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ABSTRACT 

 

 

 

 

Traditional surface and upper-air observations are often absent over the tropical oceans.  This 

lack of routine in-situ measurement, outside of special field programs, has limited the 

observational study of tropical cyclogenesis. Remote sensing from satellites, however, can 

provide information in regions where surface-based observing networks are not present. This 

study utilizes infrared satellite imagery and QuikSCAT-derived near-surface vorticity from the 

2005 hurricane season in the North Atlantic to examine the relationship between deep convection 

and low-level vorticity during tropical cyclogenesis.  

QuikSCAT-derived cyclonic relative vorticity is identified in association with developing 

easterly wave disturbances tracked using NHC products and 3-hourly infrared satellite imagery. 

Area-averaged vorticity near mesoscale regions of convection within the easterly wave envelope 

is then computed. In most of the 19 cases examined, the low-level vorticity followed the 

convective evolution, decreasing or remaining nearly constant during periods of inactive 

convection and increasing as convective activity increased. A composite of North Atlantic 

easterly wave disturbances was constructed to characterize the average evolution of near-surface 

vorticity during tropical cyclogenesis. 48 hours prior to genesis, the average tropical disturbance 

has a region of cyclonic relative vorticity about 125 km in diameter with peak magnitude of 

approximately 1x10
-4

 s
-1

. During its subsequent evolution, the vorticity of the composite 

disturbance increases as convection increases until a tropical cyclone forms.  These results are 

considered in the context of prior and future numerical simulations of tropical cyclogenesis. 
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INTRODUCTION 

 

 

 

 

Tropical cyclogenesis, the process by which a tropical disturbance is transformed from a 

cold-core asymmetric circulation to a self-sustaining warm-core tropical cyclone, is a complex 

and poorly-understood process. It has long been recognized that for genesis to occur, a tropical 

disturbance must be in an environment of warm sea-surface temperatures, elevated lower- and 

mid-tropospheric relative humidity, small vertical wind shear, and elevated cyclonic vorticity at 

low levels (Gray 1968). However, only a small number of tropical disturbances develop into 

tropical cyclones, even when these conditions are met (e.g., Bracken and Bosart 2000).  

Since the thermodynamic conditions for tropical cyclogenesis are satisfied for most of the 

tropical oceans on any given day (e.g., Gray 1968), the dynamical mechanisms by which a 

warm-core vortex develops from a tropical disturbance have been the focus of more recent 

studies of tropical cyclogenesis. Zehr (1992) noted that most tropical cyclones in the tropical 

western North Pacific formed when a convective burst occurred within a region of enhanced 

midlevel cyclonic vorticity left behind by a previous convective event. Bister and Emanuel 

(1997) suggested that vorticity advected downward from a midlevel vortex by downdrafts would 

build a cyclonic circulation near the surface of sufficient intensity to maintain itself through 

fluxes of heat and moisture (i.e., wind-induced surface heat exchange, or WISHE). Ritchie and 

Holland (1997) and Simpson et al. (1997) proposed that the downward extension of cyclonic 

vorticity arising from the merger of midlevel mesoscale vortices could eventually produce a 

cyclonic surface circulation able to initiate WISHE. Recent modeling work (e.g. Davis and 

Bosart 2001, Hendricks et al. 2004, and Montgomery et al. 2006) has shown that low-level 

convectively-generated vorticity anomalies in an environment with elevated background 

cyclonic vorticity can build a warm core vortex upwards from low levels. These latter studies 

emphasize the active role of convection in the generation of vorticity, and highlight the 

importance of low-level cyclonic vorticity mergers.  

In considering the results of these modeling studies, it is important to determine whether 

or not their representation of low-level vorticity is realistic. Is there a preferred near-surface 

vorticity structure and magnitude associated with developing tropical disturbances?  
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Furthermore, is the presence of a threshold value of near-surface vorticity at the earliest stages of 

development necessary for tropical cyclogenesis?  Must this near-surface vorticity be present on 

a certain spatial scale?  Ideally, these questions would be addressed through observational studies 

(e.g., Reasor et al. 2005, Sippel et al. 2006); however, outside of special field programs, the lack 

of surface-based observing networks over the tropical oceans where genesis occurs limits the 

amount of traditional data available for tropical cyclogenesis studies. Satellite observations 

provide data over the tropical oceans, although such remote sensing platforms face limitations in 

spatial and temporal resolution. 

This study uses a combination of infrared satellite imagery and QuikSCAT-derived winds 

to examine the evolution of convection and near-surface vorticity within developing tropical 

disturbances during the 2005 hurricane season in the North Atlantic. While the nature of the 

dataset does not allow for detailed examination of the three-dimensional evolution of the 

vorticity, it does permit examination of the magnitude and structure of the near-surface vorticity, 

which will aid future modeling studies of tropical cyclogenesis.  
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OVERVIEW OF TROPICAL CYCLOGENESIS THEORIES 

 

 

 

Climatology and Large-Scale Features of Tropical Cyclogenesis 

 

 Certain regions of the deep tropics tend to favor tropical cyclogenesis more than others; 

the vast majority of tropical cyclones form over the warm ocean waters of the deep Tropics 

(figure 2.1). Using the climatological patterns of wind, sea surface temperature, and relative 

humidity in these regions during their respective tropical cyclone seasons, Gray (1968) 

developed the often-cited necessary conditions for genesis. Thermodynamically, genesis requires 

the ocean surface to have a sufficiently deep layer of warm water, elevated conditional 

instability, and high near-surface and mid-tropospheric relative humidity. The necessary 

dynamical conditions are small vertical wind shear and elevated low-level cyclonic vorticity, 

which typically requires a sufficient distance from the Equator for a non-negligible planetary 

contribution. The thermodynamic constraints ensure that the atmosphere is able to support 

persistent deep convection, while the dynamical constraints maximize the effects of the 

associated heating. 

 While the thermodynamic conditions are satisfied nearly everywhere in the deep Tropics, 

the dynamic conditions are not (Gray 1968). Thus, genesis is often associated with a precursor 

tropical disturbance in which favorable dynamical conditions are superimposed over the 

favorable thermodynamic environment. Tropical disturbances are loosely-organized clusters of 

convection, which can develop from a wide range of synoptic-scale features. TUTT (tropical 

upper-tropospheric trough) cells, wind surges, stalled fronts, easterly waves, and the monsoon 

trough are some of the most common sources of tropical disturbances (Briegel and Frank 1997). 

Each of these atmospheric systems is supportive of moist convection, low-level convergence, 

and upper-level divergence; without this large-scale support, the persistent organized deep 

convection necessary for genesis could not be sustained (Hennon and Hobgood 2003). Climate-

scale oscillations can also influence genesis. ENSO (El Nino/Southern Oscillation) shifts the 

regions most conducive to genesis in the western Pacific (Chan 1985) and suppresses genesis in 

the North Atlantic (Shapiro 1987) through its influence on the tropical Pacific Ocean and global 
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patterns of circulation and convection. The Madden-Julian Oscillation has been shown to 

influence eastern North Pacific tropical cyclogenesis; the upward motion portion of the 

oscillation is more supportive of convection, aiding wave maintenance and intensification as 

easterly waves travel across the Caribbean and into the Pacific (Molinari et al.1997). 

Different ocean basins tend to favor development from certain types of synoptic-scale 

systems. Nearly every tropical cyclone in the East Pacific develops from easterly waves 

(Raymond et al.1998), and just over half of the tropical cyclones in the North Atlantic develop 

from African easterly waves; the remainder develop in the ITCZ or from baroclinic features such 

as stalled fronts and tropically-transitioning extratropical lows. In contrast, easterly wave and 

baroclinic developments play a relatively minor role compared to monsoon trough developments 

in the West Pacific and Indian Ocean basins; easterly waves account for only 10% of the tropical 

cyclones in the Western North Pacific, while the monsoon trough accounts for close to 80% of 

the tropical cyclones that form there (McBride 1995). 

 

 

Easterly Wave Structure 

 

 

 African easterly waves, which are the dominant precursor to tropical cyclogenesis in both 

the North Atlantic and the eastern North Pacific, form on the unstable cyclonic shear side of the 

African Easterly Jet. They form anywhere from the Prime Meridian to 30
o
E (Burpee 1972; 

Albignat and Reed 1980) at around 650mb, which is the level of the African Easterly Jet 

(Norquist et al. 1977).  These waves typically have a wavelength of 2000-2500 km and 

propagate at speeds of 7 – 10 m/s. Many easterly waves amplify as they reach western Africa, 

and then weaken as they cross the coast into the eastern and central Atlantic (Norquist et al. 

1977). The wavelength shortens as the waves cross the coast into the tropical Atlantic (Reed et 

al.1977).   

 It is widely acknowledged that African easterly waves arise from instabilities in the 

African Easterly Jet. Burpee (1972) first showed that the African Easterly Jet satisfies the 

necessary criteria for both baroclinic and barotropic instability as formulated by Charney and 

Stern (1962).  Using energy budgets calculated from data collected during the GATE field 
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program, Norquist et al. (1977) showed that baroclinic and barotropic energy conversions were 

equally important, confirming that the waves grew primarily from a mixed instability. The 

structure of easterly waves leaving the African coast reflects the mixed instability mechanism for 

wave growth. The lack of a pronounced surface temperature anomaly is suggestive of a 

barotropic system (Norquist et al.1977), while the presence of dual vorticity centers is consistent 

with baroclinic development (Berry and Thorncroft 2005). The southern vorticity maximum, 

found to the south of the African Easterly Jet, has its largest amplitude at the level of the jet. The 

northern vorticity maximum, on the other hand, is largest near the surface on the northern side of 

the jet (Reed et al. 1977). The waves tilt eastward with increasing height below the jet core and 

westward with increasing height above the level of the jet (Burpee 1975). The eastward tilt 

below the jet core allows for baroclinic growth of the wave (Albignat and Reed 1980). The 

convective maximum is located ahead of the surface trough for the southern portion of the wave 

but ahead of the ridge for the north portion of the wave (Burpee 1974; Reed and Johnson 1974). 

This is most likely a consequence of the dual vorticity centers. These vorticity maxima are 

associated with two distinct storm tracks in the rainfall climatology in sub-Saharan Africa 

(Pytharoulis and Thorncroft 1999), although the southern track tends to favor the development of 

mesoscale convective systems due to the higher relative humidity found to the south of the jet 

(Berry and Thorncroft 2005).  

 Convective heating has long been recognized as an important energy source for tropical 

disturbances (Reed and Recker 1971). The easterly wave may actually be initiated by convection 

(Berry and Thorncroft 2005). Much of the convection in tropical North Africa is controlled by 

topography through the influence of terrain on moisture supply (Lin et al. 2005). Berry and 

Thorncroft (2005) suggested that the waves were initiated by large bursts of convection in 

eastern and central sub-Saharan Africa, which perturb the unstable basic state. Further synoptic 

wave growth is mainly controlled by baroclinic-barotropic instability (Norquist et al.1977), while 

the finer mesoscale and convective-scale features embedded within the wave continue to be 

affected by convection (Berry and Thorncroft 2005; Lin et al. 2005). 

 Once the wave moves over the ocean, the horizontal and vertical structure is modified 

somewhat. The dual vorticity centers merge into a single surface center located roughly halfway 

between the northern and southern vorticity maxima (Reed et al. 1977). This surface center tends 

to evolve into an elongated trough oriented from northeast to southwest as it propagates across 
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the ocean, with the convection mostly ahead of the trough. The wave also develops a midlevel 

cyclonic vortex, with a weak cold core located below the vortex and a warm core above it 

(Raymond et al. 1998). The waves also tend to weaken somewhat after crossing the coast, mainly 

because the African Easterly Jet does not extend much beyond the African coast, and so the 

wave loses its source of baroclinic and barotropic energy (Norquist et al. 1977). 

 

 

Basic Theories of Tropical Cyclogenesis: CISK and WISHE 

 

  The tropical disturbances from which tropical cyclones develop are generally highly 

asymmetric and have a cold core in the lower troposphere. One of the earliest mechanisms 

proposed for the development of symmetric warm-core mesoscale cyclones was conditional 

instability of the second kind, or CISK (Charney and Eliassen 1964; Ooyama 1969). By 

assuming that on large scales tropical disturbances are in approximate hydrostatic and gradient 

wind balance, these studies concluded that only forcing such as convective heating and friction 

can induce changes in the wind field. Conditional instability favors wave growth on convective 

scales, so a mechanism was needed to explain the development of mesoscale disturbances as a 

response to convective heating. They proposed that a positive feedback between frictional 

convergence in the boundary layer, and convective heating promoted the growth of mesoscale 

and synoptic-scale systems from convective heating, with increased frictional convergence 

causing increased convection, and increased convection leading to a more intense disturbance 

with stronger frictional convergence. In this model, radiative heating and surface heat and 

moisture fluxes serve to destabilize the boundary layer, but it is the feedback between frictional 

convergence and convective heating which drives the amplification of the disturbance (Craig and 

Gray 1996). 

 Observations and theoretical work have since called the basic assumptions of CISK into 

question. Following analysis of data from the GATE (GARP Atlantic Tropical Experiment) field 

campaign, Reed and Recker (1971) noted that only 10-30% of the convergence into easterly 

waves occurred within the boundary layer, and that the ratio of the boundary layer convergence 

to total convergence varied spatially, which posed serious problems in relating convective 

heating to synoptic-scale frictional convergence. Observations in the TEXMEX (Tropical 
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Experiment in Mexico) field program further demonstrated that Ekman pumping is not a valid 

assumption in developing easterly waves (Raymond et al. 1998). Emanuel (1989) points out that 

all CISK theories assume that the tropical atmosphere is conditionally unstable to convection, 

which requires CAPE (convective available potential energy), but that there are not large 

amounts of ambient CAPE in the tropical atmosphere. Since CISK is dependent on frictional 

convergence and conditional instability rather than heat and moisture fluxes from the ocean 

surface, weak tropical cyclone-like vortices should develop much more frequently wherever 

there is sufficient instability and frictional convergence, rather than being relatively rare and 

confined to the atmosphere over warm oceans (Emanuel 1986). 

