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ABSTRACT 
 
 
 

Extratropical transition, or ET, can be characterized by the transformation of an 
initially symmetric, warm-core tropical cyclone into an initially cold-core, asymmetric 
extratropical cyclone. As a consequence of undergoing transition, changes in the synoptic 
and dynamic characteristics of the cyclone are realized. Of particular note is the wind 
field evolution, one of the aspects of ET that has seen little research into its causes. 
Previous informal theories toward understanding the wind field evolution based upon key 
meteorological conservation principles do not accurately account for its observed 
evolution, while formal studies into other aspects of the ET process (e.g. Ritchie et al. 
2001, Jones et al. 2003) have only mentioned its existence or its resultant impacts. 

This study attempts to bridge this gap by analyzing the physical and dynamical 
mechanisms involved with both the expansion of the wind field and outward movement 
of the radial wind maximum during the transition process. One ET case, North Atlantic 
Tropical Cyclone Bonnie (1998), is modeled using the Pennsylvania State 
University/NCAR Mesoscale Model version 5 (MM5; Dudhia 1993) at 12km horizontal 
resolution. The evolution of the cyclone within the model output is found to be an 
accurate measure of reality when compared to the observed track and dynamical 
evolution of the cyclone. Analysis of the model output shows that the expansion of the 
wind field is brought about by the net import of absolute angular momentum from a 
midlatitude trough of low pressure along descending isentropic trajectories in the western 
semicircle of the cyclone. Export of absolute angular momentum in the outward branch 
of the secondary circulation in the eastern semicircle of the cyclone partially negates but 
does not balance the import to the west; thus a net import of momentum into the cyclone 
is seen.  Redistribution of momentum within the cyclone is accomplished through vertical 
pressure torques. The overall evolution is found to be consistent with that for a 
developing extratropical cyclone as shown by Johnson and Downey (1976). Net cooling 
(warming) inside (outside) of the radial wind maximum is shown to lead to the outward 
movement of this feature via a hydrostatic response in the radial height gradient, a 
response opposite to that seen with eyewall contraction (Shapiro and Willoughby 1982) 
yet consistent with the transition into a cold-core vortex. 

The observed results are used to formulate a conceptual model for the evolution 
of the wind field during ET. Implications toward the wind field evolution with other post-
ET structural evolutions, such as warm seclusion cyclones and those that remain cold 
core yet strengthen (e.g. Hart et al. 2006), are drawn in conjunction with the observed 
results. Related concepts of vertical wind shear and cyclone size are discussed as natural 
outgrowths of the wind field expansion process. 

 xiii

 



 

 

 

 

 

CHAPTER ONE 

 

 

INTRODUCTION 

 

 

 

 Extratropical transition (ET) is defined as the process by which an initially 

symmetric, warm-core tropical cyclone transforms into an asymmetric, cold-core 

extratropical cyclone. During the ET process, structural changes are noted within the 

cyclone, including the development of frontal structures; enhanced wave heights along 

the equatorward side of the cyclone; and asymmetric evolutions of the cloud, 

precipitation, and wind fields (Jones et al. 2003). The conceptual model of Klein et al. 

(2000) provides a concise depiction of these structural changes from an observational 

standpoint, while the cyclone phase space of Hart (2003) provides a means for analyzing 

and predicting such structural changes. Beyond a purely meteorological standpoint, ET is 

a topic of particular interest to society given that its impacts can be even more costly and 

deadly than a purely tropical or a purely extratropical cyclone and affect regions such as 

Japan, New England, and the Canadian Maritimes, regions that typically do not see such 

strong cyclones except during the winter months (Jones et al. 2003). 

In recent years, many advances have been made within the field to better 

understand the physical and dynamical processes involved with ET events, many of 

which are highlighted by the overview work of Jones et al. (2003). Despite this increased 

understanding, the evolution of the wind field – defined as the expansion of the extent of 

the strongest winds associated with the cyclones and the outward movement of the radius 

of maximum winds – has been the focus of comparatively little research. A review of the 

literature indicates only two works describing the wind field expansion during ET: the 

idealized modeling study of Ritchie and Elsberry (2001) analyzing its occurrence and the 

overview work of Jones et al. (2003) detailing its impacts. While it is a process known to 

occur and observed with every ET event, little is known about why the wind field actually 

expands, leaving the cause open to speculation. As a result, two informal theories have 

been proposed toward its occurrence: 1) a function of the outward movement of parcels 

of air away from the center of the cyclone and 2) a function of an increased Coriolis 

parameter and absolute vorticity conservation as the storm moves toward the poles.  

Unfortunately, neither accurately accounts for what is observed during ET. For 

parcels moving away from the center of a cyclone, conservation of absolute angular 

momentum dictates that they decay as an inverse function of radius squared, or 2−r , as 

they move to greater radii from the center (Holton 1992). However, unless inertially 

unstable, the radial wind profile typically associated with a tropical cyclone decays as a 

function of some exponent less than 2, e.g. Holland (1980), such that any outward 

movement of parcels away from the center of the cyclone will result solely in weakening 
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of the wind profile and not in expansion.  With regards to an increase in Coriolis 

parameter as storms move poleward, note that cyclones that move zonally during ET also 

experience an expansion in the wind field (e.g. Evans 2006), such that increasing Coriolis 

cannot represent the total forcing behind the expansion. Also, note that for absolute 

vorticity conservation to hold, the vorticity must far exceed the divergence (Carlson 

1998); this is not always the case in the midlatitude environment. Along these lines, it can 

be posited that the wind field expansion is a function of cyclone acceleration and 

movement into a region of stronger zonal wind velocities; however, cyclones that do not 

accelerate or that enter regions where the zonal wind does not change in velocity still 

experience a wind field expansion. More details about previous research and informal 

theories into the ET process plus research about structural evolutions found with purely 

tropical and extratropical cyclones are presented in Chapter 2. 

In an operational environment, the expansion of the wind field during ET is a 

matter of great importance, given the broad scale of its impacts, yet little forecast skill. 

While forecast models have improved in skill toward analyzing and predicting ET events, 

they still show little skill in predicting the wind field evolution, likely as a consequence 

of inaccurately depicting the fine-scale interactions between the midlatitude environment 

and the transitioning TC (Jones et al. 2003). Operational forecasts of the wind field 

expansion are thus made utilizing data from satellite-based (e.g. QuikSCAT) observing 

platforms and in situ ship and land observations and output from a relatively new wind 

radii component in the CLImatology and PERsistence (CLIPER; Neumann 1972) model. 

There is some skill noted with these forecasts (J. Beven 2006, personal communication), 

though not to the degree seen with purely tropical cyclone forecasts. An improved 

understanding of the factors influencing the wind field evolution thus offers the potential 

for better forecasts, leading to potentially less loss of life and property as a consequence 

of these events. 

The factors influencing the wind field expansion are thus the focus of this study. 

A mesoscale model, the Pennsylvania State University/NCAR Mesoscale Model version 

5 (MM5; Dudhia 1993) is used to simulate an ET event, North Atlantic Tropical Cyclone 

(TC) Bonnie (1998), during the transition process. This case was selected as being 

representative of the most general ET case: evolution into an asymmetric, cold-core 

vortex that gradually weakens after ET (Hart et al. 2006). Note that TC Bonnie largely 

moved zonally during ET, exhibited with no merger with another cyclone during or 

immediately after ET, and did not exhibit any redevelopment as either cold-core or 

warm-seclusion extratropical cyclones in its extratropical phase. Simulations are 

performed at 36km and 12km resolutions, deemed sufficient to detail the fine-scale 

interactions with the external environment occurring during ET, and each simulation is 

shown to reasonably represent the true evolution of the cyclone. Full details on regarding 

the simulations and the data employed in the study are presented in Chapter 3. 

The large scale diagnosis framework for this study is formulated from an 

isentropic, absolute angular momentum framework, in which the isentropic vertical 

coordinate and angular momentum are employed to diagnose the evolution of the 

cyclone’s wind field during ET. This follows from the analyses conducted with the 

development of an extratropical cyclone by Johnson and Downey (1975a, 1975b; 1976) 

and of a tropical cyclone by Krishnamurti et al. (2004). Trajectory analysis and a variety 

of meteorological parameters computed on the mesoscale within the environment of the 
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storm and on the synoptic-scale within the outer environment are employed to diagnose 

factors influencing the outer wind field evolution. Factors influencing the outward 

movement of the radius of maximum winds within the inner core of the cyclone are 

diagnosed utilizing the framework of Willoughby (1990) for the evolution of the radius 

of maximum winds within purely tropical cyclones. Qualitatively, the evolution of the 

outer wind field during ET is shown to be remarkably similar to that for a developing 

extratropical cyclone, while the movement of the radial wind maximum is shown to be a 

natural outgrowth of the evolution toward a cold-core vortex and the opposite of that seen 

for eyewall contraction. Full results and discussion toward this end are presented in 

Chapter 4. 

While only the most common post-ET evolution is highlighted here, the results 

and processes behind the expansion can be extended to other post-ET evolutions such as 

warm seclusion development (Shapiro and Keyser 1990) and cyclones that strengthen 

after ET. Such generalizations are drawn where appropriate in parallel with the observed 

evolution for the selected cold-core cases. Natural outgrowths of this study include the 

concepts of vertical wind shear versus the wind field expansion; cyclone size; and factors 

determining the radius of maximum winds within any cyclone. Preliminary hypotheses 

and results towards these matters are presented in Chapter 5. From the results, a 

conceptual model is developed to tie together all of the internal and external factors 

influencing the wind field evolution. Parallels to the conceptual model of Klein et al. 

(2000) are drawn and the timeline of the ET process presented in Jones et al. (2003) is 

modified to include the observed evolution of the wind field. The manner in which the 

wind field evolution occurs in conjunction with the observed external and internal factors 

influencing ET as a whole adds a measure of simplicity to the results, making the 

conceptual model and timeline ideal methods for depicting the changes seen in the 

cyclone’s wind field. Further discussion of such aspects of the evolution and the 

conceptual model itself are presented in the concluding discussion. 
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CHAPTER TWO 

 

 

PREVIOUS RESEARCH 

 

 

 

 Before delving into a discussion of what factors may influence the observed wind 

field expansion, it is useful to look to previous works for guidance. While little formal 

research has been performed on this topic to date, insight may be gained by analyzing 

related works covering extratropical and tropical cyclone structure as well as the 

extratropical transition problem as a whole. These three divisions form the basis for this 

review. Emphasis is placed upon structural features influencing the wind field or radial 

wind structures, whether directly or indirectly. 

 

 

2.1 Extratropical Cyclone Structure 

 

 

 Through the history of meteorology, the development of extratropical cyclones 

has been a topic of much research. Whether in terms of the Norwegian school cyclone 

model (e.g. Bjerknes 1921), the Shapiro-Keyser wave cyclone model (Shapiro and 

Keyser 1990), or through the utilization of potential vorticity principles (Hoskins et al. 

1985), theories upon the structures and evolutions of cyclones have been refined as new 

and better data sets become available and numerical modeling advances have been made. 

Building upon previous cyclone conceptualizations, the Shapiro-Keyser wave cyclone 

model (Shapiro and Keyser 1990) is most predominantly used today to characterize the 

evolution of extratropical cyclones. Their work comprises a review of the literature with 

regards to the structure and development of upper level fronts and case study and model 

analyses of the structure of surface cyclones. Frontal layers in their work are identified 

through discontinuities of horizontal temperature gradients, static stability, horizontal and 

vertical wind shears, and potential vorticity. 

 Previous research (Shapiro and Keyser 1990 and references therein) highlights the 

vertical structure of a front-jet system as featuring a slope rearward of the surface cyclone 

with increasing altitude that ultimately merges with the tropopause and is coincident with 

a jet streak aloft. The development of upper level fronts is characterized by a cross-front 

transverse circulation; this circulation is an apparent thermally indirect circulation, 

resulting from the displacement of a thermally direct circulation. This transverse 

circulation results out of cross-front horizontal wind shear acting on horizontal 

temperature gradients as well as cross-front confluence and is primarily characterized by 

strong sinking motions within and to the warm side of developing upper level fronts. The 
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net result is a frontogenetic situation and the direct transfer of kinetic energy (as derived 

from the environmental mean flow) into the system. 

 Low level frontal structure evolution is characterized by a four-step evolution, 

with some departures noted from the classical Norwegian cyclone evolution of Bjerknes 

(1921). Initially, cyclone formation occurs along a broad (approximately 400km in 

width), continuous frontal zone. Shortly thereafter, this frontal zone fractures near the 

center of the developing cyclone, coincident with the contraction of the horizontal 

temperature gradients to approximately 100km in width. As the cyclone develops, a “T-

bone” structure evolves as the cold front advances eastward in the narrowing warm sector 

and the warm front develops to the rear of the cyclone. This leads to frontogenesis within 

the northerly flow to the west of the surface cyclone in the cold polar air mass and the 

development of a “bent back” warm frontal structure. The final step of development is 

characterized by a cold frontal structure well ahead of the cyclone’s center and the 

encircling of the center by the bent back warm front and cold polar air mass, leading to 

“warm seclusion” development. These four steps are depicted schematically in Figure 

2.1. Note that the majority of extratropical cyclones do not develop into “warm 

seclusions;” instead, most undergo occlusion at the end of their lifespan, similar to the 

final stage of a cyclone’s lifespan in the Norwegian model (e.g. Bjerknes and Solberg 

1926). 

 However, the Shapiro-Keyser (1990) model of cyclone development only 

indirectly hints at the structure of air flow around a mature extratropical cyclone. The 

works of Browning (1999) and Carlson (1998; their Chapter 12) provide a companion 

look at these air flow structures that evolve as the cyclone develops. Four primary 

conveyor belts associated with the extratropical cyclone are analyzed (Browning 1999, 

their Figure 4). The first primary warm conveyor belt (W1) is characterized by moist air 

rising from lower to upper levels within the polar front cloud band and is often 

accompanied by a strong low-level jet and isentropic ascent over the cyclone’s warm 

front. The secondary warm conveyor belt, W2, is of limited length and consists of 

boundary layer air that approaches the center of the cyclone off of W1. This air ascends 

along the bent back warm front detailed by Shapiro and Keyser (1990) and is part of the 

ageostrophic transverse circulation found in the exit region of an upper level jet streak. It 

may be the primary mechanism by which warm seclusions develop, as speculated upon 

by Browning (1999). The cold conveyor belt (CCB) is found poleward of the cyclone’s 

warm front and flows rearward of the cyclone. It is also often associated with a strong 

low level jet and is largely comprised of air that rises along and fans out within the 

leading edge of the cyclone’s cloud shield. Finally, the last conveyor belt is found to the 

west of the cyclone and is dubbed the dry intrusion. It is characterized by dry air that 

descends from upper levels into the western half of the cyclone, resulting in the 

appearance of a dry slot on satellite imagery. In the dry slot, air ascends over a shallow 

moist zone associated with the secondary warm conveyor belt along the edge of the polar 

front cloud belt. Together, these four conveyor belts depict the entire flow of air around a 

mature mid-latitude cyclone; the development of these conveyor belts is not covered but 

is likely a natural outgrowth of the horizontal and vertical structure of the cyclone itself. 

Note that air streams such as these highlighted by Browning (1999) are known to take on 

slightly different characteristics than the idealized ones presented depending upon the 
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synoptic conditions. These various conveyor belts also imply redistribution of momentum 

into and out of the cyclone, as discussed next. 

 The development of extratropical cyclones may also be studied in terms of 

angular momentum, such as done by Johnson & Downey in their series of works 

(1975a,b; 1976). Specifically, they set out to answer the question of “what forces the 

transition of amplifying waves into cyclonic vortices with their maturation through the 

occlusion process?” proposed by Bjerknes et al. (1933). More generally, they aim to use 

the angular momentum transport into, within, and out of the cyclone to understand how it 

develops and ultimately occludes and dissipates. They employ this framework based 

upon the previous work of Starr (1953), who states that “one of the most primitive 

attributes of a cyclonic disturbance in the atmosphere is the fact that air particles involved 

in it possess angular momentum relative to the Earth about a vertical axis located in the 

vicinity of the center.” This work by Starr (1953) found that the buildup of angular 

momentum in a stationary volume during the development of an extratropical cyclone is 

mainly due to a positive eddy flux of momentum from the outer environment into the 

storm volume; the analysis developed by Johnson and Downey (1975a,b) improves upon 

this by removing storm motion as a consideration through the use of a quasi-LaGrangian 

coordinate axis. The quasi-LaGrangian axis is chosen so as to retain the space coordinates 

of an Eulerian system but account for a material parcel-following reference frame with 

the LaGrangian system, similar to Starr (1945). 

 Angular momentum is chosen as the marker for development by these studies for 

several reasons. One, arising out of mathematical relations such as Stokes’ theorem, the 

forcing of the vorticity and the circulation of a cyclone is strongly coupled to the forcing 

of angular momentum (Johnson and Downey 1975b). Secondly, as a result, a unique 

relationship between the absolute angular momentum and the tangential circulation exists 

whereby the tangential circulation is enhanced as momentum is imparted into the 

cyclone’s circulation. Thus, Johnson and Downey (1975b) state that the intensity of the 

tangential circulation is determined from the angular momentum principle and 

redistribution by the cyclone’s secondary circulation. This secondary circulation is a 

necessary feature of the developing extratropical cyclone as it provides the means for 

concentrating the imported angular momentum about the cyclone’s central axis. 

Furthermore, vortex development is noted to involve a net outward transport of mass and 

a net inward flux of angular momentum; as a consequence of this inward momentum 

flux, kinetic energy and vorticity increase with the convergence of angular momentum 

near the cyclone’s center during development (Johnson and Downey 1975a). This implies 

a shift from geostrophic toward gradient and, in cases of explosive development, 

cyclostrophic balance. 

Given that changes in angular momentum directly tie into the cyclone’s wind 

field, this makes the angular momentum perspective an ideal one for the study of the 

cyclone’s wind field evolution as well. Comments by Johnson and Downey (1975a) 

provide further insight into this by contrasting tropical cyclones and extratropical 

cyclones. In contrast to the axisymmetric tropical cyclone case where the mass, energy, 

and angular momentum budgets are easy to analyze and diagnose, uncertainties exist in 

these budgets with extratropical cyclones. These arise due to the asymmetric structure of 

the extratropical cyclone and in the intensity of the radially inward mechanisms of 

transfer, thus leading to an enhanced focus upon angular momentum as a marker of 
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cyclonic development. Also, the interaction with a tropical cyclone-like vortex with 

asymmetric forcing in midlatitude environments leads to the development of asymmetric 

features within the tropical cyclone (Johnson and Downey 1975b); this is a direct analog 

to the extratropical transition process. Given these points, their framework may be useful 

toward analyzing such changes in structure during transition. 

The framework developed by Johnson and Downey (1975a,b) for use in their 

study of an extratropical cyclone’s development (1976) is a quasi-LaGrangian diagnostic 

framework based upon budgets within the storm volume. Emphasis is placed upon 

properties essential to vortex formation within a wave cyclone regime (e.g. factors that 

cause the cyclone to mature and occlude), lateral transport from the environment into the 

cyclone, and vertical redistribution mechanisms within the cyclone itself. These are 

highlighted by the generalized budget equation for the coordinate system employed 

(Johnson and Downey 1975a, Eqn. 12). Note that the environment is distinguished from 

the cyclone volume itself by a fixed cyclone radius of 825km (Johnson and Downey 

1976). Azimuthal averaging is applied to the developed equation set, separating 

components into mean and eddy terms. Contributions to the meteorological fields are 

then split into contributions of the Earth (e.g. planetary vorticity) and those unique to the 

cyclone. The isentropic vertical coordinate is chosen for analysis given that the pressure 

torque, a means of redistributing material quantities between pressure levels, does not 

vanish within this system (Johnson and Downey 1975a). 

