 700 mb due to AEW dependence on the AEJ for 

formation (Burpee 1972; Albignat and Reed 1980). The AEW associated with the 11 

September 2006 case shown in Figure 5.3 had larger amplitude relative to the previous 

cases. The vortex south of the NPOL location over Guinea shown in Figure 5.3 would go 
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on to form Tropical Depression 8 the next day once it transitioned over the ocean and 

eventually became Hurricane Helene on 16 September 2006. 

31 August 2006 

 

Figure 5.1 Streamlines and shaded vorticity (s-1) at 700 mb for 0000, 0600, and 1200 
UTC 31 August 2006. 
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 2 September 2006 

 

Figure 5.2 Streamlines and shaded vorticity (s-1) at 700 mb for 0000, 0600, and 1200 
UTC 2 September 2006. 
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11 September 2006 

 

Figure 5.3 Streamlines and shaded vorticity (s-1) at 700 mb for 0000, 0600, and 1200 
UTC 11 September 2006. 
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 Figure 5.4 shows a Hovmoller diagram of 700 mb vorticity and TRMM 3B42 

precipitation associated with AEWs from 0° to 33°W from 22 August through 30 

September 2006, which corresponds to the time when the NPOL radar sampled MCSs 

transitioning from land to ocean. The black lines are AEWs identified using the Berry et 

al. (2007) method and the numbers represent the detected AEW of the 2006 tropical 

cyclone season. There is close correlation of AEWs and precipitation as shown by Houze 

(1977), Cook (1999), and Cifelli et al. (2010). Contours of positive vorticity associated 

with AEWs are continuously present from the interior African continent and into the 

Eastern Atlantic basin. For example, high values of positive vorticity along AEW 21 

associated with what became Hurricane Helene existed back into central Africa, even 

though the tropical cyclone did not develop until approximately 24°W.  

A particularly strong AEW from 10 September through 16 September is 

associated with the 11 September case, which went on to become TD-8 on 12 September 

2006 and Hurricane Helene on 16 September 2006. Figures 5.4 and 5.5 also show that 

vorticity tended to increase the farther west the AEW traveled, which is consistent with 

transformation to a warm core structure necessary for tropical cyclogenesis. For example, 

while there were moderately high levels of low-level vorticity as far inland as 2°W in 

central Africa associated with AEW 21, the change to a warm core system occurred near 

the coast of West Africa. The co-location of strong vorticity at 850 mb in addition to an 

upper-level warm core allowed for the quick progression from an MCS over land, which 

experienced collapse of the leading convective edge upon reaching the Eastern Atlantic, 

to the formation of a tropical depression the next day after the system exited the coast. 

This is consistent with findings from Hopsch et al. (2010), which found that developing 
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AEWs have a more pronounced cold core structure at Day-2 (inland) and a more warm 

core structure at Day 0 (at the coast). 

Figure 5.4 shows the magnitude of vorticity associated with AEWs and associated 

MCSs as they cross continental West Africa into the East Atlantic from the polar orbiting 

TRMM satellite. However, the 3-hour averaging necessary in the 3B42 TRMM product 

(Huffman et al. 1995; Adler et al. 2000) tends to smear out precipitation differences at the 

coast (located at approximately 17°W on the figure). Previous studies have shown that 

rainfall rates are greater than 25 mm/h for convective precipitation, while rainfall rates 

for stratiform precipitation are 3 to 5 mm/h (Adler et al. 2000). However, rainfall rates 

greater than approximately 10 mm/h cannot be found in Figure 5.4 due to 3B42 product 

averaging over three hours, which tends to minimize peaks in rainfall rates, especially for 

convective precipitation. Although the direct disintegration of MCSs at the coast cannot 

be clearly observed due to smearing in the 3B42 product, the development of tropical 

cyclones downstream from continental West Africa in the same AEWs that developed 

MCSs over land is clearly shown. 

 Figure 5.6 shows a Hovmoller diagram of 700 mb potential vorticity with the 

same AEWs of Figures 5.4 and 5.5. Potential vorticity is used here to separate mid-level 

rotation associated with MCVs generated by MCSs from the larger background rotation 

associated with the AEWs. Not surprisingly, for both individual cases seen in Figures 5.1 

through 5.3 as well as a Hovmoller diagrams in Figures 5.4 through 5.6 show mid-level 

dynamic support for sustained convection exists both over the African continent and 

downstream into the Eastern Atlantic. These results are consistent with previous studies 

such as Johnson and Bartels (1992), which showed that even though a mid-latitude MCS 



Texas Tech University, Amber Emory, December 2011 
 

 84 

dissipated, rotation at mid-levels remained intact and could go on to initiate additional 

convection. Mesoscale convective vortices, which tend to form at approximately 700 mb, 

can persist long after the parent MCS dissipates and can even retrigger convection 

(Zhang and Fritsch 1987; Bartels and Maddox 1991; Trier and Davis 2007). This 

suggests that changes in the environment are responsible for changes in MCS structure 

upon crossing the coastline, which is the subject of the next section. 

 

 
Figure 5.4 Hovmoller diagram of 700 mb vorticity (s-1) and TRMM 3B42 precipitation 
from 0° to 33°W from 22 August through 30 September 2006.  
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Figure 5.5 Hovmoller diagram of 300 mb temperatures (Kelvin) and 850 mb 
vorticity representative of low-level circulation. 
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Figure 5.6 Hovmoller of 700 mb potential vorticity, representative of rotation 
associated with MCV subtracted from background rotation from AEW.  
 
 
Table 5.1 shows the number of AEWs for hurricane seasons 2004 through 2006 

identified using the Berry et al. (2007) method and the tropical cyclones that developed in 

both the Atlantic and Pacific basins. The frequency of AEWs generally is similar from 

year to year, but the number of tropical cyclones generated can vary widely as shown in 

previous studies by Frank (1970), Carlson (1971), and Burpee (1974). Although AEWs 

are generally thought to be associated with tropical cyclogenesis in the Atlantic basin 

(Simpson et al. 1968, 1969; Frank 1970), particularly strong AEWs can go on to initiate 

tropical cyclones in the Eastern Pacific Ocean as well. Approximately the same total 

number of AEWs and number of AEWs by month occurred for all three years even 
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though the 2004 and 2005 hurricane seasons were very active relative to the 2006 

hurricane season. The largest difference was the number of named tropical cyclones that 

initiated in the Pacific basin, which is likely due to the fact that AEWs initiated much 

farther east during the 2004 and 2005 seasons (30°E) than in 2006 (10°E). The longer 

time over land likely allowed further development and enhancement of individual AEWs 

before transitioning into the Eastern Atlantic as suggested by Albignat and Reed (1980). 

Table 5.1 Number of AEWs for hurricane seasons in 2004-2006 and associated tropical 
cyclones (TCs) that developed.  
 2004 2005 2006 
Total number of AEWs 31 28 28 
Number of AEWs in July 11 9 8 
Number of AEWs in August 12 9 11 
Number of AEWs in September 8 10 9 
Named TCs in Atlantic 8 8 7 
Named TCs in Pacific 4 5 0 
 
  

CAPE, CIN, and Wind Shear 
  
 The vertical cross-sections of NPOL radar data in Chapter IV showed that well 

organized MCSs drastically change upon reaching the Eastern Atlantic. If mid-level 

dynamic support for MCSs remains intact, then this suggests that thermodynamic support 

for MCS maintenance must change significantly between the transition and oceanic 

regimes. Previous studies, such as Hodges and Thorncroft (1997) suggested that MCSs 

tracking over the ocean must adjust to a significantly different environment and may 

actually decay. An examination of the change in environments using soundings taken 

during the NAMMA field campaign will be discussed in the following section. Details of 

sounding profiles can be found in Appendices A through E. 
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 Traditionally, surface-based CAPE is used to determine the amount of energy 

storms can utilize to initiate and maintain convection. Figure 5.7 shows that high 

magnitudes of CAPE exist near the coast before MCSs transition into the East Atlantic. 

After crossing the coastline, there is a sharp decline in the amount of available surface-

based CAPE due to a moist, but substantially cooler marine boundary layer. 

 
Figure 5.7 Values of surface-based CAPE/CIN for soundings released into the 
environments prior to MCS passage. 
  
 Most unstable (MU) CAPE can also be used to determine the maximum amount 

of available potential energy that storms can use. While over land the MU layer may 

actually be the surface, but the MU layer over the ocean is elevated due to a cooler 

boundary layer. MU CAPE is also useful because not all parcels will ascend from the 
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surface. Figure 5.8 shows much higher amounts of MU CAPE at the coast before 

transition into the maritime regime occurred. Of particular interest is the maximum 

amount of MU CAPE at Kawsara taken from the 0549 UTC 11 September 2006 sounding 

before a severe MCS transitioned offshore. This amount of CAPE is more often found in 

mid-latitude environments, with adequate convective inhibition and deep layer wind 

shear, to support rapid severe thunderstorm development. 

 
Figure 5.8 Values of most unstable layer CAPE/CIN for soundings released into the 
environments prior to MCS passage. 
  
  

 

1204/45 
897/75 
141/0 
3252/245 

878/79 
547/90 
17/0 
2126/368 

2663/48 
1148/58 
262/0 
3690/191 

3073/44 
952/59 
1556/4 
4306/149 

1464/128 
909/107 
24/0 
3782/369 

Average 
Standard Deviation 
Minimum  
Maximum 



Texas Tech University, Amber Emory, December 2011 
 

 90 

In addition to an environment with enough CAPE to support/initiate convection, 

the presence of low amounts of shear is necessary for tropical cyclogenesis to occur. The 

empirical threshold of shear for initiating tropical cyclogenesis is 10 m s-1 (Zehr 1992; 

Frank and Ritchie 2001). A strongly sheared environment displaces the mid-level warm 

core from the low-level center of circulation. This results in a tilted vortex that prevents 

further intensification of a tropical cyclone (Heymsfield et al. 2006). Figure 5.9 shows 

that pouch shear is reduced over the Eastern Atlantic when compared to the interior 

portion of the continent (Niamey), which is conducive to tropical cyclogenesis. 