 As an alternative to CISK, Emanuel (1986) proposed a feedback between surface fluxes 

and convective heating, known as WISHE (wind-induced surface heat exchange). According to 

the WISHE theory system-scale inflow is driven by the radial temperature gradient in a finite-

amplitude initial disturbance. This inflow drives surface heat and moisture fluxes, which fuel 

moist convection. The resulting convective heating leads to increased inflow, and since surface 

fluxes are dependent on wind speed, the surface fluxes also increase with the increasing wind 

speed. The atmosphere is assumed to be neutral to slantwise convection, and the process which 

limits the growth rate of the disturbance is the rate at which surface fluxes replace the energy and 

moisture being removed from the boundary layer by the deep convection (Craig and Gray 1996). 

The whole process resembles a Carnot heat engine, with near-isothermal inflow being 

maintained by surface fluxes, isothermal outflow near the tropopause, and moist-adiabatic ascent 

in convective updrafts (Emanuel 1986). Convective downdrafts close the cycle (Yano and 

Emanuel 1991), and the system can only intensify if the surface fluxes maintain the entropy 

beneath the developing vortex above that of the surrounding environment (Emanuel 1989). 

 The crucial differences between CISK and WISHE are thus the boundary layer processes 

that tie convective heating to large-scale development and the factors which limit the rate at 

which a disturbance grows. CISK depends on Ekman pumping and conditional instability, while 

WISHE relies on air-sea interaction in a finite-amplitude disturbance; CISK is limited by the rate 

at which frictional convergence replenishes the conditional instability that drives the convection, 

while WISHE is limited by the rate at which surface fluxes replace the heat and moisture fueling 

convection (Craig and Gray 1996). While the GATE (Reed and Recker 1971) and TEXMEX 

(Raymond et al. 1998) observations do not support the assumption of Ekman pumping in 
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developing tropical systems, there is evidence from the TEXMEX observations that the surface 

fluxes balance the cooling and drying effects of downdrafts, which suggests that surface fluxes 

are key to persistent convection. Numerical experiments suggest that surface fluxes, rather than 

frictional convergence, limit the rate at which a system can develop, with little systematic change 

in conditional instability.  Therefore, WISHE is more likely to play a role in tropical cyclone 

development than CISK (Craig and Gray 1996). 

 

 

Pre-WISHE Development of Finite Amplitude Disturbances 

 

While the requirement of a precursor disturbance is one of the strong points of WISHE, 

as it reflects the fact that tropical cyclones develop from precursor disturbances, without a 

sufficiently large precursor disturbance, WISHE is not active (Rotunno and Emanuel 1987). The 

amplitudes of the disturbances associated with the early cloud-cluster stage of tropical 

cyclogenesis are not large enough to initiate WISHE (Challa et al. 1998), and since both CISK 

and WISHE work best for a system that already has a weak symmetrical warm core, neither 

account for the asymmetric cold-core of the precursor disturbances (Molinari et al. 2000). Thus, 

some other mechanism must operate in the pre-WISHE stage to transform the tropical 

disturbance into a weak tropical cyclone that can then be further amplified by WISHE. 

The tropical disturbances which precede genesis are characterized by low-level cyclonic 

vorticity and high moisture content (Tuleya 1988), and are often accompanied by low-level and 

mid-level cyclonic circulations (Lee 1989). Known as mesoscale convective vortices, or MCVs, 

these circulations are generated in the stratiform rain region of persistent mesoscale convective 

systems. MCVs are characterized by a mid-level warm core and cyclonic circulation, with a 

weak cold core underneath (Rogers and Fritsch 2001). Since the winds of an MCV are 

maximized at midlevels, while a tropical cyclone is characterized by winds maximized near the 

top of the boundary layer, the problem of tropical cyclogenesis thus becomes a question of how 

the midlevel vortex transforms into a warm-core vortex maximized at low levels (eg, Harr et 

al.1996a; Davis and Bosart 2001). 

MCV evolution is intimately tied to convective development. The intensity of the 

midlevel circulation is directly related to the intensity of the convection; without persistent deep 
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convection, the MCV eventually decays (Harr et al.1996a). After studying a large number of 

developing and non-developing convective systems in the tropical western North Pacific, Zehr 

(1992) concluded that tropical cyclogenesis occurred in two stages. In the first stage, an intense 

burst of convection generates an MCV. After forming the MCV, the convection diminishes 

considerably, leaving behind the vortex and curved cloud-bands. Stage 2 consists of a second 

convective burst occurring within the pre-existing MCV, from which the tropical cyclone 

develops (figure 2.2). Several mechanisms have been proposed for how the convection within 

the MCV transforms it into a warm-core tropical cyclone.  

From the data collected during TEXMEX, Bister and Emanuel (1997) concluded that the 

cooling and drying effects of convective downdrafts need to be overcome before genesis can 

occur; otherwise, the low theta-e air from midlevels will suppress further convection. They 

proposed that evaporation of rain below the MCV increases the relative humidity of the air 

below the MCV, and generates downdrafts through the associated evaporative cooling. The 

downdrafts advect vorticity downwards from the MCV. This process would continue until the 

entire depth of the atmosphere below the MCV was humid, and cyclonic vorticity extended all 

the way to the surface. Once this occurs, any deep convection that develops within the MCV 

would be uninhibited by downdrafts. Modeling work of Wang et al. (1999) suggests that a large 

region of persistent stratiform precipitation will result in the humidification of the existing cold-

core vortex below the MCV, and that genesis cannot occur unless the entire depth of the 

atmosphere below the MCV is nearly saturated. 

Another mechanism that has been proposed for the transformation of midlevel vortices 

into tropical cyclones is the merger and downward extension of multiple MCVs. The merger of 

two mesoscale vortices at approximately the same level results in a larger and more intense 

vortex than either of the two original vortices (Ritchie and Holland 1993). Using a baroclinic 

model, Ritchie and Holland (1997) showed that a larger and more intense vortex must also have 

a greater vertical extent to maintain energy and mass conservation. The penetration depth D of a 

vortex smaller than the local Rossby radius of deformation (L << LR) can be expressed as: 

                                      
N

fL
D

aloc ζ
=                                                          (1) 

where L is the horizontal scale of the vortex, floc is twice the local absolute angular velocity, ζa is 

the absolute vorticity, and N is the Brunt-Väisälä frequency (Hoskins et al. 1985). Using this 



 10 

expression for penetration depth, Ritchie and Holland (1997) reasoned that multiple MCVs 

interacting with one another and the large-scale environment could result in a cyclonic 

circulation at the surface and tropical cyclogenesis. The vortex merger also helps to reduce the 

local Rossby radius of deformation, which aids in confining convective heating and generating a 

warm core; this additional warming serves to increase the intensity of the midlevel vortex and 

thus increases its downward extension. While the merger of two or more MCVs results in a 

vortex maximized at midlevels, the increased downward extension could eventually be sufficient 

to initiate WISHE and develop a warm core; results from a baroclinic model suggest that this is 

most effective in the presence of elevated background vorticity and diabatic heating (Simpson et 

al. 1997). 

Interaction between mesoscale vortices at different levels is another possible mechanism 

for tropical cyclogenesis. The interaction between low-level and mid-level vortices from 

different sources can also result in genesis; Typhoon Irving developed from the merger of a low-

level cyclonic feature and one or more MCVs (Ritchie and Holland 1997). Merger between a 

midlevel MCV and a low-level vortex is very similar to the alignment of a tilted vortex; such 

alignment allows the development of a low-level warm core (Reasor and Montgomery 2001).  

Montgomery and Enagonio (1998) suggested that amplification of the near-surface 

circulation might occur through axisymmetrization of low-level convectively generated potential 

vorticity within the MCV.  Using low-level potential vorticity anomalies in a quasigeostrophic 

model to represent the balanced response to convective heating, they found that horizontal 

redistribution of low-level vorticity results in amplification of the symmetric near-surface 

circulation. The axisymmetrization of these anomalies and the associated eddy fluxes were 

shown to spin up the initial weak surface circulation associated with the surface reflection of the 

MCV to a warm core vortex of sufficient intensity to initiate WISHE. Thus, instead of the MCV 

building downward to the surface, the MCV plays the more passive role of parent vortex within 

which positive potential vorticity anomalies at low levels are ingested. While it is debatable 

whether dry quasigeostrophic balanced dynamics are applicable to MCVs, similar results were 

found using a primitive equation shallow water model (Enagonio and Montgomery 2001).  

Recent 1-3 km resolution full-physics modeling studies of Hendricks et al. (2004) and 

Montgomery et al. (2006) have further examined the role of convection within an environment of 

background cyclonic vorticity during the pre-WISHE genesis stage.  They observed that 
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convection within an environment of cyclonic vorticity, such as that of an MCV, tends to favor 

deep convective towers with strong rotation, or vortical hot towers (VHTs). A typical VHT in a 

typical MCV environment develops a strong vorticity dipole, consistent with the tilting of 

horizontal vorticity into the vertical by a strong updraft. The strong updraft in the VHT stretches 

the vorticity, resulting in anomalies with magnitudes much larger than the ambient vorticity from 

the MCV; as the vertical vorticity increases, the stretching of vorticity begins to dominate the 

tilting of vorticity. When multiple VHTs are present, the vorticity anomalies associated with 

them merge and axisymmetrize, ultimately building a near-surface warm-core vortex. Modeling 

work by Nolan (2006) suggests that VHTs may not be able to increase the near-surface vorticity 

in this manner unless the environment has already undergone the moistening described by Bister 

and Emanuel (1997), but once this moistening has occurred a tropical cyclone-scale warm-core 

vortex can rapidly develop in association with bursts of convection. 

Observations of the mesoscale and convective-scale structure of tropical disturbances 

during the pre-WISHE or early genesis stage are limited because the regions where genesis 

typically occurs do not have a regular observational network.  Analysis of dual-Doppler radar 

observations within the pre-Dolly (1996) disturbance by Reasor et al. (2005) showed several 

small, intense low-level vortices collocated with regions of high reflectivity, suggesting that 

interactions between the MCV and the convection are needed for the development of the low-

level vortex. Single-Doppler radar analyses of the development of Tropical Storm Allison (2001) 

by Sippel et al. (2006) indicated the presence of multiple vortices on a wide variety of spatial 

scales, ranging in size from synoptic-scale features to convective-scale vortices associated with 

convective cells.  In both cases, there are multiple MCVs present, as well as convective-scale 

vortices associated with regions of elevated reflectivity, similar to VHTs. While the presence of 

multiple small-scale vortices associated with convective cells supports the idea that VHTs play a 

role in genesis, it is not possible from these studies to definitively say that MCV merger and 

development does not play an active role as well.  

 

 

 

 

 



 12 

 

Figure 2.1: Designation of various tropical storm development regions and percentage of tropical 

storms occurring in each region relative to the global total. Numbers in parentheses are those of 

the average number of tropical storms occurring in each region per year. The 26.5
o
 isotherm for 

August in the Northern Hemisphere and January in the Southern Hemisphere is also shown. 

(Image and caption from Gray 1968, courtesy of the American Meteorological Society). 
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Figure 2.2: Conceptual model of tropical cyclogenesis with illustrations and descriptions of 

characteristics which are observable using satellite images. (Image and caption from Zehr 1992, 

courtesy of the National Oceanic and Atmospheric Administration). 
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DATA AND METHODOLOGY 

 

 

Principles of QuikSCAT Scatterometry 

   

Scatterometers are active microwave sensors which use measurements of backscattered 

microwave radiation to determine the surface vector winds over the oceans. At high incidence 

angles, microwave radiation is sensitive to centimeter-scale water waves, such as capillary waves 

and extremely short gravity waves, but does not directly respond to longer waves. These short 

water waves are sensitive to wind speed and direction, and adjust rapidly to changes in the wind 

field (Wentz and Smith 1999). Thus, the roughness of the ocean surface can be related to the 

velocity of the near-surface wind, as well as the backscattered radiation. Using these properties, 

empirical functions known as geophysical model functions (GMFs) are derived for the 

scatterometer to relate the observed radar backscatter cross section, polarization, wavelength, 

incidence angle of the transmitted pulse, and viewing geometry of the scatterometer to the wind 

speed and direction. Different frequencies and scanning geometries will result in a different 

GMF, but each relies on the sensitivity of the backscatter to the direction of the wind relative to 

the radar viewing angle; the backscatter is least when the scatterometer is looking cross-wind 

(Naderi et al. 1991). The relationship between the wind at the standard 10 m reference level and 

the observed backscatter is also dependent on atmospheric stability in the boundary layer; most 

model functions assume neutral stratification and relate the observed backscatter to the 10 m 

equivalent neutral wind (Liu and Tang 1996). Since the atmosphere is rarely neutrally stratified, 

the equivalent neutral wind determined by the GMF usually differs somewhat from the true 

wind; typically, the difference is much less than 0.5 m/s (Sharp et al. 2002). 

 Wind retrieval from backscatter observations is a two-step process (Hoffman and Leidner 

2005). The first step is inversion of the model function for each wind vector cell individually. 

This is accomplished by minimizing a function based on the squared difference between the 

observed backscatter and the backscatter predicted for a given wind vector by the GMF; the 

periodic nature of the GMF and noise in the observed backscatter result in multiple possible 

solutions, known as ambiguities. The second step, ambiguity removal, uses various schemes to 

select the most likely ambiguity. For the operational product, ambiguity removal is accomplished 
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through the vector median filter discussed in Shaffer et al (1991). For each observation, the 

ambiguity closest to the average of the surrounding wind vectors is chosen, and the process is 

repeated until the entire wind field converges on a solution. The research-quality product uses an 

analysis field from a numerical model as a first guess before beginning the vector median 

filtering. 

Launched in 1999 aboard the QuikSCAT satellite, the SeaWinds scatterometer (also 

referred to as QuikSCAT) is an active microwave scatterometer, providing estimates of 

equivalent-neutral winds over the ocean surface with an average uncertainty of 0.45 m/s and 5
o
 

direction for wind speeds greater than 8 m/s in rain-free conditions (Bourassa et al. 2003). The 

satellite is a sun-synchronous polar-orbiting satellite with an inclination angle of 98
o
 and an 

orbital height of 803 km, and has a recurrent period of roughly 4 days. A rotating antenna emits 

two pencil-beams of Ku-band radiation, one horizontally polarized at an incidence angle of 46
o
, 

and the other vertically polarized at an incidence angle of 54
o
. This scanning strategy results in a 

1600 km swath viewed by both beams, and an additional 100km on either side viewed only by 

the vertically-polarized beam. The data retrieved from the satellite are organized into 25 km by 

25 km cells known as wind vector cells (Callahan et al. 2006).  