Out of the development of this framework, Johnson and Downey (1975a) show 

that lateral transport is only accomplished by the divergent wind within the mean mode of 

transport but by the full wind within the eddy mode of transport. The mean mode is 

coupled to vertical redistribution within the cyclone as well as local changes in material 

properties such as momentum. No mean mode exists at the boundaries of the storm 

volume, implying that transport from the outer environment into the cyclone is 

accomplished only through eddy mode covariances along the outer boundary. Lateral 

transport within the cyclone is found to be a function of internal heating, while vertical 

transport is found to be tied to latent heating within the center of the cyclone. More 

specifically, for cyclone development, the inward branch of the secondary circulation 

must impart more angular momentum than is lost in its outward branch, while this 

outward branch must export more mass than is brought into the cyclone by the inward 

branch. Thus, both inflow and outflow channels are needed within the cyclone with some 

vertical redistribution mechanism forced by diabatic heating necessary to connect the 

two. 

The basic framework of Johnson and Downey (1975a) is extended in their 

companion work (1975b) through the definition of the time rate of change of the absolute 

angular momentum of the cyclone as well as its budget. The former has components of 

pressure and viscous forces, gravity, and absolute storm motion; the latter has 

components of pressure and viscous stresses, gravity, inertial torques from translation, 

lateral transport, and vertical transport. These equations are analyzed for further insight 

into the physical processes they represent and then simplified for analysis with an actual 

case. Specifically, vertical transport may arise not just out of the vertical transport term in 

the budget formulation but also due to pressure stresses or torques found with an 

asymmetric vortex. These stresses arise from asymmetries in the potential temperature 

field (e.g. due to localized heating) found with an asymmetric extratropical cyclone and 
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generally vanish with a symmetric vortex (e.g. a tropical cyclone or an occluded 

extratropical cyclone). Tilting of isentropic surfaces further plays a role with the pressure 

torques by providing a mechanism by which vertical redistribution along isentropic 

surfaces may be realized. These pressure stresses and torques are coupled to geostrophic 

vorticity transport into and within the cyclone, providing a means by which the cyclone’s 

circulation can be enhanced. The interaction of the vortex with the large-scale 

environment during extratropical cyclone development is found to result from a 

conversion from the eddy mode of momentum transport to the mean mode of momentum 

transport. Stated differently, the mean mode dominates within the cyclone’s vortex 

whereas the eddy mode dominates outside of it.  

Equations for the time rate of change of azimuthally averaged angular momentum 

and its vertical component developed by Johnson and Downey (1975b) are then applied 

to an observed case of extratropical cyclogenesis in 1968 over the southern United States 

(Johnson and Downey 1976). Their results show that the mass circulation (also known as 

the secondary circulation) within the cyclone serves to transport momentum into, within, 

and out of the cyclone. This mass circulation is characterized by an increase in mass at 

low levels concordant with the import of cold polar air into the cyclone’s center from its 

western side, a loss of mass aloft, and a vertical branch maximized near the 315K 

isentropic level associated with latent heat release and the level of non-divergence. 

Angular momentum transport into the cyclone is maximized both at this 315K level as 

well as near the surface along the 290K isentropic surface. The time rate of change of 

momentum is found to be proportional to the time rate of change of the spatial 

distribution of mass and velocity within the cyclone. 

A buildup of momentum is noted at nearly all vertical levels during development 

with two distinct maxima, one near the surface and another found initially in the mid-

levels that moves upward to higher potential temperature levels as the cyclone matures 

and occludes. The buildup at low levels is shown to be tied to lateral transport by the 

mass circulation (accounting for about 20% of the total momentum transport within the 

cyclone), while that aloft is shown to be due to vertical redistribution in the core of the 

cyclone. Note that the mean mode of transport (e.g. that associated with the mass 

circulation) dominates at lower levels, while the eddy mode (e.g. that associated with the 

tilt of the circulation with height) dominates aloft. This also highlights the transition from 

vortex-like development at the surface toward a wave-like structure aloft. Pressure 

torques are shown to be a mechanism by which momentum is transported vertically, with 

negative torques found to decrease in altitude through time due to the import of cold air 

and positive torques found to increase in altitude through time as the cyclone occludes 

from the surface upward. Such torques are maximized near the 315K isentropic level, or 

that level at which angular momentum transport is maximized in the mid-levels of the 

storm, and serve as the primary mode to account for the upward development and 

occlusion of the vortex. On the whole, pressure torques account for about 30-40% of the 

momentum transport within the cyclone. The remainder is accounted through nominal 

vertical transport due to diabatic effects within the cyclone, such as by convection and 

localized heating. Note that both vertical redistribution mechanisms are important for the 

observed evolution of the momentum fields during cyclone development. These net 

contributions to cyclone development are highlighted by Figure 2.2. 
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Johnson and Downey (1976) summarize extratropical cyclone development and 

occlusion as follows: first, a buildup of angular momentum about a local storm axis 

occurs. An organized mass circulation develops, featuring both lateral and vertical 

transport, the latter of which is tied in part to diabatic heating. Momentum is carried 

inward by the lower-level inward branch of the mass circulation, where some is lost to 

friction and some is vertically redistributed by pressure torques and other vertical 

transport mechanisms tied to diabatic heating. Cyclogenesis is characterized by the net 

import of momentum. Continued vertical redistribution leads to the bottom-up occlusion 

of the cyclone, suppressing heating and thus terminating the vertical branch of the mass 

circulation. Momentum import ends, while frictional processes at the surface lead to the 

gradual decay of the cyclone (cyclolysis). Further, as the system occludes, isosurfaces of 

potential temperature and momentum become parallel to each other; given the material 

conservation of these quantities under such situations, the import (or export) of 

momentum is impossible. Note that their “bottom-up” characterization of occlusion is 

supported by its depiction in the cyclone phase space of Hart (2003). 

 

 

2.2 Tropical Cyclone Structure 

 

 

 Any discussion of tropical cyclone structure and development must first begin 

with an understanding of the factors influencing TC development and intensification. 

Current understanding highlights the work presented by Emanuel (1986) as the basis for 

understanding how TCs form and develop. Rather than previous theories suggesting that 

TCs develop in environments featuring abundant convective available potential energy 

(CAPE), this theory states that TCs form and develop due to self-induced heat transfer 

from the underlying ocean surface. This heat transfer comes from wind-induced fluxes of 

heat and moisture off of the ocean’s surface, with the cyclone’s secondary circulation 

transporting the resultant energy toward the center of the cyclone and, ultimately, aloft. 

Emanuel’s theory is based upon an ambient environment characterized by an atmosphere 

that is neutral to slantwise moist convection, implying that boundary layer air is neutrally 

buoyant when parcels are lifted along momentum surfaces (Emanuel 1983). This results 

in no environmental slantwise CAPE. The environment is said to be thermodynamically 

reversible and in hydrostatic and gradient wind balance.  

Results of experiments carried out using numerical models based upon this theory 

highlight that the transfer of heat greater than that associated with isothermal expansion is 

needed to sustain a TC, here brought about by an increase in relative humidity, and that 

there exists a unique relationship between the surface and outflow layer temperatures 

driving the intensity of the cyclone. This latter relationship is dubbed the efficiency of the 

system and is tied to Emanuel’s representation of the TC as a Carnot heat engine. At low 

levels, this heat engine is comprised of isothermal inflow near the surface, where 

saturated equivalent potential temperature and absolute angular momentum are not 

conserved due to diabatic sources of heat and moisture and frictional effects, respectively. 

In the center of the cyclone, moist adiabatic slantwise ascent while conserving absolute 

angular momentum occurs with moist adiabatic outflow occurring aloft where both 

saturated equivalent potential temperature and absolute angular momentum are 
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conserved. Aloft at outer radii, moist adiabatic descent over a short distance is found, 

quickly replaced with dry adiabatic descent toward the surface. TC intensification is 

viewed in this engine as proportional to the efficiency of the system with the secondary 

circulation serving as the catalyst for the distribution of heat and moisture within the 

system. 

While this is the most commonly accepted view of both TC development and 

intensification, an alternative yet complementary theory toward TC intensification has 

been set forth by Krishnamurti et al. (2004) based upon angular momentum principles. 

Specifically, they propose that a reservoir of high values of absolute angular momentum 

at outer radii of the TC’s circulation serves as the source region from which inflowing 

trajectories impart momentum into the TC’s circulation, ultimately modifying its 

intensity. Values of absolute angular momentum are noted to diminish along these 

inflowing trajectories due to frictional effects, pressure torques (akin to those noted by 

Johnson and Downey 1976), and cloud torques. The contribution of these cloud torques 

and related convective elements to TC intensification is quantified using scale interaction 

theory in wavenumber space. Their study used mesoscale modeling at high resolution (1-

27km) incorporating a vast array of aircraft data via data assimilation techniques to test 

their theories and highlight the factors at play with respect to the cloud torques. 

Results of the numerical simulations show that the role of the cloud torques is to 

deplete absolute angular momentum along inflowing trajectories. The means by which 

these inflowing trajectories are created are not accounted for within their study; however, 

they hypothesize that the cloud torques play a role in this development, suggesting that 

the organization of convection and a substantial radial (e.g. secondary) circulation are 

both necessary features of developing TCs. This naturally follows from the theory 

presented by Emanuel (1986). Cloud scales, often found at wavenumbers of 30-40 within 

the TC, are shown to lead to the upscale of eddy kinetic energy to the azimuthal mean 

(wavenumber zero) circulation. Heating near the center of the cyclone leads to the 

generation of available potential energy, highlighting the necessary role of TC-scale 

heating and cloud organization in modulating TC intensity. High wavenumbers – 

primarily one and two – serve to extract energy from wavenumber zero; the balance 

amongst all of these energy transfers is found to determine the ultimate intensity of the 

cyclone. This momentum-based perspective on TC formation and intensification provides 

a complimentary method to WISHE-based TC development, though a complete view 

incorporating thermodynamics (WISHE) and dynamics (momentum-based perspective) 

does not currently exist. 

The organization of heat and momentum sources within TCs, both developing and 

non-developing, has been shown to be a mechanism by which momentum is transported 

vertically by two complementary works, Shapiro and Willoughby (1982) and Willoughby 

(1990). The former work, Shapiro and Willoughby (1982), diagnosed the symmetric 

response of TCs to point sources of heat and momentum with both barotropically- and 

baroclinically-structured vortices. The means of diagnosis employed within this study – 

and also within the Willoughby (1990) study – is that of Sawyer-Eliassen non-linear 

balance as derived from thermodynamic principles and the gradient wind balance 

equation. Influences upon the TC in this framework come from inertial and buoyancy-

driven stability forces and, for non-barotropic vortices, baroclinic effects. 
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Analysis of the conditions imposed by Sawyer-Eliassen non-linear balance 

highlights the responses in the flow field to point sources of heat and momentum. 

Specifically, heat sources (sinks) induce upward (downward) flow along surfaces of 

constant angular momentum, while momentum sources (sinks) induce radially outward 

(inward) flow along surface of constant potential temperature. Note that the symmetric 

response of a TC to a given heat source is found to depend solely upon the character of 

the source and the initial intensity of the cyclone and not upon its horizontal scale. 

Utilizing numerical solutions to the Sawyer-Eliassen non-linear balance equation, both 

heat and momentum sources are shown to intensify the vortex, whether barotropic or 

baroclinic in nature. Most importantly, the radius of maximum winds is noted to move 

inward as the vortex intensifies. This inward movement occurs as the vortex intensifies at 

all radii via a response to a momentum source, but only near the eyewall via a response to 

a heat source. The net effect is that of a sharper radial wind profile and a contracting 

radius of maximum winds. A relatively slow response to the forcing is noted with a 

barotropic vortex; the timing and the magnitude of the response is much faster and larger 

with a baroclinic vortex due to the natural tilt of the vortex at inner radii along surfaces of 

constant angular momentum. In both cases, the magnitude of the vortex’s response to the 

heat or momentum forcing is dependant upon the initial structure of the vortex, as 

highlighted by the Rossby radius of deformation; less organized cyclones have greater 

Rossby radii, leading to a weaker response. 

The aforementioned response of the radius of maximum winds and, on a broader 

scale, that of the cyclone’s wind field, results from the vortex’s response to heating 

within the radius of maximum winds. Specifically, this heating leads to a tightening of 

the radial height gradient and acceleration of the cyclone’s wind field through the 

pressure-height relationship and gradient wind balance. Both heat and momentum 

sources are found to contribute approximately equally to the intensification and structural 

evolution of the TC-like vortex. 

Willoughby (1990) extends upon this work using actual TCs rather than idealized 

vortices to quantify their results and apply Sawyer-Eliassen non-linear balance toward 

explaining the convective ring model for TC intensification. The manner in which 

gradient wind balance is used to derive the formulation of Sawyer-Eliassen non-linear 

balance used in this work implies that the greatest isobaric height falls must occur inside 

of the radius of maximum winds, leading to radial height fall gradients sustaining TC 

intensification. Differences arise in the response of non-developing TCs, normal 

hurricane-intensity TCs, and major hurricanes in terms of their response to convective 

heating. An organized convective ring is noted to be necessary for the cyclone to evolve 

as predicted by Sawyer-Eliassen non-linear balance; a second one at outer radii can lead 

to the development of a secondary eyewall and the onset of an eyewall replacement 

cycle. Nevertheless, for an organized TC, Shapiro and Willoughby (1982) and 

Willoughby (1990) show that Sawyer-Eliassen balance holds important implications 

toward the modulation of the inner core radial wind maximum and overall TC radial wind 

profile. 

Little study has been performed into factors influencing the evolution of the TC 

wind field, other than these aforementioned symmetric intensification theories. However, 

Kimball and Mulekar (2004) touch upon this subject in their climatology of North 

Atlantic tropical basin TC size parameters, discussing evolutions of the wind field as 
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functions of intensity and location within the basin. As part of this analysis, they look at 

the radius of maximum winds (RMW) as well as the radii of gale-force, storm-force, and 

hurricane-force winds, dubbed R17, R26, and R33 respectively. They find that the RMW 

decreases with increasing cyclone intensity, with median distances of 55.5km for a 

tropical storm and 27.8km for a Saffir-Simpson Category 5 hurricane. This is explained 

as a function of the symmetric development outlined by Willoughby (1990) and others. 

For cyclones entering higher latitude regions (e.g. north of 40°N), median values in the 

extent of storm- and hurricane-force winds are noted to decrease, but the extent of gale-

force winds increases, suggesting an expansion in the wind field with increasing latitude. 

The causes behind this expansion are not discussed, however. Differences in terms of the 

various wind radius parameters as a function of intensity are chronicled, with the 

cyclone’s outer wind field accelerating as the cyclone intensifies to Saffir-Simpson 

Category 3 status but weakening in areal extent thereafter and the cyclone’s radius of 

maximum winds significantly contracting as the storm intensifies. These results lead the 

authors to conclude that the inner and outer wind fields of a TC behave independently of 

one another, concordant with the evolution of balance at various radii within the system.  

 

 

2.3 Extratropical Transition 

 

 

 Extratropical transition is the process by which an initially symmetric, vertically 

deep, warm core tropical cyclone acquires the characteristics of asymmetric, cold core 

extratropical cyclones. While different means of characterizing ET exist, some of which 

are described in detail below, there is no commonly accepted definition of ET. To date, 

the most comprehensive overview of the ET process and best attempt at developing such 

a definition is found in the compendium work of Jones et al. (2003). This work 

summarizes the current understanding of ET, including its characteristics, physical 

evolution, and impacts upon meteorology and society. The impetus for their work is 

provided by the statements that ET events oftentimes bring TC-like impacts to higher 

latitude regions that do not normally see such impacts in summer and fall seasons and 

that the ET process brings about a high degree of uncertainty in forecasting due to rapid 

cyclone motion and the inability to reliably forecast cyclone structure. 

 Characteristics of the ET process, as noted by Jones et al. (2003), are threefold in 

nature: those of the environment into which the TC moves, changes this environment 

brings about within the TC, and the societal impacts transitioning systems bring to 

various regions. Changes in the environment into which the TC moves are characterized 

primarily by increased baroclinicity, increased vertical wind shear, meridional humidity 

gradients, decreasing sea surface temperatures, strong sea surface temperature gradients, 

an increased Coriolis parameter, and potential impacts from land and mid-latitude 

troughs. Upon the transitioning TC, these environmental factors result in asymmetric 

cloud fields, expansive and asymmetric wind and precipitation structures, and the 

generation of large ocean waves and swell. Transitioning TCs can bring about locally 

heavy precipitation and loss of life, high winds (particularly during transition or in a 

reintensification stage after transition), and bush fires (confined to western Australia). 
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 From these impacts, Jones et al. (2003) detail the forecast challenges and impacts 

brought about by ET events. Solely due to the increased translational speed of the 

cyclone brought about by strong westerlies in the mid-latitudes, track forecasting is quite 

a challenge operationally, in terms of both an uncertainty in where the cyclone will be 

located and from a reduced lead-time for warning of such events. Intensity forecasts are 

hindered due to uncertainties in the interaction of the TC with the mid-latitude 

environment during ET as well as with respect to the post-transition evolution of the 

cyclone. Similarly, the expansion and developing asymmetric nature of the wind field 

during ET is often poorly forecast, as little is known about the mechanisms driving its 

evolution. Precipitation forecasts are hindered by the expanse of the precipitation shield 

during ET as well as potential impacts of orography upon the cyclone’s precipitation 

structures. In Australia, hot, dry winds entrained into the circulation of a transitioning 

cyclone can lead to an enhancement of bush fires over the western half of the continent. 

Much is unknown with respect to the ocean’s response to an ET event, primarily in terms 

of the wave fields and potential for trapped fetch waves. Ultimately, all of these forecast 

issues can be tied to the troubles of numerical weather prediction schemes with depicting 

and forecasting the ET process. The ability to forecast an ET event correctly is inherently 

tied to the timing and scope of the interaction of the TC with the mid-latitude 

environment; given that forecast models struggle with this aspect, they struggle with the 

other structural evolutions as well. Thus, an ET event is said to generally compromise 

forecast skill across an entire basin. 

 An overview of the physical understanding of ET is presented to extend upon 

these forecast challenges and impacts, discussing impacts of vertical wind shear, trough 

interaction, latent heat release, the underlying surface, frontogenesis, precipitation 

structures, and cyclone energetics. Vertical wind shear acts upon the cyclone to result in 

the decay of its upper-level structure and bring about an environment favorable for 

baroclinic growth. This vertical wind shear is often brought about by interaction with a 

mid-latitude trough, noted to be much larger in scope and intensity than that found with 

trough-aided TC intensification. Features associated with the mid-latitude trough, 

including jet dynamics and the role of the trough in extratropical cyclogenesis, are noted 

to play a key role in the ET process as well. Latent heat release and moist processes play 

a role in modulating the precipitation fields associated with the transitioning cyclone, 

while the loss of heat fluxes from the underlying surface results in an overall weakening 

of the cyclone during ET. Finally, frontogenetic processes play an important role in 

modulating the overall structure – specifically, the precipitation structures – of the 

transitioning TC. Warm frontogenesis is relatively vigorous to the north of the cyclone, 

resulting in isentropic lift and a large expanse of shallow precipitation in this region, 

while cold frontogenesis is suppressed by strong descent on the western side of the 

cyclone. Figure 2.3 concisely brings together the characteristics, forecast challenges, and 

physical understanding of an ET event, depicting the natural progression of the impacts 

of the mid-latitude environment upon the TC through time during the ET process. 