 The characteristics of the maritime regime include significantly reduced CAPE 

from that over land. There is still enough CAPE to support convective initiation with 

tropical cyclogenesis, but just not adequate amounts to maintain severe/strong MCSs that 

initiated over land. This is consistent with the study of Hodges and Thorncroft (1997), 

which suggested that MCSs tracking over the ocean have to adjust to a significantly 

different environment with lower amounts of convective instability and a lack of diurnal 

fluctuations available over land that tend to retrigger convection. Figure 5.9 shows that 

shear within the pouch where tropical cyclogenesis is favored to occur is reduced 

downstream from that over the continent. This suggests that any subsequent convection 

that initiates downstream in the East Atlantic would be less likely to be sheared apart if 

convection associated with tropical cyclogenesis initiates. 
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Figure 5.9 Values of pouch shear (m s-1) for soundings released into the environments 
prior to MCS passage. 
  

Figure 5.10 shows that even after MCS passage there is still substantially more 

CAPE in the transition region at the coast than in maritime regions downstream from the 

continent. In addition there are also much higher amounts of CIN over land than over the 

ocean, which is due to the presence of an evaporative cooled cold pool. For the 

environment in West Africa after the passage of an MCS, CIN is the result of an 

inversion set up by warmer environmental temperatures above the evaporative cooled 

cold pool, with values over approximately 200 J/kg significantly inhibiting convective 

potential. The significantly lower amount of average CAPE at Niamey may be explained 

by the fact that the times between when a sounding was released and passage of an MCS 
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varied. With strong, organized convection over the continent, the boundary layer may 

also be altered enough that recovery time to an environment conducive for additional 

convective initiation may be delayed. 

 
Figure 5.10 Values of surface-based CAPE/CIN for soundings released into the 
environments after MCS passage. 
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layer from the surface to 6 km altitude, over the continent. In contrast to mid-level shear 

shown in Figure 5.11, Figure 5.12 shows that pouch shear at Praia is conducive to 

tropical cyclogenesis. For these analyses, pouch shear was defined as the difference in 

wind shear between 850 and 500 mb following Dunkerton et al. (2008) and Wang et al. 

(2009). This corresponds to approximately 1.5 km and 5.5 km, respectively. This 

suggests that tropical cyclogenesis may initiate downstream from the African continent at 

mid-levels where remnant MCV vorticity and less shear exists. The vertical penetration 

of an MCV to lower levels or to the surface in combination with a retriggering of 

convection has been shown in tropical cyclones by Montgomery et al. (2006) and for 

land-based MCVs in the continental United States by Davis and Trier (2007), Trier and 

Davis (2007), and Galarneau et al. (2009). 
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Figure 5.11 Values of mid-level (surface to 3 km altitude) shear (m s-1) for soundings 
released into the environments after MCS passage. 
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Figure 5.12 Values of pouch shear (m s-1) for soundings released into the environments 
after MCS passage. 
  
  
 The results of the environment analysis of transitioning MCSs show that an 

oceanic environment is substantially different from that over land and that MCSs that 

initiate over land cannot maintain new cell growth after transition into this environment. 

The sustainability of MCSs is dependent upon the formation of new convective cells 

(Yuter and Houze 1998; Schumacher and Houze 2003; Houze 2004). Shallow convection 

progressively becomes more common with proximity to the ocean as shown with both 

ground-based and satellite radar in Chapter 4 and this is caused by a significant reduction 

in the amount of CAPE available over the Eastern Atlantic when compared to the 

continental regions of West Africa. 
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Although the dataset of soundings during NAMMA was not as extensive as that 

during GATE, the values of CAPE found during NAMMA were two to four times higher 

than the average found during GATE. Although there was some evidence of influence at 

low-levels from the maritime boundary layer, the difference in the amount of CAPE from 

coastal regions during NAMMA and maritime regimes during GATE support the rapid 

change in environment that MCSs encounter once they transition off land to the ocean. 

The greater amount of CAPE available to MCSs while over land in continental West 

Africa implies greater instability within the atmosphere and the likelihood for stronger 

systems compared to that over the Eastern Atlantic.  
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CHAPTER VI 

 

FLUX TOWER DATA ANALYSIS AND FAST MANIFOLD DYNAMICS 

 The previous two chapters showed the change of MCS structure upon transition 

into the Eastern Atlantic and the large-scale environmental heterogeneity that cause this 

change. This chapter will examine small-scale factors in the boundary layer that also 

contribute to changes in MCS structure upon transition from land to ocean. The analysis 

of flux tower data from the Kawsara, Senegal site, which was co-located with the NPOL 

radar near the coast, is shown first. A comparison of MCS cold pool outflow to low-level 

wind shear from various sites representing continental (Niamey), transition (Kawsara), 

and oceanic (DC-8 aircraft and Praia) regimes are shown next. 

Flux Tower Data Analysis 
 
 Figure 6.1 shows the time series for cases identified as severe (August 31, 

September 2, and September 11), weak (August 24, August 28, and August 29), and no 

MCS days (August 26, August 30, and September 3) from flux tower data collected in 

Kawsara, Senegal. Due to power issues at the flux tower site, some data during the 

passage of the September 11 MCS were not available, however radial velocities from the 

NPOL radar showed magnitudes exceeding 10 m s-1 above the surface (not shown). Weak 

MCS days show a small, localized peak in wind speed of 5 to 7 m s-1 with the passage of 

the gust front. On days with no MCS, wind speeds are small in magnitude, particularly 

between sunset and sunrise, but there is evidence of diurnal forcing that increases onshore 

flow in the mid-afternoon. Figure 6.2 shows that on a day with no precipitation, the land 
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surface temperature increased to nearly 32°C, which would increase temperature gradient 

between the ocean surface and land setting up a sea breeze.  
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Figure 6.1 Time series for severe, weak, and no MCS days from one minute averaged flux tower wind speed data.  



Texas Tech University, Amber Emory, December 2011 
 

 100 

 

Figure 6.2 Flux tower land surface temperature for 1.5, 6.0, 8.0, and 11.0 m above ground 
level for 26 August 2006. This is a 24-hour dataset based on decimal day. 
 

Table 6.1 shows statistics, turbulence intensity, and gust factor calculations for all 

nine analyzed MCS cases. Friction may have some effect on reducing wind speed since 

these data are from a 12 m flux tower. At the surface, the cold pool of a weak MCS is 

approximately half that of a severe MCS. Weak MCS cases also show a smaller gust 

factor than the inflow, which may explain the lack of deep convective cores. The lack of 

balance between the magnitude of the cold pool outflow, from which the gust factor is 

calculated, and the opposing low-level inflow would suggest a tilt in the updraft similar 

to that shown in Figure 2.6c and provides a physical explanation for the absence of deep 

convective cores in weak MCS cases. Of particular interest is the fact that turbulence 

intensity values are remarkably similar between East and West wind directions regardless 

of how the MCS cases were partitioned. The turbulence intensity from easterly winds 
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(cold pool outflow) are higher than those values from onshore westerly inflow, which is 

consistent with the fact that turbulent eddies appear at the leading edge of the cold pool. 

In addition, the gust factor is dominated by the contribution of severe MCSs, with the 

gust factor for severe MCS outflow more than twice that of weak MCSs.  

Table 6.1 Average, median, mode, standard deviation, turbulence intensity, and gust 
factor values for flux tower data separated for inflow (west) and cold pool outflow (east). 

 
ALL 
CASES 

ALL 
CASES 

ALL 
MCS  

ALL 
MCS 

SEVERE 
MCS 

SEVERE 
MCS 

WEAK 
MCS 

WEAK 
MCS 

 WEST EAST WEST EAST WEST EAST WEST EAST 
MEAN 
[m/s] 3.21 2.59 3.22 2.92 3.24 3.02 3.21 1.57 

MEDIAN 
[m/s] 3.08 2.11 2.92 2.36 3.00 2.41 2.87 1.39 
MODE 
[m/s] 2.43 1.60 2.43 2.00 1.23 1.31 2.43 0.76 
STDEV 
[m/s] 1.62 1.85 1.69 2.14 1.68 2.17 1.70 1.03 

TI 0.50 0.71 0.53 0.73 0.52 0.72 0.53 0.65 
GUST 

FACTOR 2.68 5.67 2.67 5.03 2.21 4.87 2.68 2.34 
 
 

 
Figure 6.3 Statistics, turbulence intensity, and gust factor values for flux tower data 
separated for inflow (west) and cold pool outflow (east). 
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RKW Theory Validation 
 Table 6.2 and Figure 6.4 show the ratio of cold pool outflow to low-level 

opposing wind shear calculated from pairs of soundings released before and after MCS 

passage. A comparison of the ratios of Kawsara and the DC-8 in Figure 6.5 show that the 

cold pool is often anywhere from 2 to 3 times as strong as the opposing low-level shear 

once an MCS transitions offshore. According to RKW theory, this suggests that the 

distribution is biased by the additional negative vorticity of the underlying cold pool and 

the updraft would thus tend to lean upshear over the cold pool eventually leading to the 

eventual cut off of updrafts to maintain a long-lived MCS (see Figure 2.6b on page 31). If 

the cold pool outflow is 2 to 3 times the opposing low-level shear, the cold pool can 

successfully overcome the opposing force of the low-level shear directed perpendicular to 

the line and can begin to surge outward underneath the updraft in the downshear 

direction. In fact, the 2 September 2006 and 11 September 2006 cases shown in Chapter 

4 exhibited such characteristics (see Figures 4.16 and 4.17). These results are consistent 

with previous studies that have shown separation of the stratiform rain region from the 

leading convective line in the dissipation stage as an indication of the expansion of the 

cold pool (Fujita 1955; Frank 1978; Leary and Houze 1979; Ogura and Liou 1980). This 

upshear tilt signals an increase in the dominance of the cold pool circulation and leads to 

a decrease in strength of subsequent convection. Since low-level shear changes only 

slightly with time, a less than optimal state eventually develops in which the cold pool’s 

circulation makes it progressively more difficult for new convective cells to form and the 

system ultimately weakens. For MCSs transitioning offshore into the Eastern Atlantic, 

the surge in the cold pool occurs relatively quickly and the significant weakening of the 

MCS has been shown to be on the order of just a few hours. A source of uncertainty in 
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this method occurs with the estimation of the depth of the cold pool since this feature is a 

product of convection and is sensitive to details of storm evolution between the first and 

second soundings. However, the consistency in results for multiple sounding pairs among 

various locations suggests that this method is robust in estimating the strength of cold 

pool outflow. 