 Due to differences in both the frequency and the scanning strategy, QuikSCAT has 

different errors than NSCAT (NASA Scatterometer) or either of the ERS (European Remote 

Sensing Satellite) scatterometers; all three of the other scatterometers use three fixed fan-beam 

antennas, and the ERS scatterometers also operate in C-band (Ebuchi et al. 2002). The rotating 

antenna results in cross-track variations in the variety of viewing geometries available for 

inversion of the GMF; as a result, the outer edges and the near-nadir region of the swath have 

degraded accuracy compared to the rest of the swath (Chelton and Freilich 2005). Rain, which 

causes additional roughening of the surface as well as attenuation of the signal and backscatter 

from the rain itself, is also more of a problem (e.g., Weissman et al. 2002); Ku-band is more 

sensitive to rain effects than C-band, especially at the high incidence angles at which QuikSCAT 

operates  (Portabella and Stoffelen 2001).  

The effect of rain on the retrieved winds, or rain contamination, is a serious and complex 

problem. The impact of rain on the backscatter received by the satellite depends on both the rain 

rate and the wind speed; lighter winds are affected by lighter rain rates, while higher winds are 

not (Weissman et al. 2002). Rain contamination usually manifests itself in the retrieved wind 
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field as high wind speeds and cross-track wind vectors (Draper and Long 2004), and is 

essentially unusable without correction (Weissman et al. 2002). Some forms of correction have 

been proposed, such as simultaneous wind and rain retrieval (Draper and Long 2004). Others 

have focused their efforts into creating “rain-flags” to indicate the presence of rain-contaminated 

data, most of which have been incorporated into the multidimensional histogram (MUDH) rain 

flags used operationally. The MUDH captures most high rain events, but performs poorly with 

lighter rain rates, and has a high false alarm rate at higher wind speeds (Hoffman et al. 2004). 

This study utilizes 25-km QuikSCAT vector winds from Remote Sensing Systems 

interpolated to a 12.5-km grid to examine the evolution of the near-surface vorticity field during 

tropical cyclogenesis in easterly waves. Remote Sensing Systems uses the Ku-2001 GMF 

detailed in Wentz at al. (2001) for wind retrieval, along with collocated microwave radiometer 

measurements from the SSM/I (Special Sensor Microwave Imager) and TRMM (Tropical 

Rainfall Measuring Mission) platforms for determining rain flags. Rain contamination is a 

particular problem for QuikSCAT vector wind retrieval for tropical disturbances, especially 

easterly waves (e.g. Gierach et al. 2006), and creates a rain-modified near-surface vorticity 

signature (Sharp et al. 2002, Gierach et al. 2006). This being the case, the raw QuikSCAT data 

will not be used directly, but rather a dataset composed of a blend of QuikSCAT winds and 

NCEP (National Center for Environmental Prediction) numerical model analyses using a version 

of the blending algorithm presented in Pegion et al. (2000) that has been modified for use with 

NCEP analyses (Morey et al. 2005). Not all rain-flagged data are seriously rain contaminated 

(Weissman et al. 2002); a new innovation is that only rain-flagged vectors within 25
o
 of 

perpendicular to the nadir track will be removed prior to creation of the blended dataset.  

The idea of blending scatterometer data with another dataset is not new. A blending 

algorithm was developed by Chin et al. (1998), with the intent of combining ECMWF (European 

Center for Medium range Weather Forecasting) model reanalysis with ERS scatterometer data to 

produce wind fields with high-frequency variability on a regularly-sampled grid. The algorithm 

they developed was used by Milliff et al. (2004) to correct rain contamination and fill data voids; 

by blending NCEP reanalysis with QuikSCAT, they were able to correct biases in zonal averages 

of upper-ocean transport models introduced by rain contaminated QuikSCAT data. They noted 

that the blended fields were comparable to the unblended QuikSCAT winds in most regions not 

affected by rain contamination. Pegion et al. (2000) devised a blending algorithm that combined 
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daily NSCAT winds with a weighted 8-day average of the NSCAT winds for forcing an ocean 

model. They found that the blended fields produced in this manner were comparable to NCEP 

reanalysis in regions where the reanalysis typically performs well, and were closer to observed 

climatology in regions where NCEP reanalysis tends to be biased. For QuikSCAT, this method 

was modified by Morey et al. (2005) so that the background field was determined from Gaussian 

smoothing of non-rain-contaminated QuikSCAT data; in rain-contaminated regions and between 

QuikSCAT swaths, NCEP reanalysis is used in place of QuikSCAT data. The blended field is 

then determined by minimizing the function  
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where P represents the pseudostress, β represents objectively-determined weighting coefficients, 

σ is an estimate of observational uncertainty, L is a dimensionless length scale dependent on the 

grid spacing, Po represents the observations, and Pbg represents the background field. The first 

term of this function is a misfit to QuikSCAT observations, the second term is a smoothing 

function with respect to the background field, and the third term is a misfit to the curl of the 

psuedostress of the background field. Minimizing this function ensures that the blended fields are 

as close to the non-rain-contaminated observations as possible while still spatially consistent and 

smooth in both the vector and vorticity fields. This technique will be used to create a blend of 

QuikSCAT winds with NCEP reanalysis will be used to reduce, as much as possible, the effects 

of rain on the near-surface vorticity field being examined here. Since the analyses of numerical 

weather prediction models are known to occasionally initialize features in the wrong location 

(e.g., Chelton and Freilich 2005), times when a tropical disturbance falls in a gap between 

QuikSCAT swaths will not be considered here. 

 

 

Infrared Satellite Imagery 

 

Convection has long been recognized as a critical ingredient for tropical cyclogenesis. 

Early theories such as CISK and WISHE tried to tie the small-scale effects of deep convection to 

large-scale motions, while recent work focuses on the role of convection in generating midlevel 
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and low-level vorticity. This makes some measure of convective activity essential to studying 

tropical cyclogenesis. Infrared (IR) satellite imagery is often used for this purpose, since large 

areas of cold cloud tops are associated with deep convection (Zehr 1992). Ritchie and Holland 

(1999) used IR imagery to document the presence of mesoscale convective systems (MCSs) 

during genesis, and Zehr (1992) noted that increases in convection were accompanied by 

increases in the area covered by cold (< -65
o
C) cloud tops, which permitted use of IR imagery to 

diagnose convective patterns. 

Previous studies of tropical convection have noted a marked diurnal cycle of convection 

over the ocean (e.g., Gray and Jacobson 1977). This diurnal cycle is usually amplified by the 

passage of an easterly wave (Albright et al. 1981), but then decreases once genesis has occurred 

(Raymond et al. 1998). The diurnal convective cycle is evident in the average time series of 

convective cloud tops presented by Zehr (1992); most cases examined also exhibited an early 

convective maximum several days prior to genesis and another burst of convection as the 

disturbance attained tropical depression status. 

In order to examine how surface vorticity evolution is related to convective evolution, IR 

satellite images from four geostationary satellites – GOES-10 and GOES-12 (Geostationary 

Operational Environmental Satellite), MeteoSat-7, and MSG-1 (Meteosat Second Generation) – 

obtained from the NRL tropical cyclone satellite archive will be used to track convective 

systems. Systems which meet the MCS criteria set out in Ritchie and Holland (1999) – 

brightness temperatures below -59
o
C over an area at least 4000 km

2
 with an eccentricity greater 

than 0.5 – will be used to identify MCSs associated with developing tropical disturbances. For 

cases where no MCS can be identified in association with the disturbance, regions with 

brightness temperatures below -50
o
C and an area exceeding 1000 km

2
 will be used to ensure 

time continuity. 

 

NCEP Reanalysis 

  

Weak vertical wind shear is one of the necessary conditions for tropical cyclogenesis 

(Gray 1968). Vertical shear reduces the efficiency of the feedback between convective heating 

and vortex intensification by displacing the convective heating from the surface circulation; 

sufficiently strong vertical shear can completely decouple the low-level circulation from the 
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midlevel convective heating and upper-level outflow, effectively decapitating the system. The 

vertical distribution of the wind shear plays a role in determining whether or not a system is 

sheared apart; Elsberry and Jeffries (1996) found that if the vertical wind shear was concentrated 

almost entirely in the outflow layer, the upper-level system-scale outflow opposed the wind shear 

and prevented the system from shearing apart. Recent work by Molinari et al. (2004) has also 

shown that under the right conditions moderate vertical wind shear may aid genesis.  If a vortex 

can resist being sheared apart, the interaction of the vortex and vertical shear can produce 

mesoscale ascent and persistent convection on the downshear side of the vortex, allowing for the 

moistening of the lower and middle troposphere.  Within the region of enhanced convective 

heating, vorticity may then be generated, possibly leading to the formation a new cyclonic 

circulation. An observational analysis of Tropical Storm Gabrielle (2001) by Molinari et al. 

(2004) showed the development of an intense mesovortex near a shear-induced convective 

region 100-120 km from the original center in the downshear direction.  The reformed center of 

circulation was observed to be more intense than the original.  

6-hourly 2.5-degree NCEP reanalysis is used to examine the low- to mid-level, 850 – 500 

mb wind shear during the pre-depression stage of tropical cyclogenesis. While the resolution of 

the reanalysis data is very coarse, it is sufficient for a large-scale estimate of the wind shear 

impacting the developing systems. 

 

 

Cases Considered 

 

This study utilizes QuikSCAT, IR imagery from geostationary satellites, and NCEP 

reanalysis to examine the near-surface vorticity evolution during tropical cyclogenesis from 

African easterly waves during the 2005 North Atlantic hurricane season. For this reason, tropical 

storms that developed from sources other than easterly waves will not be considered. Certain 

easterly wave developments will also not be considered due to proximity to land or poor data 

coverage. This leaves 19 systems in the North Atlantic (Tropical Storm (TS) Arlene, Hurricane 

Cindy, Hurricane Dennis, Hurricane Emily, TS Franklin, TS Harvey, Hurricane Irene, TS Jose, 

Hurricane Katrina, TS Lee, Hurricane Maria, Hurricane Nate, Hurricane Philippe, Hurricane 

Rita, Hurricane Stan, TS Tammy, TS Alpha, Hurricane Beta, and TS Gamma) for consideration. 
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In addition, several systems – the precursors to Dennis, Emily, Maria, and Nate – will be 

considered individually in order to highlight certain features of the vorticity evolution. 

 

 

Methodology 

 

Studies involving mature tropical cyclones often utilize the National Hurricane Center’s 

(NHC) best track dataset to locate storm centers; however, the best track dataset begins when the 

system is a tropical depression, and the only information on the pre-depression disturbance in a 

tropical cyclone report is in the synoptic overview. To help identify the precursor tropical 

disturbances, the archived NHC Tropical Weather Discussions are used to track tropical waves 

backwards in time. Although the locations of the waves in these discussions are approximate, 

they are adequate for providing a starting point for the analysis. Because identification of the pre-

depression tropical disturbances becomes increasingly uncertain the further back one goes before 

tropical depression classification, the starting point for most analyses is three days prior.  Once 

an approximate starting location is determined, the blended QuikSCAT and NCEP wind vectors 

are retrieved for 16
o
 by 16

o
 boxes with 1/8

o
 grid spacing centered on the wave for the three-day 

period leading up to the tropical depression stage. 

Using the retrieved wind vectors, the relative vertical vorticity is calculated via the 

circulation method, given in Holton (1992) as: 
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where v is the velocity and A is the area bounded by the curve along which v is integrated; in this 

case, it is a 0.5
o
 by 0.5

o
 box centered on the point at which the vorticity is being determined.  

This method for determining vorticity is used rather than the curl of the wind field because it 

proved more accurate for computations using the discrete representation of an idealized vortex 

where the vorticity was known analytically. All vorticity maxima at any given time can then be 

identified; the vorticity associated with the developing wave is identified through an iterative 

process using the tracks of both the vorticity maxima and cold cloud regions associated with 

them. This process is aided by examining the probability of precipitation rate exceeding 2 

mm/hr, which is included in the NASA QuikSCAT Level 3 research-quality product; vorticity 
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that is not located near a region of precipitation is deemed unlikely to be associated with a 

developing system.  Due to temporal limitations of the QuikSCAT dataset (minimum 12 hour 

separation between consecutive overpasses), one cannot be certain using QuikSCAT data alone 

that the surface vorticity at one time is necessarily related to the vorticity at a consecutive time.  

Therefore, 3-hourly IR images are used to track the cold cloud region associated with the initial 

vorticity disturbance.  Based on the assumption that elevated surface vorticity and organized 

convection of the tropical disturbance roughly track together, a higher degree of confidence in 

the temporal continuity of the surface vorticity is established. 

 Once the vorticity centers that coincide with the disturbance convection are identified for 

each QuikSCAT overpass, the data are interpolated to a polar coordinate system centered on 

each maximum.  It is worthwhile to consider that even after the blending of the QuikSCAT data 

with the NCEP reanalysis, rain-contaminated regions may still be misrepresented. In order to 

determine how large an impact this could have on the system-scale vorticity fields derived in 

heavy rain, the circulation is computed.  Since the circulation can be computed either as the area-

integrated vorticity or the line integral of the tangential wind along a fixed radius, both methods 

were used. It was assumed that if the effect of the rain contamination was large even after 

blending, there should be a difference between the area-integrated vorticity and the line integral 

of the wind around rain-contaminated regions. There is, however, no noticeable difference 

between the circulation calculated using the area-integrated vorticity and the line integral of the 

tangential wind, which implies that the blended data set is sufficient for quantifying the system-

scale vorticity evolution. Using the estimated circulation within 125 km radius of the system 

center, the area-averaged vorticity is computed at each time to show the temporal evolution of 

the system-scale vorticity. 

 A central question of this thesis is whether the surface vorticity of a developing 

disturbance has any preferred structure (i.e., spatial scale, degree of asymmetry, and magnitude).  