 This overview may be extended into a conceptual model of the ET process, as 

done by Klein et al. (2000). Previous research identified by this work drew distinctions 

between different evolutions of the interactions between tropical cyclones and the mid-

latitude environment into which they are translating; Klein et al. (2000) extend upon 

these works by bringing together satellite observations and data from numerical models 
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to provide a comprehensive understanding of the evolutions observed during ET, 

developing a conceptual model of the transformation stage of ET from analyses of 

northwest Pacific basin tropical cyclones. This transformation stage is defined at its 

commencement as the time when an asymmetric appearance with little deep convection 

in the cyclone’s western quadrant in satellite imagery is noted and the TC begins to 

impinge upon a mid-latitude baroclinic zone, and at its end by a baroclinic appearance in 

satellite imagery and in numerical model analyses and when the cyclone is embedded in a 

cold, descending air mass. At this ending time, the cyclone is said to have taken on 

baroclinic characteristics, with air flow similar to that of Browning (1999) and a structure 

placing it somewhere between steps two and three of the Shapiro and Keyser (1990) 

model. 

 Their conceptual model is based upon three identifiable phases within the 

transformation stage of ET. The first phase is characterized by a marked decrease in deep 

cloudiness and rainbands outside the inner core in the western quadrant, resulting in an 

asymmetric appearance in the cloud and deep convection fields. Dry slots appear between 

rainbands in the southern quadrant of the cyclone with cloudiness there reduced in extent 

compared to the eastern and northern quadrants. The second phase is characterized by the 

termination of deep convection in the southern quadrant and its weakening in the eastern 

quadrant, with a large area of multilayer cloud and embedded deep convection appearing 

in the northern and extending to the western quadrants. A cirrus shield develops to the 

northeast of the cyclone implying confluence between the cyclone’s outflow and the 

polar jet. Finally, the third phase is characterized by the erosion of inner core deep 

convection and the TC eyewall, particularly on the western side of the cyclone, the lack 

of deep convection throughout the cyclone except in the aforementioned multilayer cloud 

region, and cloud patterns that imply warm frontogenesis and a lack of cold 

frontogenesis. At the end of this third phase, the cyclone is said to have completed the 

transformation stage of ET. 

 Extending upon these analyses of satellite imagery, the synoptic patterns 

associated with each phase of the transformation stage are analyzed to complete the 

conceptual model, as depicted in Figure 2.4. In the first phase of the transformation stage 

(Figure 2.4, top panel), cold, dry environmental air flows equatorward on the western 

side of the cyclone, eroding deep convection as it does so. As this air modifies over 

relatively warm sea surface temperatures, the resultant instability may lead to the 

development of extensive stratocumulus in the western quadrant. The warm core of the 

transitioning TC is maintained as warm, moist environmental air flows poleward to the 

east of the cyclone. This flow turns cyclonically and interacts with the requisite baroclinic 

zone to the north of the cyclone to lead to isentropic ascent over tilted isentropes. 

Environmental vertical wind shear impinging upon the cyclone leads to the development 

of a cirrus shield downstream of the TC. 

 Phase two of the transformation stage (Figure 2.4, middle panel) commences once 

the cyclone is located just equatorward of the mid-latitude baroclinic zone. Cyclonic 

rotation of this baroclinic zone induced by cyclonic flow around the TC plus the 

continuing development of the cold and warm conveyor belts first noted in phase one 

leads to a dipole in environmental temperature advection. Isentropic ascent continues 

poleward of the cyclone as warm, moist air continues to rise over the baroclinic zone. 

After ascending, some parcels continue turn cyclonically around the cyclone and descend 
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in the western quadrant of the transitioning TC; this descent is presumed to be dry 

adiabatic in nature and part of a subsiding branch of a vertical motion dipole (with rising 

motion found to the east of the cyclone). Meanwhile, other ascended parcels turn 

anticyclonically and are drawn away from the cyclone in a development confluent region 

as the cyclone’s outflow aloft becomes confluent with the polar jet.  

The final phase of the transformation stage (Figure 2.4, lower panel) is 

characterized by the culmination of the physical evolutions denoted in phase two. 

Increasing vertical wind shear continues to advect the remnants of the upper-level TC 

warm core downstream, while presumed dry adiabatic descent to the west of the cyclone 

weakens the inner core convection of the TC and leads to eyewall erosion. Klein et al. 

(2000) verify this conceptual model using numerical analyses of two cases of ET in the 

northwest Pacific, showing good agreement between observations and the model, and 

extend upon it to depict how the model can be used to distinguish between cyclones that 

reintensify (in the so-called reintensification stage) and those that decay after ET. 

Differences between these two composites appear primarily between phases two and 

three of the transformation stage, where a cyclone that decays after ET does not continue 

to constructively interact with the baroclinic zone and polar jet, leading to its ultimate 

weakening in a region of strong vertical shear and cold sea surface temperatures. 

An alternative definition of the synoptic features associated with post-transition 

decaying cyclones plus depictions of the synoptic features associated with other post-

transition evolutions (warm vs. cold core, strengthening vs. decaying cyclones) are 

presented by Hart et al. (2006). Before discussing the results of this study, however, it is 

beneficial to note that it uses a slightly different method for determining the onset and 

completion of ET from that used by Klein et al. (2000). This definition is based upon the 

concepts of thermal structure and asymmetry within the cyclone, as developed by Hart 

(2003) and applied to ET by Evans and Hart (2003), and is referred to as the cyclone 

phase space (CPS). The start of ET is based upon developing thermal asymmetries across 

the cyclone (termed “B”), defined by the difference in the storm-relative 500km mean 

900-600hPa thickness fields between the right and left sides of motion; the critical 

threshold for this value is deemed to be when B is equal to or greater than 10m. Both 

Hart (2003) and Evans and Hart (2003) provide qualitative examples of why this 

threshold value is viable. The end of ET is determined by the point where the lower-level 

thermal wind structure of the cyclone (here determined to be 900-600hPa) indicates a 

cold-core cyclone, e.g. negative values of the thermal wind. A variety of cyclonic 

structures, both tropical (Evans and Hart 2003) and extratropical (Hart 2003), have been 

examined within this CPS, judging it to be an accurate, concise, and objective manner in 

which cyclone structures and transitions between different cyclone structures can be 

represented and identified. 

Using these definitions, Hart et al. (2006) develop composites of the ET process 

as a whole as well as the factors that distinguish deepening versus decaying and warm 

seclusion versus cold core cyclone evolutions after transition. The mean evolution of a 

cyclone during ET is characterized by a cold core evolution followed by the ultimate 

decay of the cyclone. A peak in the intensity of the cyclone is noted approximately one 

day before transition for the tropical phase and two to three days after transition for the 

extratropical phase. Synoptically, the cyclone approaches a mid-latitude trough of low 

pressure, ultimately merging with it within one day of completing transition. The decay 
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of the lower-level equivalent potential temperature maximum during ET is noted, though 

it does serve to enhance the localized Eady baroclinic growth rate of the environment as 

it does so, leading to decreased static stability and a deeper mid-latitude trough. Potential 

vorticity fields capture this evolution as well. Eliassen-Palm flux diagnostics (e.g. 

Molinari et al. 1995) highlight the approach of a mid-latitude trough of low pressure, with 

forcing largely driven by eddy momentum fluxes instead of eddy heat fluxes. Hart et al. 

(2006) draw upon these observations and the theory developed by Molinari et al. (1995) 

to argue that the transition of the thermal structure of the cyclone from warm to cold core 

during ET is a result of adiabatic cooling within the core of the cyclone. This cooling 

results from mechanisms serving to restore the thermal wind balance destroyed due to the 

impacts of the eddy momentum flux forcing. Supporting observations to this hypothesis 

come in the form of synoptic analyses that show that the cyclone remains well-removed 

from the mid-latitude trough as it completes ET, while the majority of the colder 

environmental air has not reached the core of the cyclone at this time. 

Similar diagnoses are performed to highlight the different synoptic influences 

upon each possible post-transition evolution. Between cyclones that intensify post-ET 

and those that decay, the most striking difference is that of the orientation of the mid-

latitude trough at 500hPa; intensifying systems are favored after interactions with 

negatively tilted troughs that favor the closer approach of the TC to the trough feature. 

Stronger and more expansive low-level equivalent potential temperature fields are noted 

with the intensifying cyclone, whereas the decaying cyclone is more isolated from the 

tropical environment. There exists a greater magnitude of eddy momentum flux forcing 

for intensifying cyclones, largely due to the closer approach of the cyclone to the 

negatively tilted trough. Similarly, warm seclusion development is favored over the 

typical cold core development when the scale of the mid-latitude trough narrows to more 

closely match that of the transitioning cyclone as it approaches the storm. This is a 

similar evolution to that seen with trough interaction-induced TC intensification 

(Molinari et al. 1995). The results for each of these composites are further shown to be 

statistically significant to the 75% level, with many features significant to greater than 

90% confidence. 

To date, most research into ET – such as that highlighted above – has focused 

upon the large-scale impacts upon the cyclone as well as its impacts upon the large-scale 

flow. Little research has been performed into some – but not all – of the mesoscale 

evolutions occurring within the cyclone as it transitions. As previously noted, the focus of 

this work is upon the wind field evolution associated with the ET process. Thus far, no 

research has been performed into the dynamics associated with this evolution; largely, 

only informal theories have been presented, as highlighted in Section 1, yet these do not 

accurately depict the observed evolution of the wind field. Nevertheless, the simulations 

performed by Ritchie and Elsberry (2001) to provide further insight and validation into 

the conceptual model of Klein et al. (2000) do provide some initial background for 

comparison toward the observed wind field evolution. Using the aforementioned three 

phase evolution of the transformation stage from Klein et al. (2000), they note that only 

weakening of the radial wind maximum – and no expansion – is noted during the first 

phase; this is believed to be due to the lack of interaction with a mid-latitude trough of 

low pressure during this early stage of transition. This implies that the inner core changes 

in structure are largely influenced by asymmetries in the convection fields due to lower 
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sea surface temperatures and that these factors alone cannot bring about an expansion of 

the wind field. Curiously, no discussion of the wind field evolution is noted for phase 

two, while discussion for the final phase of transformation is limited to an azimuthally 

averaged wind profile. At the completion of ET, no identifiable wind field expansion is 

noted in their idealized case; only weakening of the overall vortex is noted. This could be 

due to the lack of interaction of the idealized cyclone with a true mid-latitude trough 

feature during phases two and three of transition, as noted in their discussion of the 

comparisons to the conceptual model of Klein et al. (2000). Nevertheless, as clearly 

shown by their work, much remains unknown with respect to the factors influencing the 

wind field evolution during ET. 
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Figure 2.1: Four step extratropical cyclone evolution as proposed by Shapiro and Keyser 

(1990; their Figure 10.27). Figure caption: “The life cycle of the marine extratropical 

frontal cyclone: (I) incipient frontal cyclone; (II) frontal fracture; (III) bent-back warm 

front and frontal T-bone; (IV) warm-core frontal seclusion. Upper: sea-level pressure, 

solid lines; fronts, bold lines; and cloud signature, shaded. Lower: temperature, solid 

lines; cold and warm air currents, solid and dashed arrows, respectively.” 
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Figure 2.2: Adapted from Johnson and Downey (1976; their Figure 9). Caption: 

“Schematic summary of features of the absolute angular momentum budget.” 
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Figure 2.3: Conceptual model of the ET lifecycle as presented by Jones et al. (2003) in 

their Figure 11. Caption: “A two-stage classification of extratropical transition based on 

the classification of Klein et al. (2000). The onset and completion times correspond to the 

definitions of Evans and Hart (2003). The ‘tropical’ and ‘extratropical’ labels indicate 

approximately how the system would be regarded by an operational forecast center.” 
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Figure 2.4: Conceptual model of ET presented by Klein et al. (2000) in their Figure 5. 

Caption: “Conceptual model of transformation stage of ET in the western North Pacific, 

with labeled areas as follows: 1) environmental equatorward flow of cooler, drier air 

(with corresponding open cell cumulus); 2) decreased tropical cyclone convection in the 

western quadrant (with corresponding dry slot) in step 1, which extends throughout the 

southern quadrant in steps 2 and 3; 3) environmental poleward flow of warm, moist air is 

ingested into tropical cyclone circulation, which maintains convection in the eastern 

quadrant and results in an asymmetric distribution of clouds and precipitation in steps 1 

and 2; steps 2 and 3 also feature a southerly jet that ascends tilted isentropic surfaces; 4) 

ascent of warm, moist inflow over tilted isentropic surfaces associated with baroclinic 

zone (dashed line) in middle and lower panels; 5) ascent (undercut by dry-adiabatic 

descent) that produces cloudbands wrapping westward and equatorward around the storm 

center; dry-adiabatic descent occurs close enough to the circulation center to produce 

erosion of eyewall convection in step 3; 6) cirrus shield with a sharp cloud edge if 

confluent with polar jet.” 
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CHAPTER THREE 

 

 

DATA AND METHODS 

 

 

 

 In order to conduct experiments toward better understanding the wind field 

evolution, an analysis framework must first be established. Integral to this framework are 

details of how the wind field evolution is analyzed (e.g. case study, theoretical analysis), 

what analysis tools and data are used (e.g. observational data, model output), and the 

manner in which the data themselves are analyzed (e.g. observationally, dynamically). 

For this work, a case study analysis is selected to provide the basis for more theoretical 

discussion of the processes involved in the observed evolution. Given a lack of in situ 

observations associated with transitioning tropical cyclones, a numerical modeling study 

was selected as the best means of representing cyclones undergoing ET. Ultimately, a 

dynamically-based observational framework, where dynamic properties are used to 

understand the observations, is chosen for analysis of the model results. Descriptions of 

each of these follow. 

 

 

3.1 Case Selection 

 

 

 Toward selecting appropriate cases for analysis, several specific cyclone and 

environmental traits are desired. Several distinct structural evolutions for TCs after ET 

exist (Hart et al. 2006), notable amongst these being both the distinction between 

intensifying and decaying cyclones and the distinction between cyclones that remain cold 

core and those that redevelop a lower-level warm core (termed a warm seclusion). The 

most general of these is that of a TC transforming into a deep, asymmetric cold-core 

vortex, found by Hart et al. (2006) to represent approximately 75% of 1998-2003 North 

Atlantic ET events. Thus, to best represent the processes at play for the majority of ET 

events, cases are desired that exhibit such a cold-core evolution. These are diagnosed 

using global model analysis data in the cyclone phase space (CPS) of Hart (2003). For 

simplicity, instances of cyclones that weaken after ET are desired over those that re-

intensify. Similarly, cyclones that remain unique entities after ET, where the cyclone 

does not merge with another larger extratropical cyclone during or just after ET, are 

desired so as to highlight the direct contributions to the cyclone’s wind field expansion 

rather than to the development or merger of two interacting cyclones. To minimize any 

potential influences from land or orography, cyclones that remain substantially off-shore 

during ET are desired. While such influences are important for potential impacts from 
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other aspects of the ET lifecycle (e.g. locally enhanced precipitation; DiMego and Bosart 

1982), they are not likely to play a role in the wind field expansion and are more likely to 

play a complicating role in any analysis. No preference is noted for the basin in which the 

cyclone took place, while cyclones occurring in 1998 or later are desired toward 

improving cyclone representation in the numerical model for purposes of the numerical 

modeling analyses described in Section 3.2. 

 As a consequence of these factors, seven candidates in the time span from 1998-

2004 are identified for further analysis. These cyclones, all occurring within the North 

Atlantic Ocean, include Bonnie (1998), Ivan (1998), Jeanne (1998), Isaac (2000), Erin 

(2001), Fabian (2003), and Alex (2004). To eliminate several of these cases from 

consideration, synoptic fields from operational analyses of the National Centers for 

Environmental Prediction (NCEP) Aviation (AVN/GFS) global forecast model 

(Kanamitsu 1989) are analyzed during ET for each of these cases. Analyzed fields 

include convectional analyses of station pressure and geopotential height fields and more 

advanced analyses of parameters such as potential vorticity and absolute angular 

momentum. 

 Out of these analyses, a single case meeting all of the criteria outlined above is 

selected: Bonnie (1998). TC Bonnie (Pasch et al. 2001) was a long-lived tropical cyclone 

that reached major hurricane intensity east of the Bahamas, ultimately making landfall 

along the North Carolina coastline on 26 August 1998. While inland, Bonnie briefly 

weakened to tropical storm intensity before regaining hurricane intensity after re-

emerging off of the North Carolina coastline on 27 August 1998. Bonnie began to 

accelerate to the east-northeast across the North Atlantic on 28 August 1998, 

commencing ET late that day and ultimately completing ET (per both the NHC and CPS) 

around 1200 UTC 30 August 1998. Post-transition, Bonnie continued to move eastward 

and gradually began to weaken, ultimately dissipating near Spain on 3 September 1998. 

The complete track of Bonnie as a tropical cyclone is shown in Figure 3.1. 

 

 

3.2 Simulation Methods 

 

 

 With a case selected for analysis, the focus now turns to the means in which the 

cyclone is actually analyzed. Unfortunately, reconnaissance flights into tropical cyclones 

in the North Atlantic typically cease once the storm is no longer a threat to land (or do not 

commence at all, in the case for storms that always remain far from land). This lack of 

direct observations within storms undergoing ET – to date only one documented 

example, TC Michael (2000; Abraham et al. 2004), has been studied directly in this 

manner – results in an inability to use conventional meteorological observations to 

understand the wind field evolution. While it would be ideal to use the data from Michael 

to conduct an analysis, it unfortunately does not meet the criteria of a purely cold core ET 

evolution (CPS 2006). As a result, numerical modeling studies, both idealized and case 

study-based in nature, are deemed as the best analysis method for this problem. To better 

highlight how the wind field evolution occurs in nature with actual storms, case study 

simulations utilizing this case are selected as the means of analysis, fitting the results 

from these simulations to theory instead of the other way around. 
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 Toward this end, the Pennsylvania State University/National Center for 

Atmospheric Research Mesoscale Model version 5 (MM5; Dudhia 1993) is used to 

perform numerical simulations. The MM5 is a fully compressible, non-hydrostatic 

regional model capable of analyzing and forecasting atmospheric features on both 

synoptic- and meso- scales, whether tropical or extratropical in nature. Numerous user-

selected parameters are available within model setup and initialization, allowing for 

forecasts to be tailored to the specific situation desired by the user. Parameters generally 

suited for tropical cyclone and mid-latitude synoptic analysis and forecasting are selected 

for the simulations to follow and are briefly described below. 