 The depth of the cold pool, in addition to the magnitude of the outflow when 

compared to low-level wind shear, also influences the MCS longevity upon reaching the 

coast. Table 6.2 shows that the depth of the cold pool (H), defined where Tsounding#1 = 

Tsounding#2, tends to be more shallow at the coast than in the interior of the continent. This 

is consistent with the studies of Cecil (2011) and Leppert and Petersen (2010), which 

found that a deep cold pool acts to establish and maintain deep convection that is often 

characterized in central Africa. The results shown here also indicate that nearly all cold 

pool depths were found to be less than 2.5 km deep. As indicated by RKW, this suggests 

that the sustainability of long-lived MCSs are dependent upon the balance of wind shear 

and cold pool outflow at low-levels in convective systems. Figure 6.6 shows that the ratio 

of c/!u appears to be more dependent upon !T (the difference between the temperature 

of the environment and the MCS cold pool), particularly at low-levels near the surface. A 

large !T indicates a large difference in temperature between the environment prior to 

MCS passage and the MCS cold pool. This leads to a larger value of c as shown and the 

ratio of c/!u > 1. Figure 6.7 clearly shows this positive relationship between the depth of 

the cold pool and magnitude of cold pool outflow. 
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Table 6.2 Sounding pairs used for calculating cold pool outflow (c) and low-level wind 
shear (!u). H is the height/depth of the cold pool defined where Tsounding#1 = Tsounding#2. 

LOCATION DATE 
SOUNDING 
PAIR 

c 
[m/s] 

!u 
[m/s] c/!u H [m] 

Niamey 8/23 1200/1800 8.9 2.1 4.23 872 
Niamey 8/26 1200/1800 11.2 1.9 5.89 796 
Niamey 9/5 0600/1200 56.8 13.8 4.11 3192 
Niamey 9/8 0600/1200 7.3 8.5 0.86 770 
Niamey 9/10 1200/1800 5.3 3.1 1.71 1082 
Kawsara 8/31 0501/1152 28.7 6.2 4.63 1739 
Kawsara 9/2 0017/0511 3.5 6.3 0.56 264 
Kawsara 9/7 1959/2333 4.8 6.9 0.70 591 
Kawsara 9/11 0545/1704 9.8 5.5 1.78 383 
DC-8 8/23 1421/1506 4.0 2.9 1.38   
DC-8 8/30 1336/1406 25.1 10.6 2.37 3871 
DC-8 9/1 1518/1606 31.1 6.8 4.57   
DC-8 9/4 1502/1745 10.9 3.7 2.95   
DC-8 9/8 1549/1717 19.2 6.0 3.20   
DC-8 9/9 1529/1545 2.6 1.1 2.36 445 
Praia 8/22 1139/1942 10.2 17.8 0.57 655 
Praia 9/9 0733/1532 6.0 4.4 1.36 2229 
Praia 9/12 1137/1744 1.3 1.4 0.93 176 

 
 

 
Figure 6.4 Ratio of cold pool outflow to low-level wind shear as calculated from 
soundings taken prior to and after MCS passage. The data used in this image are from 
Table 6.2.  
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Figure 6.5 Cold pool outflow and low-level wind shear as calculated from soundings 
taken prior to and after MCS passage. The data used in this image are from Table 6.2. 
 

 
Figure 6.6 The ratio of cold pool outflow strength as a function of the depth of the cold 
pool. The data used in this image are from Table 6.2. 
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Figure 6.7 The depth of the cold pool as a function of the strength of the cold pool 
outflow. The data used in this image are from Table 6.2. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Texas Tech University, Amber Emory, December 2011 
 

 107 

CHAPTER VII 

 

DISCUSSION AND CONCLUSIONS 

 The following chapter addresses the main themes discussed in Chapters 4 through 

6. Conclusions and future work are provided at the end of this chapter. 

• AEWS are responsible for both MCSs over continental West Africa and for 

many tropical cyclones, but these same MCSs do not exit the coast to form 

tropical cyclones. 

Figure 5.4 shows precipitation associated with MCSs occurring in continental 

West Africa (0 -17ºW) and precipitation in the Eastern Atlantic occurring along the same 

AEWs identified using the method outlined by Berry et al. (2007). However, the vertical 

cross-sections of reflectivity through MCSs transitioning from continental West Africa to 

the Eastern Atlantic shown in Figures 4.12 through 4.14 clearly show the collapse of 

MCSs upon reaching the coast of West Africa. The TRMM CFADs in Figures 4.19 

through 4.21 also show a longer climatology for the increased likelihood of stratiform 

rain within MCSs sampled over the Eastern Atlantic due to the lack of continuous new 

cell growth. 

Berry et al. (2007) found that convection appeared to be a precursor to AEW genesis 

in East Africa. This causal observation of a link between subsynoptic-scale regions of 

convection and the initiation of AEWs is consistent with earlier hypotheses of AEWs 

being initiated in central or East Africa and growing as they move westward, supported 

by barotropic and baroclinic energy exchanges (e.g., Carlson 1969a; Berry and 

Thorncroft 2005; Mekonnen et al. 2006; Kiladis et al. 2006). Although AEWs are 
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responsible for MCSs over continental West Africa and for tropical cyclones initiating in 

the Eastern Atlantic, the AEWs also grow due to latent heat release by cumulus 

convection as shown by previous studies (Reed et al. 1977; Thorncroft and Hoskins 

1994a,b; Thorncroft and Hodges 2001; and Arnault and Roux 2009). 

 

• Although the initial MCSs do not survive transition, mid-level rotation survives 

the transition and can go onto initiate subsequent convection associated with 

tropical cyclogenesis. 

 Figures 5.4 through 5.6 show mid-level dynamic and upper-level thermodynamic 

support for sustained convection over both the African continent and downstream into the 

Eastern Atlantic. The CC to WC transition in Figure 5.5 appears to occur under the 

influence of sufficiently strong cumulus heating, i.e., latent heat release. Figure 5.4 

clearly shows that MCSs are present to provide latent heating for CC to WC transition 

within the AEW. Hopsch et al. (2009) suggested that CC to WC occurs within two days 

of reaching the coast for successful downstream tropical cyclogenesis to occur. However, 

unlike the Hopsch et al. (2009) study, which relied on satellite brightness temperatures to 

determine the presence of convection remaining in the AEW trough, the results shown 

indicate that while mid-level rotation remains within the AEW, convection associated 

with MCSs does not successfully transition into the Eastern Atlantic. It is the rapid 

change in environment near the coast, as shown by the results in Chapter 5, which 

disrupts MCS survival upon transition. 

In addition, reduced pouch shear downstream from the African continent in the 

Eastern Atlantic is essential for tropical cyclogenesis to occur in the region of intersection 
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between the closed circulation where air is repeatedly moistened by convection and the 

trough axis of the AEW. For these analyses, pouch shear was defined as the difference in 

wind shear between 850 and 500 mb following Dunkerton et al. (2008) and Wang et al. 

(2009). This corresponds to approximately 1.5 km and 5.5 km, respectively. The reduced 

pouch shear over the Eastern Atlantic shown in Figures 5.9 and 5.12 suggests that 

tropical cyclogenesis can initiate downstream from the African continent at mid-levels 

where less shear exists. 

 

• The rapid deterioration of transitioning MCSs at the West African coast is due 

to the change in low-level inflow environment. 

The difference in the amount of CAPE from coastal regions during NAMMA and 

maritime regimes during GATE show the rapid change in environment that MCSs 

encounter once they transition from continental West Africa to the Eastern Atlantic. The 

greater the amount of CAPE available to MCSs while over land implies greater instability 

within the atmosphere and the likelihood for stronger systems compared to that over the 

Eastern Atlantic as shown by the comparison of MCSs over land and ocean with TRMM 

CFADs. 

The results shown in Chapter 6 indicate that the longevity of MCSs over 

continental West Africa is consistent with RKW theory. The sustainability of MCSs is 

dependent upon the formation of new cells (Yuter and Houze 1998; Schumacher and 

Houze 2003; Houze 2004) and once the cold pool surges ahead of the leading convective 

line and tilts updrafts necessary for new cell growth out of vertical orientation, the MCS 
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quickly enters the dissipation stage. Once the interior of the cold pool is sufficiently 

stabilized, new deep convective cell growth is impossible (Houze 1993).  

 

• The transition between continental MCSs and tropical cyclogenesis off the coast 

of West Africa is rarely observed with radars that provide details on the vertical 

structure. 

 The climatology of six years of TRMM data shows evidence of maximum heights 

reached between MCSs that exist over land in West Africa being an average of up to 4 

km taller than maximum heights reached by MCSs over the adjacent Eastern Atlantic. In 

addition, the 3B42 product shown in Figure 5.4 clearly shows the impacts of averaging 

data required for a polar orbiting satellite like TRMM. The results of Schumacher and 

Houze (2006) and Fuentes et al. (2008), in addition to many other studies, are solely from 

TRMM, which provides only a single snapshot of an MCS with each overpass. Another 

limitation of averaging multiple sets of individual MCS cases in CFADs is that horizontal 

locations of data are ignored as long as the MCS occurred within a predefined grid box, 

which is of particular importance when trying to determine where MCS change occurs 

relative to the coastline. 

 The NPOL observations are the first ground-based radar analyses to show 

consistent agreement with previous studies of transitioning MCSs using TRMM data 

(Schumacher and Houze 2006; Fuentes et al. 2008; DeLonge et al. 2010), but also have 

the added advantage of revealing the evolution of MCS collapse within 2 to 3 hours of 

exiting the coast. The limitations of relying solely upon a polar orbiting satellite to 

observe a quickly evolving storm structure are highlighted by the use of the NPOL radar 
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near the coast of West Africa. The 1 hr temporal resolution of transitioning MCSs shows 

the dramatic collapse of MCSs upon reaching the Eastern Atlantic. For MCSs 

transitioning offshore into the Eastern Atlantic, the surge in the cold pool occurs 

relatively quickly as shown in Figure 6.5 and significant weakening of the associated 

MCSs is shown to occur on the order of just a few hours as shown in Figures 4.13 and 

4.14. The weak magnitudes of vertical velocities associated with MCSs once transition 

over ocean occurs significantly impacts cloud microphysics. 