To quantify the structure of the evolving disturbance, a Fourier decomposition of the flow is 

performed, yielding the azimuthal mean (wavenumber 0) and wavenumber 1 and 2 components. 

Most precursor systems early in their lifecycle are highly asymmetric (e.g., Charney and Eliassen 

1964; Molinari et al. 2000); viewing the data in this way allows for detailed examination of the 

evolution toward axisymmetry during genesis.  The two factors that are most likely to influence 

the quality of the vorticity structure derived from the blended data set are the rain-contaminated 
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regions and the areas between swaths where NCEP reanalysis was used in place of QuikSCAT 

wind vectors. The percent of data at each radius that was either rain-flagged or outside the 

QuikSCAT swath was therefore determined; the disturbance structure at radii where there is a 

large percentage of rain flags or out-of-swath winds is more likely to be misrepresented. 

 The evolution of convection in relation to the vorticity evolution is of considerable 

interest in studying tropical cyclogenesis. Whether genesis occurs through the downward 

extension of vorticity, downward advection of vorticity in downdrafts, or merger and 

axisymmetrization of low-level convectively generated vorticity, the evolution of the low-level 

circulation is related to convective evolution. In order to examine how changes in one are related 

to changes in the other, the time series of area-averaged vorticity within 125 km is compared 

with a time series of the percentage of area covered by convective clouds (< -59
o
C) within 275 

km of the vorticity maximum.  

 As discussed above, the average system-scale vorticity can be expressed as the 

circulation about a closed contour divided by the enclosed area (Holton 1992). Thus, circulation 

tendency should reflect the tendency of the average vorticity; as expressed by Raymond et al. 

(1998), the absolute circulation tendency about fixed closed contour A∂  is: 
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where the first term represents the net horizontal flux of absolute vertical vorticity, the second 

term represents the net vertical flux of horizontal vorticity, and the third term represents 

frictional effects. Raymond et al. found that during the early stages of tropical cyclone 

development frictional drag is relatively small due to the weak winds.  They also argued that if 

the domain boundary is largely within clear air, the vertical velocity, and thus the vertical flux of 

vorticity, will be negligible there. These assumptions allowed them to neglect the second and 

third terms in the above circulation equation, and relate the large-scale spin-up of the circulation 

to the horizontal vorticity flux during early development. Given the smaller horizontal scales of 

the features being examined here, it is possible that the vertical flux of horizontal vorticity is 

non-negligible at the 125-km radius domain boundary; however, with data available only at one 

level and without vertical velocity, it is not possible with this dataset to determine the circulation 

tendency due to the vertical flux of horizontal vorticity. Additionally, the 12-hourly (or worse) 

availability of the QuikSCAT data does not allow for a quantitative discussion of the circulation 
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tendency from one time to the next; it is expected, however, that the estimated circulation 

tendency should at least qualitatively relate to the trends in the area-averaged vorticity. 

To assess the impact of vertical shear on the developing disturbances, the proximity of 

the organized convective region relative to the surface vorticity anomaly is documented for each 

case.  The downshear side of each vorticity disturbance is then determined based on the NCEP 

vertical shear estimates. Since the NCEP reanalysis is only available at 6-hour intervals on a 2.5
o
 

resolution grid, the reanalysis data is linearly interpolated in both space and time to provide an 

estimate of the vertical wind shear impacting the developing disturbances. Due to the coarse 

resolution of the reanalysis, no attempt is made to remove the flow associated with the tropical 

disturbances prior to estimating the vertical shear. Although the majority of cases documented 

here lack the mesoscale information required to determine the vertical structure of the observed 

surface vorticity anomalies, the possibility of downshear redevelopment similar to that described 

by Molinari et al. (2004) is considered. 

 

 

Compositing of Results 

 

 In order to best characterize the evolution of an average tropical disturbance during 

tropical cyclogenesis, composite fields of vorticity were constructed. While examination of the 

individual case studies will show that the blending algorithm does not entirely remove the effects 

of rain contamination from the vorticity fields, it is found that the rain does not significantly 

impact the area-averaged vorticity; the circulation computed using the area-integrated vorticity 

does not differ significantly from the line integral of the tangential wind around the circular 

domain. Given this fact, no further attempts to quality control the data were made in constructing 

the composite area-averaged vorticity.  

Since the data for each case are not available at regular time intervals, the data are first 

linearly interpolated to standard 12-hour time intervals on a case-by-case basis. The composite 

fields of vorticity are then constructed by averaging the data available at each point; some cases 

may not have data available at certain points due to the presence of land. A similar composite is 

constructed for the coverage by convective clouds at 3-hour intervals. This compositing 

technique preserves the geographical orientation of the cases being composited. The resulting 
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composite fields may thus exhibit a greater degree of axisymmetry than is evident in the 

individual cases. Future investigations may attempt to composite relative to the direction of 

vertical shear, for example, should vertical shear be found to place a strong constraint on the 

asymmetry of individual tropical disturbances.  Other diagnostics like peak vorticity and area-

averaged vorticity should not be affected by how the composite is referenced.   
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INDIVIDUAL CASE STUDIES 

 

 

 

Vorticity and Convective Evolution During the Genesis of Hurricane Emily 

 

According to Franklin and Brown (2006), the tropical wave from which Hurricane Emily 

developed crossed the African coast into the eastern Atlantic on July 6, 2005, accompanied by 

scattered thunderstorms and a broad region of midlevel cyclonically curved flow. The convection 

with the wave remained scattered and disorganized until a convective burst on July 10. The 

system attained tropical depression status at 00Z on July 11. The storm continued to track nearly 

due west into the Caribbean, ultimately attaining Category 5 intensity on the Saffir-Simpson 

scale, and making landfall as a weaker hurricane in Grenada, Cozumel, and extreme northeastern 

Mexico just south of the US border. Given the limited convection during the pre-depression 

stage, and thus minimal rain contamination in the QuikSCAT data at earlier times, this case 

provides an opportunity to examine the near-surface vorticity of a developing disturbance 

without significant NCEP reanalysis blending. See Figure 4.1 for a map of the tracks of the 

vorticity and convective clouds associated with the pre-depression stage of Hurricane Emily. 

A sequence of color-enhanced infrared satellite images (figure 4.2) from the GOES-12 

satellite shows the general characteristics of the convective evolution during the genesis of 

Hurricane Emily. At the initial time, the wave was accompanied by scattered large regions of 

cold convective cloud tops. Over the course of the following 24 hours, the cold cloud tops 

warmed and decreased in area, suggesting an overall decrease in the convection associated with 

the wave. Roughly 36 hours prior to the formation of Tropical Depression 5, convection began to 

increase again. Initially, this convection was scattered as it had been previously, but over time it 

became more organized, developing a single large area of convective cloud tops about 6 hours 

prior to depression stage. As the wave developed into a tropical depression, this cold cloud shield 

became larger and colder.  

The surface vorticity fields derived from QuikSCAT are consistent with the synoptic 

evolution described in the NHC discussions. The first overpass that captured the wave within 72 

hours prior to designation as a tropical depression occurred at 0823Z on July 8, and showed an 
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elongated trough oriented southwest to northeast. The elongated circulation itself was rain-free, 

but there were fairly large regions of precipitation at the northeastern and southwestern ends 

(figure 4.3). The wave fell between the 1910Z and 2055Z swaths, so the next available overpass 

was at 0755Z on July 9 (figure 4.4). The surface vorticity associated with the wave weakened 

from the previous overpass, and there were only a few scattered regions of precipitation. The 

precipitation was arranged in an arc around the elevated vorticity, suggesting that some 

organization associated with the wave remained at mid-levels in spite of the scarcity of 

convection at the time. By 2027Z on July 9 (figure 4.5), the hook-shaped pattern in convection 

had become increasingly organized.  A broad elongated circulation developed within the 

enclosed rain-free region, and the associated vorticity had increased markedly from the 

preceding overpass.  

 The wave fell between both the ascending and descending overpasses on July 10, so the 

next available look at QuikSCAT vorticity was at 0845Z on July 11 (figure 4.6), nearly 36 hours 

after the last look at surface vorticity. By this time, a large region of convection developed over 

the system, increasing the potential for rain contamination. The highest vorticity at this time was 

located on the edge of the large region of precipitation, with a weak closed circulation 

underneath the precipitation. The vorticity field from the next overpass, at 2115Z on July 11 

(figure 4.7), shows a greatly enhanced maximum located on the edge of a region of precipitation. 

Since precipitation covers a much larger area at these times, the chances of rain contamination in 

the unblended QuikSCAT observations are much higher than at earlier times. It is possible that 

too many of these observations are rain-contaminated, resulting in these regions being overly 

smoothed.  The coarser resolution of the reanalysis has less spatial variation than the true wind, 

resulting in lower vorticity values there. 

   The radial structure of the vorticity from each overpass is shown in figure 4.8. The size 

of the tropical disturbance, defined here as the diameter of the wavenumber 0 component of 

vorticity at half its peak amplitude, fluctuates throughout the pre-depression stage. When the 

disturbance had lower peak amplitude, the vorticity feature was larger (e.g., 200 km at 0753Z on 

9 July).  The size was correspondingly smaller when the amplitude was larger (e.g., 120 km at 

0842Z on 11 July). Broad-scale convergence and smaller-scale vortex mergers were found to 

impact the size and magnitude of the vorticity field in the idealized numerical simulations of 

tropical cyclogenesis by Montgomery et al. (2006).  Unlike these idealized numerical simulations 
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where the surface vorticity generally increases with time, no such trend is evident in the days 

preceding depression stage here.  While fluctuations in the wavenumber 0 component of vorticity 

may partially be an artifact of the somewhat subjective process of choosing a center, the increase 

1-2 days before depression stage in this case (from 0753Z 9 July to 2025Z 9 July) is likely real.  

The 12 hour time separation and consistency in the precipitation pattern surrounding the vorticity 

anomaly suggest that the same feature has been tracked.  

 Within 125 km radius from the center, the asymmetries are of lower magnitude than the 

wavenumber 0 component, although they are not negligible. Thus, the precise amplitude and 

partitioning between wavenumbers will depend strongly on the center chosen.  Considering only 

asymmetries within the half-amplitude range, it is clear that the tropical disturbance is a highly 

asymmetric feature during the early stages of development. This is in distinction to the mature 

hurricane, which to a good approximation can usually be viewed as nearly axisymmetric in terms 

of its vorticity structure.  In each case, the asymmetries are consistent with the features observed 

in the spatial plots; the wavenumber 2 component is large at the times where the vorticity is 

elongated, and the wavenumber 1 component is large where the spatial plots of vorticity appear 

to have the maximum vorticity concentrated to one side of the broader envelope of cyclonic 

vorticity. 

 According to figure 4.9, there was virtually no convection in the vicinity of the wave 

disturbance from 66 to 48 hours prior to tropical depression stage. The decreasing convection 

leading up to the convection-free time implies that there was a convective maximum, but that it 

was more than 72 hours before depression stage; this is not inconsistent with the findings in Zehr 

(1992), who stated that there could be as long as a week between the early convective maximum 

and genesis. It is of interest to note that when the convection was virtually nonexistent, the area-

averaged relative vorticity of the wave disturbance also decreased. The vorticity did not begin to 

increase until convection resumed in its vicinity. To help understand these changes, the 

horizontal absolute vorticity flux component of the circulation tendency equation (Eq. 3) is used.  

Although changes in the area-averaged vorticity do not correlate particularly well with the 

estimated circulation tendency, the relatively small values of circulation tendency (as compared 

with other documented cases) seem to agree with the general flatness of the area-averaged 

vorticity time series (figure 4.10).   



 28 

 Figure 4.11 shows the 850 – 500mb wind shear during the genesis of Hurricane Emily. 

Early in the period prior to genesis, there was easterly wind shear of about 6-9 knots over the 

disturbance; while this is not particularly strong, it does coincide with the convective minimum 

seen in figure 4.9. The shear began to weaken about the same time that convection began to 

increase in the vicinity of the tropical disturbance; the largest regions of deep convection 39 

hours and 27 hours prior to the formation of the tropical depression were located downshear of 

the vorticity maximum (figure 4.12). Less than a day prior to genesis, the shear impacting the 

system shifted from weak southerly and southeasterly shear to weak northerly shear. The 

convection continued to develop on the northern side of the vorticity maximum as the tropical 

depression formed, although the 850-500 mb shear remained northeasterly. 

 

 

Vorticity and Convective Evolution During the Genesis of Hurricane Dennis 

 

 Of all the 2005 Atlantic cases analyzed, Dennis is unique in that only one of the 

QuikSCAT overpasses missed the wave during the period from 72 hours prior to tropical 

depression classification to 24 hours after. Hurricane Dennis developed from a tropical wave that 

left the African coast on June 29, 2005. By the time the wave reached the western Atlantic, two 

low-level cloud swirls developed in association with a broad low pressure region accompanying 

the wave. The convection within both circulations increased on July 3, but by July 4 the western 

circulation had entered the southeastern Caribbean and dissipated while the eastern circulation 

developed into a tropical depression over the Windward Islands. Hurricane Dennis later attained 

Category 4 intensity before making landfall in Cuba; it weakened over Cuba, but re-intensified 

over the eastern Gulf of Mexico, and made a second landfall as a Category 4 hurricane in the 

Florida panhandle (Beven 2005). Figure 4.13 shows the tracks of surface vorticity and 

convective clouds associated with the wave from July 1 to July 5. 

 Infrared satellite imagery for July 1 – July 5, 2005, shows the development of convection 

as the tropical wave moved across the Atlantic prior to the formation of Tropical Depression 4 

(figure 4.14). As can be seen in the early images, there was little convection in the vicinity of the 

wave. The convective clouds increased as the wave approached the coast, gradually growing 
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colder and covering a larger area as the wave developed into a tropical depression over the 

Windward Islands. 

 The 2035Z overpass on July 1 (figure 4.15) shows a very broad region of weakly 

cyclonic near-surface vorticity.  The convection in this region was generally disorganized. This 

structure persisted through the next overpass at 0917Z on July 2 (figure 4.16). By 2145Z on July 

2 the vorticity began to increase in magnitude, and the convection became more widespread 

throughout the region of elevated vorticity.  A second region of stronger vorticity and 

widespread convection developed to the south and southwest of the initial disturbance vorticity 

(figure 4.17).  