 For this case, an initial five-day forecast at a relatively coarse horizontal 

resolution of 36km is performed centered on the time that the cyclone began to undergo 

ET. For Bonnie, this results in a model analysis period of 1200 UTC 26 August 1998 to 

1200 UTC 31 August 1998. The domain for the coarse simulation of TC Bonnie is 

depicted in Figure 3.2(a). Boundary and initial conditions for this model forecast are 

provided by operational analyses on twelve-hourly intervals at 1° horizontal resolution 

from the Navy Operational Global Atmospheric Prediction System (NOGAPS; Hogan 

and Rosmond 1991). The use of the NOGAPS analyses for simulation initial and 

boundary conditions arises out of rather poor representations of the cyclone, its 

environment, and its track with initial simulations performed utilizing the AVN analyses 

for simulation initial and boundary conditions. The Kain-Fritsch (Kain and Fritsch 1993) 

convective parameterization scheme is used in lieu of one more conducive to tropical 

development, the Betts-Miller scheme (e.g. Betts 1986), owing to overdevelopment of the 

incipient cyclone within simulations utilizing the latter scheme. Full details of the model 

parameters selected for the case are presented in Table 3.1.  

The coarse mesh simulation output is used as the boundary and initial conditions 

for a fine mesh simulation at 12km horizontal resolution. This simulation focuses on the 

time period of ET and thereafter, lasting three days in length. For Bonnie, this results in a 

model analysis period of 1200 UTC 28 August 1998 to 1200 UTC 31 August 1998. The 

domain for this simulation is depicted in Figures 3.2(b), while the model parameters 

selected for the fine mesh run are detailed in Table 3.2. To a reasonable degree of 

accuracy, the output from the 12km simulation is found to match that observed in reality, 

of which National Hurricane Center best-track intensities and positions and geostationary 

satellite imagery are used to make this designation. A full discussion of model 

verification is presented in section 4.1. Data from both the 36km coarse mesh and the 

12km fine mesh are pre-projected onto a Lambert conic conformal grid by the MM5 post-

processor and implied interpolation is applied to these data upon their analysis. The data 

from the 12km model simulations are used as the basis for the synoptic and dynamic 

analysis to follow. 

 

 

3.3 Analysis Framework 

 

 

 Given that so little previous research has focused upon the causes of the observed 

wind field expansion, precisely defining an analysis methodology is somewhat more 

difficult. However, dynamical aspects of the extratropical transition process itself can be 
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utilized to accomplish this task. It is known that the ET process generally brings about a 

change in the wind field balance as the cyclone weakens and the wind field expands, 

from cyclostrophic or strong gradient flow toward weaker gradient or geostrophic flow. 

Furthermore, though this subject is not yet well-understood and requires further research, 

a change is likely seen in the conservation quantities within the cyclone from angular 

momentum, noted with strong cyclonic rotation, to potential or equivalent potential 

temperature, noted with relatively weakly curved adiabatic and diabatic motions, 

respectively, and commonly found in the midlatitudes. Using these qualities, appropriate 

diagnostics can be developed and analyzed to get a marker for the factors influencing the 

evolution of the wind field during ET. 

 As a consequence, an angular momentum approach is applied toward 

understanding the wind field expansion. Angular momentum is a unique property solely 

dependant upon the velocity of the wind and the distance from the center of the cyclone, 

making it an effective tracer of the evolution of the wind field. The isentropic vertical 

coordinate is selected within this approach to better depict the evolution of parcels along 

trajectories entering and exiting the cyclone from or to the midlatitude environment. Note 

that this isentropic, angular momentum framework is similar to that employed by 

Johnson and Downey (1975a,b; 1976) with their analysis of the development of an 

extratropical cyclone and Krishnamurti et al. (2004) with the development of a tropical 

cyclone. This is a desired quality given that the transformation of the cyclone during ET 

necessarily involves some mechanisms of development or occlusion of the cyclone once 

it has become extratropical (e.g. Hart and Evans 2001); otherwise, the cyclone would 

merely weaken in an environment unfavorable for TC maintenance or development. Most 

calculations and analyses are performed in a Cartesian framework along the path of the 

cyclone except where otherwise noted; note that while this framework does not explicitly 

use storm-relative wind fields, the use of such a system is implied within the azimuthally 

averaged fields constructed within the analysis. Such azimuthally averaged fields are 

obtained at a radial resolution of 20km out to 1000km radius. 

Conventional and non-conventional meteorological quantities are computed 

within this framework to highlight the specific causes of the observed evolution within 

both the inner and outer core of the cyclone; these are described as they are utilized in the 

discussion of the results that follows. Such quantities are selected based upon several 

criteria, including applications toward purely tropical or extratropical development; their 

use as markers of trough interaction or ET evolution; and their relevance toward 

highlighting internal factors influencing the location of the radial wind maximum.  

 

 

3.4 Data Sets Used 

 

 

Within the analyses performed, various datasets are used to ensure the validity of 

the model simulation and to provide a baseline for understanding the unique patterns 

found within these meteorological analyses during the ET process. Toward verification of 

the model simulation, infrared satellite imagery from the Geostationary Operational 

Environmental Satellite (GOES)-8 geostationary satellite, Tropical Rainfall and 

Measuring Mission (TRMM) 3B42 multi-sensor three-hourly accumulated precipitation 
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product (Huffman et al. 1995), and operational model analyses from the NOGAPS global 

forecast model are used in comparisons with model-derived fields of integrated cloud 

water (a proxy for cloud cover), accumulated precipitation, and internal cyclone structure 

respectively. NHC best-track (Jarvinen et al. 1984) cyclone locations and intensities are 

used to verify the quality of the track forecast with the NOGAPS operational analyses 

used in conjunction with simulated synoptic fields to better understand where errors arise 

in the simulated track. 

The infrared satellite data used for model verification are obtained from the 

National Climatic Data Center (NCDC) Historical GOES Browser. The data are obtained 

from the IR4 longwave infrared sensor at a wavelength of 10.7 µm aboard the GOES-8 

satellite and are ideal for analyzing cloud cover and the relative altitudes of clouds. The 

horizontal resolution of these data is 4km and the time frequency of data available from 

the GOES Browser server is twelve-hourly. Data are obtained on this interval between 

0000 UTC 26 August 1998 and 1200 UTC 31 August 1998, the simulation period for TC 

Bonnie. In conjunction with the GOES imagery, TRMM 3B42 multi-sensor accumulated 

precipitation data obtained from the National Aeronautics and Space Administration 

(NASA) are used to verify model-derived accumulated precipitation (convective plus 

stratiform). The TRMM 3B42 product combines precipitation estimates from the TRMM 

precipitation radar (PR) and microwave imager (TMI) with global geostationary satellite 

estimates to provide for a high spatial and temporal resolution precipitation dataset across 

the globe. Data from the 3B42 product are available on three-hourly intervals starting on 

1 January 1998 at a horizontal resolution of 0.25°. Owing to the limited meridional 

coverage of the TRMM satellite and skewing of data from the geostationary satellites at 

high latitudes due to the curvature of the earth, data from this product are only available 

between 50°S-50°N.  

Comparisons of model-derived dynamical fields are performed using global 

NOGAPS operational analyses. The NOGAPS data are available from the U.S. Navy at a 

horizontal resolution of 1.0° on twelve-hourly intervals. Meteorological fields including 

winds, temperatures, and geopotential heights are available on sixteen pressure levels 

between 1000hPa and 10hPa within the analyses. Data are obtained during the time 

period between 1200 UTC 26 August 1998 and 1200 UTC 31 August 1998. NCEP AVN 

global model data are used during the same time period to provide sea surface 

temperature (SST) fields for the MM5 model initialization at a 1°x1° horizontal 

resolution, as the available NOGAPS analyses do not provide SST fields for ingestion 

into the MM5. NHC best-track data used for verification of the MM5 simulation come in 

the form of both cyclone positions and minimum sea-level pressure data. Data are 

available on six-hourly intervals at standard synoptic times for each cyclone in the north 

Atlantic basin and can be obtained from the NHC or other intermediary sources. 
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Table 3.1: Model parameters selected for the coarse mesh domain MM5 model 

simulations of TC Bonnie (1998). The first four parameters detail terrain options within 

the model; the next four detail analysis and initial data options; and the final six detail 

physical parameters employed within the model. 

 

Model Parameter Diagnostic Value

Size of model domain

(model gridpoints) 

250 x 300 x 30 

Center of domain 40°N, 60°W 

Horizontal resolution 36km 

Top of model 50hPa 

Analysis period 1200 UTC 26 August 1998-1200 

UTC 31 August 1998 

Initial/boundary conditions NOGAPS 1° analyses 

Forecast length 120 hours 

Forecast output interval 3 hours 

Moisture scheme Mixed phase (Reisner et al. 1998) 

Cumulus parameterization Kain-Fritsch (Kain and Fritsch 1993) 

Boundary layer scheme Blackadar (Blackadar 1979) 

Radiative cooling scheme Cloud-based (UCAR 2005) 

Soil temperature model MM5 Multi-layer (Dudhia 1996) 

Shallow cumulus scheme Employed (UCAR 2005) 
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Table 3.2: Model parameters selected for the fine mesh domain MM5 model simulations 

of TC Bonnie (1998). The first four parameters detail terrain options within the model; 

the next four detail analysis and initial data options; and the final six detail physical 

parameters employed within the model. 

 

Model Parameter Diagnostic Value

Size of model domain

(model gridpoints) 

301 x 301 x 30 

Center of domain 71 x 86 points from the lower left 

point in the 36km run 

Horizontal resolution 12km 

Top of model 50hPa 

Analysis period 1200 UTC 28 August 1998-1200 

UTC 31 August 1998 

Initial/boundary conditions MM5 36km run output 

Forecast length 72 hours 

Forecast output interval 1 hour 

Moisture scheme Mixed phase (Reisner et al. 1998) 

Cumulus parameterization Kain-Fritsch (Kain and Fritsch 1993) 

Boundary layer scheme Blackadar (Blackadar 1979) 

Radiative cooling scheme Cloud-based (UCAR 2005) 

Soil temperature model MM5 Multi-layer (Dudhia 1996) 

Shallow cumulus scheme Employed (UCAR 2005) 
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Figure 3.1: Track of TC Bonnie (1998). Numbers associated with the track of the cyclone 

detail the position of the system at 0000 UTC on that date in August 1998. Closed (open) 

circles denote the location at 0000 (1200) UTC on any given day. The intensity of the 

storm is colored with green denoting tropical depression, yellow denoting tropical storm, 

blue denoting extratropical, and red denoting hurricane. Data obtained from the NHC 

“best track” data collection (as described by Jarvinen et al. 1984). 
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(a): 

 
 

(b): 

 
 

Figure 3.2: (a) Domain and terrain (shaded; units: m) for the coarse mesh model 

simulation of TC Bonnie (1998); (b) as in (a), except for the fine mesh model simulation. 
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CHAPTER FOUR 

 

 

RESULTS 

 

 

 

4.1 Model Verification 

 

 

Before delving into an analysis of the model output, it is necessary to ensure that 

said model output is an accurate depiction of reality. This includes comparisons of the 

observed cyclone track and intensity to NHC best-track positions and intensities, model-

derived cloud water fields to observed satellite imagery, accumulated precipitation fields 

to satellite-derived precipitation estimates, and forecast synoptic fields to those observed 

operationally. These measures are designed to give both a qualitative and quantitative 

estimate of the accuracy of the forecast, as an accurate representation of the cyclone and 

its environment is crucial toward a viable analysis of the wind field evolution. All 

verifications are performed with respect to output from the 12km run of the model. 

A comparison of the NHC best-track analysis for Bonnie and the simulated 

cyclone track from the MM5 is presented in Figure 4.1, with the corresponding 

simulation positions and resultant track errors highlighted in Table 4.1. It is readily 

apparent that the simulated track is a reasonably good approximation to reality but that 

the MM5 simulation is too slow with the acceleration of the cyclone toward the north and 

the east as it undergoes ET. Good skill is noted at the start of the period, given that the 

initial position within the 12km MM5 simulation is initialized from the two day model 

forecast from the 36km simulation. However, this skill decays through time owing to the 

slower forward motion of the cyclone within the 12km simulation. The cause for this is 

believed to be differences in the orientation and timing of the approaching mid-latitude 

trough over Canada that initially forces the cyclone to accelerate to the northeast. Figure 

4.2 depicts the differences in the 500hPa geopotential height field between the NOGAPS 

operational analyses in the midst of and late in the forecast period. Substantial differences 

in the sharpness of the trough are noted, with the MM5 simulation slower both in 

progressing the closed upper-tropospheric cyclone in the base of said trough toward the 

east and in forecasting the degeneration of the closed low into the broader trough. This 

results in a slower acceleration of the cyclone in the MM5 simulation due to weaker 

deep-layer steering flow, contributing to the forecast errors noted in Table 4.1. However, 

the impacts of these errors given a similar yet slower evolution to reality are not likely to 

be significant in nature. 

 A comparison of the minimum sea level pressure from the MM5 simulation to the 

NHC best-track intensity is given in Table 4.2. Pressure is used as the direct benchmark 

for verifying storm intensity as opposed to maximum sustained wind given the general 
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lack of direct observations used in measuring the maximum sustained wind speeds 

operationally during ET (NHC 1998, their Figure 2). The intensity of the cyclone within 

the model analysis is somewhat too intense, approximately 10hPa stronger than reality at 

most times. Utilizing a constant sea surface temperature field within the model simulation 

may result in some of the discrepancy, though it is believed to be a minor effect at best 

given the relatively fast forward motion of the cyclone. Instead, the cause of this 

discrepancy likely is largely tied to the discrepancy in the cyclone’s track. Specifically, 

the more southerly track of the cyclone and delayed impact of the mid-latitude trough 

allows for the cyclone to remain in an environment more conducive to tropical cyclone 

development for a longer period of time, allowing for the cyclone to deepen somewhat 

moreso than seen in reality after emerging off of the mid-Atlantic coastline. This is 

confirmed by Figure 4.3, a comparison of NOGAPS-derived 850-200hPa vertical wind 

shear to the MM5-derived 850-200hPa vertical wind shear in the midst of this time 

period. In particular, note the relative magnitudes of observed vertical wind shear just 

upstream of the cyclone, over 25 m s
-1

 higher than in the MM5 simulation. Given the 

comparable magnitude of the weakening of the cyclone late in the MM5 simulation to 

that seen in reality during the midst of the ET lifecycle, it is believed that the simulated 

cyclone evolution is simply a case of reduced cyclone decay before undergoing ET. 

These discrepancies are believed to not likely have any substantial negative impacts upon 

the analysis as it is the wind field evolution associated with ET that is under 

consideration here and a perfect simulation is not necessary to gain the desired physical 

insight. 

 Next, to get a measure for the timing of the ET lifecycle within the model 

simulation, the path of the cyclone through the CPS is determined utilizing the method of 

Hart (2003). The two components of the CPS, thickness asymmetry versus lower-level 

thermal wind and lower-level thermal wind versus upper-level thermal wind, are depicted 

in Figure 4.4. For comparison, the path of the cyclone through the CPS as derived from 

the NOGAPS operational analyses is depicted in Figure 4.5. An asymmetric cold-core ET 

evolution is depicted by the MM5 simulation, though the transition evolution after 

completing ET is somewhat subdued due to the cyclone’s proximity to the edge of the 

simulation domain. There is good agreement between the MM5-based and the NOGAPS-

based CPS analyses in terms of path through the CPS and timing of the start and end of 

ET, with both occurring at the same time as the storm was operationally declared to be 

extratropical (1800 UTC 30 August 1998). Note, however, that the storm is noted to 

become asymmetric in the MM5 simulation about two days prior to that observed in the 

NOGAPS operational analysis; this is believed to be due to asymmetries induced by 

interaction with land prior to the 12km simulation initiation on 27 August 1998. A higher 

resolution of the thermal and dynamical structures associated with the cyclone and 

lingering effects from the downscaling of the NOGAPS TC bogus within the 12km MM5 

simulation versus the 111km resolution of the NOGAPS analysis may also contribute to 

this difference. Nevertheless, the comparable evolution of the cyclone through the CPS to 

that in reality provides a measure of certainty that the cyclone’s evolution in the MM5 

simulation is structurally sound and can thus provide accurate insight into the wind field 

evolution during ET. 

 Beyond the dynamical properties of pressure, vertical wind structure, and 

geopotential height, it is important to ensure that the thermodynamic processes occurring 
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within the cyclone during the simulation are modeled accurately as well. As a first 

measure of doing so, fields of integrated cloud water – a proxy for cloud cover – from the 

MM5 model simulation are compared to observed infrared satellite imagery from the 

GOES-8 geostationary satellite. Figures 4.6 through 4.8 present comparisons of MM5 

model simulated fields of integrated cloud water to geostationary infrared satellite images 

at three times – one before, one during, and one after ET. Note that a non-linear shading 

scale is used in these plots to better highlight the distinction between shallow and deep 

clouds. In Figure 4.6, while still tropical at 0000 UTC 29 August 1998, a good correlation 

between the model simulation and the observed satellite image is noted. Developing 

asymmetries in the cloud field are captured well by the model analysis, though such 

asymmetries are not as strong as those seen in reality. Features in the outer environment 

are also well-captured by the simulation, particularly the convective band to the north of 

the cyclone, a similar band found well east of Bermuda, and the shallow low-level clouds 

noted off of the coast of Newfoundland. 

 During ET, at 0000 UTC 30 August 1998 (Figure 4.7), the correlation between 

the model simulation and the observed satellite imagery is not quite as good. Features 

within the TC itself – particularly to the west and north of the center of circulation – 

appear to be exaggerated in strength and depth compared to reality, though the spatial 

patterns and banding structures are similar between the two observations. This is likely 

due to the weakened magnitude of wind shear over the storm found within the MM5 

simulation during the ET phase, resulting in less pronounced asymmetries in deep 

convection and the ability for deeper convective features to maintain themselves longer 

on the western side of the cyclone. Shortly after the time of this comparison, parcels of 

air containing low moisture content (with low equivalent potential temperature) become 

entrained into the cyclone’s circulation, resulting in the rapid erosion of this convection 

and a closer match to the observed satellite imagery (not shown). This occurs both 

through isentropic descent and the advection of lower moisture on the western half of the 

cyclone. The “delta rain” region (Klein et al. 2000) to the northeast of the cyclone is well-

captured by the simulation analysis as is a band of precipitation and cloudiness associated 

with isentropic upglide well to the east of the cyclone. Similar correlations and 

discrepancies between the two products are noted a day later at 0000 UTC 31 August 

1998 (Figure 4.8), with slightly deeper than observed convection noted in association 

with the now extratropical cyclone. The differences in orientation and location of the 

mid-latitude trough that originally caused the storm to accelerate and enter an 

environment conducive to ET are noticeable in this analysis as well; note the band of 

cloud cover over New England in Figure 4.8(a) as compared to that in Figure 4.8(b) over 

Newfoundland. 

 It is apparent from these analyses that the MM5 model simulation of TC Bonnie 

and its environment during the ET process is largely a good measure of what happened in 

reality and of the ET lifecycle as a whole. Differences noted in the track and intensity of 

the cyclone are not likely to have any significant impact upon the results obtained from 

the analyses and arise out of differences in the environmental conditions surrounding the 

cyclone and model physics. These serve to influence the slight differences noted in the 

thermodynamic fields of the cyclone. While Hart et al. (2006) suggests that the evolution 

of the cyclone’s structure may be impacted by such differences in the environmental 

thermodynamic and dynamic fields, the close match of the cyclone’s path through the 
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cyclone phase space in the MM5 simulation to that within the NOGAPS analysis 

suggests that such impacts upon the simulated evolution are minimal. 