 Low vertical velocities in updrafts imply longer time scales for cloud 

microphysical processes to act within clouds. There are three main implications of weak 

updraft velocities for cloud microphysics and radar reflectivity profiles. First, the 

development of a full drop size distribution should be able to occur if starting with a 

maritime droplet spectrum with a sufficient amount of time to undergo droplet 

coalescence (Mason, 1971, p. 154; Pruppacher and Klett, 1978, pp. 535-541). Second, the 

time for updraft air to reach the freezing level (generally around 4.5 km in altitude) from 

a cloud base typically around 0.5 km with an average updraft vertical velocity of 4 m s-1 

would be 103 seconds, or about 16 to 17 minutes (Zipser and LeMone 1980). This is 

sufficient time for the conversion of supercooled water to ice given the presence of any 

ice nuclei at all. Finally, raindrops with millimeter diameters, once formed, have terminal 

fall speeds greater than the mean speeds for updrafts observed over the ocean. Therefore 

most updrafts in maritime regimes, approximately 90% according to Zipser and LeMone 

(1980), do not advect large raindrops above the freezing level. This implies that radar 

reflectivity should decrease rapidly above the freezing level for maritime conditions 

because of the sixth power dependence on drop diameter and because the reflectivity of 
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snow is much less than that of rain. In a typical convective cloud sampled during GATE, 

the predominance of weak updrafts implies an inability to form hail or significant liquid 

water concentrations in the form of large raindrops above the 5 to 6 km altitude level, 

where temperatures are colder than -5 to -10°C. Rain would fall from updrafts before 

reaching the freezing level, and there would be sufficient time for most of the remaining 

liquid water to be converted to ice above that level.  

Hurricane vertical velocities, besides those found in hot towers (Heymsfield et al. 

2010), are much closer in magnitude to the vertical velocities found from GATE and 

NAMMA in maritime regimes. These low vertical velocities in updrafts imply long time 

scales for microphysical processes to take effect within clouds. The microphysical 

implications of such long time scales include large fractional rain out from the warm part 

(> 0°C) of the cloud and a rapid decrease in radar reflectivity with height above the 

melting level, which was shown in the TRMM CFADs in oceanic regimes for this study. 

The prevalence of weak updrafts implies the inability to form hail or significant liquid 

water concentrations in the form of large raindrops above the 5-6 km altitude level 

(Zipser and LeMone 1980), where the temperature would be colder than -5 to -10°C. 

Most rain would fall out of the ascending air below the freezing level and there would be 

enough time for most of the remaining liquid water to be converted to ice above that 

level. As has been shown from previous GATE studies, radar reflectivity decreases 

rapidly above the freezing level in both NPOL and TRMM CFADs over the Eastern 

Atlantic because of the sixth power dependence on drop diameter and because the 

reflectivity of snow is much less than that of rain. 
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The decreased intensity of updrafts sampled during GATE and the NAMMA field 

campaign over the Eastern Atlantic appears to be related to nearly moist adiabatic 

soundings. The much higher magnitudes of CAPE over land than over the ocean also 

have significant implications for transitioning MCSs. High magnitudes of CAPE and 

strong updrafts establish quasi-steady, long-lived MCSs over land. However, once the 

transition to the ocean occurs, lower magnitudes of CAPE and weaker updrafts, which 

are no longer able to loft hydrometeors well above the melting level result in the 

relatively quick deterioration of a once long-lived MCS. For example, Zipser and Lutz 

(1994) pointed out that most raindrops could fall through a 5 m s-1 updraft but not 

through a 10 m s-1 one. In addition, as MCSs transition from continental West Africa into 

the Eastern Atlantic, less charge separation occurs within clouds because hydrometeors 

are not lofted as high above the freezing level due to weaker updrafts. This reduced 

charge separation within clouds results in less lightning and is precisely what has been 

shown off the coast of West Africa over the Eastern Atlantic in Figure 2.2. 

 

Conclusions 

In conclusion, TRMM PR satellite data as well as data from the 2006 NAMMA field 

campaign have been used to formulate a comprehensive story to explain why strong 

MCSs that initiate over the West African continent fail to transition successfully into the 

Eastern Atlantic. A six-year (2000-2006) climatology of TRMM PR data was used to 

construct CFADs of three regimes: continental, transition, and oceanic in the region of 

West Africa and the Eastern Atlantic. After establishing differences between MCSs in 

these three regimes, datasets from the NAMMA field campaign, including the NPOL 
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radar, various rawinsondes and dropsondes, and flux tower in addition to ECMWF 

Interim Reanalysis, were used to investigate the environments of transitioning MCSs as 

well as small-scale factors contributing to localized maintenance of convection. The main 

conclusions are: 

• TRMM PR CFADs show that African continental MCSs advecting into transition 

zone regimes have stronger, deeper convection and bright bands associated with 

trailing stratiform rain regions while MCSs in oceanic and ocean in transition 

zone regimes have more homogeneous precipitation due to the lack of continued 

convection due to reduced levels of CAPE and weaker updrafts once transition 

offshore occurs. 

• Collapse of the convective leading edge or sometimes even the entire MCS occurs 

on a timescale of just 2 to 3 h as shown by analyses of ground-based NPOL radar 

reflectivity. 

• Dynamic upper-level support and mid-level rotation associated with AEWs 

remains intact over continental West Africa and downstream into the Eastern 

Atlantic, but the MCSs initiated by these waves over land fail to survive the 

transition to a maritime regime characterized by a moist, but cooler boundary 

layer. 

• Environments are drastically different between the continental and transition 

regimes of West Africa and the oceanic regimes of the East Atlantic, which 

directly contribute to the inability of MCSs to maintain convection once offshore. 

• Downstream in the Eastern Atlantic, additional convection may initiate and and 

eventually lead to tropical cyclogenesis with mid-level rotation associated with 
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AEWs, reduced levels of CAPE of approximately 1000 J kg-1, and decreased wind 

shear, but these are not associated with, and thus are fundamentally different 

from, convection initiated over continental West Africa. 

 

 Figure 7.1 shows a schematic to summarize the kinematics of what occurs when 

an MCS transitions into the Eastern Atlantic. At the initial time (t) while the MCS is still 

over land, the land over which the MCS progresses is warm relative to the cooler ocean 

surface. This results in onshore flow as expected and the low-level wind shear 

approximately balances the outflow generated by the MCS cold pool. Updrafts into the 

MCS remain vertical (oriented out of the page as shown in Figure 7.1) and the structure 

of the MCS remains quasi-steady with new convective cells initiating along the gust front 

and transitioning rearward in time to form the trailing stratiform rain region.  However, 

once the MCS crosses the coastline, it no longer benefits from onshore flow as it did over 

land. The lack of opposing low-level wind shear allows the cold pool to surge ahead of 

the leading convective edge. This results in an upshear tilt of updrafts that serve to 

maintain convection along the leading edge of the MCS. At the later time (t + !t, where 

!t is on the order of just of few hours), the absence of updrafts to support continuous 

convection along the leading edge of the MCS leads to its eventual demise as has been 

seen with previous radar analyses. At time t + !t there is no indication of ambient flow 

ahead of the gust front, because unlike the previous time (t), there is no large temperature 

difference between the temperature in the marine boundary layer and that of the MCS 

cold pool. The “sea breeze” that created onshore flow from the cool ocean to the 

relatively warmer land no longer influences the MCS once it transitions to over the 
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ocean. The larger magnitudes of CAPE available over land create quasi-steady 

convection with MCS cold pool outflow approximately balanced by low-level wind shear 

associated with the onshore flow. 

  
 
 
  

 
Figure 7.1 A schematic of a transitioning MCS from continental West Africa into 

the East Atlantic. At the initial time = t, the MCS is maintained by the approximate equal 
balance of low-level wind shear and cold pool outflow. At a later time (t + !t) once the 
MCS has transitioned over the ocean, the opposing low-level shear decreases allowing 
the cold pool to surge ahead of the leading convective edge, resulting in the eventual 
demise of the MCS. C and W indicate cold and warm, respectively. The thin blue line is 
the leading edge of the cold pool and the red thick line indicates the leading convective 
edge of the MCS. 
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Future Work 
 

Future work may include a comparison of TOGA radar datasets with those from 

NPOL to study transition/continental convection with maritime precipitation as well as 

data from the APR-2 radar aboard the DC-8 aircraft. Modeling studies are also a 

possibility, although analyses should likely come from large eddy simulations (LES) 

since initial studies using WRF showed that spurious noise occurs when the model is run 

at 1 km grid resolution for the smallest nested grid domain, but not when run at 3 km grid 

resolution. The author is currently part of a proposal for a workshop to be organized in 

West Africa in May 2012 to further examine precipitation and its effects on society.  

Additional opportunities for research in West Africa can also help to extend the 

knowledge of the atmospheric science community as well as other groups that rely on 

accurate knowledge of precipitation characteristics in West Africa and downstream. 

Reliance solely upon satellite products, whether polar orbiting or geostationary, in the 

region of the West African coast to diagnose conditions conducive for tropical 

cyclogenesis, while helpful, are not sufficient. The results of this dissertation show that 

ground-based observation on a long-term time scale is necessary to connect the evolution 

of MCSs in West Africa with tropical cyclogenesis downstream in the Eastern Atlantic. 

The results shown here should prove useful for incorporation into tropical cyclone 

models with domains including regions east of the Cape Verde Islands. 
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APPENDIX A 
Praia, Cape Verde Soundings 

 
Table A.1 Low-level, mid-level, deep, and pouch shear for soundings from Praia, Cape 
Verde released prior to MCS passage. 

DATE 
TIME 

(UTC) Sfc-1km Sfc-3km Sfc-6km 
Pouch 
Shear 

8/21/06 1931 8.3 13.0 9.1 1.3 
8/21/06 2334 11.0 27.5 17.9 5.2 
8/22/06 0754 15.2 26.4 27.6 10.4 
8/22/06 1139 19.1 27.3 24.4 5.0 
8/26/06 2357 4.1 9.6 11.2 5.2 
8/28/06 0337 1.2 4.0 3.9 6.8 
9/2/06 1141 4.1 15.0 10.1 8.6 
9/3/06 0337 6.5 5.2 11.1 14.1 
9/3/06 0730 2.2 1.8 3.5 6.7 
9/9/06 0334 1.2 8.9 2.8 2.8 
9/9/06 0733 2.7 5.1 3.5 6.1 

9/12/06 1137 5.3 24.5 27.1 13.0 
            
  AVERAGE 6.7 14.0 12.7 7.1 
  STDEV 5.7 9.9 9.4 3.8 
  MIN 1.2 1.8 2.8 1.3 
  MAX 19.1 27.5 27.6 14.1 

 
Table A.2 Surface-based, Most Unstable, and Mixed Layer CAPE/CIN for soundings 
from Praia, Cape Verde released prior to MCS passage. 