 The next available pass was nearly 24 hours later at 2123Z on July 3 (figure 4.18). The 

vorticity with the developing wave had increased during the preceding 24 hours, as had the 

scattered showers. Another broad region of precipitation associated with high vorticity was 

located to the southeast. By 1007Z on July 4, the southern vorticity maxima had weakened 

considerably, although it was still associated with a broad region of showers; however, as it was 

about to cross the South American coastline, there was not much opportunity for any further 

development (figure 4.19). The weak vorticity to the north associated with the wave had 

decreased some, but the showers in that region had begun to grow larger and were beginning to 

develop a broad curved appearance. During the following 12 hours, both the vorticity and the 

convection associated with the wave increased dramatically; by 2236Z, two large regions of 

convection had developed (figure 4.20). While both regions of convection had cyclonic vorticity 

associated with them, the eastern vorticity maximum was significantly stronger, and the position 

was consistent with the propagation speed of about 2.5 degrees of longitude per day exhibited by 

the wave in the previous overpasses; this position is also consistent with the NHC best-track 

position for the newly-formed Tropical Depression 4. The tropical depression was located near 

the edge of the next overpass at 0940Z on July 5 (figure 4.21). The depression was associated 

with a large region of precipitation and an elongated region of high vorticity. It is possible that 

the proximity to land, swath edge, and the broad region of precipitation prevented the blending 

algorithm from effectively removing errors arising from rain contamination, resulting in the 

elongated vorticity signature; at depression stage, a somewhat more circular appearance would 

be expected.  
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Based on the half-amplitude width, the approximate size of the pre-depression vorticity 

maximum did not fluctuate as the pre-Emily vorticity did; instead, size decreased steadily during 

genesis (figure 4.22). Increases in the magnitude of the peak vorticity were accompanied by a 

decrease in size, while decreases in magnitude were not accompanied by a noticeable change in 

size. Initially, the asymmetries within 125 km of the vorticity center were extremely small; by 

the time the tropical depression formed, the asymmetries were of the same order of magnitude as 

the wavenumber 0 component at the half-amplitude width.  

There is no evidence of an early convective maximum within 72 hours prior to the 

formation of the tropical depression (figure 4.23). Although some early satellite images were 

missing, the spatial distribution of the probability of precipitation at these times suggests a lack 

of organized convection. The area-averaged vorticity initially exhibited a decreasing trend, 

possibly due to this lack of convection. The vorticity then increased slowly during the period of 

ongoing convection.  About 12–24 hours prior to depression stage a decrease in vorticity 

occurred, accompanied by a temporary decrease in convection.  With an increase in convective 

activity, the increase in vorticity then resumed. The initial decrease in vorticity was not 

accompanied by a negative circulation tendency, although the decrease in average vorticity just 

prior to tropical depression formation was accompanied by a negative tendency (figure 4.24). 

Overall, as in the case of Emily, the relatively small values of the tendency reflected a generally 

flat time series of area-averaged vorticity. The one exception occurred within 12 hours after 

depression stage, when the tendency was significantly positive and observed area-averaged 

vorticity increased at its greatest rate.   

Figure 4.25 shows the 850 – 500 mb wind shear during the last 72 hours before and the 

first 18 hours after the formation of the tropical depression. For most of the pre-depression stage, 

the tropical disturbance was under 6-9 knots of northerly and northeasterly wind shear. The wind 

shear in this layer did not seem to affect the location of the convection relative to the vorticity of 

the tropical disturbance (figure 4.26), and the increase in convection 48 hours prior to genesis did 

not coincide with any changes in the vertical shear either. 

 

 

 

 



 31 

Vorticity and Convective Evolution During the Genesis of Hurricane Maria 

 

 According to Pasch and Blake (2006), Hurricane Maria developed from a strong tropical 

wave that crossed into the eastern Atlantic on August 27, 2005. This wave was accompanied by 

2 areas of concentrated convection; one dissipated west of the Cape Verde Islands, while the 

other drifted west before turning to the northwest. A well-defined surface circulation developed 

in association with the wave by August 31, but strong wind shear over the system prevented 

persistent convection over the center. By midday on September 1, the shear over the system had 

relaxed sufficiently for convection to develop over the center, and the disturbance became a 

tropical depression at 12Z on September 1. Hurricane Maria eventually reached a peak intensity 

of 100 knots, and recurved into the North Atlantic without making landfall. Figure 4.27 shows 

the track of the vorticity and convective clouds associated with the developing wave. 

Convective activity associated with the wave was strong when it first entered the 

Atlantic; figure 4.28 shows the large region of organized convection located near the surface 

vorticity maximum at 0800Z on August 29. By late on August 29, however, the convection was 

beginning to weaken; at 2000Z on August 29 an arc of convection extended around the surface 

vorticity maximum from the southern side around the west and along the north. The convection 

associated with the wave continued to weaken throughout the evening and into the morning; by 

0900Z on August 30, only scattered deep convection persisted in the vicinity of the wave, with 

some curvature still evident in the warmer cloud tops. Late on August 30, convection 

redeveloped in association with the diurnal cycle. By 2100Z on August 31, the convection had 

developed into a broad hook pattern with a large mass of convective clouds to the north and a 

long tail of scattered convective clouds extending south-southwest.  On September 1, the 

convection continued to develop, with cold cloud tops concentrated on the southern edge of a 

large cloud shield. While the cloud tops did warm later on September 1, the convection 

continued to increase, with a large elliptical region of cold cloud tops developing by 1800Z on 

September 2. 

 The overpass at 0735Z on August 29 shows a strong closed low-level circulation with 

high near-surface vorticity (figure 4.29). The center of the circulation is completely rain-free, but 

showers extend in a large arc around the north and west side of the circulation to a large region 

of precipitation to the south and southwest of the circulation. The next overpass at 2005Z on 
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August 29 shows a broad elongated hook of showers open to the east surrounding a region of 

broad region of elevated cyclonic vorticity (figure 4.30).  By the next overpass at 0850Z on 

August 30, the precipitation had become more scattered, and the wave disturbance had 

developed into an elongated trough with greatly reduced relative vorticity (figure 4.31). Because 

the descending passes on August 30 missed the wave, a 24-hour gap in QuikSCAT coverage 

follows. 

 The next available overpass at 0825Z on August 31 showed a long, amplified trough and 

a long, narrow band of elevated vorticity (figure 4.32). A large region of showers accompanied 

the northern end of the trough, and a long line of showers roughly paralleled the trough. The 

2053Z overpass on August 31 showed a similar pattern of vorticity and showers, although the 

vorticity was larger in magnitude and covered a much broader area (figure 4.33).  

 Since the wave fell between swaths on September 1, the next QuikSCAT pass was 

approximately 36 hours later, after the wave had developed into a tropical depression according 

to the NHC best-track. At 0915Z on September 2, a nearly circular large-amplitude vorticity 

maximum was located towards the edge of a large region of precipitation (figure 4.34). The 

vorticity at 2140Z on September 2 looked similar to the preceding pass, although there was a 

pronounced asymmetry, and the precipitation covered a smaller area at this time (figure 4.35). 

The prominent asymmetry is possibly due to rain contamination effects not entirely removed by 

blending.  

 As with the pre-Emily disturbance, the size of the pre-depression vorticity feature varied, 

with a narrower half-amplitude width when the vorticity was higher (figure 4.36). The size prior 

to depression stage ranged between 100 and 200 km.  The magnitude of the asymmetric 

components of the vorticity was never more than half the amplitude of the wavenumber 0 

component within the half-amplitude width. The asymmetric vorticity increased on August 31, 

consistent with the development of the long trough seen in the spatial plots of vorticity. 

 From figure 4.37, it is clear that Maria had an early convective maximum. Following this 

convective maximum, the area-average vorticity decreased. The rate of decrease was largest at 

times corresponding to the least convection. The general increase in convection was 

accompanied by increasing area-average vorticity. As with the decrease in the wavenumber 0 

vorticity after the start of depression stage, the corresponding decrease in area-average vorticity 

is possibly due to rain contamination rather than a reflection of a true decrease in vorticity; such 
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a decrease is unlikely for an intensifying storm. The radial flux of vertical vorticity is consistent 

with the trend of area-average vorticity (figure 4.38).  The sharp decrease in area-averaged 

vorticity at the time of the convective minimum was preceded by the only period of estimated 

negative circulation tendency. During the period of significant increase in area-averaged 

vorticity, starting 48 hours prior to depression stage, the circulation tendency is consistently 

positive, and generally greater than that observed in the Emily and Dennis cases.  The flux of 

absolute vorticity into the domain does appear to be a plausible explanation for the observed 

macroscopic increase in rotation in this case. 

 Figure 4.39 shows the 850 – 500 mb wind shear during the genesis of Hurricane Maria. 

During the pre-depression stage, the vertical shear was generally 6-9 knots in the vicinity of the 

vorticity maximum, with stronger shear to the south and east, and weaker shear to the north and 

west. Initially, while there was northeasterly shear acting on the system, the bulk of the 

convection was downshear of the vorticity maximum (figure 4.40). As the wave disturbance 

moved out of the northeasterly shear into a region of southerly shear, the convection redeveloped 

first to the right of the wind shear late on August 30 and early on August 31, and then downshear 

of the vorticity maximum by late on August 31.  

 

 

Vorticity and Convective Evolution During the Genesis of Hurricane Nate 

 

 The genesis of Hurricane Nate resulted from the interaction of an easterly wave with an 

upper-level trough. The tropical wave left Africa on August 30, but most of the convection 

associated with the wave dissipated by September 1. The wave split on September 3, with the 

northern portion of the wave passing between the Leeward Islands and Hurricane Maria. By 

September 4, the northern part of the wave was interacting with an upper-level trough and the 

associated surface trough. The low vertical wind shear in the northeast quadrant of the upper low 

allowed increased convection to develop around a closed low, which became a tropical 

depression at 18Z on September 5, and a tropical storm by 00Z on September 6. Hurricane Nate 

reached a peak intensity of 80 knots, and like Maria recurved into the North Atlantic without 

making landfall (Stewart 2005). Figure 4.41 shows the tracks of the vorticity and convection 

associated with the developing disturbance.  
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 Infrared satellite imagery from September 2 – September 6, 2005, shows the evolution of 

the convective clouds during the genesis of Hurricane Nate (figure 4.42). For most of the day on 

September 2, there was little in the way of convection along either the trough or the wave. By 

early in the day on September 3, however, convection developed south of the trough; the 

associated convective clouds persisted throughout the rest of the pre-depression stage, gradually 

becoming colder and more concentrated around the developing tropical disturbance. 

 The first overpass within 72 hours prior to genesis was at 2253Z on September 3. There 

was a high-amplitude vorticity maximum at the southern end of a long trough, along with a few 

other vorticity maxima along the trough (figure 4.43). The southernmost vorticity maximum was 

surrounded by a ring of showers, while the other vorticity maxima were not associated with any 

significant precipitation. By 1005Z on September 4, showers had developed along the entire 

length of the trough, organized in a hook pattern around the southernmost vorticity maximum 

(figure 4.44). The trough and associated cyclonic vorticity extended well to the south of this 

maximum, and the vorticity along the trough to its north had increased from the preceding pass 

as well. The vorticity increased dramatically by the 2225Z overpass on September 4, while the 

vorticity associated with the rest of the trough weakened (figure 4.45). The showers along the 

trough dissipated everywhere except in the immediate vicinity of the developing disturbance. 

The 0940Z September 5 overpass showed an elliptical region of high vorticity within a ring of 

showers, with most of the showers concentrated on the southeastern side (figure 4.46). The next 

available overpass was 36 hours later; by 2315Z on September 6, the vorticity was highly 

amplified and on the edge of a large region of precipitation near the edge of the swath (figure 

4.47). 

 While the magnitude of the wavenumber 0 component of the vorticity during the pre-

depression stage of Hurricane Nate increased steadily from 2.5x10
-4

 s
-1

 to 3.2x10
-4

 s
-1

, the size of 

the vorticity anomaly changed very little from an average value of 80-100 km (figure 4.48). The 

asymmetric components did not exceed the wavenumber 0 component of vorticity within the 

half-amplitude width; the peak magnitude of the wavenumber 2 component was about half the 

amplitude of the wavenumber 0 component at the same radius, even at times when the 

wavenumber 1 component was less. This prominence of wavenumber 2 is likely a reflection of 

the surface trough, which can also be seen in the spatial vorticity plots. 
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 The evolution of the area-average vorticity in association with the development of Nate is 

quite interesting (figure 4.49). There is evidence of an early convective maximum about 60 hours 

prior to genesis, followed by a period of reduced convection. Interestingly, the area-average 

vorticity increased steadily during this period of reduced convection, but there is a possibility 

that at this time the interaction of the easterly wave with the surface trough was generating 

vorticity through baroclinic processes. When the convection increased again just after the start of 

the depression stage, the vorticity continued to increase, although not as rapidly as it had prior to 

genesis. The estimated circulation tendency, which showed positive values at all times during the 

pre-depression stage of Hurricane Nate, was consistent with the steady increase in area-averaged 

vorticity (figure 4.50). 

 Figure 4.51 shows the 850 – 500 mb wind shear for the 48 hours prior to and 24 hours 

after tropical depression formation. During the pre-depression stage, the tropical disturbance was 

located in a region of small vertical wind shear, typically less than 6 knots. When the shear 

exceeded 3 knots, the convection was generally located downshear of the vorticity maximum; 

when the shear was weaker than 3 knots, the centroid of the convective clouds was collocated 

with the vorticity maximum (figure 4.52). 
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Figure 4.1: Track of the vorticity and convective clouds associated with the genesis of Hurricane 

Emily. 
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Figure 4.2: Infrared satellite imagery during the pre-depression and depression stages of 

Hurricane Emily. 
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QSCAT overpass 07/08/05

From: 0820Z  To: 0825Z

Vorticity (1E-5 1/s)
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Figure 4.3: Relative vorticity (color-filled contours), probability of rain rate exceeding 2 mm/hr 

(solid contours), and QuikSCAT-derived wind vectors for 0820Z – 0825Z on July 8, 2005. 