 

 

4.2 Outer Core Expansion 

 

 

4.2.1 Spatial and Temporal Evolution of Wind Field 

 

 The wind field evolution during ET is defined by two events occurring within the 

cyclone: the outward movement of the radial wind maximum and the acceleration of the 

wind field outside of this radial wind maximum. These are considered separately and it is 

the latter of the two events that is the focus of this section. It is reasonable to consider 

these separately given the findings of Kimball and Mulekar (2004), who note an 

independent evolution of the inner and outer core wind structures associated with TCs. 

Before analyzing the model simulation data to attempt to understand this evolution, 

however, evidence that an acceleration of the outer wind field exists must first be 

presented. Figure 4.9 depicts the azimuthally-averaged 10m wind field as a function of 

time and radius. A clear expansion in the cyclone’s wind field is noted within this 

analysis, with isotachs sloping outward toward greater radii through time outside of a 

radius of about 200km. This evolution is best observed after 1200 UTC 29 August 1998, 

or as the cyclone begins ET, and continues through the rest of and beyond the ET 

process. A broadening of the radial wind maximum is noted within this analysis as well, a 

consequence of the acceleration at outer radii. Note that this analysis matches the 

evolution of the wind field from the NOGAPS operational analysis fields (not shown). 

 To get a better representation of the evolution of the outer wind field at the 

surface, tangential profiles of 10m wind speed are created. These profiles are essentially 

slices through the analysis presented in Figure 4.9 and are also effectively storm-relative 

in nature. Three such profiles – one before ET, one during ET, and another after ET – are 

presented in Figure 4.10. A clear, gradual acceleration of the outer wind field is noted 

within these analyses, with increases of approximately 5 m s
-1

 over the course of 

approximately 36 hours at radii of 300-800km. The overall wind field evolution is 

captured well by these analyses, highlighting and outward movement of the radius of 

maximum winds up until the end of ET with a gradual acceleration and concordant 

flattening of the overall wind profile at outer radii at all times. While these analyses give 

a sense of the overall evolution of the wind field during ET, they do not give a nature of 

any asymmetries that may exist. To remedy this, spatial analyses of the 10m wind field 

are created during the ET process; examples of these are shown in Figure 4.11 at the 

same times as those depicted in Figure 4.10. The horizontal domain of these analyses is 

15°x15°, centered on the cyclone through time. The development of two features is 

particularly evident: a narrow wind maximum on the northwest side of the cyclone and a 

broad wind maximum on the southern side of the cyclone. The latter is as expected for a 

cyclone accelerating toward the northeast and is the area in which operational hurricane 

centers typically warn for high waves during ET events. However, the region on the 

northwest side of the cyclone is not such an area, as the majority of ET events do not see 
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such features (C. Fogarty, personal communication). The cause of this narrow wind 

maximum is worth further discussion and will be touched upon later in the analysis. 

 While the surface winds are those that most directly impact societal, commercial, 

and industrial interests, they do not tell the entire story of the evolution of the wind field 

during ET. Concordant with the ET process, structural evolution also occurs at upper 

levels and thus evidence of such an evolution should appear within the upper level wind 

fields as well. As a result, within the isentropic analysis framework, the evolutions of the 

azimuthally averaged 310K and 324K surface wind fields are depicted in Figure 4.12. 

These analyses are identical to those presented in Figure 4.9 with the exception of the 

vertical level of analysis. Note that the 310K and 324K isentropic surfaces are generally 

found between 700-800hPa and 500-600hPa, respectively, during ET, effectively giving a 

sense of the vertical structure of the cyclone itself as its upper level circulation decays as 

a consequence of ET. Again, a clear expansion in the wind field is noted at these two 

upper levels, with both starting earlier than that noted at 10m at around 0000 UTC 29 

August 1998 at 324K and shortly thereafter at 310K. A second expansion in each wind 

field is noted near the completion of ET, first at 324K just prior to the completion of ET 

around 1200 UTC 30 August 1998 and later at 310K just after this time. This is a natural 

outgrowth of the top-down evolution seen during ET, where at the onset (end) of ET the 

upper- (lower-)level TC warm core has become cold core, and is best highlighted by the 

CPS evolution of the cyclone. Magnitudes of the expansion are noted to increase with 

increasing height, particularly when comparing 324K (Figure 4.12(a)) to 10m (Figure 

4.9). 

 A full vertical structure of the cyclone’s wind field during the ET process is 

possible to obtain as well. Applying the azimuthally averaging technique previously 

outlined to isentropic levels ranging from 296-368K, or the boundary layer to the lower 

stratosphere, at all times during the model simulation accomplishes this task. Figure 4.13 

depicts three such analyses at the same times as those depicted in Figures 4.10 and 4.11.  

The vertical resolution of this product is 4K. As the cyclone undergoes ET, the decay of 

the upper-level structure of the cyclone as the influence of the mid-latitude upper-level 

environment grows larger is clearly depicted. The overall weakening of the cyclone 

coupled with an acceleration of the wind field at outer radii is seen as well, with the 

evolution occurring from the top-down. The processes behind this top-down evolution are 

tied into the overall ET process, yet the specific markers of the wind field expansion are 

not highlighted by this analysis. 

 As with the surface wind field, asymmetries exist within the upper level wind 

fields. Figures 4.14 and 4.15 replicate the analyses of Figure 4.11 at 310K and 324K, 

respectively. The evolution at both levels is similar to at the surface with respect to the 

radial wind maximum found on the southern extent of the cyclone. However, no wind 

maximum is found on the northwest side of the cyclone; instead, a relative wind 

minimum is found. Unfortunately, why this pattern exists is not clear from these analyses. 

The increasing influence of the mid-latitude environment surrounding the cyclone is 

apparent through time as well, with increasing wind speeds found to the north and 

northwest of the cyclone. This is found to be due to the approach of the cyclone to a mid-

latitude trough to its northeast as it undergoes ET (not shown). The development of 

substantial asymmetries within the wind field serves to highlight the decay of the closed 

cyclonic structure at upper levels. Nevertheless, a clear expansion with asymmetries in 
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the wind field that match actual observations is found at all levels, though the 

redistribution (horizontal and vertical) mechanisms and actual forcing behind the wind 

field expansion is still unknown. 

 

4.2.2 Evolution of Balance 

 

A change in parcel balance is noted through time as well. Horizontally-oriented 

wind contours at outer radii are indicative of parcels confined to isentropic surfaces with 

potential temperature as their conserved quantity. This is due to the relatively weakly 

curved flow found at these radii and assumes no diabatic processes at play. Vertically-

oriented wind contours within the inner core of the cyclone are indicative of parcels 

confined to angular momentum surfaces with momentum as their conserved quantity. 

This follows from the Carnot cycle depiction of the TC inner core first proposed by 

Emanuel (1986) and is found under conditions of strongly curved flow. Diabatic 

processes occur within this inner core such that potential temperature is not conserved, 

though saturated equivalent potential temperature may be conserved. It appears that the 

wind field expansion process – as part of the larger structural evolution during ET – 

brings about this change in balance at radii progressively closer to the center of the 

cyclone through time, though further research is needed into this topic. 

 

4.2.3 Trajectory Analysis 

 

 Thus, the question becomes one of what is influencing the expansion and 

resulting in the observed asymmetries in the wind field at various vertical levels within 

the cyclone. Analysis to this point has focused upon the wind field itself rather than the 

flow around the cyclone, a feature that may give some insight into the fluid motion of 

parcels of air within and surrounding the cyclone during ET. As a consequence, a 

trajectory analysis is carried out upon the MM5 model simulation data using the Vis5D 

software package. Vis5D allows for the user to select the starting location of desired 

trajectories at any time within the data set, computing both backward and forward 

trajectories from the wind field data. 

 Figure 4.16 presents a trajectory analysis highlighting the predominant horizontal 

and vertical circulations around the cyclone during and after ET. Large-scale descent of 

several kilometers in nature is noted on both the western and northern sides of the 

cyclone. The nature of this descent is predominantly isentropic per the conceptual model 

of Klein et al. (2000); further discussion of this descent mechanism will be presented 

shortly. As parcels are captured by the cyclone’s circulation, they generally traverse the 

southern periphery of the cyclone, only to rise again in the warm conveyor belt to the east 

of the transitioning cyclone (Klein et al. 2000) where they are captured by the outward 

branch of the cyclone’s secondary circulation and redistributed into the mid-latitude 

westerlies. This implies redistribution of material properties within the cyclone’s 

circulation and between it and the mid-latitude environment.  

Figure 4.17 presents an example of a similar evolution to that depicted in Figure 

4.16, where a parcel that ascends in the warm conveyor belt of the transitioning cyclone 

is instead captured by very strong descent in the northwestern part of the cyclone’s 

circulation and drawn back into the cyclone’s lower-level wind field. The magnitude of 
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this descent is approximately 0.278 m s
-1

, or about three kilometers over a three hour 

span. Recall that in Figures 4.11(b), 4.14(b), and 4.15(b), a narrow lower level wind 

maximum was noted on the northwest side of the cyclone, corresponding to a relative 

wind minimum on the 310K and 324K isentropic surfaces. The nature of this descent, 

both in location and timing, implies that some vertical redistribution of material 

properties is occurring to result in this narrow wind maximum. Figure 4.18 presents an 

example of the environmental interactions highlighted by the trajectory analysis. A 

representative descending parcel in the isentropic descent region to the west of the 

cyclone’s circulation is captured by the southern end of the cyclonic circulation and 

accelerated toward the east, where it begins to rise and later leaves the cyclone via its 

secondary circulation. In addition to the downward redistribution occurring within the 

cyclone, Figure 4.18 highlights upward redistribution occurring as well. Broad wind 

maxima seen at 310K and 324K on the southeast and east sides of the cyclone’s 

circulation match up well with minima seen near the surface. Note that the geometric 

height at which the parcel leaves the cyclone is not as high as is the height from which it 

enters the cyclone. Further, given the cold (warm) nature of the lower troposphere to the 

west (east) of the cyclone’s center, the differences in pressure levels at which parcels 

enter and leave the cyclone are further amplified as compared to the geometric height 

imbalance. This implies a net imbalance in the redistribution of the aforementioned 

material properties. 

 

4.2.4 Momentum and Pressure Advection Fields 

 

The question is thus one of what material properties are being redistributed to 

result in these wind field asymmetries and, potentially, the observed wind field 

expansion. Desired is some marker of the wind field that may be advected and can 

potentially influence the wind field and redistribution. Absolute angular momentum 

(AAM) is such a quantity. AAM (per unit mass) is defined by Wallace and Hobbs (1977) 

as: 

 

(4.1) M =  rvr c Θ+Ω φsin2

 

where r is radius in meters, vΘ is the tangential wind velocity around the cyclone in 

meters per second (positive for cyclonic rotation), Ω is the angular velocity of rotation of 

the Earth, and Φc is the latitude of the cyclone’s circulation center in radians. At a given 

latitude, it is solely dependant upon distance from the center of the cyclone and tangential 

wind velocity, such that cross-storm (i.e. radial) flow can result in the import or export of 

momentum into a cyclone’s circulation. Under conditions of AAM conservation, as r 

changes, so must the tangential velocity in an inverse manner to that of r. Thus, the 

import and export of momentum can be viewed as a potential mechanism by which the 

outer wind field expands. 

 To attempt to quantify such impacts upon the wind field evolution, analyses of 

AAM advection are performed during the ET process. Here, we define horizontal AAM 

advection as:  

 

(4.2) Madv = Mhh ∇•− v  
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where subscripts of h denote horizontal vectors only and boldface denotes vector 

quantities. All calculations are carried out on isentropic surfaces; for consistency and to 

best highlight the lower- and mid-level evolutions during ET, the 310K and 324K 

surfaces are chosen for analysis. Positive AAM advection represents regions of 

momentum import, while negative AAM advection represents regions of momentum 

export. Measures of vertical transport are analyzed in conjunction with horizontal AAM 

advection by utilizing pressure advection on isentropic surfaces, given by: 

 

(4.3) Padv = phh ∇•− v  

 

where all symbols have their standard meteorological meaning. Following an air parcel, 

positive pressure advection on isentropic surfaces denotes rising motion and some 

component of isentropic lift, while negative pressure advection denotes sinking motion 

and some component of isentropic descent. 

 Before analyzing such fields during the ET process as associated with TC Bonnie, 

it is worth analyzing these fields associated with developing tropical and extratropical 

cyclones. Using NOGAPS global analyses as a baseline for comparison, Figure 4.19(a,b) 

depicts these fields associated with TC Katrina (2005) in the North Atlantic basin as it 

began to undergo rapid intensification on 28 August 2005 and Figure 4.19(c,d) depicts 

these fields associated with a rapidly developing extratropical cyclone in the Northwest 

Pacific Ocean on 22 December 2005. Associated with TC Katrina is weak pressure 

advection, dominated by sinking motion on the northern periphery of the cyclone at both 

310K and 324K. A dipole of AAM advection is noted, with positive AAM advection 

noted to the east of the cyclone and negative AAM advection noted to its west. At 324K, 

positive AAM advection is also noted well to the northwest of the cyclone. Magnitudes 

of pressure advection are approximately 35 Pa day
-1

 and magnitudes of AAM advection 

are approximately 250 m
2
 s

-2
. Stronger pressure and AAM advections are noted with the 

rapidly developing extratropical cyclone. Rising motion is noted over and to the east of 

the cyclone with a magnitude ten times greater than that seen with TC Katrina. 

Significant positive AAM advection is noted to the southwest of the developing cyclone, 

with magnitudes twenty times larger than that with the rapidly intensifying tropical 

cyclone. Similarly, strongly negative AAM advection is noted to the northeast of the 

developing cyclone, a marker of redistribution away from the cyclone by its developing 

secondary circulation and similar to the results implied by Figure 4.18. These differences 

argue that AAM advection processes are more important for the development of 

extratropical cyclones whereas other processes are more important for the development 

of tropical cyclones, matching the ideas presented by Johnson and Downey (1976) and 

Emanuel (1986) respectively; this is not an unexpected resulting given the more 

asymmetric nature and different energetics for development with an extratropical 

cyclone. However, these baseline results can be used to better interpret the results 

obtained from such an analysis with TC Bonnie. 

Figure 4.20 presents these analyses on the 310K isentropic surface for TC Bonnie, 

while Figure 4.21 presents these analyses on the 324K isentropic surface. Magnitudes of 

the observed pressure advection match those seen with the rapidly developing 

extratropical cyclone, about 1 Pa s
-1

, while the magnitudes of the observed AAM 
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advection are about five times less but still three times greater than for TC Katrina. The 

increasing magnitude of the AAM advection through ET coupled with the consistently 

strong pressure advection suggest that the ET process is most similar to baroclinic 

development with the rate of AAM advection being a measure for the rate of amount of 

intensification of the cyclone’s outer environment. Note that after ET, TC Bonnie 

gradually decayed, whereas the rapidly developing extratropical cyclone saw a pressure 

fall of over 20hPa in the twelve hours following the analysis in Figure 4.19(c,d) (not 

shown).  

Associated with the ET of TC Bonnie are dipoles in both the pressure and AAM 

advection fields, with positive (negative) AAM advection seen to the west (east) of the 

cyclone and rising (sinking) motion seen to the east (west) of the cyclone. The 

magnitudes of the AAM and pressure advections increase through time with the import of 

high AAM from the northern external environment; this is found to correspond to the 

strong secondary outward expansions of the wind field between 0000 UTC and 1200 

UTC on 30 August 1998, seen first at higher levels within the storm (see Figure 4.12). 

The initial outward expansion of the wind field near 0000 UTC 29 August 1998 shortly 

follows the initial increase in AAM advection surrounding the cyclone (Figures 4.20(a), 

4.21(a)). After ET, the magnitudes and locations of significant AAM advection on both 

isentropic surfaces remain fairly constant, corresponding well with the reduced expansion 

noted toward the end of the analysis period. Thus, a good correlation between the 

expansion of the wind field and the import of AAM is noted, where the developing 

conveyor belts during ET (Klein et al. 2000) serve to impart momentum into the storm 

circulation, transitioning the storm away from the appearance of a tropical cyclone 

(Figure 4.19(a,b)) toward that of an extratropical cyclone (Figure 4.19(c,d)). Vertical 

momentum advection is found to be relatively small in magnitude and confined to the 

“delta rain” region of the cyclone to its immediate north, suggesting that it is tied to 

diabatic vertical redistribution of momentum (not shown). 

Consequently, the acceleration of the outer wind field necessarily implies that the 

momentum export to the east of the cyclone does not counterbalance the import on the 

north and west sides of the cyclone. This holds given minimal advection noted in the 

northern and southern quadrants of the cyclone; it is primarily to the west and to the east 

where the greatest import and export occur. This is further highlighted by the trajectory 

analysis shown in Figure 4.18. At the same time, pressure advection along isentropic 

surfaces couples with strong descent to the west (Figure 4.17) and rising motion in the 

warm conveyor belt east of the cyclone’s center, bringing about the redistribution of 

AAM both horizontally and vertically within the cyclone. 

 

4.2.5 Isentropic Momentum Budgets 

 

In an attempt to understand how the observed AAM import leads to an 

acceleration of the outer wind field of the cyclone, the horizontal momentum equation on 

isentropic surfaces is used. This also provides a measure to the evolution of momentum 

budgets within the cyclone. The formulation posed here is based upon Shapiro (1975), as 

given by: 
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where subscripts of Θ denote calculations carried out on an isentropic surface, Ψ is the 

Montgomery streamfunction, and quantities in boldface denote vectors. All other terms 

have their standard meteorological definition. The first term is the time tendency term, 

the second is an advection term, the third is a Coriolis-related term, and the last is a 

streamfunction gradient term. The Montgomery streamfunction is defined by: 

 

(4.5) Tcgz p+=Ψ  

 

where all symbols have their standard meteorological meaning. Thus, gradients in the 

Montgomery streamfunction are inherently dependent upon the interrelated gradients of 

temperature and height on an isentropic surface. Note that such contributions counteract 

each other; higher heights in the troposphere result in lower temperatures. In the low to 

mid-levels, however, a greater dependence is noted upon temperature (approximately 

250-275 K) than height (approximately 3000-5000m) given the relative magnitudes of 

the leading constant multipliers. 

 It is the contribution to the time tendency of momentum along isentropic surfaces 

from the streamfunction term that proves to be important toward the AAM advection 

fields previously presented. Figure 4.22 depicts the contributions of the individual terms 

of (4.4) to the time tendency of momentum (first term of (4.4)) during the secondary 

expansion in the wind field noted above. For brevity, only the 310K isentropic surface is 

shown. Influences from the Coriolis are also apparent but are largely a factor of marking 

regions of higher wind speeds associated with the approaching mid-latitude trough to the 

northeast of the cyclone. Thus, the overall momentum time tendency largely represents 

direct and indirect influences of the streamfunction. Note that the patterns of positive and 

negative momentum time tendency found just to the west and to the east, respectively, of 

the cyclone match well with the observed patterns of pressure advection and are a natural 

outgrowth of the developing gradients of temperature and height across the storm. The 

total predicted time tendency (lower right panels of Figure 4.22(a,b)) highlights the net 

acceleration of the cyclone’s wind field as a result of the net momentum import. 