DATE 
TIME 

(UTC) 
Sfc. 

CAPE 
Sfc. 
CIN 

MU 
CAPE 

MU 
CIN 

ML 
CAPE 

ML 
CIN 

8/21/06 1931 354.0 148.0 622.0 95.0 407.0 133.0 
8/21/06 2334 360.0 221.0 1175.0 90.0 267.0 246.0 
8/22/06 0754 428.0 20.0 484.0 6.0 377.0 42.0 
8/22/06 1139 2602.0 0.0 3252.0 0.0 1930.0 0.0 
8/26/06 2357 16.0 304.0 141.0 245.0 31.0 277.0 
8/28/06 0337 209.0 0.0 209.0 0.0 66.0 3.0 
9/2/06 1141 1112.0 1.0 1398.0 3.0 1146.0 5.0 
9/3/06 0337 127.0 208.0 1343.0 12.0 702.0 48.0 
9/9/06 0334 79.0 187.0 1036.0 21.0 202.0 105.0 
9/9/06 0733 818.0 27.0 1572.0 6.0 706.0 9.0 

9/12/06 1137 1375.0 55.0 2008.0 21.0 1298.0 64.0 
                
  AVERAGE 680.0 106.5 1203.6 45.4 648.4 84.7 
  STDEV 773.6 110.0 896.6 74.6 592.9 97.6 
  MIN 16.0 0.0 141.0 0.0 31.0 0.0 
  MAX 2602.0 304.0 3252.0 245.0 1930.0 277.0 
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Table A.3 Low-level, mid-level, deep, and pouch shear for soundings from Praia, Cape 
Verde released after MCS passage.  

DATE 
TIME 

(UTC) Sfc-1km Sfc-3km Sfc-6km Pouch Shear 
8/22/06 1547 8.6 20.9 18.3 10.7 
8/22/06 1942 5.2 14.7 11.8 7.0 
9/9/06 1532 4.5 6.3 4.6 6.4 

9/12/06 1744 8.1 22.7 21.7 9.2 
9/12/06 2333 9.1 21.6 23.8 12.9 

            
  AVERAGE 7.1 17.2 16.0 9.2 
  STDEV 2.1 6.9 7.8 2.7 
  MIN 4.5 6.3 4.6 6.4 
  MAX 9.1 22.7 23.8 12.9 

 
Table A.4 Surface-based, Most Unstable, and Mixed Layer CAPE/CIN for soundings 
from Praia, Cape Verde released after MCS passage. 

DATE 
TIME 

(UTC) 
Sfc. 

CAPE 
Sfc. 
CIN 

MU 
CAPE 

MU 
CIN 

ML 
CAPE 

ML 
CIN 

8/22/06 1547 107.0 44.0 163.0 25.0 100.0 47.0 
8/22/06 1942 1848 50 2290 27 1029 125 
9/9/06 1532 31 111 1270 1 595 14 

9/12/06 1744 2972 4 3918 0 2544 11 
9/12/06 2333 2501 19 3540 0 1856 45 
                
  AVERAGE 1491.8 45.6 2236.2 10.6 1224.8 48.4 
  STDEV 1359.0 41.0 1562.3 14.1 979.7 46.0 
  MIN 31.0 4.0 163.0 0.0 100.0 11.0 
  MAX 2972.0 111.0 3918.0 27.0 2544.0 125.0 
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APPENDIX B 
DC-8 Dropsondes 

Table B.1 Low-level, mid-level, deep, and pouch shear for soundings from the DC-8 
aircraft released prior to MCS passage. 

DATE 
TIME 
(UTC) Sfc-1km Sfc-3km Sfc-6km Pouch Shear 

8/20/06 125900 6.2 23.3 8.3 7.2 
8/20/06 131200 14.0 15.2 8.1 8.0 
8/20/06 143800 3.0 6.1 4.2 2.9 
8/20/06 145900 4.1 19.8 2.4 10.1 
8/20/06 150500 5.2 22.1 8.2 9.8 
8/20/06 151459 4.4 21.3 9.0 9.0 
8/20/06 154214 3.0 22.2 5.4 5.7 
8/20/06 163059 5.1 20.8 7.2 5.9 
8/20/06 165730 9.3 17.2 4.4 4.9 
8/23/06 124700 10.2 11.9 9.6 3.4 
8/23/06 130600 9.3 16.4 9.9 3.7 
8/23/06 132902 3.9 13.2 5.4 4.4 
8/23/06 134830 7.1 8.8 12.2 8.0 
8/23/06 135901 7.7 8.2 12.7 3.5 
8/23/06 141059 1.8 4.2 6.9 6.0 
8/23/06 142108 5.2 3.6 7.3 3.0 
8/23/06 154111 4.5 7.9 9.2 4.1 
8/23/06 160016 2.3 4.1 18.3 12.9 
8/25/06 132529 4.6 10.3 17.3 12.1 
8/25/06 135550 6.5 6.6 8.2 3.8 
8/25/06 141300 9.9 12.7 7.8 3.5 
8/25/06 163200 6.5 12.1 9.9 3.4 
8/25/06 170856 3.2 6.5 10.8 4.5 
8/25/06 175100 3.9 1.9 4.8 2.8 
8/25/06 180702 10.9 7.3 10.8 7.4 
8/25/06 185501 11.3 7.8 5.0 7.8 
8/25/06 190902 3.4 4.1 8.2 7.6 
8/26/06 132500 4.5 5.4 8.4 5.2 
8/26/06 134600 10.8 14.0 10.6 4.3 
8/26/06 140200 7.4 14.7 11.5 3.8 
8/26/06 142000 6.3 13.4 8.7 3.8 
8/26/06 152400 3.9 6.3 7.9 6.0 
8/26/06 154100 1.2 7.0 7.2 7.0 
8/26/06 155600 0.7 4.5 5.1 1.4 
8/26/06 162000 4.6 6.1 6.0 8.0 
8/26/06 163600 0.5 1.8 6.7 5.4 
8/26/06 165000 5.6 7.6 14.0 9.0 
8/26/06 170159 7.2 11.7 4.6 3.4 
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8/26/06 170421 2.0 7.1 3.6 8.3 
8/26/06 172400 2.5 3.2 1.6 2.3 
8/26/06 174600 7.0 9.4 12.5 6.3 
8/30/06 133601 3.9 13.0 9.4 5.4 
8/30/06 172030 3.5 11.1 8.7 4.6 
8/30/06 174931 2.7 11.7 5.8 1.3 
8/30/06 180401 0.6 8.8 5.5 9.5 
9/1/06 133101 9.3 30.7 16.3 4.9 
9/1/06 134201 5.8 12.4 7.6 2.5 
9/1/06 141811 3.1 1.3 8.3 5.0 
9/1/06 151803 6.5 21.0 18.4 15.7 
9/1/06 163328 2.9 13.1 14.3 11.9 
9/1/06 164732 0.7 16.7 14.7 11.4 
9/3/06 144201 3.7 10.7 3.5 10.1 
9/3/06 145930 1.7 4.3 9.1 8.4 
9/3/06 151338 8.9 8.2 12.4 10.8 
9/3/06 152500 3.3 5.3 10.5 12.1 
9/3/06 153538 1.2 10.3 3.2 3.5 
9/3/06 154900 1.0 13.5 5.8 8.0 
9/3/06 160100 4.5 13.3 5.7 7.9 
9/3/06 161307 7.9 9.7 9.8 2.1 
9/3/06 162330 12.8 9.8 9.1 3.1 
9/3/06 171401 7.1 11.2 4.3 8.0 
9/3/06 173055 2.8 11.1 3.4 8.2 
9/4/06 134059 4.9 3.1 1.7 1.9 
9/4/06 135414 7.1 8.1 6.2 10.0 
9/4/06 140230 2.5 0.7 1.3 1.2 
9/4/06 142230 10.3 9.3 8.8 5.1 
9/4/06 145136 3.4 9.6 7.7 9.7 
9/4/06 150218 2.4 7.7 5.3 6.7 
9/4/06 152420 2.7 4.9 3.0 2.6 
9/4/06 153530 4.3 3.6 2.6 3.6 
9/4/06 154600 7.7 7.9 11.8 5.2 
9/8/06 133730 4.8 11.2 8.8 0.1 
9/8/06 141130 1.6 2.8 6.5 4.3 
9/8/06 154900 7.6 12.2 7.8 5.2 
9/8/06 160526 12.1 17.5 17.2 5.2 
9/9/06 152900 2.0 8.9 9.1 7.1 

9/12/06 122059 10.4 20.7 18.2 9.0 
9/12/06 154407 2.9 9.3 9.9 11.6 

  AVERAGE 5.3 10.4 8.4 6.2 
  STDEV 3.2 5.9 4.0 3.2 
  MIN 0.5 0.7 1.3 0.1 
  MAX 14.0 30.7 18.4 15.7 
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Table B.2 Surface-based, Most Unstable, and Mixed Layer CAPE/CIN for soundings 
from the DC-8 aircraft released prior to MCS passage. 