Purple vectors denote where the QuikSCAT winds were rain-flagged, and green vectors denote 

regions where NCEP data was used to fill areas between overpasses. 
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QSCAT overpass 07/09/05

From: 0753Z  To: 0758Z
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Figure 4.4: Same as figure 4.3, but for 0753Z – 0758Z on July 9, 2005. 
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QSCAT overpass 07/09/05

From: 2025Z  To: 2030Z
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Figure 4.5: Same as figure 4.3, for 2025Z – 2030Z on July 9, 2005. 
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QSCAT overpass 07/11/05

From: 0842Z  To: 0847Z
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Figure 4.6: Same as figure 4.3 for 0842Z – 0847Z on July 11, 2005.  
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QSCAT overpass 07/11/05

From: 2113Z  To: 2118Z

Vorticity (1E-5 1/s)
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Figure 4.7: Same as figure 4.3 for 2113Z – 2118Z on 11 July 2005. 
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Figure 4.8: Radial profiles of the wavenumber 0, 1, and 2 components of the vorticity for each 

overpass. 
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Figure 4.9: Time series of the area-averaged vorticity within 125km and the percent of the area 

within 275km covered by cloud-tops colder than -59
o
C for the pre-depression stage of Hurricane 

Emily. 
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Figure 4.10: Time series of the circulation tendency at 125km due to the net horizontal flux of 

absolute vertical vorticity. 
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Figure 4.11: 850 – 500mb vertical wind shear during the genesis of Hurricane Emily. The ‘x’ on 

each map denotes the interpolated position of the vorticity maximum at each map time.  
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Figure 4.12: Infrared images of clouds colder than -45
o
C and the locations of the vorticity 

maximum at the time of each satellite image.  
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Figure 4.13: Track of the near-surface vorticity and convective clouds associated with the 

genesis of Hurricane Dennis. 
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Figure 4.14: Infrared satellite imagery during the genesis of Hurricane Dennis. 
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Figure 4.15: Near-surface vorticity, rain probability, and QSCAT-derived winds as in figure 4.2 

for 2032Z – 2037Z on July 1, 2005.  
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Figure 4.16: Same as figure 4.15 for 0737Z – 0920Z on July 2, 2005. 
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Figure 4.17: Same as figure 4.15 for 2009Z – 2151Z on July 2, 2005. 
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Figure 4.18: Same as figure 4.15 for 2120Z – 2301Z on July 3, 2005. 
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Figure 4.19: Same as figure 4.15 for 1005Z – 1009Z on July 4, 2005. 
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Figure 4.20: Same as figure 4.15 for 2235Z – 2238Z on July 4, 2005. 
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Figure 4.21: Same as figure 4.15 for 0939Z – 0943Z on July 5, 2005. 
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Figure 4.22: Radial profiles of the wavenumber 0, 1, and 2 components of the relative vorticity 

for each overpass during the genesis of Hurricane Dennis. 
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Figure 4.23: Time series of the area-averaged vorticity within 125km and the percent of the area 

within 275km covered by cloud-tops colder than -59
o
C for the pre-depression stage of Hurricane 

Dennis. 
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Figure 4.24: Time series of the circulation tendency at 125km due to the net horizontal flux of 

absolute vertical vorticity. 
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Figure 4.25: 850-500mb vertical wind shear during the genesis of Hurricane Dennis. The ‘x’ on 

each map denotes the interpolated position of the vorticity maximum at each map time.  
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Figure 4.26: Infrared images of clouds colder than -45
o
C and the locations of the vorticity 

maximum at the time of each satellite image during the genesis of Hurricane Dennis. 
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Figure 4.27: Track of the vorticity and convective clouds accompanying the wave that developed 

into Hurricane Maria. 
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Figure 4.28: Infrared satellite imagery during the pre-depression evolution of Hurricane Maria. 

 



 64 

QSCAT overpass 08/29/05

From: 0731Z  To: 0737Z

Vorticity (1E-5 1/s)

-35.0 -28.0 -21.0 -14.0 -7.0 0.0 7.0 14.0 21.0 28.0 35.0
 25.m/s

 
 

Figure 4.29: Relative vorticity, rain probability, and QSCAT-derived wind vectors as in figure 

4.3 for 0731Z – 0737Z on August 29, 2005. 
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Figure 4.30: Same as figure 4.29 for 2004Z – 2009Z on August 29, 2005. 
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Figure 4.31: Same as figure 4.29 for 0708Z – 0851Z on August 30, 2005. 
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Figure 4.32: Same as figure 4.29 for 0821Z – 0826Z on August 31, 2005. 
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Figure 4.33: Same as figure 4.29 for 2050Z – 2055Z on August 31, 2005. 
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Figure 4.34: Same as figure 4.29 for 0912Z – 0917Z on September 2, 2005. 
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Figure 4.35: Same as figure 4.29 for 2138Z – 2143Z on September 2, 2005. 

 

 

 



 71 

0 100 200 300 400 500
Radius (km)

0

20

40

60

V
o

rt
ic

it
y

 (
1

E
-5

 1
/s

)

08/29/05  0731Z

0 100 200 300 400 500
Radius (km)

0

20

40

60

V
o

rt
ic

it
y

 (
1

E
-5

 1
/s

)

08/29/05  2004Z

0 100 200 300 400 500
Radius (km)

0

20

40

60

V
o

rt
ic

it
y

 (
1

E
-5

 1
/s

)

08/30/05  0708Z

0 100 200 300 400 500
Radius (km)

0

20

40

60

V
o

rt
ic

it
y

 (
1

E
-5

 1
/s

)

08/31/05  0821Z

0 100 200 300 400 500
Radius (km)

0

20

40

60

V
o

rt
ic

it
y

 (
1

E
-5

 1
/s

)

08/31/05  2050Z

0 100 200 300 400 500
Radius (km)

0

20

40

60

V
o

rt
ic

it
y

 (
1

E
-5

 1
/s

)

09/02/05  0912Z

0 100 200 300 400 500
Radius (km)

0

20

40

60

V
o

rt
ic

it
y

 (
1

E
-5

 1
/s

)

09/02/05  2137Z

 
 

Figure 4.36: Radial profiles of the wavenumber 0, 1, and 2 components of the vorticity for each 

overpass. 
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Figure 4.37: Time series of the area-averaged vorticity within 125km and the percent of the area 

within 275km of the tropical disturbance that developed into Hurricane Maria. 
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Figure 4.38: Time series of the circulation tendency at 125km due to the net horizontal flux of 

absolute vertical vorticity. 
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Figure 4.39: 850 – 500mb vertical wind shear during the genesis of Hurricane Maria. The ‘x’ on 

each map denotes the interpolated position of the vorticity maximum at each map time. 
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Figure 4.40: Infrared images of clouds colder than -45
o
C and the locations of the vorticity 

maximum at the time of each satellite image during the genesis of Hurricane Maria. 
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Figure 4.41: Track of the vorticity and convective clouds associated with the genesis of 

Hurricane Nate. 
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Figure 4.42: IR satellite imagery during the genesis of Hurricane Nate. 
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Figure 4.43: Relative vorticity, rain probability, and wind vectors as in figure 4.3 for 2250Z – 

2255Z on September 3, 2005. 
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Figure 4.44: Same as figure 4.43 for 1002Z – 1007Z on September 4, 2005. 
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Figure 4.45: Same as figure 4.43 for 2224Z – 2229Z on September 4, 2005. 
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Figure 4.46: Same as figure 4.43 for 0937Z – 1119Z on September 5, 2005. 
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Figure 4.47: Same as figure 4.43 for 2133 – 2317Z on September 6, 2005. 
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Figure 4.48: Radial profiles of the wavenumber 0, 1, and 2 components of the relative vorticity 

for each overpass during the genesis of Hurricane Nate. 
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Figure 4.49: Time series of the area-averaged vorticity within 125km of the center and the area 

within 275km during the genesis of Hurricane Nate. 
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Figure 4.50: Time series of the circulation tendency at 125km due to the net horizontal flux of 

absolute vertical vorticity. 
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Figure 4.51: 850 – 500mb vertical wind shear during the genesis of Hurricane Nate. The ‘x’ on 

each map denotes the interpolated position of the vorticity maximum at each map time. 
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Figure 4.52: Infrared images of clouds colder than -45
o
C and the locations of the vorticity 

maximum at the time of each satellite image during the genesis of Hurricane Nate. 
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COMPOSITE RESULTS 

 

 

 

Relationship of Vorticity Evolution to Convective Evolution 

 

 One of the central questions of this thesis is whether or not the evolution of the near-

surface vorticity within developing tropical disturbances is in any way related to the convective 

evolution. In order to address this question, a time series of convective cloud cover and area-

averaged vorticity has been constructed. If convection plays a role in vorticity evolution, then 

increases in convective activity should be accompanied by increases in vorticity. However, while 

the convective cloud cover can be determined at 3-hourly intervals, the QuikSCAT data has 12-

hour temporal resolution at best. Since this is the case, it seems reasonable to expect the 

QuikSCAT-derived area-averaged vorticity time series to resemble a smoothed version of the 

convective cloud coverage time series. 

 Figure 5.1 shows the time series of area-averaged vorticity and convective cloud 

coverage for the composite North Atlantic easterly wave disturbance. While of much lower 

amplitude than found in the individual cases, some semblance of the diurnal cycle remains in the 

time series of the composite convective cloud coverage. In addition to the reduced-amplitude 

diurnal cycle, the time series of convective cloud coverage exhibits a weak early maximum, 

followed by a general trend of increasing values. A similar pattern of convective cloud coverage 

prior to tropical depression stage was observed by Zehr (1992) in developing western North 

Pacific tropical disturbances. Since the compositing method here did not account for the amount 

of time between the convective maximum and the development of the tropical depression, it is 

possible that a composite relative to the early convective maximum observed in each individual 

case would reveal a higher amplitude peak, and a subsequent weaker convective minimum. 

 The area-averaged vorticity also has a weak early maximum, nearly 12 hours after the 

convective maximum. Although this lag may simply be a result of the coarser temporal 

resolution of the QuikSCAT data, a physical argument may also be made. As observed in the 

numerical simulations of Montgomery et al. (2006), deep vortical hot towers are responsible for 

generating concentrated vorticity anomalies near the surface, and providing the heating 



 89 

anomalies which drive the broad-scale secondary circulation.  The response of the mesoscale 

distribution of vorticity to these convective events may indeed involve some time lag during 

which vorticity is pooled.  During the subsequent 12 hours, the area-averaged relative vorticity of 

the easterly wave disturbance decreases, as does the convective cloud coverage. Starting 48 

hours prior to the formation of the tropical depression and continuing through depression stage, 

the area-averaged vorticity shows an increasing trend. This corresponds to the period of 

increasing convective cloud coverage.  

 While the available data cannot conclusively show that convection is responsible for the 

increase in area-averaged vorticity during genesis, the fact that increases in convection are 

accompanied by increases in near-surface vorticity is encouraging. Although such a correlation 

does not necessarily mean that the low-level vorticity is convectively generated, if the correlation 

did not exist, it would be clear that the convection did not play an active role in generating near-

surface vorticity.  

 

Spatial Evolution of the Composite Vorticity 

 

 A central objective of this thesis is to document the structure and evolution of the near-

surface vorticity field of an average easterly wave disturbance. This is of critical importance for 

numerical modeling of tropical cyclogenesis, as the initial conditions will influence the 

subsequent evolution of the model atmosphere.  For example, in the numerical simulations of 

tropical cyclogenesis by Montgomery et al. (2006), the time required for genesis to occur varied 

according to the strength, scale, and structure of their initial MCV disturbance; genesis occurred 

at later times in cases where the MCV was weaker or at a higher level, and did not occur at all 

without an initial MCV.   The composite approach taken here should yield a reasonable estimate 

of near-surface vorticity magnitude and structure to be used in the initialization of tropical 

cyclogenesis simulations. It should be noted, however, that the geographical orientation of the 

developing tropical disturbances used to construct the composite was preserved.  While 

compositing relative to geography (as opposed to vertical shear direction, for example) will 

smooth out the disturbance fields to some degree, the asymmetry that remains is likely to be one 

that is representative of the larger-scale African easterly wave. 
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 72 hours prior to genesis, the average easterly wave disturbance has a weak (about 9x10
-5

 

s
-1

), slightly elliptical mesoscale vorticity maximum about 125 km across within a broad 

envelope of cyclonic vorticity (figure 5.2). The vorticity maximum is located within a large 

curved region of scattered precipitation, as evidenced by the arc of 10 – 20% probability of 

precipitation exceeding 2 mm/h. This changes little over the following 12 hours; at 60 hours 

prior to genesis, the vorticity has increased slightly to roughly 9.5x10
-5

 s
-1

, and the precipitation 

is slightly reduced and appears less organized (figure 5.3). By 48 hours prior to genesis, the 

vorticity has decreased in magnitude to 9x10
-5

 s
-1

, although the structure remains similar to that 

at the preceding times (figure 5.4). There is a noticeable reduction in the organization of the 

precipitation, with fewer regions of 20% probability of precipitation; this is likely a reflection of 

the convective minimum. 

 The vorticity of the wave disturbance does not change noticeably in magnitude or size 

during the following 12 hours (figure 5.5). The region of precipitation, however, does increase in 

organization, developing a more curved appearance than at the preceding time. 24 hours prior to 

the formation of the tropical depression, the vorticity begins to increase noticeably in magnitude 

(figure 5.6). This increase in vorticity is accompanied by an increase in the size of the area likely 

to have precipitation; this region of precipitation encloses the vorticity maximum at this point, 

with the regions of higher probability curving around the vorticity maximum. This increasing 

trend continues through the next 12 hours; by 12 hours prior to depression stage, the vorticity has 

increased to nearly 1.6x10
-4

 s
-1

, but the size remains about 125 km (figure 5.7). The likelihood of 

precipitation has also increased to nearly 30% over a large region. The precipitation becomes 

increasingly organized, as evidenced by the curvature of the highest probability of precipitation 

around the center. 