As previously noted, the streamfunction is influenced by temperature and height; 

thus, gradients in the streamfunction are influenced by gradients in the height and 

temperature fields. How this results from AAM import is not immediately clear. 

However, the gradient wind balance formulation provides some insight into this problem. 

This formulation is given by Holton (1992) as: 

 

(4.6) 0
2

=
∂
∂

++
n

fV
r

V φ
 

 

where all symbols have their standard meteorological meaning. For an increase in the 

inertial rotation of the cyclone, the first term in (4.6), the requisite response to maintain 

gradient wind balance is a tightening of the geopotential height contours along the wind, 

the third term in (4.6). Under cyclostrophic balance conditions, this holds as well; it is the 
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second term, the planetary rotation term, which drops out under such balance conditions. 

Thus, the observed streamfunction impacts result directly from the import of AAM, 

particularly on the southern periphery of the cyclone, highlighting the cyclone’s response 

to the net AAM import. 

 

4.2.6 Momentum Advection as a Marker of Wind Field Evolution 

 

 Other unanswered questions are those of how the AAM advection develops and 

why it increases through time. However, the conceptual model of Klein et al. (2000), the 

observed trajectory analyses, and comparisons with the tropical and extratropical cyclone 

development cases in Figure 4.19 all provide some insight into these questions. During 

ET (Figure 2.4; Klein et al. 2000), as the cyclone encounters strong vertical wind shear 

and interacts with a mid-latitude trough of low pressure, conveyor belts develop on the 

periphery of the cyclone, particularly to the southeast and west of the center of the 

cyclone as the cyclone becomes more asymmetric. This latter point is highlighted well for 

this case by the CPS analysis presented in Figure 4.4. Channels by which AAM can enter 

and leave the cyclone’s circulation develop (Figure 4.16), increasing in prominence 

through the ET process. While as a tropical cyclone, the radial inflow component toward 

the center of the cyclone is relatively weak, whereas with a developing extratropical 

cyclone these channels provide a means by which AAM can be imported into the 

cyclone’s circulation and lead to an acceleration of its outer wind field. Thus, as the 

cyclone undergoes ET, the increasingly large AAM import that follows naturally from 

the cyclone interacting with the mid-latitude environment and taking on extratropical 

characteristics naturally leads to the observed wind field expansion. Consequently, this 

suggests that a mid-latitude trough is a necessary feature of the external environment for 

the wind field expansion to occur; i.e. environmental temperature gradients and other 

environmental asymmetries are not sufficiently influential upon the cyclone to result in a 

wind field expansion. Further ideas toward this evolution are presented in Section 5.3. 

The question of whether or not the AAM evolution is a predictor of the wind field 

evolution or simply a marker of its changes can be raised from the observed results. 

Given the non-conservation of AAM under these conditions, however, it is believed to be 

a predictor significant of the wind field evolution. Consider a surface parcel at 500km 

radius from the center of TC Bonnie with a tangential wind speed of 10 m s
-1

, moving 

inward toward the center. If AAM were conserved in this situation, by the time the parcel 

reaches 100km radius from the cyclone’s center, it would have a speed of 162.493 m s
-1

. 

Instead, from Figure 4.11, wind speeds at the surface 100km from the cyclone’s center 

average about 20-25 m s
-1

. Momentum is imported from external sources along inflowing 

trajectories but is depleted as it does so by frictional effects and by vertical adiabatic and 

diabatic redistribution mechanisms. It is the import of higher values of momentum into 

the cyclone’s circulation in a manner not consistent with AAM conservation that leads to 

its ability to be an effective predictor of the outer core wind field expansion.  

 

4.2.7 Diabatic Influences on Wind Field Expansion 

 

Momentum import and related dynamic processes may not be the only factors 

playing a role in the observed wind field evolution. Diabatic processes, such as localized 
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convectively-driven heating, may also play a role in the expansion process through 

asymmetric accelerations at outer radii due to localized tightening of height and pressure 

gradients (G. Lackmann, personal communnication). From a convective standpoint, as a 

cyclone undergoes ET, the development of frontal circulations promotes the asymmetric 

development of convection, primarily seen in the northern hemisphere of the cyclone (the 

“delta rain” region of Klein et al. (2000)); thus, it is in this region where the greatest 

impacts from diabatic processes are likely to be felt. To attempt to analyze the impacts of 

such processes, fields of dry and moist potential vorticity (PV) are created on the 310K 

and 324K isentropic surfaces. The definitions of dry and moist PV used in this discussion 

are based upon the most general form of Ertel’s isentropic potential vorticity (Holton 

1992) and are as follows: 

 

(4.7) 
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where all variables have their standard meteorological meaning. The dry and moist PV 

fields are equivalent where the vertical changes of potential temperature and equivalent 

potential temperature are equal; such conditions are found with a saturated profile and a 

moist adiabatic lapse rate. Otherwise, the moist PV is smaller than the dry PV under most 

common atmospheric conditions. Momentum may be imparted into a cyclone’s 

circulation where heating is occurring to tighten vertical gradients of potential 

temperature or lead to tightened gradients in the height and pressure fields via an 

asymmetric enhancement to the cyclone’s secondary circulation. 

A comparison of the moist and dry PV near the completion of ET is depicted in 

Figure 4.24 on the 324K isentropic surface. The pattern on the 310K isentropic surface is 

similar to that seen at 324K (not shown). The primary region where the dry and moist PV 

are equivalent is found on the northwest side of the cyclone in the same region where the 

descending trajectories are depicted in Figure 4.16 and the low-level wind asymmetry is 

noted in Figure 4.11(b). Within the cyclone itself, no such similarities are noted; this 

holds true throughout the entire simulation period. From these analyses, it is apparent that 

diabatic influences are only playing a minor role in the outer wind field evolution and are 

limited to the northwestern region of the circulation, matching the fields of vertical 

momentum advection. Convective heating and moistening in the delta rain region of the 

cyclone (e.g. Figure 4.7(a)) may be leading to the tightening of horizontal and vertical 

gradients of height and temperature thus locally enhancing the wind field, whereby 

trajectories that strongly descend to lower levels on the northwest side of the cyclone may 

be influencing the asymmetry noted in this region in Figure 4.11(b). Otherwise, AAM 

transport is the dominant factor in the outer wind field expansion of the cyclone as it 

becomes more asymmetric and transitions into a baroclinic vortex. 

 

4.2.8 Summary 

 

 A clear expansion in the wind field of the transitioning TC is noted at all levels, 

particularly noticeable as ET nears its completion. The expansion process takes place first 
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at upper levels and moves to progressively lower levels through time. Asymmetries 

develop in the wind field at all levels, coincident with regions of vertical momentum 

transport (both adiabatic and diabatic in nature). This transport is highlighted best by 

trajectory analyses, also highlighting regions of isentropic descent and the net import of 

momentum into the cyclone. This import of momentum into the cyclone is the means by 

which the observed wind field expansion occurs; fields of pressure advection confirm the 

isentropic descent depicted by the trajectory analyses. Asymmetries developing in the 

radial wind field of the cyclone provide the means by which momentum is imported and 

exported into the cyclone. A breakdown of the isentropic momentum equations highlights 

the net import of momentum, with contributions largely coming from the streamfunction 

component. A change in parcel balance is realized as the wind field expands, from 

parcels confined to momentum surfaces to parcels confined to isentropic surfaces, though 

further work is needed to precisely understand the dynamics involved. The observed 

evolution and features of the expansion fall between momentum advection fields 

associated with rapidly developing tropical cyclones and rapidly developing extratropical 

cyclones and matches the evolution found for a generic developing extratropical cyclone 

of Johnson and Downey (1976). Diabatic influences are believed to be important for 

vertical redistribution of momentum but not in terms of local enhancements to the wind 

field on isentropic or isobaric surfaces. 

 

 

4.3 Inner Core Expansion 

 

 

 The second aspect of the wind field evolution during ET is found near the center 

of the cyclone with the outward movement of the radial wind maximum. The external 

AAM forcing resulting in the acceleration of the outer wind field does not entirely 

account for this observed evolution; it only accounts for the flattening of the radial 

tangential wind profile shown in Figure 4.10. Instead, something else is occurring near 

the location of the radial wind maximum to result in its outward movement during ET. As 

a first attempt to understand its movement, the methods of Shapiro and Willoughby 

(1982) and Willoughby (1990) are applied to this case. These works use the Sawyer-

Eliassen non-linear balance framework to diagnose net heating tendencies near the radius 

of maximum winds (RMW) within developing and non-developing tropical cyclones 

under gradient wind balance, showing that the RMW contracts when net heating is 

maximized radially inward of the RMW. Noting that at all times within the model 

simulation, Bonnie had a Rossby number at the RMW of approximately 5 (not shown), 

placing it within the midst of the range of values typically associated with gradient wind 

balance, this method is extended to the ET case of TC Bonnie. 

 To quantify this evolution, analyses of the radial temperature and isobaric height 

gradient tendencies are performed. More specifically, azimuthally averaged profiles of 

these quantities are obtained in the low levels. Next, the radial gradients of these 

quantities are calculated, i.e. for temperature 
r

T

∂
∂

and for isobaric height 
r

h

∂
∂

, at all times 

within the model simulation. Their time tendencies are then calculated using centered 

finite differences, e.g. for temperature: 
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where subscripts indicate the time level of the variable. Positive time tendencies of the 

radial temperature and isobaric height gradients represent a tightening of said gradient. 

Hydrostatically, the profile of temperature relates directly to the thickness of a layer and 

thus to the location of the bounding isobaric height surfaces of that layer; as a 

consequence, over a radial expanse of heating, the radial profiles of temperature and 

isobaric height tendencies should be similar in orientation. Primary focus is given to the 

time period leading up to the completion of ET, 0000-1800 UTC 30 August 1998, as this 

is found to be the time period during which the RMW substantially moves outward (e.g. 

Figure 4.10, compare the black and green profiles). The isobaric vertical coordinate is 

applied to these analyses rather than the isentropic one utilized throughout the rest of this 

study to better correlate with the analyses performed by Shapiro and Willoughby (1982) 

and Willoughby (1990), yet the results should be consistent if performed with the 

isentropic vertical coordinate. 

 An analysis of the time tendency of the radial height gradient at 925hPa is 

depicted in Figure 4.25 at the same time as that of the green profile in Figure 4.10, 1000 

UTC 30 August 1998. Note that in Figure 4.10, the RMW within the model simulation 

moved outward by approximately 75-100km during ET, a rather substantial distance. 

Negative radial height gradient tendencies are noted inside of the RMW, while positive 

tendencies are noted outward of the RMW. This evolution is not isolated to this particular 

time within the model; analyses in the eight-ten hours leading up to this time and in the 

two-four hours after this time show a similar evolution. Figure 4.26(a) depicts the radial 

temperature gradient at 925hPa one hour prior to the analysis in Figure 4.25, highlighting 

a substantial weakening (enhancement) of the radial temperature gradient inside (outside) 

of the RMW. The time lag is incorporated into this analysis given a slight delay in the 

hydrostatic response in the isobaric height gradient to the temperature evolution. The 

cause of the weakening of the radial temperature gradient is highlighted by Figure 

4.26(b), which depicts the radial profile of the time tendency of temperature, i.e. 
t

T

∂
∂

, at 

925hPa. Substantial cooling is noted at and just inside of the RMW, stronger in 

magnitude than that found outside of it.  

Note that this temperature tendency is not a localized effect to the 925hPa level. 

Extending the analysis presented in Figure 4.26(b) into the vertical, as shown in Figure 

4.27, net cooling is found within 200km radius of the center of the cyclone. Thus, the net 

integrated effect of temperature changes within the center of the cyclone match those 

found at lower levels, leading to the observed evolution of the RMW. Changes in the 

cyclone’s internal temperature profile tie into the changes of the temperature gradients 

within the inner core, resulting in changes in the height gradient – and thus the location of 

the RMW – through time. The evolution observed with the ET of TC Bonnie is the 

opposite to that shown with eyewall contraction within hurricanes under gradient wind 

balance, a desired effect given the opposite RMW evolution observed during ET.  
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ET naturally brings about a transition into a deep cold-core vortex, where the 

inner core cools and results in a vortex with temperatures at its center colder than those 

found in the outer environment. The evolution of the RMW during the ET process itself 

argues that its outward movement is a natural function of the cooling occurring within the 

center of the cyclone. A comparison of the CPS evolution of TC Bonnie within the model 

simulation (Figure 4.4) to the wind field evolution in the lower atmosphere (Figures 4.9 

and 4.12) highlights this well, showing that as the inner core cools throughout the depth 

of the troposphere the wind field expands and the RMW moves outward. Note that at the 

end of ET, defined by when the system has completed the transformation into a deep 

cold-core vortex, the outward movement of the RMW largely ceases (highlighted best by 

Figures 4.10 and 4.13); this is due to the reduced net cooling within the inner core of the 

cyclone, also highlighted by the CPS.  

However, this only provides evidence to the natural correlation between cooling 

within the inner core leading to the outward movement of the RMW and to the transition 

into a cold-core vortex; what is causing this change in temperature within the inner core 

remains uncertain. Molinari et al. (1995) use radial momentum and heat fluxes in the 

diagnostic framework of the Eliassen-Palm flux to argue that the natural response of a 

tropical cyclone constructively interaction with upper level angular momentum fluxes is a 

strengthening of its secondary circulation, with enhanced adiabatic cooling due to 

enhanced ascent found within the inner reaches of the cyclone. Within a tropical cyclone, 

enhanced latent heat and moisture fluxes that result from this acceleration counteract the 

adiabatic cooling, leading to net warming and intensification of the TC; with a cyclone 

undergoing ET, such fluxes are dramatically weakened (or are non-existent), resulting in 

the observed net cooling. As such, Hart et al. (2006) follow up on the work of Molinari et 

al. (1995) to hypothesize that the same response found within cyclones undergoing ET 

leads to the observed cooling of the inner core, with minor differences noted in the level 

and magnitude of the external forcing for the different post-ET cyclone evolutions and 

between the ET and rapidly intensifying TC cases. While external forcing is obviously 

crucial to the acceleration of the outer wind field, as discussed in the previous section, its 

relevance toward the cooling within the inner core remains uncertain.  

To gain a measure for this, the Eliassen-Palm flux, its divergence, and associated 

heat and momentum flux components are computed using the framework of Molinari et 

al. (1995). The Eliassen-Palm (EP) flux combines the effects of fluxes of heat and 

momentum into a single diagnostic for observing the adiabatic impacts of some external 

feature to a cyclone. Diabatic impacts are neglected in this framework yet may be 

contributors to the depicted evolution. A full derivation of the EP flux is given in 

Molinari et al. (1995; their Appendix); only the relevant equations and concepts are 

presented here. All calculations are carried out in a cylindrical, isentropic, storm-relative 

framework, largely matching that seen within the previous analyses in this study. Impacts 

from diabatic heating, friction, and variations in the Coriolis parameter are neglected. The 

EP flux vector FL and its divergence are given by the following: 

 

(4.10) ( )[ ]'''
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where σ is the pseudodensity and equal to 
Θ∂
∂

−
p

, subscripts of L denote storm-relative 

flow and all other subscripts denote derivatives in the ),,( Θλr coordinate system, Ψ is the 

Montgomery streamfunction, overbar terms denote azimuthally averaged quantities, 

prime terms denote departures from the azimuthal average, and all other terms have their 

standard meteorological meaning. The EP flux divergence is directly related to eddy PV 

activity and is taken as a measure of the eddy PV flux (Molinari et al. 1995).  

Differences arise in the application of the EP flux between the TC rapid 

intensification case of TC Elena by Molinari et al. (1995) and the ET cases of Hart et al. 

(2006), primarily in the external environment impacting the cyclone. In the former, an 

approaching mid-latitude trough narrows in scope to closely match that of the TC, 

resulting in the potential for constructive interaction between the two features, whereas in 

the latter, an approaching mid-latitude trough far exceeds the TC in horizontal scope. 

While both cases result in the impartation of shear across the storm, it is believed that the 

scale and magnitude of this shear is greater for the ET case rather than the TC case, 

leading to the observed evolution in an environment favorable for baroclinic growth. 

Molinari et al. (1995) note a case for comparison of a rapidly intensifying midlatitude 

cyclone in the EP flux framework; results are shown to be similar between it and the TC 

interaction case – and, by extension, the ET cases of Hart et al. (2006) – with respect to 

strong forcing aloft to compensate for the external momentum forcing. 

Figure 4.28 depicts the EP flux divergence and its components at 0900 UTC 30 

August 1998, near the end of the ET of TC Bonnie. Significant forcing is noted at radii 

greater than 500km, largely driven by impacts from eddy inward cyclonic momentum 

flux (as depicted by the outward pointing vectors). Downward pointing vectors at radii of 

900-1000km denote dominance by eddy heat fluxes corresponding to the development of 

frontal structures and import of cooler air into the storm volume (Molinari et al. 1995). 

The strongest forcing is maximized in the upper levels of the cyclone, near the 344 K 

isentropic level; this matches well with that shown in the rapid intensification case of 

Molinari et al. (1995) but is found at somewhat higher isentropic levels than at the end of 

ET within the cold-core composite of Hart et al. (2006; their Figure 8(o)).  The cause for 

this disconnect is likely due to the mid-latitude trough associated with the ET of Bonnie 

not penetrating to as low of an isentropic level within the environment as in the 

composite mean for weakening, cold-core ET cases (Figure 4.29). 

As previously noted, the impact of this forcing is to bring about an enhancement 

of the secondary circulation of the cyclone to restore the thermal wind balance disrupted 

by the external forcing, leading to adiabatic cooling within the inner core of the system. 

Unlike with a TC, this balance generally comes close to being achieved, driving the ET 

of the cyclone and the evolution into a cold-core vortex, bringing about a natural outward 

movement of the radius of maximum winds. The EP flux formulation also serves to 

provide verification for the momentum-driven acceleration of the outer wind field, 

whereby an acceleration of the secondary circulation through the response to an upper-

level source of momentum – and not just the advection of momentum from upper to 

lower levels along isentropic surfaces to the north and west of the cyclone – enhances the 

outer wind field. 
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Table 4.1: Comparison of NHC best track and MM5 12km simulation forecast positions 

on six-hourly intervals for TC Bonnie (1998). Analysis and forecast positions are given in 

the second and third columns, respectively, with great circle distance track errors in the 

final column. 

 

Analysis Time NHC Best Track 

Position

12km MM5 

Simulation Position

Great Circle 

Distance Error 

(km)

1200 UTC 28 August 36.70°N, 74.30°W 36.60°N, 74.33°W 11 

1800 UTC 28 August 37.30°N, 73.20°W 37.44°N, 73.22°W 16 

0000 UTC 29 August 38.30°N, 71.40°W 38.11°N, 72.16°W 70 

0600 UTC 29 August 39.20°N, 69.60°W 39.18°N, 70.79°W 103 

1200 UTC 29 August 40.20°N, 67.80°W 40.10°N, 68.58°W 67 

1800 UTC 29 August 41.60°N, 64.80°W 41.24°N, 65.75°W 89 

0000 UTC 30 August 42.90°N, 61.50°W 42.16°N, 62.92°W 142 

0600 UTC 30 August 44.30°N, 57.00°W 42.90°N, 60.05°W 291 

1200 UTC 30 August 44.50°N, 53.50°W 43.37°N, 56.20°W 250 

1800 UTC 30 August 44.00°N, 50.00°W 43.45°N, 53.16°W 261 

0000 UTC 31 August 44.00°N, 45.00°W 42.93°N, 49.88°W 411 

0600 UTC 31 August 43.00°N, 41.00°W 41.86°N, 46.88°W 499 

1200 UTC 31 August Not available 41.31°N, 44.93°W Not available 
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Table 4.2: Comparison of NHC best track and MM5 12km simulation forecast sea level 

pressures (units: hPa) on six-hourly intervals for TC Bonnie (1998). Analysis and 

forecast positions are given in the second and third columns, respectively, with the 

difference of the forecasted from the analyzed sea level pressure in the final column. 