DATE 
TIME 
(UTC) 

Sfc. 
CAPE 

Sfc. 
CIN 

MU 
CAPE 

MU 
CIN 

ML 
CAPE 

ML 
CIN 

8/20/06 125900 1123.0 123.0 1123.0 123.0 720.0 162.0 
8/20/06 131200 319.0 266.0 319.0 266.0 1.0 425.0 
8/20/06 143800 1189.0 4.0 1315.0 0.0 772.0 8.0 
8/20/06 145900 933.0 40.0 935.0 40.0 424.0 127.0 
8/20/06 150500 1334.0 19.0 1334.0 19.0 695.0 115.0 
8/20/06 151459 1423.0 71.0 1423.0 71.0 644.0 219.0 
8/20/06 154214 1580.0 2.0 1583.0 2.0 947.0 8.0 
8/20/06 163059 1153.0 4.0 1153.0 4.0 675.0 100.0 
8/20/06 165730 612.0 2.0 664.0 1.0 459.0 33.0 
8/23/06 124700 843.0 180.0 843.0 180.0 403.0 254.0 
8/23/06 130600 898.0 153.0 1042.0 128.0 793.0 169.0 
8/23/06 132902 383.0 77.0 383.0 77.0 153.0 114.0 
8/23/06 134830 257.0 122.0 257.0 122.0 1.0 270.0 
8/23/06 135901 167.0 186.0 207.0 161.0 46.0 270.0 
8/23/06 141059 479.0 73.0 479.0 73.0 128.0 165.0 
8/23/06 142108 304.0 84.0 314.0 77.0 32.0 176.0 
8/23/06 154111 876.0 41.0 876.0 41.0 184.0 199.0 
8/23/06 160016 N/A N/A N/A N/A N/A N/A 
8/25/06 132529 161.0 301.0 161.0 301.0 19.0 398.0 
8/25/06 135550 570.0 171.0 570.0 171.0 361.0 195.0 
8/25/06 141300 261.0 81.0 261.0 81.0 218.0 104.0 
8/25/06 163200 534.0 26.0 550.0 23.0 317.0 45.0 
8/25/06 170856 1171.0 1.0 1171.0 1.0 637.0 36.0 
8/25/06 175100 1477.0 4.0 1477.0 4.0 584.0 12.0 
8/25/06 180702 1866.0 0.0 1866.0 0.0 1015.0 1.0 
8/25/06 185501 1827.0 0.0 1827.0 0.0 1062.0 0.0 
8/25/06 190902 189.0 109.0 189.0 109.0 38.0 229.0 
8/26/06 132500 204.0 277.0 204.0 277.0 38.0 183.0 
8/26/06 134600 816.0 40.0 816.0 40.0 435.0 104.0 
8/26/06 140200 703.0 185.0 703.0 185.0 83.0 360.0 
8/26/06 142000 641.0 171.0 745.0 71.0 260.0 199.0 
8/26/06 152400 75.0 190.0 75.0 190.0 9.0 265.0 
8/26/06 154100 17.0 332.0 17.0 332.0 N/A N/A 
8/26/06 155600 345.0 218.0 345.0 218.0 N/A N/A 
8/26/06 162000 643.0 21.0 643.0 21.0 177.0 95.0 
8/26/06 163600 244.0 116.0 1035.0 3.0 82.0 226.0 
8/26/06 165000 117.0 150.0 128.0 141.0 13.0 178.0 
8/26/06 170159 187.0 135.0 206.0 122.0 58.0 119.0 
8/26/06 170421 69.0 130.0 122.0 115.0 46.0 162.0 
8/26/06 172400 N/A N/A N/A N/A N/A N/A 
8/26/06 174600 50.0 78.0 50.0 78.0 9.0 129.0 
8/30/06 133601 930.0 27.0 930.0 27.0 427.0 94.0 
8/30/06 172030 563.0 14.0 563.0 14.0 313.0 45.0 
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8/30/06 174931 713.0 299.0 743.0 291.0 377.0 368.0 
8/30/06 180401 933.0 368.0 933.0 368.0 494.0 469.0 
9/1/06 133101 672.0 89.0 672.0 89.0 123.0 259.0 
9/1/06 134201 649.0 48.0 649.0 48.0 155.0 143.0 
9/1/06 141811 297.0 20.0 318.0 17.0 48.0 74.0 
9/1/06 151803 77.0 77.0 259.0 21.0 94.0 50.0 
9/1/06 163328 1218.0 44.0 1366.0 9.0 940.0 58.0 
9/1/06 164732 1867.0 64.0 1867.0 64.0 1555.0 83.0 
9/3/06 144201 1112.0 6.0 1112.0 6.0 288.0 31.0 
9/3/06 145930 1188.0 2.0 1188.0 2.0 576.0 42.0 
9/3/06 151338 718.0 22.0 718.0 22.0 375.0 24.0 
9/3/06 152500 351.0 120.0 424.0 98.0 75.0 218.0 
9/3/06 153538 1079.0 101.0 1079.0 101.0 569.0 178.0 
9/3/06 154900 871.0 107.0 871.0 107.0 231.0 250.0 
9/3/06 160100 1259.0 18.0 1259.0 18.0 427.0 168.0 
9/3/06 161307 N/A N/A N/A N/A N/A N/A 
9/3/06 162330 1188.0 48.0 1188.0 48.0 540.0 99.0 
9/3/06 171401 1335.0 29.0 1335.0 29.0 774.0 105.0 
9/3/06 173055 1037.0 54.0 1037.0 54.0 410.0 145.0 
9/4/06 134059 1558.0 1.0 1558.0 1.0 594.0 55.0 
9/4/06 135414 1319.0 1.0 1319.0 1.0 609.0 21.0 
9/4/06 140230 1738.0 1.0 1738.0 1.0 1017.0 2.0 
9/4/06 142230 N/A N/A N/A N/A N/A N/A 
9/4/06 145136 533.0 20.0 762.0 4.0 212.0 88.0 
9/4/06 150218 947.0 36.0 947.0 36.0 48.0 155.0 
9/4/06 152420 1816.0 209.0 1816.0 209.0 1161.0 3.0 
9/4/06 153530 1494.0 6.0 1494.0 6.0 853.0 6.0 
9/4/06 154600 665.0 24.0 665.0 24.0 490.0 33.0 
9/8/06 133730 556.0 56.0 600.0 49.0 117.0 141.0 
9/8/06 141130 1104.0 5.0 1104.0 5.0 119.0 88.0 
9/8/06 154900 2043.0 1.0 2043.0 1.0 1497.0 2.0 
9/8/06 160526 215.0 81.0 287.0 44.0 202.0 76.0 
9/9/06 152900 1861.0 3.0 1861.0 3.0 1152.0 2.0 

9/12/06 122059 2051.0 180.0 2126.0 171.0 1436.0 262.0 
9/12/06 154407 728.0 6.0 734.0 2.0 466.0 4.0 
  AVERAGE 847.6 86.1 878.1 79.2 434.8 134.7 
  STDEV 555.9 90.8 546.8 90.4 389.0 110.1 
  MIN 17.0 0.0 17.0 0.0 1.0 0.0 
  MAX 2051.0 368.0 2126.0 368.0 1555.0 469.0 
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Table B.3 Low-level, mid-level, deep, and pouch shear for soundings from the DC-8 
aircraft released into MCS precipitation. 

DATE 
TIME 
(UTC) Sfc-1km Sfc-3km Sfc-6km Pouch Shear 

8/20/06 132000 11.3 16.3 5.2 10.8 
8/20/06 133600 3.4 3.8 1.9 3.3 
8/20/06 142700 8.0 6.3 8.6 1.4 
8/20/06 171629 3.2 19.5 10.6 7.0 
8/20/06 182930 8.1 7.9 4.2 6.2 
8/20/06 183400 3.6 16.6 14.5 8.5 
8/23/06 133800 4.6 11.6 23.3 25.1 
8/23/06 143301 3.9 3.4 3.7 3.8 
8/23/06 145200 6.0 14.2 3.7 9.4 
8/23/06 155001 3.2 12.5 7.0 8.3 
8/23/06 161159 11.5 19.5 9.6 12.1 
8/23/06 162102 3.8 11.3 6.8 5.3 
8/25/06 181630 7.7 4.4 6.3 3.8 
8/25/06 183001 3.2 7.2 2.3 7.3 
8/30/06 135504 1.1 2.7 5.4 6.3 
9/1/06 134949 8.7 14.0 15.4 11.7 
9/1/06 135901 10.1 11.2 19.1 11.4 
9/1/06 140801 4.1 11.7 11.6 5.0 
9/1/06 143401 10.6 14.1 8.2 10.1 
9/1/06 144400 7.7 19.6 17.4 11.8 
9/1/06 153001 7.5 6.2 6.6 12.5 
9/1/06 153931 3.3 19.2 8.5 4.1 
9/1/06 155716 4.8 6.0 4.2 6.9 
9/3/06 123523 3.8 7.7 9.5 6.2 
9/3/06 125010 1.1 8.6 11.2 8.2 
9/3/06 142432 3.5 6.6 3.0 4.0 
9/3/06 175546 2.7 5.0 7.7 2.1 
9/4/06 151400 11.9 9.4 11.5 3.8 
9/4/06 160956 1.0 0.7 6.6 9.8 
9/8/06 150559 5.4 3.7 4.0 8.4 
9/8/06 152941 1.6 5.9 5.8 4.6 
9/8/06 162429 7.5 6.6 9.1 6.5 
9/9/06 151646 10.2 7.4 16.7 5.7 

9/12/06 130500 3.9 14.4 12.8 1.1 
9/12/06 132130 8.4 13.0 13.8 6.2 
9/12/06 133629 2.8 6.0 9.0 7.6 
9/12/06 155745 0.0 15.2 18.1 7.6 

  AVERAGE 5.5 10.0 9.3 7.4 
  STDEV 3.3 5.3 5.2 4.3 
  MIN 0.0 0.7 1.9 1.1 
  MAX 11.9 19.6 23.3 25.1 
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Table B.4 Surface-based, Most Unstable, and Mixed Layer CAPE/CIN for soundings 
from the DC-8 aircraft released into MCS precipitation. 

DATE 
TIME 
(UTC) 

Sfc. 
CAPE 

Sfc. 
CIN 

MU 
CAPE 

MU 
CIN 

ML 
CAPE 

ML 
CIN 

8/20/06 132000 93.0 334.0 93.0 334.0 N/A N/A 
8/20/06 133600 1894.0 1.0 1899.0 1.0 1430.0 0.0 
8/20/06 142700 1167.0 0.0 1167.0 0.0 743.0 2.0 
8/20/06 171629 795.0 6.0 795.0 6.0 554.0 6.0 
8/20/06 182930 1179.0 2.0 1179.0 2.0 855.0 0.0 
8/20/06 183400 1082.0 6.0 1082.0 6.0 412.0 30.0 
8/23/06 133800 384.0 12.0 653.0 27.0 254.0 28.0 
8/23/06 143301 829.0 1.0 975.0 0.0 388.0 1.0 
8/23/06 145200 815.0 45.0 815.0 45.0 260.0 151.0 
8/23/06 155001 360.0 117.0 360.0 117.0 184.0 179.0 
8/23/06 161159 24.0 59.0 73.0 131.0 24.0 42.0 
8/23/06 162102 387.0 26.0 387.0 26.0 98.0 83.0 
8/25/06 181630 197.0 18.0 280.0 8.0 172.0 17.0 
8/25/06 183001 480.0 1.0 886.0 12.0 146.0 0.0 
8/30/06 135504 1417.0 5.0 1417.0 5.0 957.0 2.0 
9/1/06 134949 397.0 16.0 397.0 16.0 302.0 20.0 
9/1/06 135901 31.0 131.0 31.0 131.0 0.0 189.0 
9/1/06 140801 133.0 0.0 133.0 0.0 23.0 0.0 
9/1/06 143401 198.0 43.0 198.0 43.0 32.0 144.0 
9/1/06 144400 435.0 14.0 435.0 14.0 65.0 69.0 
9/1/06 153001 113.0 51.0 113.0 51.0 19.0 67.0 
9/1/06 153931 13.0 168.0 13.0 168.0 4.0 200.0 
9/1/06 155716 0.0 84.0 0.0 84.0 N/A N/A 
9/3/06 123523 954.0 11.0 954.0 11.0 505.0 37.0 
9/3/06 125010 91.0 88.0 152.0 51.0 104.0 67.0 
9/3/06 142432 1258.0 10.0 1258.0 10.0 738.0 40.0 
9/3/06 175546 86.0 72.0 86.0 72.0 N/A N/A 
9/4/06 151400 2272.0 1.0 2272.0 1.0 1467.0 0.0 
9/4/06 160956 1017.0 3.0 1017.0 3.0 561.0 4.0 
9/8/06 150559 1566.0 1.0 1566.0 1.0 826.0 2.0 
9/8/06 152941 1523.0 4.0 1539.0 3.0 1143.0 1.0 
9/8/06 162429 158.0 141.0 158.0 141.0 47.0 183.0 
9/9/06 151646 1290.0 0.0 1290.0 0.0 787.0 4.0 