 The vorticity continues to increase in magnitude as the tropical depression forms, and it is 

still slightly elliptical (figure 5.8). A broad, quasi-circular region of probable precipitation is 

centered over the vorticity maximum. During the following 12 hours, the precipitation continues 

to become more organized, and the vorticity continues to increase; by 12 hours after the start of 

depression stage, the vorticity has increased to 2.4x10
-4

 s
-1

 and contracted in scale to about 90 

km.  The precipitation has become more concentrated in a smaller region around the vorticity 

maximum (figure 5.9). 24 hours after the formation of the tropical depression, the vorticity is 

nearly 4x10
-4

 s
-1

, and a rain-free center begins to develop (figure 5.10).   



 91 

 Figure 5.11 shows the radial structure of the vorticity at 12-hour intervals. The size of the 

vorticity feature (as defined by the diameter at which the amplitude of the wavenumber 0 

component of the vorticity is half the peak value) remains nearly unchanged until 24 hours prior 

to depression stage, when it begins to slowly contract from 125 km 24 hours before depression 

stage to about 80km 24 hours after the depression forms. The composite asymmetries are 

relatively weak compared to the asymmetries observed in the individual cases; the magnitude of 

the asymmetries never exceeds more than about 20% of the magnitude of the wavenumber 0 

component; as expected, constructing the composite relative to geographical coordinates resulted 

in an overly-smoothed vorticity field. 
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Figure 5.1: Time series of the area-averaged vorticity, coverage by convective clouds, and area-

averaged rain probability during the pre-depression stage of the composite North Atlantic 

tropical disturbance.  
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Figure 5.2: Composite near-surface relative vorticity and probability of precipitation  72 hours 

prior to the start of depression stage for the North Atlantic.  
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Figure 5.3: Composite relative vorticity and probability of precipitation 60 hours prior to the start 

of depression stage for the North Atlantic. 
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Figure 5.4: Composite relative vorticity and probability of precipitation 48 hours prior to the start 

of depression stage for the North Atlantic.  
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Figure 5.5: Composite relative vorticity and probability of precipitation 36 hours prior to 

depression stage for the North Atlantic.  
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Figure 5.6: Composite relative vorticity and probability of precipitation 24 hours prior to the start 

of depression stage for the North Atlantic.  
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Figure 5.7: Composite relative vorticity and probability of precipitation 12 hours prior to the start 

of depression stage for the North Atlantic.  
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Figure 5.8: Composite relative vorticity and probability of precipitation at the start of depression 

stage for the North Atlantic.  
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Figure 5.9: Composite relative vorticity and probability of precipitation 12 hours after to the start 

of depression stage for the North Atlantic.  
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Figure 5.10: Composite relative vorticity and probability of precipitation 24 hours after the start 

of depression stage for the North Atlantic.  
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Figure 5.11: Radial profiles of the wavenumber 0, 1, and 2 components of the vorticity of the 

North Atlantic composite easterly wave at 12-hour intervals, beginning 72 hours prior to tropical 

depression formation and ending 24 hours after. 
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CONCLUSIONS 

 

 

 

 

 Recent work utilizing cloud-resolving models has suggested that convection in a broad 

region of elevated low-level cyclonic vorticity may play an active role in generating the low-

level warm core and surface circulation during tropical cyclogenesis (e.g., Davis and Bosart 

2001, Hendricks et al. 2004, Montgomery et al. 2006). The proposed genesis mechanism 

involves the tilting and stretching of ambient MCV vorticity by deep convective updrafts to 

generate intense convective-scale vorticity anomalies. These anomalies merge and 

axisymmetrize, contributing to the formation of a low-level tropical cyclone-scale vortex. The 

aggregate convective heating also drives a weak mesoscale secondary circulation, which aids the 

spin-up of the low-level circulation through an inward flux of pre-existing MCV angular 

momentum and convergence of convective-scale vorticity anomalies.  

Since genesis occurs over the tropical oceans where there are no regular in-situ 

observations, there is little in the way of direct observational evidence available to demonstrate 

this process in the real atmosphere. Using datasets from field campaigns (e.g., Reasor et al. 2005) 

and genesis events occurring near the coast (e.g., Sippel et al. 2006), it has been shown that 

convective-scale vorticity anomalies located near convective updrafts do exist within developing 

tropical disturbances.  Although these observational studies have presented some aspects of the 

small-scale evolution of developing tropical disturbances, spatial and temporal limitations of 

each prohibit direct comparison with the above cloud-resolving numerical simulations.  

 Satellite remote sensing provides an additional data source for examining tropical 

disturbances given its nearly global coverage over extended periods of time. In the present study 

a combination of infrared satellite imagery and scatterometer-derived near-surface vector winds 

is used to document the near-surface vorticity and convective evolution within North Atlantic 

easterly waves during tropical cyclogenesis. The 25-km spatial resolution and 12-hourly 

availability of the QuikSCAT data does not permit examination of the convective-scale vorticity 

evolution. The scatterometer data can, however, be used to examine with coarse resolution the 

mesoscale evolution of vorticity.  In the context of the vortical hot tower theory for tropical 

cyclogenesis, the scatterometer observations provide an area average look at the surface 
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extension of midlevel MCV vorticity and the near-surface vorticity organized through merger 

and axisymmetrization of convectively-generated vortices.  

 In assuming that the mesoscale vorticity is a reflection of the area-average convective-

scale vorticity, it is important to consider all the possible effects that convectively-generated 

vorticity can have on an area average of vorticity. The tilting of horizontal vorticity by 

convective updrafts does not, on its own, have any impact on the area-averaged vertical vorticity; 

such tilting creates couplets of cyclonic and anticyclonic vorticity, and the anticyclonic portion 

of the couplet will balance the cyclonic portion of the couplet, leaving the average unchanged. 

Stretching of vertical vorticity can alter the area average; in an environment of background 

cyclonic vorticity, the total cyclonic vorticity available for stretching will outweigh the total 

anticyclonic vorticity, resulting in an increase in both the convective-scale and average vorticity. 

An asymmetric distribution of vorticity anomalies around an updraft will have a similar effect; if 

the cyclonic anomaly has stronger vertical motion than the negative anomaly, the cyclonic part 

of the couplet will undergo more stretching than the anticyclonic components, resulting in a 

larger increase in the cyclonic vorticity and thus an increase in the area-average vorticity. Merger 

and axisymmetrization of these anomalies will also tend to increase the area-average vorticity; 

one of the properties of vortex merger is a vortex that is deeper, larger, and more intense than 

either of the parent vortices (Hoskins et al. 1985; Ritchie and Holland 1993). 

 If deep convection actively participates in generating low-level vorticity as in the vortical 

hot tower theory of tropical cyclogenesis, or if regions of organized convection serve simply as 

regions of enhanced MCV generation and merger, then changes in convective activity should be 

reflected not only in the convective-scale vorticity, but also in the mesoscale vorticity. While 

mesoscale aspects of the vorticity structure can be resolved using QuikSCAT data, the temporal 

resolution is rather coarse for resolving mesoscale evolution. In spite of the coarse temporal 

resolution, the evolution of system-scale vorticity closely followed the convective evolution in 

the cases presented. Generally, during periods of convective inactivity the area-integrated 

disturbance vorticity decreased.  Following early convective maxima or during the final increase 

in convective activity before depression stage the area-averaged vorticity increased. While this 

cannot be said to conclusively show that the low-level vorticity is convectively generated, such a 

correlation between convective evolution and vorticity evolution is important. If the convection 

and the vorticity did not evolve in a similar manner, the very premise of a genesis theory in 
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which convectively-generated low-level vorticity plays a central role would be called into 

question.  

 Given the difficulty in obtaining high resolution observations of the three-dimensional 

wind field during tropical cyclogenesis, further examination of convective-scale evolution during 

genesis is likely to be done using numerical models for the foreseeable future. As such, a realistic 

representation of near-surface conditions is critical, both for initializing the model and for 

ensuring that the model evolution is realistic.  Montgomery et al. (2006) found that initializing 

numerical simulations with an MCV weaker than the initial MCV in the control simulation 

resulted in a slower transition to a tropical cyclone and an asymmetric circulation compared to 

the control run. A composite of developing North Atlantic easterly wave disturbances was 

constructed to address this issue. Since no attempt was made to preserve the asymmetries of the 

composite wave disturbance, the basic structure was axisymmetric with only minor contributions 

from azimuthal wavenumber 1 and 2. The average easterly wave disturbance 72 hours prior to 

genesis consisted of a mesoscale region of cyclonic vorticity about 125 km in diameter with 

magnitude of 9x10
-5

 s
-1

.  The size and magnitude of the disturbance vorticity changed little over 

the following 48 hours.  Starting 24-36 hours prior to depression stage the vorticity began to 

increase at a greater rate.  The increase in vorticity during this period was reflected in both the 

peak vorticity and the area-averaged vorticity.  The peak value of vorticity 12 hours before 

depression stage reached 1.6x10
-4

 s
-1

, a nearly 80% increase in 24 hours. 

 There is significant potential for further observational studies of the near-surface vorticity 

during tropical cyclogenesis using scatterometer-derived vorticity. Three of the greatest 

difficulties in using scatterometer data for such a purpose are the temporal coverage, the spatial 

resolution, and rain contamination. The temporal resolution can be improved by using data from 

multiple scatterometers, such as the SeaWinds instrument that was on the Midori-2 satellite; 

while Midori-2 was only operational for a short time, the entire 2003 Atlantic hurricane season 

was captured by both QuikSCAT and Midori-2.  The spatial resolution of the current generation 

of scatterometers can also be improved through further processing of the data; currently, the 

QuikSCAT data is being reprocessed by NASA to produce 12.5 km resolution data. An ultra-

high-resolution dataset from QuikSCAT observations is also in development; the retrieved winds 

have a resolution of 2.5 km, although the wind direction is noisier at this resolution than the 

current 25 km winds (Long et al. 2003). Rain contamination remains the most significant 
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challenge in utilizing QuikSCAT data in future studies. While blending the QuikSCAT winds 

with reanalysis data reduced the impact of rain contamination, it did not entirely eliminate it; in 

regions near coastlines or swath edges and large areas of precipitation, the vorticity tended to be 

concentrated on the edge of the precipitation, suggesting that the blending algorithm had not 

entirely removed the effects of rain contamination. Using simultaneous wind and rain retrieval 

such as proposed by Draper and Long (2004) to correct for the effects of rain on the backscatter 

observed by the scatterometer would allow for reductions in errors introduced by rain without 

relying on low-resolution numerical models.  

 Another avenue for future work which does not rely on any improvements in the 

QuikSCAT data would be to expand the number of cases being considered in the Atlantic to 

include other years. While the 2005 Atlantic hurricane season provided a large number of cases, 

it was a rather unusual year; many of the waves did not develop until they reached the western 

Atlantic, the Gulf of Mexico, or the Caribbean. Most of those cases tended to have weak 

vorticity signatures when compared to the handful of cases that did develop in the central and 

eastern Atlantic. Expanding the dataset to include several years would allow comparison 

between waves that develop in the eastern and central Atlantic and waves that develop in the 

western portion of the basin to see if this pattern is real or an artifact of the sample chosen. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 107 

REFERENCES 

 

 

 

Albignat, J. P., and R. J. Reed, 1980: The origin of African wave disturbances during Phase III of 

GATE. Mon. Wea. Rev., 108, 1827 – 1839. 

Albright, M. D, D. R. Mock, E. E. Recker, and R. J. Reed, 1981: A diagnostic study of the 

diurnal rainfall variation in the GATE B-scale area. J. Atmos. Sci., 38, 1429 – 1445. 

Berry, G. J., and C. Thorncroft, 2005: Case study of an intense African easterly wave. Mon. Wea. 

Rev., 133, 752 – 766. 

Beven, J., 2005: Tropical cyclone report: Hurricane Dennis 4 – 13 July 2005. National Hurricane 

Center Rep., 25p. [Available online at http://www.nhc.noaa.gov/2005atlan.shtml]. 

Bister, M., and K. A. Emanuel, 1997: The genesis of Hurricane Guillermo: TEXMEX analyses 

and a modeling study. Mon. Wea. Rev., 125, 2662 – 2682. 

Bracken, W. E., and L. F. Bosart, 2000: The role of synoptic-scale flow during tropical 

cyclogenesis over the North Atlantic Ocean. Mon. Wea. Rev., 128, 353 – 376. 

Briegel, L. M., and W. M. Frank, 1997: Large-scale influences on tropical cyclogenesis in the 

western North Pacific. Mon. Wea. Rev., 125, 1397 – 1413. 

Bourassa, M.A., D. M. Legler, J. J. O’Brien, and S. R. Smith, 2003: SeaWinds validation with 

research vessels.  J. Geophys. Res., 108, 3019, doi:10.1029.2001JC001028. 

Burpee, R. W., 1972: The origin and structure of easterly waves in the lower troposphere of 

North Africa. J. Atmos. Sci., 29, 77 – 90. 

Burpee, R. W., 1974: Characteristics of North African easterly waves during the summers of 

1968 and 1969. J. Atmos. Sci., 31, 1556 – 1570. 

Burpee, R. W., 1975:  Some features of synoptic-scale waves based on a compositing analysis of 

GATE data. Mon. Wea. Rev., 103, 921 – 925. 

Callahan, P. S., and Coauthors, 2006: QuikSCAT Science Data Product User’s Manual. Version 

3.0, Jet Propulsion Laboratory D-18053-Rev A, 91pp. 

Challa, M., R. L. Pfeffer, Q. Zhao, and S. W. Chang, 1998: Can eddy fluxes serve as a catalyst 

for hurricane and typhoon formation? J. Atmos. Sci., 55, 2201 – 2219. 

Chan, J. C. L., 1985: Tropical cyclone activity in the Northwest Pacific in relation to the El 

Nino/Southern Oscillation phenomenon. Mon. Wea. Rev., 113, 599 – 606. 

Charney, J. G., and A. Eliassen, 1964: On the growth of the hurricane depression. J. Atmos. Sci., 

21, 68 – 75. 

Charney, J. G., and M. E. Stern, 1962: On the stability of internal baroclinic jets in a rotating 

atmosphere. J. Atmos. Sci., 19, 159 – 172. 

Chelton, D. B., and M. H. Freilich, 2005: Scatterometer-based assessment of 10-m wind analyses 

from the operational ECMWF and NCEP numerical weather prediction models. Mon. Wea. 

Rev., 133, 409 – 429. 