 

Analysis Time NHC Best Track 

Pressure (hPa)

12km MM5 

Simulation Pressure 

(hPa)

Difference (hPa)

1200 UTC 28 August 990 993 +3 

1800 UTC 28 August 991 990 -1 

0000 UTC 29 August 993 988 -5 

0600 UTC 29 August 999 986 -13 

1200 UTC 29 August 999 986 -13 

1800 UTC 29 August 1000 987 -13 

0000 UTC 30 August 1000 990 -10 

0600 UTC 30 August 1000 990 -10 

1200 UTC 30 August 1000 990 -10 

1800 UTC 30 August 998 990 -8 

0000 UTC 31 August 996 991 -5 

0600 UTC 31 August Not available 993 Not available 

1200 UTC 31 August Not available 996 Not available 

 48



 
 

Figure 4.1: Comparison of the NHC best track positions and track (blue), 36km MM5 

simulation forecast positions and track (green), and 12km MM5 simulation forecast 

positions and track (red). The red (green) square denotes the position along the NHC 

track at the start of the 12km (36km) MM5 model simulation. 
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(a): 

 
 

(b): 

 
 

Figure 4.2: (a) 500hPa geopotential height (units: m) fields from the NOGAPS 

operational analysis (solid) and MM5 simulation (dashed) and their difference (shaded; 

NOGAPS-MM5) at 0000 UTC 30 August 1998; (b) as in (a), except at 1200 UTC 31 

August 1998. The solid black line in both (a) and (b) outlines the 12km MM5 domain. 
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Figure 4.3: Difference between 850-200hPa shear from the NOGAPS operational 

analysis and the MM5 simulation fields (NOGAPS minus MM5) at 0000 UTC 30 August 

1998. The magnitude of the difference is shaded (units: m s
-1

) and the directional 

difference is depicted in arrows, with westerly and northerly arrows denoting where the 

NOGAPS components of shear are greater than those from the MM5. The center of the 

storm per the NHC best track analysis is denoted with a black dot. 
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(a): 

 
 

(b): 

 
 

Figure 4.4: (a) Thickness versus lower-level thermal wind phase space diagram for the 

12km MM5 simulation of TC Bonnie; (b) as in (a), except lower-level thermal wind 

versus upper-level thermal wind. A linear smoothing filter of ±2hr from the analysis time 

is applied to the analyses. For a full description of the parameters involved in these 

diagrams, please see Hart (2003).  
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(a): 

 
 

(b): 

 
 

Figure 4.5: (a) and (b) as in Figure 4.4, except for the NOGAPS operational analysis 

products available during the lifecycle of TC Bonnie.  
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(a): 

 
 

(b): 

 
 

Figure 4.6: (a) MM5 model simulation integrated cloud water (units: cm) and (b) GOES-

8 infrared geostationary satellite image at 0000 UTC 29 August 1998. 
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(a): 

 
 

(b): 

 
 

Figure 4.7: (a) and (b) as in Figure 4.6, except at 0000 UTC 30 August 1998. Note that 

the map projections are not identical. 
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(a): 

 
 

(b): 

 
 

Figure 4.8: (a) and (b) as in Figure 4.7, except at 0000 UTC 31 August 1998. In (b), the 

cyclone is denoted by the black circle. 

 

 56



 
 

Figure 4.9: Azimuthally averaged 10m wind field (units: m s
-1

) between 1400 UTC 28 

August 1998 and 1200 UTC 31 August 1998 from the 12km MM5 model simulation of 

TC Bonnie. Time is on the vertical axis and radius from the center of the cyclone (in 

kilometers) is on the lower axis. 
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Figure 4.10: 10m azimuthally averaged wind profiles (units: m s
-1

) at three times during 

the 12km MM5 model simulation, 0400 UTC 29 August 1998 (black), 1000 UTC 30 

August 1998 (green), and 1000 UTC 31 August 1998 (red). Azimuthally averaged wind 

speed is on the vertical axis, while distance from the center (in kilometers) is on the lower 

axis. 
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(a): (b): 

 

(c): 

 
 

Figure 4.11: (a) 10m wind speed (units: m s
-1

) for a 15°x15° domain centered on the 

cyclone at 0400 UTC 29 August 1998; (b) as in (a), except at 1000 UTC 30 August 1998; 

(c) as in (b), except at 1000 UTC 31 August 1998. The white space in (c) denotes areas 

outside of the model simulation domain. Contours are labeled every 4 m s
-1

. 
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(a): 

 
 

(b): 

 
 

Figure 4.12: As in Figure 4.9, except for the (a) 310K and (b) 324K isentropic surfaces. 

In (b), the region in the lower right of the figure is a simulation boundary contribution. 
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(a): 

 
 

(b): 

 
 

(c): 

 
 

Figure 4.13: Azimuthally averaged wind field (units: m s
-1

) on isentropic surfaces from 

296-368K (vertical axis) out to a radius of 1000km (horizontal axis) at (a) 0400 UTC 29 

August 1998, (b) 1000 UTC 30 August 1998, and (c) 1000 UTC 31 August 1998. 
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(a): 

 
 

(b): 

 
 

(c): 

 
 

Figure 4.14: As in Figure 4.11, except on the 310K isentropic surface. 
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(a): 

 
 

(b): 

 
 

(c): 

 
 

Figure 4.15: As in Figure 4.14, except on the 324K isentropic surface. 
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8.4km

7.0km
7.0km

 

Figure 4.16: Vis5D trajectory analysis culminating at 2200 UTC 30 August 1998. The 

narrow black lines are unique trajectories; the red vectors are the wind field at the 4km 

level over the simulation domain; and the center of the storm is highlighted by the black 

circle. The vertical axis is height; the horizontal axis is the zonal axis; and the axis into 

the plane of the page is the meridional axis. 
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4.9km

 

Figure 4.17: Vis5D trajectory analysis culminating at 1200 UTC 30 August 1998. The 

narrow black line is a unique trajectory; the red vectors are the wind field at the 2km 

level over the simulation domain; and the center of the storm is highlighted by the black 

circle. The vertical axis represents height and the lower axis represents the zonal 

direction. 
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6.3km
4.9km

 

Figure 4.18: Vis5D trajectory analysis culminating at 0100 UTC 31 August 1998. The 

narrow black line is a unique trajectory; the red vectors are the wind field at the 3km 

level over the simulation domain; and the center of the storm is highlighted by the black 

circle. Axes are as in Figure 4.17. 
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(a): 

 

(b): 

 
(c): (d): 

 

Figure 4.19: NOGAPS analyses of (a) top: horizontal pressure advection (units: Pa s
-1

) on 

the 310K isentropic surface, bottom: horizontal AAM advection (units: m
2
 s

-2
) on the 

310K isentropic surface; (b) as in (a), except at 324K. Analysis time for both (a) and (b) 

is 0000 UTC 28 August 2005 over a 15°x15° domain centered on TC Katrina. Panels (c) 

and (d) are as in (a) and (b), respectively, except at 0000 UTC 22 December 2005 over a 

15°x15° domain centered on a rapidly developing extratropical cyclone in the Northwest 

Pacific Ocean. 
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(a): 

 
 

(b): 

 
 

Figure 4.20: (a) top: horizontal pressure advection (units: Pa s
-1

), bottom: horizontal 

AAM advection (units: m
2
 s

-2
) on the 310K isentropic surface at 0300 UTC 29 August 

1998 over a 15°x15° domain centered on TC Bonnie; (b) as in (a), except at 0600 UTC 

30 August 1998. 
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(a): 

 
 

(b): 

 
 

Figure 4.21: (a) top: horizontal pressure advection (units: Pa s
-1

), bottom: horizontal 

AAM advection (units: m
2
 s

-2
) on the 324K isentropic surface at 0300 UTC 29 August 

1998 over a 15°x15° domain centered on TC Bonnie; (b) as in (a), except at 0600 UTC 

30 August 1998. 
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(a): 

 
 

(b): 

 
 

Figure 4.22: Contributions of each of the terms (units: m s
-2

) of the isentropic momentum 

equation applied on the 310K isentropic surface to the total momentum time tendency 

(units: m s
-2

) at 1200 UTC 30 August 1998 for (a) the i component of the momentum 

equation and (b) the j component of the momentum equation. Upper left: horizontal 

advection term; upper right: Coriolis term; lower left: streamfunction term; lower right: 

total time tendency. All panels are over a 15°x15° domain centered on TC Bonnie. 
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(a): 

 
 

(b): 

 
 

Figure 4.23: (a) Geopotential height (units: m) over a 15°x15° domain centered on TC 

Bonnie on the 310K isentropic surface at 0000 UTC 30 August 1998; (b) as in (a), except 

on the 324K isentropic surface. 
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Figure 4.24: Dry (top) and moist (bottom) PV (both with units: PVU; 10
-6

 m
2
 s

-1
 K kg

-1
) 

over a 15°x15° domain centered on TC Bonnie on the 324K isentropic surface at 1200 

UTC 30 August 1998. 
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Figure 4.25: 925hPa azimuthally averaged wind field (units: m s
-1

, black line) and the 

time tendency of the 925hPa radial isobaric height gradient (units: s
-1

, green line) at 1000 

UTC 30 August 1998. The lower axis depicts radial distance from the center of the 

cyclone (km), the outer vertical axis depicts the magnitude of the radial isobaric height 

gradient, and the inner vertical axis depicts the magnitude of the wind field. 
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(a): 

 
 

(b): 

 
 

Figure 4.26: (a) as in Figure 4.25, except for the 925hPa radial temperature gradient 

tendency; (b) 925hPa azimuthally averaged wind field (units: m s
-1

, black line) and the 

time tendency of the 925hPa azimuthally averaged temperature (units: K hr
-1

, green line) 

at 0900 UTC 30 August 1998. Axes are as in Figure 4.25, except the outer vertical axis 

depicts the magnitude of the (a) radial temperature gradient and (b) temperature 

tendency.  
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Figure 4.27: Azimuthally averaged temperature tendency anomalies from the radial 

average (units: K s
-1

, shaded) between 950-200hPa at 0900 UTC 30 August 1998. 

Pressure (hPa) is on the vertical axis and radial distance from the center of the cyclone 

(km) is depicted on the lower axis. Positive (negative) values indicate where the 

temperature tendency is warmer (cooler) than the radial average. 
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Figure 4.28: EP flux divergence (shaded; units: 8x10
4
 Pa m

2
 K

-1
 s

-2
) and its components 

(arrows; momentum flux is the horizontal component and heat flux is the vertical 

component) at 0900 UTC 30 August 1998. Scaling is performed identically to that of 

Molinari et al. (1995; their Figure 3). Isentropic level (K) is on the vertical axis and radial 

distance from the center of the cyclone (m) is on the lower axis. 
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Figure 4.29: Azimuthally averaged isentropic potential vorticity (PV; units: PVU) about a 

cylinder of 1000km radius from the center of TC Bonnie at 0900 UTC 30 August 1998. 

Isentropic level (units: K) is on the vertical axis and radius from the center of the cyclone 

(units: km) is on the horizontal axis. 
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CHAPTER FIVE 

 

 

DISCUSSION 

 

 

 

 The results outlined in the previous section highlight the factors influencing the 

wind field evolution during ET, raising a series of questions that follow naturally from 

said factors. Such questions span all aspects of physical meteorology, ranging from 

operational meteorology in terms of the real-time operational use of the results presented 

here, to synoptic meteorology in terms of the implications toward other post-ET 

structural evolutions, to theoretical dynamical meteorology and the question of what 

defines cyclone size. In some cases, the results can directly be applied to understanding 

these questions; in other cases, the answers are not as clear. Nevertheless, discussion of 

these and other related questions is presented within this section. 

 

 

5.1 Operational Implications of Results 

 

 

 Forecasts of the wind field evolution during ET are complicated and not as 

accurate as forecasts of the wind field structure with TCs (J. Beven, personal 

communication). Few direct observations of the actual wind field structure as a cyclone 

undergoes ET are available due to the lack of a dense surface-based observing network 

over the oceans. As a result, forecasters must rely upon remotely-sensed satellite data 

available on irregular intervals and forecast model output to perform analyses and 

forecasts of the wind field evolution during ET. Such forecasts inherently suffer from 

generally poor depictions of the interactions between the TC and the mid-latitude 

environment (Jones et al. 2003), placing the forecaster at a disadvantage from the outset. 

Some skill has been noted with a new wind radii component to the Climatology and 

Persistence (CLIPER; e.g. Neumann 1972) model, but this skill still does not approach 

that noted with TC forecasts (J. Beven, personal communication). Given the prior lack of 

a plausible explanation for the dynamics behind the wind field expansion, it is apparent 

that a disconnect exists between understanding of the wind field evolution and ability to 

predict its evolution. 

 While the results presented in this study provide a mechanism for understanding 

the wind field evolution itself, implications toward the prediction of the evolution are not 

as evident. The case presented here, TC Bonnie of 1998, is retroactively forecast using 

archived forecast model operational analyses as initial and boundary conditions 

throughout the simulation. Further, archived data and analyses are available for 
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comparison with the observed simulation results, offering a measure of the quality of the 

forecast and thus the applicability of the results to observed situations. Such qualities do 

not hold for real-time forecasts, however; the quality of the operational wind field 

forecast is largely going to depend upon the quality of the model forecasts of its 

evolution. A comparison with in situ data is only available at the initial time of the model 

analysis, typically offering only minimal insight into where errors in the forecast may 

appear at later times due to poor initial representation of features. 

 However, using the results from this study, methods to overcome this hurdle exist 

and offer some potential for the improvement of real-time wind field evolution forecasts 

during ET. As noted in Sections 4.2 and 4.3, the wind field evolution naturally fits within 

the timeline of ET as a whole; it is influenced by the same factors as those that influence 

the overall structural evolution of the cyclone. Thus, it is natural to expect that the 

aforementioned uncertainties in model forecasts of ET structural evolution will lead to 

uncertainties with the wind field evolution during ET. To combat this, ensemble 

forecasting approaches can be used to gain a measure for the uncertainties in the control 

model forecast, such as the normalized confidence measures developed to analyze low-

level wind fields by Durante (2006). These measures can be applied to both the specific 

structural evolution of the cyclone as well as the broader mid-latitude forcing acting upon 

the cyclone during ET, offering insight into where errors may arise in the model forecast 

and where value may be added by the human forecaster. These ensemble techniques are 

used within the context of the CPS (see http://moe.met.fsu.edu/cyclonephase/) to get a 

better handle on when a TC is predicted to begin to undergo and complete ET toward 

better predicting the outward movement of the RMW. This follows naturally from this 

outward movement being tied to the cooling of the inner core of the cyclone and thus 

occurring primarily through only the completion of ET. In conjunction with analyses of 

the uncertainty in the magnitude of the mid-latitude forcing upon the cyclone to drive the 

ET process, this provides a concise framework for which the entire wind field evolution 

may be better forecast. 

 

 

5.2 Other Post-Transition Evolutions and Extratropical Development 

 

 

 The cold core, weakening post-transition evolution of TC Bonnie is but one 

example of the different post-transition evolutions that a TC may experience. Distinctions 

can be drawn between TCs that strengthen and those that weaken after ET as well as 

between those that remain cold core and those that redevelop a lower-level warm core 

(warm seclusions; e.g. Shapiro and Keyser 1990). The factors influencing such post-

transition evolutions are highlighted in a synoptic-scale framework by Hart et al. (2006). 

Differences between the evolutions are noted primarily with the orientation of the mid-

latitude features influencing the transition process itself, such as the tilt of the associated 

mid-latitude trough. Each post-transition evolution has unique impacts in terms of overall 

cyclone structure – including that of the wind field – and the impacts that the cyclone 

brings to any given region. For example, warm seclusion cyclones are characterized by 

radial wind maxima located relatively close to the center of circulation, while cold core 

cyclones are characterized by radial wind maxima located further away from the center. 
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Thus, it is important to understand the factors influencing the wind field evolution for not 

just the weakening cold core cases (like the one presented here) that make up a large 

percentage of all ET events, but for all post-ET extratropical (e.g. no redevelopment into 

a TC) evolutions. 

 As previously shown, the wind field evolution during ET can be divided into two 

components, factors influencing the outer wind field acceleration and factors influencing 

the outward movement of the radius of maximum winds. In the context of all post-

transition wind field evolutions, these distinctions are also relevant. Specifically, with 

regards to the internal thermal structure of the cyclone after transition, the relative 

location of the radius of maximum winds is the primary distinction between the two 

classifications. With regards to the intensity of the cyclone after transition, external 

factors are the primary modulating elements. Since all transitioning cyclones can be 

divided into any of the post-ET evolution composites, such internal and external 

distinctions provide a comprehensive framework for understanding any of the possible 

post-transition evolutions.  

As highlighted in Section 4.3, the outward movement of the radial wind 

maximum is brought about by a weakening of the radial temperature and height gradients 

inside of the RMW that results from net cooling within the center of the cyclone. This is 

believed to be brought about by the axisymmetric thermal wind response to external 

momentum forcing upon the cyclone and follows from Sawyer-Eliassen non-linear 

balance principles (e.g. Willoughy 1990). Regardless of the mechanism at play, the 

internal cooling is a feature that is by definition found with all cold core ET events. It is 

after transition where departures from this evolution can occur. In a broad sense, Sawyer-

Eliassen non-linear balance does not need to hold for changes in the aforementioned 

gradients to reflect changes in the location of the RMW; naturally, since temperature 

gradients hydrostatically relate to isobaric height gradients, changing the magnitude of 

the temperature anomaly within the center of the cyclone will lead to changes in the 

location of the RMW. Thus, during tropical development, the magnitude of the warm 

anomaly in the center of the cyclone increases, leading to contraction of the RMW; 

during ET, the magnitude of said anomaly weakens to near-zero, resulting in an outward 

movement of the RMW and flattening of the radial wind profile. 

In terms of post-transition thermal structure, the location of the radial wind 

maximum is believed to be influenced by the evolution of the temperature anomaly found 

within the center of the cyclone. For cyclones that transition into warm seclusions with a 

lower level warm core, the location of the radial wind maximum may be influenced by 

the more “tropical” mode of development (e.g. McTaggart-Cowan et al. 2004) common 

to these cyclones. Specifically, the net vertically integrated temperature anomaly within 

the center of the cyclone may become near-zero or positive in magnitude, resulting in a 

re-contraction of the RMW closer to the center of circulation. The development of this 

low-level warm temperature anomaly is believed to be a response to the import of high 

equivalent potential temperature (e.g. high moisture- and latent heat-containing) air into 

the center of the cyclone as it becomes isolated from its external environment (Hart et al. 