9/12/06 130500 738.0 10.0 787.0 6.0 562.0 9.0 
9/12/06 132130 802.0 2.0 802.0 2.0 210.0 15.0 
9/12/06 133629 769.0 8.0 769.0 8.0 193.0 37.0 
9/12/06 155745 385.0 0.0 385.0 0.0 215.0 2.0 
  AVERAGE 684.6 40.3 713.9 41.5 420.0 48.0 
  STDEV 586.3 67.2 581.1 68.3 409.3 64.2 
  MIN 0.0 0.0 0.0 0.0 0.0 0.0 
  MAX 2272.0 334.0 2272.0 334.0 1467.0 200.0 
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Table B.5 Low-level, mid-level, deep, and pouch shear for soundings from the DC-8 
aircraft released after MCS passage. 

DATE 
TIME 
(UTC) Sfc-1km Sfc-3km Sfc-6km Pouch Shear 

8/23/06 150600 5.7 12.2 9.7 5.5 
8/23/06 152100 0.5 8.2 5.2 2.2 
8/30/06 140639 6.0 6.5 6.2 8.2 
8/30/06 153531 1.7 6.8 10.8 12.1 
8/30/06 160100 4.8 4.5 5.5 3.7 
9/1/06 145502 3.3 16.8 11.5 8.6 
9/1/06 150631 5.1 16.0 12.0 9.8 
9/1/06 160601 4.9 11.5 13.5 17.0 
9/3/06 121730 3.0 1.4 6.3 6.6 
9/4/06 155729 3.4 1.8 0.8 4.7 
9/4/06 174500 2.0 13.0 12.2 11.7 
9/8/06 142830 7.7 11.7 14.0 9.5 
9/8/06 144230 2.4 5.1 10.0 9.3 
9/8/06 171716 0.4 4.9 7.2 7.1 
9/8/06 173442 6.1 10.0 10.8 5.9 
9/9/06 154501 5.4 13.6 7.5 4.7 
9/9/06 155912 5.2 3.8 7.3 3.1 

  AVERAGE 4.0 8.7 8.9 7.6 
  STDEV 2.1 4.8 3.5 3.8 
  MIN 0.4 1.4 0.8 2.2 
  MAX 7.7 16.8 14.0 17.0 
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Table B.6 Surface-based, Most Unstable, and Mixed Layer CAPE/CIN for soundings 
from the DC-8 aircraft released after MCS passage. 

DATE 
TIME 
(UTC) 

Sfc. 
CAPE 

Sfc. 
CIN 

MU 
CAPE 

MU 
CIN 

ML 
CAPE 

ML 
CIN 

8/23/06 150600 1263.0 65.0 1263.0 65.0 544.0 149.0 
8/23/06 152100 438.0 117.0 438.0 117.0 74.0 272.0 
8/30/06 140639 1129.0 1.0 1129.0 1.0 663.0 3.0 
8/30/06 153531 351.0 12.0 351.0 12.0 175.0 34.0 
8/30/06 160100 733.0 10.0 792.0 6.0 514.0 7.0 
9/1/06 145502 776.0 13.0 776.0 13.0 168.0 82.0 
9/1/06 150631 491.0 55.0 550.0 40.0 340.0 48.0 
9/1/06 160601 1387.0 0.0 1387.0 0.0 2.0 106.0 
9/3/06 121730 652.0 3.0 652.0 3.0 218.0 40.0 
9/4/06 155729 1234.0 8.0 1234.0 8.0 623.0 10.0 
9/4/06 174500 1105.0 16.0 1105.0 16.0 476.0 122.0 
9/8/06 142830 596.0 33.0 596.0 33.0 257.0 35.0 
9/8/06 144230 828.0 8.0 839.0 6.0 607.0 2.0 
9/8/06 171716 1412.0 3.0 1412.0 3.0 628.0 40.0 
9/8/06 173442 1697.0 4.0 1697.0 4.0 896.0 24.0 
9/9/06 154501 1451.0 13.0 1451.0 13.0 852.0 16.0 
9/9/06 155912 1922.0 0.0 1922.0 0.0 1188.0 0.0 

  AVERAGE 1027.4 21.2 1034.9 20.0 483.8 58.2 
  STDEV 463.0 31.0 456.4 30.3 319.3 70.8 
  MIN 351.0 0.0 351.0 0.0 2.0 0.0 
  MAX 1922.0 117.0 1922.0 117.0 1188.0 272.0 
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APPENDIX C 
Dakar-Yoff Airport Soundings 

Table C.1 Low-level, mid-level, deep, and pouch shear for soundings from the Dakar-
Yoff airport released prior to MCS passage. 

DATE 
TIME 

(UTC) Sfc-1km Sfc-3km Sfc-6km Pouch Shear 
8/19/06 1200 4.4 20.5 15.7 8.3 
8/21/06 0000 6.2 22.1 15.1 3.4 
8/25/06 0000 0.5 18.3 11.4 8.5 
8/27/06 0000 4.3 3.3 4.6 11.7 
8/29/06 1200 8.1 18.5 12.0 5.7 
8/31/06 0000 0.1 0.3 0.9 0.7 
9/2/06 0000 4.4 19.0 19.1 13.4 
9/3/06 1200 6.7 12.9 2.6 6.8 
9/7/06 1200 1.6 13.1 7.6 7.8 

9/11/06 0000 5.7 20.6 22.6 28.4 
            
  AVERAGE 4.2 14.86 11.16 9.47 
  STDEV 2.7 7.5 7.2 7.6 
  MIN 0.1 0.3 0.9 0.7 
  MAX 8.1 22.1 22.6 28.4 

 
Table C.2 Surface-based, Most Unstable, and Mixed Layer CAPE/CIN for soundings 
from the Dakar-Yoff airport released prior to MCS passage. 

DATE 
TIME 

(UTC) 
Sfc. 

CAPE 
Sfc. 
CIN 

MU 
CAPE 

MU 
CIN 

ML 
CAPE 

ML 
CIN 

8/19/06 1200 3490 9 3490 9 1651 78 
8/21/06 0000 2875 47 3233 27 1634 99 
8/25/06 0000 1042 79 1042 79 1 308 
8/27/06 0000 139 144 262 87 52 219 
8/29/06 1200 2414 24 2414 24 581 103 
8/31/06 0000 3385 64 3690 43 2457 90 
9/2/06 0000 2717 6 2767 11 1899 45 
9/3/06 1200 2782 12 2782 12 1565 3 
9/7/06 1200 3425 0 3425 0 1816 17 

9/11/06 0000 3521 191 3521 191 1948 316 
                
  AVERAGE 2579 57.6 2662.6 48.3 1360.4 127.8 
  STDEV 1134.0 64.5 1147.9 58.2 844.2 113.7 
  MIN 139 0 262 0 1 3 
  MAX 3521 191 3690 191 2457 316 
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Table C.3 Low-level, mid-level, deep, and pouch shear for soundings from the Dakar-
Yoff airport released after MCS passage. 

DATE 
TIME 

(UTC) Sfc-1km Sfc-3km Sfc-6km Pouch Shear 
8/20/06 0000 0.5 0.5 22.6 20.5 
8/31/06 1200 12.6 12.8 6.4 19.2 
9/8/06 0000 0.9 13.7 1.8 3.3 
9/8/06 1200 5.5 9.5 4.8 4.9 

9/11/06 1200 3.5 22.6 26.2 14.3 
            
  AVERAGE 4.6 11.82 12.36 12.44 
  STDEV 4.9 8.0 11.2 8.0 
  MIN 0.5 0.5 1.8 3.3 
  MAX 12.6 22.6 26.2 20.5 

 
Table C.4 Surface-based, Most Unstable, and Mixed Layer CAPE/CIN for soundings 
from the Dakar-Yoff airport released after MCS passage. 

DATE 
TIME 

(UTC) 
Sfc. 

CAPE 
Sfc. 
CIN 

MU 
CAPE 

MU 
CIN 

ML 
CAPE 

ML 
CIN 

8/20/06 0000 956 341 2428 157 983 306 
8/31/06 1200 32 343 555 54 65 220 
9/8/06 0000 3112 11 3158 9 2041 28 
9/8/06 1200 2868 0 2868 0 794 7 

9/11/06 1200 3129 1119 3129 1119 1462 1415 
                
  AVERAGE 2019.4 362.8 2427.6 267.8 1069 395.2 
  STDEV 1434.0 455.0 1087.0 479.9 740.0 584.0 
  MIN 32 0 555 0 65 7 
  MAX 3129 1119 3158 1119 2041 1415 
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APPENDIX D 
Kawsara, Senegal Soundings 

Table D.1 Low-level, mid-level, deep, and pouch shear for soundings from Kawsara, 
Senegal released prior to MCS passage. 