Chin, T. M., R. F. Milliff, and W. G. Large, 1998: Basin-scale, high-wavenumber sea surface 

wind fields from a multiresolution analysis of scatterometer data.  J. Atmos. Oceanic 

Technol., 3, 741 – 763. 

Craig, G. C., and S. L. Gray, 1996: CISK or WISHE as the mechanism for tropical cyclone 

intensification. J. Atmos. Sci., 53, 3528 – 3540. 



 108 

Davis, C. A., and L. F. Bosart, 2001: Numerical simulations of the genesis of Hurricane Diana 

(1984). Part I: Control simulation. Mon. Wea. Rev., 129, 1859 – 1881. 

Draper, D. W., and D. G. Long, 2004: Simultaneous wind and rain retrieval sing SeaWinds data. 

IEEE Trans. Geosci. Remote Sens., 42, 1411 – 1423. 

Ebuchi, N., H. C. Graber, and M. J. Caruso, 2002: Evaluation of wind vectors observed by 

QuikSCAT/SeaWinds using ocean buoy data. J. Atmos. Oceanic Technol., 19, 2049 – 2062. 

Elsberry, R. L., and R. A. Jeffries, 1996: Vertical wind shear influence on tropical cyclone 

formation and intensification during TCM-92 and TCM-93. Mon. Wea. Rev., 124, 1374 – 

1387. 

Emanuel, K. A., 1986: An air-sea interaction theory for tropical cyclones. Part I: Steady-state 

maintenance. J. Atmos. Sci., 43, 585 – 604.   

Emanuel, K. A., 1989: The finite-amplitude nature of tropical cyclogenesis. J. Atmos. Sci., 46, 

3431 – 3456. 

Enagonio, J., and M. T. Montgomery, 2001: Tropical cyclogenesis via convectively forced 

vortex Rossby waves in a shallow water primitive equation model. J. Atmos. Sci., 58, 685 – 

705. 

Franklin, J. L., and D. P. Brown, 2006: Tropical cyclone report: Hurricane Emily 11-21 July 

2005. National Hurricane Center Rep., 18p. [Available online at http://www.nhc.noaa.gov/ 

2005atlan.shtml]. 

Gierach, M. M., M. A. Bourassa, P. Cunningham, J. J. O’Brien, and P. D. Reasor, 2006: 

Vorticity-based detection of tropical cyclogenesis. Manuscript submitted to J. Atmos. Sci. 

Gray, W. M., 1968: Global view of the origin of tropical disturbances and storms. Mon. Wea. 

Rev., 96, 669 – 700.  

Gray, W. M., and R. W. Jacobson, 1977: Diurnal variation of deep cumulus convection. Mon. 

Wea. Rev., 105, 1171 – 1188. 

Harr, P. A., M. S. Kalafsky, and R. L. Elsberry, 1996: Environmental conditions prior to 

formation of a midget tropical cyclone during TCM-93. Mon. Wea. Rev., 124, 1693 – 1710. 

Hendricks, E. A., M. T. Montgomery, and C. A. Davis, 2004: The role of “vortical” hot towers in 

formation of Tropical Cyclone Diana (1984). J. Atmos. Sci., 61, 1209 – 1232. 

Hennon, C. C., and J. S. Hobgood, 2003: Forecasting tropical cyclogenesis over the Atlantic 

basin using large-scale data. Mon. Wea. Rev., 131, 2927 – 2940. 

Hoffman, R. N., and S. M. Leidner, 2005: An introduction to the near-real-time QuikSCAT data. 

Wea. Forecasting, 20, 476 – 493.  

Hoffman, R. N., C. Grassotti, and S. M. Leidner, 2004: SeaWinds validation: Effect of rain as 

observed by East Coast radars. J. Atmos. Oceanic Technol., 21, 1364 – 1377. 

Holton, J. R., 1992: An Introduction to Dynamical Meteorology. 3d ed. Academic Press., 391 pp. 

Hoskins, B. J., M. E. McIntyre, and A. W. Robertson, 1985: On the use and significance of 

isentropic potential vorticity maps. Quart. J. Roy. Meteor. Soc., 111, 877 – 946. 

Lee, C. S., 1989: Observational analysis of tropical cyclogenesis in the western North Pacific. 

Part II: Budget analysis. J. Atmos. Sci., 46, 2599 – 2616. 

Lin, Y. H., K. E. Robertson, and C. M. Hill, 2005: Origin and propagation of a disturbance 

associated with an African easterly wave as a precursor of Hurricane Alberto (2000). Mon. 

Wea. Rev., 133, 3276 – 3298. 

Liu, W. T., and W. Tang, 1996: Equivalent neutral wind. Jet Propulsion Laboratory Publication 

96-17, 20 pp. 



 109 

Long , D. G., J. B. Luke, and W. Plant, 2003: Ultra high resolution wind retrieval for SeaWinds. 

Proc. Int. Geoscience and Remote Sensing Symp. 2003 (IGARSS ’03), Vol. 2, Toulouse, 

France, IEEE, 1264 – 1266. 

McBride, J. L., 1995: Tropical cyclone formation. Global perspectives on tropical cyclones, 

World Meteorological Organization Technical Document WMO/TD No. 693, 63 – 105. 

Milliff, R. F., J. Morzel, D. B. Chelton, and M. H. Freilich, 2004: Wind stress curl and wind 

stress divergence biases from rain effects on QSCAT surface wind retrievals. J. Atmos. 

Oceanic Technol., 21, 1216 – 1231.  

Molinari, J., D. Knight, M. Dickinson, D. Vollaro, and S. Skubis, 1997: Potential vorticity, 

easterly waves, and eastern Pacific tropical cyclogenesis. Mon. Wea. Rev., 125, 2699 – 2708. 

Molinari, J., D. Vollaro, S. Skubis, and M. Dickinson, 2000: Origins and mechanisms of eastern 

Pacific tropical cyclogenesis: A case study. Mon. Wea. Rev., 128, 125 – 139. 

Molinari, J., D. Vollaro, and K. L. Corbosiero, 2004: Tropical cyclone formation in a sheared 

environment: A case study. J. Atmos. Sci., 61, 2493 – 2509. 

Montgomery, M. T., and J. Enagonio, 1998: Tropical cyclogenesis via convectively forced 

vortex Rossby waves in a three-dimensional quasigeostrophic model. J. Atmos. Sci., 55, 3176 

– 3207. 

Montgomery, M. T., M. E. Nicholls, T. A. Cram, and A. B. Saunders, 2006: A vortical hot tower 

route to tropical cyclogenesis. J. Atmos. Sci., 63, 355 – 386. 

Morey, S. L., M. A. Bourassa, X. J. Davis, J. J. O’Brien, J. Zavala-Hidalgo, 2005: Remotely 

sensed winds for episodic forcing of ocean models. J. Geophys. Res., 110, 10024, 

doi:10.1029/2004JC002338. 

Naderi , F. M., M. H. Freilich, and D. G. Long, 1991: Spaceborne radar measurement of wind 

velocity over the ocean – an overview of the NSCAT scatterometer system. Proc. IEEE, 79, 

850 – 866.  

Nolan, D. S., 2006: What is the trigger for tropical cyclogenesis? Preprints, 7th Annual WRF 

Users Workshop, Boulder, Colorado. 

Norquist, D. C., E. E. Recker, and R. J. Reed, 1977: The energetics of African wave disturbances 

as observed during Phase III of GATE. Mon. Wea. Rev., 105, 334 – 342. 

Ooyama, K., 1969: Numerical simulation of the life cycle of tropical cyclones. J. Atmos. Sci., 26, 

3 – 40.  

Pasch, R. J., and E. S. Blake, 2005: Tropical cyclone report: Hurricane Maria 1 – 10 September 

2005. National Hurricane Center Rep., 9 p. [Available online at http://www.nhc.noaa.gov/ 

2005atlan.shtml]. 

Pegion, P. J., M. A. Bourassa, D. M. Legler, and J. J. O’Brien, 2000: Objectively derived daily 

“winds” from satellite scatterometer data. Mon. Wea. Rev., 128, 3150 – 3168.  

Portabella, M., and A. Stoffelen, 2001: Rain detection and quality control of SeaWinds. J. Atmos. 

Oceanic Technol., 18, 1171 – 1183. 

Pytharoulis, I., and C. Thorncroft, 1999: The low-level structure of African easterly waves in 

1995. Mon. Wea. Rev., 127, 2266 – 2280. 

Raymond, D. J., C. Lopez-Carrillo, and L. L. Cavazos, 1998: Case-studies of developing east 

Pacific easterly waves. Quart. J. Roy. Meteor. Soc., 124, 2005 – 2034. 

Reasor, P. D., and M. T. Montgomery, 2001: Three-dimensional alignment and corotation of 

weak, TC-like vortices via linear vortex Rossby waves. J. Atmos. Sci., 58, 2306, 2330. 

Reasor, P. D., M. T. Montgomery, and L. F. Bosart, 2005: Mesoscale observations of the genesis 

of Hurricane Dolly (1996). J. Atmos. Sci., 62, 3151 – 3171. 



 110 

Reed, R. J., and R. H. Johnson, 1974: The vorticity budget of synoptic-scale wave disturbances 

in the tropical western Pacific. J. Atmos. Sci., 31, 1784 – 1790. 

Reed, R. J., and E. E. Recker, 1971: Structure and properties of synoptic-scale wave disturbances 

in the equatorial western Pacific. J. Atmos. Sci., 28, 1117 – 1133. 

Reed, R. J., D. C. Norquist, and E. E. Recker, 1977: The structure and properties of African 

easterly wave disturbances as observed during Phase III of GATE. Mon. Wea. Rev., 105, 317 

– 333. 

Ritchie, E. A., and G. J. Holland, 1993: On the interaction of tropical-cyclone-scale vortices. II: 

Discrete vortex patches. Quart. J. Roy. Meteor. Soc., 119, 1363 – 1379. 

Ritchie, E. A., and G. J. Holland, 1997: Scale interactions during the formation of Typhoon 

Irving. Mon. Wea. Rev., 125, 1377 – 1396. 

Ritchie, E. A., and G. J. Holland, 1999: Large-scale patterns associated with tropical 

cyclogenesis in the western Pacific. Mon. Wea. Rev., 127, 2044 – 2061. 

Rogers, R. F., and J. M. Fritsch, 2001: Surface cyclogenesis from convectively driven 

amplification of midlevel mesoscale convective vortices. Mon. Wea. Rev., 129, 605 – 637. 

Rotunno, R., and K. A. Emanuel, 1987: An air-sea interaction theory for tropical cyclones. Part 

II: Evolutionary study using a nonhydrostatic axisymmetric numerical model. J. Atmos. Sci., 

44, 541 – 561. 

Shaffer, S. J., R. S. Dunbar, S. V. Hsiao, and D. G. Long, 1991: A median-filter-based ambiguity 

removal algorithm for NSCAT. IEEE Trans. Geosci. Remote Sens., 29, 167 – 174. 

Shapiro, L. J., 1987: Month-to-month variability of the Atlantic tropical circulation and its 

relationship to tropical storm formation. Mon. Wea. Rev., 115, 2598 – 2614. 

Sharp, R. J., M. A. Bourassa, and J. J. O’Brien, 2002: Early detection of tropical cyclones using 

SeaWinds-derived vorticity. Bull. Amer. Meteor. Soc., 83, 879 – 889. 

Simpson, J, E. Ritchie, G. J. Holland, J. Halverson, and S. Stewart, 1997: Mesoscale interactions 

in tropical cyclone genesis. Mon. Wea. Rev., 125, 2643 – 2661. 

Sippel, J. A., J. W. Nielson-Gammon, and S. E. Allen, 2006: The multiple-vortex nature of 

tropical cyclogenesis. Mon. Wea. Rev., 134, 1796 – 1814. 

Stewart, S. R., 2005: Tropical cyclone report: Hurricane Nate 5 – 10 September 2005. National 

Hurricane Center Rep., 11p. [Available online at http://www.nhc.noaa.gov/2005atlan.shtml]. 

Tuleya, R. E., 1988: A numerical study of the genesis of tropical storms observed during the 

FGGE year. Mon. Wea. Rev., 116, 1188 – 1208. 

Wang, Y., W. K. Tao, and J. Simpson, 1999: The impact of ocean surface fluxes on a TOGA 

COARE convective system. Mon. Wea. Rev., 125, 2753 – 2682. 

Weissman, D. E., M. A. Bourassa, and J. Tongue, 2002: Effects of rain rate and wind magnitude 

on SeaWinds scatterometer wind speed errors. J. Atmos. Oceanic Technol., 19, 738 – 746. 

Wentz, F. J., and D. K. Smith, 1999: A model function for the ocean-normalized radar cross 

section at 14GHz derived from NSCAT observations. J. Geophys. Res., 104, 11499 – 11514. 

Wentz, F. J., D. K. Smith, C. A. Mears, and C. L. Gentemann, 2001: Advanced algorithms for 

QuikSCAT and SeaWinds/AMSR. Proc. Int. Geoscience and Remote Sensing Symp. 2001 

(IGARSS ’01), Vol. 3, Sydney, Australia, IEEE, 1079 – 1081. 

Yano, J. I., and K. Emanuel, 1991: An improved model of the equatorial troposphere and its 

coupling with the stratosphere. J. Atmos. Sci., 48, 377 – 389. 

Zehr, R. M., 1992: Tropical cyclogenesis in the western North Pacific. NOAA Tech. Rep. 

NESDIS 61, U.S. Department of Commerce, Washington, DC 20233, 181 pp.  

 



 111 

BIOGRAPHICAL SKETCH 

 

 

 

 

Elizabeth Minter was born November 3, 1983, in Rochester, NY. She left New York for 

the University of Oklahoma in 2000, and earned her Bachelor of Science in Meteorology in the 

spring of 2004. She came to Florida State the following fall to pursue a Master of Science in 

Meteorology and works as a research assistant to Dr. Paul Reasor. Her research interests include 

tropical cyclogenesis, vortex dynamics, convective-scale vortex evolution, and hurricane 

intensity change. 


	The Florida State University
	DigiNole Commons
	12-8-2006

	QuikSCAT-Derived Near-Surface Vorticity During Tropical Cyclogenesis
	Elizabeth M. Minter
	Recommended Citation