2006). This increased latent heating within the cyclone contrasts with the convectively- 

and subsidence-driven heating found with the purely tropical eyewall contraction cases 

(Willoughby 1990), drives the re-contraction of the RMW with warm seclusion events. 

For cyclones that continue to cool within the inner core of the cyclone – often 
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accompanied by intensification of the cyclone – and remain in gradient wind balance, the 

radial temperature and isobaric height gradients will tighten one again through this net 

integrated cooling, potentially resulting in some re-contraction of the RMW. Magnitudes 

of this evolution are influenced by the radial region over which the temperature anomaly 

and integrated temperature change is spread. 

The observed external factors are also believed to be important with respect to the 

wind field evolution of storms that weaken versus those that strengthen after transition. 

Integral to this argument are both baroclinic energetics and the magnitude of the 

momentum transport into the cyclone’s circulation. The magnitude of the acceleration of 

the outer wind field – a proxy for the cyclone’s strength – is dependant upon the 

magnitude of the momentum transport into the cyclone near to its center, particularly 

when comparing TC Bonnie to other ET cases that exhibit a weaker wind field expansion 

and more profound post-ET weakening (not shown). Implications toward cyclone 

intensity become apparent upon a comparison of Figures 4.20(c,d) to Figures 4.21(b) and 

4.22(b), depicting AAM advection fields associated with the rapidly-developing 

extratropical cyclone and the gradually weakening TC Bonnie, respectively. The 

magnitude of the AAM import into the rapidly developing extratropical cyclone far 

exceeds that found with TC Bonnie. While it is essential to note that temporal correlation 

does not necessarily equal causation, it is worth noting that as the cyclone began to 

occlude and weaken two days after the time in Figures 4.20(c,d), the magnitude of the 

AAM import into the cyclone decreased markedly, as highlighted by Figure 5.1. 

Magnitudes of the AAM advection are weaker than as seen with TC Bonnie during ET 

while vertical redistribution has largely ceased. The application of momentum import and 

redistribution principles toward understanding post-ET cyclone strength and intensity is 

not a foreign application; instead, it follows naturally from the works of Johnson and 

Downey (1975a,b; 1976), highlighting the development of cyclones as a function of 

momentum transport. 

The precise intensity of the cyclone is indirectly influenced by AAM advection as 

it ties into the instability (e.g. baroclinicity) of the atmosphere. Conditions that favor 

rapid extratropical cyclone growth are generally also those that feature high values of PV 

coupled with highly asymmetric circulations and thus a means of importing high AAM 

air toward the center of the cyclone. As a consequence, the magnitude of those 

asymmetries is generally an indicator for the intensity of the cyclone and is best 

highlighted by the CPS, where stronger extratropical cyclones tend to be more 

asymmetric than their weaker counterparts (Figure 5.2). Warm seclusions, which tend to 

be more symmetric than their cold core extratropical counterparts, fit into this framework 

in a slightly different manner, where high momentum values are transported into the 

cyclone’s circulation along the same conduit that parcels containing high amounts of 

moisture and latent heating are transported into the cyclone.  This provides an alternative 

means to how such cyclones intensify. As the system secludes (or even occludes), it 

typically reaches its peak intensity, coincident with the termination of momentum 

transport (Johnson and Downey 1976). Thus, the observed results for TC Bonnie plus 

those from previous related studies into cyclone development provide an effective means 

for understanding all post-transition wind field evolutions and not just the general cold 

core evolution presented here. 
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5.3 Shear Versus Expansion 

 

 

 As a cyclone undergoes ET, it encounters regions of strong vertical and horizontal 

wind shear. In fact, strong shear is a characteristic of a highly baroclinic environment and 

is conducive to the conversion of potential to kinetic energy for cyclone growth. The high 

wind speeds aloft associated with strong vertical wind shears also provide a source of 

momentum that can be imported into a cyclone’s circulation through descent on its 

western flank, such as that highlighted in Figure 4.17. Through thermal wind arguments, 

such vertical shear naturally leads to the development of temperature gradients across the 

cyclone by which this descent can occur. In their lifecycles, TCs can also experience 

strong vertical and horizontal wind shears, resulting in the decay of the cyclone despite 

the development of such temperature gradients across the cyclone. Thus, the natural 

question that follows is one of why does one case lead to ET and acceleration of the 

cyclone’s outer wind field, while the other only leads to the decay of the cyclone 

(destructive trough interaction; e.g. Molinari et al. 1995)? 

 Two perspectives can be used to understand this discontinuity. The first follows 

from the presence of extratropical forcing for baroclinic development, a measure of 

which is given by the Eady baroclinic growth rate. This parameter has been used by 

Hoskins and Valdes (1990) to diagnose factors influencing climatology cyclone tracks 

and Hart and Evans (2001) to illustrate the month-to-month seasonality in the ET 

climatology. Combining influences of vertical wind shear and static stability to highlight 

the potential for baroclinic cyclone growth, it is given by: 

 

(5.1) 
131.0 −= NfU zσ  

 

where Uz is the vertical wind shear and N
-1

 is the inverse of the Brunt-Väisälä frequency 

(and the inverse of the square root of the static stability). Thus, for strong vertical wind 

shears and low static stability, the baroclinic growth rate is enhanced. Hart and Evans 

(2001) showed that ET is favored at times when the regions of favorable baroclinic 

growth rate and tropical cyclone development (defined by a maximum potential intensity 

of at least 960hPa) are closest latitudinally, while at other times cyclones generally decay 

either due to cooler waters or stronger vertical wind shear. Within the external 

environment surrounding the TC, often one or both parameters are not met; under vertical 

shearing conditions, it is often the static stability parameter that is not sufficiently large. 

Yet, during ET, both such parameters can be and often are met. Figure 5.3 depicts the 

Eady growth rate associated with the ET of TC Bonnie and its environment as it began to 

undergo ET. Clearly, the cyclone is translating into a region favorable for baroclinic 

growth.  

This suggests that a transitioning cyclone under such conditions can maintain 

itself through ET until baroclinic energetics can sustain the cyclone, with said 

maintenance mechanisms tied into the wind field evolution and momentum transport as 

outlined in Section 5.2. For a cyclone that does not enter into such a region, thermal wind 

arguments state that weak temperature gradients will still be established across the 

cyclone, but the magnitudes of these gradients are believed not to be sufficient to create 
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substantial asymmetries within the cyclone and result in sufficient momentum import to 

accelerate its outer wind field and prevent its decay. 

 The second approach to understand the aforementioned discontinuity between 

expansion and decay is a thermal wind approach. Utilizing forecast model data of the 

vertical wind shear within the environment of the cyclone, thermal wind arguments can 

be invoked to calculate what the temperature gradients to maintain thermal wind balance 

must be across the cyclone. This results in a means of testing the above hypothesis 

regarding the magnitudes of the temperature gradients and resultant asymmetries across 

the cyclone. The formulation of the thermal wind employed here is given by Carlson 

(1998) as: 
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where all symbols have their standard meteorological definition and unit vectors are 

denoted in boldface. The thermal wind in (5.2) has zonal and meridional components ut 

and vt; it is the zonal component that is most applicable to the problem given the 

orientation of the temperature gradients to which the cyclone approaches. This zonal 

component is given by: 
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Thus, the thermal wind relationship states that the vertical shear of the zonal geostrophic 

wind is inversely proportional to the magnitude of the meridional mean temperature 

gradient. Taking the winds in this region to be nearly geostrophic in nature outside of the 

cyclone’s environment within the 850-200hPa layer, it is possible to calculate the 

expected meridional temperature gradient for that vertical wind shear. Note that (5.3) 

uses layer mean virtual temperature. Given negligibly minor variations in the virtual 

temperature from the actual temperature even in regions of high moisture content, the 

gradient of the actual temperature will be used instead. 

 Figure 5.4 displays the magnitude of the vertical shear associated with the 

environment of TC Bonnie at the same time as that depicted in Figure 5.3 as well as the 

observed temperature gradients at three levels: the surface, 310K, and 324K. To the north 

of and away from the cyclone, approximately 40 m s
-1

 of zonal wind shear is noted. Due 

to heating in isolated convective bands in the mid-levels and due to surface heating over 

southeastern Canada, the meridional temperature gradient is weak or positive (e.g. 

temperatures increasing with increasing latitude) in localized regions. Otherwise, the 

meridional temperature gradient is characterized by strong cooling with increasing 

latitude with observed gradients approaching -25°C per 1000km. Combining the two 

situations, observed temperature gradients are on the order of -12°C per 1000km at the 

surface, -16°C per 1000km at 310K, and -24°C per 1000km at 324K, with a layer mean 

temperature gradient from these values on the order of -20°C per 1000km. However, the 

magnitude of the layer mean temperature gradient resulting solely from thermal wind 

arguments is much lower than that observed. Rearranging (5.3) to solve for the 
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meridional temperature gradient assuming an f-plane at 45°N and the observed 40 m s
-1

 

zonal vertical wind shear, a temperature gradient of -9.921°C per 1000km is obtained.  

This implies that the region that the cyclone is entering into is not in thermal wind 

balance. The response of the system to restore thermal wind balance must come in one of 

two forms: an erosion of these temperature gradients (e.g. through the conversion of 

potential to kinetic energy in a baroclinic energetic framework) or an increase in the 

magnitude of the vertical wind shear (e.g. enhancing the magnitude of a momentum 

source aloft). Both of these responses are favorable for baroclinic development and result 

in means by which momentum may be imparted into the cyclone’s circulation from the 

outer environment, such as through asymmetries or descent from upper levels. Stated in 

another manner, the weak temperature gradients that result solely from vertical wind 

shear are not sufficient enough to bring about baroclinic development and the 

acceleration of the cyclone’s wind field, leading to the decay of the sheared TC as its 

vertical structure is disrupted and ultimately eroded. 

 

 

5.4 What Defines Cyclone Size and Balance? 

 

 

 While this work presents a means by which changes in the location of the RMW 

for a cyclone undergoing ET can be diagnosed, the question of to where the RMW will 

move to remains unanswered. This question ties into the spatial extent of the cyclone’s 

circulation and its internal core (e.g. the net integrated temperature anomaly found at its 

center), factors influencing not just where the RMW will move to but how strong the 

response will be to changes in the integrated temperature anomaly. By definition, larger 

cyclones have this anomaly spread outward radially moreso than smaller cyclones, 

suggesting their response to changes in the temperature anomaly in terms of the location 

of the RMW will be somewhat more subdued. But, what defines the actual size of a 

cyclone? Why are some cyclones smaller than others? Informal theories such as those 

proposing that the size of the incipient disturbance provides some insight into a cyclone’s 

size ignore the question of what caused that disturbance to be that size in the first place. 

Furthermore, the answer to this question should not depend upon the definition used to 

characterize the size, such as those used by Kimball and Mulekar (2004) of the outermost 

closed isobar and radius of gale-force winds, or some other definition. 

 Indeed, the climatology of TC size by Kimball and Mulekar (2004) is one of the 

few studies to discuss the factors influencing its evolution. Their findings highlight four 

key points: TCs tend to increase in size as they recurve and undergo ET; eyewall 

replacement cycles modulate the size of intense TCs; more intense TCs are larger than 

smaller ones; and TCs forming from extratropical origins are larger than those forming 

from tropical origins (e.g. easterly waves). Other than that latter point, however, little 

addresses the concept of the initial size of the cyclone – whether tropical or extratropical 

in nature. Momentum import and baroclinic/tropical development theories provide 

frameworks for understanding how cyclones grow in size, while other processes such as 

friction and occlusion provide insight into how cyclones shrink in size; however, none of 

these provide insight into how large they are from genesis. This is a concept worth future 

study. 
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 Perhaps even more integral to the discussion of ET and the wind field evolution is 

that of balance. Here, balance refers to both parcel-scale and cyclone-scale balances, with 

the former defined by momentum and potential temperature conservation and the latter 

defined by geostrophic, gradient, and cyclostrophic wind field balances. As the cyclone’s 

intensity weakens, inertial rotation weakens, resulting in a movement away from parcels 

conserving momentum toward parcels conserving potential temperature. Similarly, the 

weakening of the radial wind maximum and acceleration of the outer wind field result in 

changes in the wind field balance within the cyclone, from cyclostrophic toward gradient 

and geostrophic balance near the RMW and, at outer radii, from geostrophic toward 

gradient balance. Under each of these balance constraints some material quantity is (or 

quantities are) conserved; it is a question of which specific quantities are conserved under 

what balances and why such quantities are conserved (K. Emanuel via R. Hart, personal 

communication). 

 The gradual change in balance from momentum-surface following parcels to 

isentropic surface-following parcels is highlighted well by Figure 4.13. Through time, the 

wind field contours at outer radii flatten along isentropic surfaces from the top down and 

move inward toward the center of the cyclone. Meanwhile, near the RMW, the magnitude 

of the radial wind maximum decays and the vertical wind speed contours begin to flatten. 

Despite this evolution, however, the cyclone remains in gradient wind balance throughout 

(Figure 5.5). Whether or not a change in balance from momentum to potential 

temperature conservation is a marker of the change from gradient to geostrophic wind 

balance is unknown; care must be exercised when correlating the two. Furthermore, while 

each of the three primary wind field balances – cyclostrophic, gradient, and geostrophic – 

has particular dynamical characteristics that are specific to that given balance, cause and 

effect toward the observed wind field evolution is not clear. In particular, is the observed 

wind field evolution a function of the change in balance, or is the change in balance a 

function of the wind field evolution? The results presented here would argue toward the 

latter given that the wind field evolves largely without a change in balance, but a full 

dynamical study of balance, conserved quantities, and conservation principles is needed 

to confirm or deny this hypothesis. 

 85



(a): 

 
 

(b): 

 
 

Figure 5.1: (a) as in Figure 4.19(c) and (b) as in Figure 4.19(d), except both analyses are 

at 0000 UTC 24 December 2005. 
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Figure 5.2: Mean cyclone intensity as a function of lower level thermal wind (lower axis) 

and asymmetry factor (vertical axis). Figure from Hart (2003, their figure 10a). 
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Figure 5.3: Eady baroclinic growth rate (shaded; units: day
-1

) at 1200 UTC 29 August 

1998 in the environment surrounding TC Bonnie. The location of the cyclone is denoted 

with the black circle. The black box denotes the simulation domain. 

 88



 
 

Figure 5.4: 850-200hPa zonal wind shear (units: m s
-1

; upper left) and meridional 

temperature gradients at the surface (units: degrees C or K per 1000km; upper right), on 

the 310K isentropic surface (lower left), and on the 324K isentropic surface (lower right) 

at 1200 UTC 29 August 1998. 
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Figure 5.5: Time evolution of the Rossby number on the 10m surface out to a radius of 

1000km. The Rossby number is non-dimensional and contours are shaded highlighting 

regions under cyclostrophic (orange), gradient (green), and geostrophic (blue) wind 

balance. Contours are plotted at values of 0.1, 0.2, 0.5, 1, 2, 3, 4, and 5, increasing toward 

the left. 
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CONCLUSIONS 

 

 

 

 Through the simulation and analysis of the factors influencing the extratropical 

transition of a North Atlantic tropical cyclone, a comprehensive understanding of the 

wind field evolution during ET has been developed. This understanding is based upon 

results from one case of ET, North Atlantic TC Bonnie (1998), but is logically extendable 

to other cases in any basin. The wind field evolution is comprised of two separate but 

related processes, an acceleration of the outer wind profile and the outward movement of 

the radial wind maximum within the cyclone. As the cyclone undergoes ET, it encounters 

temperature gradients and strong vertical wind shear associated with a mid-latitude 

trough of low pressure. This leads to the development of asymmetries across the 

cyclone’s circulation, allowing for momentum transport to occur across the cyclone. Dry 

adiabatic descent in the north and west quadrants of the cyclone is the mechanism by 

which momentum is imparted into the cyclone’s circulation, while isentropic ascent and 

the upper level mid-latitude westerlies in the eastern quadrant provide a counterbalance in 

the form of the loss of momentum to the outer environment. However, a net imbalance in 

this transport is observed, with the result being a net import of momentum. Asymmetries 

in the wind field develop as a response to the asymmetric import and export of 

momentum both horizontally and vertically (e.g. by pressure torques or isentropic flow). 

Further, as the internal core of the cyclone cools during the ET process, the hydrostatic 

response to this integrated cooling is to weaken the radial temperature and height 

gradients inside of the radius of maximum winds, resulting in the outward movement of 

the radial wind maximum. The overall evolution of the cyclone’s wind field and structure 

during ET is found to largely resemble the development of a purely extratropical cyclone 

as highlighted by Johnson and Downey (1976) and oppose the contracting eyewall 

evolution depicted by Shapiro and Willoughby (1982) and others. 

 The observed results also highlight how the evolution of the wind field during ET 

is a natural outgrowth of the ET process as a whole. As the cyclone interacts with the 

mid-latitude environment, asymmetries akin to those found with an extratropical cyclone 

are established across the cyclone’s circulation. This follows from the Klein et al. (2000) 

conceptual model of the ET process. These asymmetries and the resultant radial flow into 

the cyclone from the mid-latitude environment not just result in the development of 

frontal structures and favored regions of ascent and descent, but also in the transport of 

momentum about the cyclone’s outer circulation. As the cyclone becomes progressively 

more asymmetric and further interacts with the mid-latitude environment, this momentum 

import increases. In conjunction, mid-latitude forcing driving the evolution of the 

temperature anomaly within the center of the cyclone brings about the weakening of the 

radial height and temperature gradients inside of the RMW. This is hypothesized by 

Molinari et al. (1995) to be a response to external forcing to restore thermal wind balance 
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via adiabatic cooling due to ascent. As these gradients weaken, the radial wind maximum 

moves outward, culminating with the completion of ET and the transition from a warm 

core to a cold core structure. This dual evolution is best highlighted by the CPS, depicting 

the increase in asymmetry and evolution of the thermal structure of the cyclone occurring 

in conjunction with each other during the ET process. 

  Implications toward operational forecasting of the wind field evolution and its 

associated impacts are numerous in nature. As the wind field evolves, both in terms of the 

outer wind field acceleration and outward movement of the radial wind maximum, the 

quality of operational forecasts of its evolution are dependent upon the model 

representation of the ET of the cyclone as a whole. Given that the ET process is one that 

is highly dependent upon the timing and magnitude of the interaction of the TC with the 

mid-latitude environment, measures for understanding the uncertainty in the related wind 

fields offer hope for improving overall forecast quality. This can be accomplished 

through the use of ensembles or ensemble confidence techniques. Direct applications to 

operations come in the form of forecasts of the potential for enhanced wave action (e.g. 

trapped fetch waves) to the right of cyclone motion. Understanding how the cyclone’s 

wind field evolves and when and where it will do so offers hope for better forecasts of 

wave fields. Other implications arise in terms of the post-transition evolution of the 

cyclone, largely dependent upon the continued evolution of momentum transport into the 

cyclone (e.g. Johnson and Downey 1976), understanding concepts of cyclone size and 

balance, as well as why the temperature gradients associated with vertical wind shear do 

not bring about an expansion of the wind field of the cyclone. With regards to this last 

point, baroclinic and tropical factors for development come together to bring about an 

environment conducive to maintaining the TC sufficiently long enough until baroclinic 

forcing, such as that in the form of momentum transport, may take over. Brought 

together, the observed results provide a comprehensive framework for understanding the 

role of momentum transport from the start of ET through the decay of the cyclone as an 

extratropical system toward its wind field evolution. 
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