DATE 
TIME 

(UTC) Sfc-1km Sfc-3km Sfc-6km Pouch Shear 
8/24/06 1809 4.7 14.2 15.3 8.2 
8/25/06 0010 4.1 7.9 7.9 10.3 
8/31/06 0501 5.1 11.1 11.4 6.4 
9/2/06 0017 7.8 12.4 12.9 10.8 
9/7/06 1959 6.9 12.6 6.7 7 

9/11/06 0549 3.8 21.2 21.4 13.1 
            
  AVERAGE 5.4 13.2 12.6 9.3 
  STDEV 1.6 4.4 5.4 2.6 
  MIN 3.8 7.9 6.7 6.4 
  MAX 7.8 21.2 21.4 13.1 

 
Table D.2 Surface-based, Most Unstable, and Mixed Layer CAPE/CIN for soundings 
from Kawsara, Senegal released prior to MCS passage. 

DATE 
TIME 

(UTC) 
Sfc. 

CAPE 
Sfc. 
CIN 

MU 
CAPE 

MU 
CIN 

ML 
CAPE 

ML 
CIN 

8/24/06 1809 2634 81 2634 81 702 185 
8/25/06 0010 1556 5 1556 5 802 22 
8/31/06 0501 3473 9 3758 4 2566 13 
9/2/06 0017 2040 32 2930 9 1173 55 
9/7/06 1959 3252 18 3252 18 781 67 

9/11/06 0549 2810 273 4306 149 2407 267 
                
  AVERAGE 2627.5 69.7 3072.7 44.3 1405.2 101.5 
  STDEV 725.5 103.4 952.5 59.0 854.7 101.9 
  MIN 1556 5 1556 4 702 13 
  MAX 3473 273 4306 149 2566 267 
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Table D.3 Low-level, mid-level, deep, and pouch shear for soundings from Kawsara, 
Senegal released after MCS passage. 

DATE 
TIME 

(UTC) Sfc-1km Sfc-3km Sfc-6km Pouch Shear 
8/25/06 1207 5.0 7.3 11.2 7.8 
8/29/06 1740 6.5 16.1 15.6 8.0 
8/31/06 1152 6.1 8.6 5.7 9.0 
9/2/06 0511 15.5 11.3 14.1 9.5 
9/7/06 2333 3.0 9.9 3.9 2.5 
9/8/06 0533 5.3 4.2 7.2 6.8 

9/11/06 1704 13.2 24.6 22.32 4.7 
            
  AVERAGE 7.8 11.7 11.4 6.9 
  STDEV 4.7 6.8 6.5 2.5 
  MIN 3.0 4.2 3.9 2.5 
  MAX 15.5 24.6 22.3 9.5 

 

Table D.4 Surface-based, Most Unstable, and Mixed Layer CAPE/CIN for soundings 
from Kawsara, Senegal released after MCS passage. 

DATE 
TIME 

(UTC) 
Sfc. 

CAPE 
Sfc. 
CIN 

MU 
CAPE 

MU 
CIN 

ML 
CAPE 

ML 
CIN 

8/25/06 1207 2959 0 2959 0 781 5 
8/29/06 1740 3515 32 3515 32 1102 131 
8/31/06 1152 193 350 213 341 7 457 
9/2/06 0511 70 468 142 380 55 302 
9/7/06 2333 89 212 2076 1 913 34 
9/8/06 0533 N/A N/A 1958 7 666 31 

9/11/06 1704 654 265 654 265 82 303 
                
  AVERAGE 1246.7 221.2 1645.3 146.6 515.1 180.4 
  STDEV 1566.1 181.2 1341.6 174.0 457.1 174.8 
  MIN 70.0 0.0 142.0 0.0 7.0 5.0 
  MAX 3515.0 468.0 3515.0 380.0 1102.0 457.0 
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APPENDIX E 
Niamey, Niger Soundings 

Table E.1 Low-level, mid-level, deep, and pouch shear for soundings from Niamey, 
Niger released prior to MCS passage. 

DATE 
TIME 

(UTC) Sfc-1km Sfc-3km Sfc-6km Pouch Shear 
8/19/06 0600 5.8 14.6 10.7 3.6 
8/20/06 0000 1.1 14.1 7.6 6.3 
8/21/06 1800 4.1 9.4 12.5 16.6 
8/22/06 0000 6.7 9.2 6.4 14.1 
8/23/06 1200 2.1 8.9 12.9 12.9 
8/24/06 0000 8.5 7.5 10.3 11.6 
8/26/06 1200 1.9 10.9 14.6 16.1 
8/29/06 0000 5.0 16.7 5.3 3.6 
8/29/06 1800 2.8 17.6 8.2 5.7 
8/31/06 0000 3.4 13.2 10.9 4.6 
8/31/06 0600 6.7 9.5 4.3 3.6 
8/31/06 1200 5.4 12.2 21.1 11.7 
9/1/06 0000 4.4 13.9 14.6 7.7 
9/1/06 0600 6.0 12.3 22.2 14.6 
9/3/06 0600 2.6 13.3 13.4 8.3 
9/3/06 1200 2.5 10.3 18.0 16.5 
9/5/06 0600 0.0 13.8 5.6 4.9 
9/7/06 0000 6.5 17.5 11.8 5.8 
9/8/06 0000 0.1 0.6 2.6 2.1 
9/8/06 0600 8.5 5.9 17.0 30.2 

9/10/06 0000 6.4 2.6 6.1 10.8 
9/10/06 0600 5.3 1.2 4.9 6.3 
9/10/06 1200 3.1 5.1 6.2 8.7 

            
  AVERAGE 4.3 10.4 10.7 9.8 
  STDEV 2.4 4.9 5.4 6.4 
  MIN 0.0 0.6 2.6 2.1 
  MAX 8.5 17.6 22.2 30.2 
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Table E.2 Surface-based, Most Unstable, and Mixed Layer CAPE/CIN for soundings 
from Niamey, Niger released prior to MCS passage. 

DATE 
TIME 

(UTC) 
Sfc. 

CAPE 
Sfc. 
CIN 

MU 
CAPE 

MU 
CIN 

ML 
CAPE 

ML 
CIN 

8/19/06 0600 409 295 803 208 2 449 
8/20/06 0000 1802 290 1893 179 1467 227 
8/21/06 1800 1537 60 1602 45 1436 62 
8/22/06 0000 1990 64 1990 64 549 126 
8/23/06 1200 1198 8 1198 8 865 16 
8/24/06 0000 245 50 302 34 178 56 
8/26/06 1200 3782 0 3782 0 1519 18 
8/29/06 0000 726.0 64.0 726.0 64.0 53.0 127.0 
8/29/06 1800 1402 78 1621 60 1283 80 
8/31/06 0000 475 361 685 271 193 341 
8/31/06 0600 N/A N/A 24 41 0 168 
8/31/06 1200 601 58 601 58 330 83 
9/1/06 0000 1490 58 1490 58 1080 56 
9/1/06 0600 840 115 1058 54 590 87 
9/3/06 0600 723 406 1134 305 546 349 
9/3/06 1200 2236 195 2236 195 741 256 
9/5/06 0600 1028 221 1028 221 235 257 
9/7/06 0000 2089 266 2089 266 1049 210 
9/8/06 0000 2385 213 3315 161 2521 148 
9/8/06 0600 461.0 109.0 1477.0 0.0 715.0 60.0 

9/10/06 0000 251 165 2551 165 73 181 
9/10/06 0600 924 111 924 111 94 231 
9/10/06 1200 1142 369 1142 369 391 593 
                
  AVERAGE 1260.7 161.6 1464.0 127.7 691.7 181.8 
  STDEV 862.9 123.9 908.5 107.1 637.6 144.9 
  MIN 245.0 0.0 24.0 0.0 0.0 16.0 
  MAX 3782.0 406.0 3782.0 369.0 2521.0 593.0 
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Table E.3 Low-level, mid-level, deep, and pouch shear for soundings from Niamey, 
Niger released after MCS passage. 

DATE 
TIME 

(UTC) Sfc-1km Sfc-3km Sfc-6km Pouch Shear 
8/22/06 1800 2.3 14.0 7.3 10.5 
8/23/06 1800 1.5 12.5 9.8 9.1 
8/26/06 1800 4.0 12.5 18.4 18.9 
8/28/06 0600 17.4 22.4 7.0 28.8 
8/30/06 1200 11.6 21.7 17.6 14.1 
9/1/06 1800 2.7 15.3 10.2 5.0 
9/3/06 1800 2.6 8.2 11.2 12.5 
9/5/06 1200 12.8 14.3 13.8 10.9 
9/8/06 1200 5.4 23.0 17.5 11.8 

9/10/06 1800 5.7 3.0 4.8 9.7 
9/11/06 0000 0.9 2.1 7.2 11.0 
9/12/06 1800 5.6 19.9 21.6 10.0 

            
  AVERAGE 6.0 14.1 12.2 12.7 
  STDEV 5.2 7.1 5.5 6.0 
  MIN 0.9 2.1 4.8 5.0 
  MAX 17.4 23.0 21.6 28.8 

 
Table E.4 Surface-based, Most Unstable, and Mixed Layer CAPE/CIN for soundings 
from Niamey, Niger released after MCS passage. 

DATE 
TIME 

(UTC) 
Sfc. 

CAPE 
Sfc. 
CIN 

MU 
CAPE 

MU 
CIN 

ML 
CAPE 

ML 
CIN 

8/22/06 1800 106.0 109.0 155.0 111.0 13.0 177.0 
8/23/06 1800 1527.0 43.0 1527.0 43.0 1032.0 42.0 
8/26/06 1800 2064.0 277.0 2064.0 277.0 1126.0 259.0 
8/28/06 0600 24.0 352.0 90.0 228.0 11.0 300.0 
8/30/06 1200 21.0 576.0 21.0 576.0 N/A N/A 
9/1/06 1800 747.0 146.0 920.0 113.0 809.0 133.0 
9/3/06 1800 694.0 263.0 1163.0 189.0 977.0 219.0 
9/5/06 1200 249.0 248.0 249.0 248.0 N/A N/A 
9/8/06 1200 17.0 327.0 17.0 327.0 N/A N/A 

9/10/06 1800 140.0 363.0 339.0 278.0 195.0 314.0 
9/11/06 0000 170.0 130.0 689.0 3.0 246.0 69.0 
9/12/06 1800 27.0 666.0 27.0 666.0 1.0 256.0 
                
  AVERAGE 482.2 291.7 605.1 254.9 490.0 196.6 
  STDEV 671.9 185.0 679.7 198.3 484.7 98.1 
  MIN 17.0 43.0 17.0 3.0 1.0 42.0 
  MAX 2064.0 666.0 2064.0 666.0 1126.0 314.0 

 


