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ABSTRACT 

 
 
 

One of the defining characteristics of the extratropical transition of tropical cyclones is the 
transition of the warm core thermal structure associated with the tropical cyclone into an initially cold core 
thermal structure associated with the extratropical cyclone. Despite this being a defining characteristic of 
the extratropical transition process, the literature expresses no consensus agreement upon or a 
quantification and physical description of the factors that explicitly cause this transition to occur. 
Understanding this evolution is important in order to better forecast and describe the evolution of physical 
features within the cyclone such as its four-dimensional wind field structure and to begin to quantify the 
contributors to the poleward transport of heat energy associated with the transitioning cyclone and its 
impacts upon hemisphere weather patterns and model predictability. 

This work employs a suite of high resolution numerical simulations in order to quantify and 
physically describe the evolution of the thermodynamic structure associated with a typical extratropical 
transition case, North Atlantic Tropical Cyclone Bonnie of 1998. Thermodynamic budgets native to the 
numerical model's primitive equation set and physical parameterizations are computed during the 
transition phase of the cyclone within a four-dimensional analysis framework. The observed warm-to-cold 
thermal profile evolution is found to arise out of an imbalance between dynamical cooling and 
parameterized warming contributions. This dynamical cooling, as influenced by horizontal advection, 
vertical advection and adiabatic cooling, and total divergence, is of greater magnitude than warming 
associated with latent heat release due to condensation and deposition processes within the transitioning 
cyclone's delta rain region. While the net thermodynamic evolution is found to be relatively resolution-
insensitive, specific details of the thermodynamic balance are found to vary depending upon the 
horizontal resolution of the given numerical simulation. The thermodynamic evolution is ultimately shown 
to be a natural outgrowth of the factors that influence extratropical transition as a whole and is found to 
closely resemble the mature and occluding stages of purely cold-core extratropical cyclone development. 

 
 
 
 
 
 
 
 
 
 
 
 



 
CHAPTER 1 

 
INTRODUCTION 

 
 
 
 
 The extratropical transition (ET) of tropical cyclones (TCs) is a well-studied phenomenon 
encompassing the transition of an initially warm-core, upright TC into an initially cold-core, tilted, 
baroclinic extratropical cyclone (Jones et al. 2003). An ET event commences once horizontal thermal and 
structural asymmetries develop across the TC and the erosion of the upper tropospheric TC warm core 
begins. This interaction with the midlatitude baroclinic flow brings about an array of structural evolutions 
within the cyclone, including the development of frontal structures and changes in its circulation patterns 
(Klein et al. 2000); asymmetric precipitation field changes (e.g. DiMego and Bosart 1982); expansions 
and asymmetric evolutions of the wind (Evans and Hart 2008) and wave (Bowyer 2000) fields; and a 
transition from tropical to extratropical cyclone energetics (e.g. Palmén 1958). The ET event culminates 
once the former TC no longer has a warm core thermal structure, draws sufficient energy from shear flow 
baroclinic processes, and has the appearance of an extratropical cyclone in synoptic fields and on 
satellite imagery (Klein et al. 2000; Ritchie and Elsberry 2001; Hart 2003; Evans and Hart 2003). The 
effects of ET events are significant and broad-reaching, ranging from effects upon short-term synoptic-
scale weather patterns and the degradation of forecast skill (e.g. Harr et al. 2008; Archambault et al. 
2009) to contributions to global- and climate-scale phenomena (e.g. McTaggart-Cowan et al. 2007). 
 It is the transition of the TC from a warm thermal structure to a cold thermal structure that is the 
focus of this work. The fundamental question of how this occurs is one that has not sufficiently been 
addressed within the literature. In fact, an analysis of the thermodynamic budget of a transitioning South 
Pacific TC using 2.5° ECMWF analyses by Sinclair (1993) is the only known work to date addressing this 
topic. With this TC, Patsy from 1986, initially tropospheric-deep diabatic heating due to convection and 
latent heat release and adiabatic cooling due to vertical motion gradually become limited in vertical extent 
as ET begins. As ET completes, adiabatic cooling and horizontal cold temperature advection offset any 
remaining diabatic heating processes, leading to an analyzed cooling rate of 3-5°C day

-1
 within a 6° 

radius from the surface center of the cyclone. The study by Sinclair (1993) is limited, however, by the 
horizontal, vertical, and temporal resolution of the model data. Furthermore, it does not describe the 
physical factors at play within the cyclone that cause the budgets to evolve during ET, nor does it 
describe the full spatial or temporal thermodynamic evolution within the cyclone. Fortunately, recent 
advances in numerical weather prediction skill and technology and in the understanding of ET events 
allow for us to overcome the limitations of Sinclair (1993) and thus provide a comprehensive 
quantification and physical overview of the thermodynamic evolution of an extratropically transitioning TC.  

Further justification for studying this thermodynamic evolution is provided by the broad range of 
meteorological phenomena associated with the ET process, whether directly or indirectly, that is affected 
by the changing thermal structure of the cyclone. Directly, the work of Evans and Hart (2008) suggests 
that the evolving wind field is directly impacted this evolution. Specifically, Evans and Hart (2008) find that 
forces of cooling that act to weaken the radial temperature gradients about the cyclone’s radius of 
maximum winds bring about the outward expansion of the cyclone’s radial wind maximum. This work left 
the cause of the cooling undetermined, however. Furthermore, developing an understanding of the 
factors that cause this thermal evolution may aid in improving forecasts of the timing of ET completion, 
particularly if said factors are ones that numerical models typically struggle with in real-time (such as 
diabatic processes). Indirectly, the synoptic-scale structural changes associated with the ET process 
transport aid in the redistribution of a significant amount of heat energy from the TC and the tropics into 
the midlatitudes (e.g. Hart 2009). Quantifying the factors associated with this redistribution, both within 
the inner core of the cyclone as well as in its general environment, is crucial toward understanding the 
role of TCs in climate and improving model forecasts of its evolution on short and long time scales. 

This work aims to quantify the factors that influence the thermodynamic evolution of a 
transitioning TC. In the process, it aims to conclusively determine whether the factors outlined by Sinclair 
(1993) sufficiently account for this evolution. Similarly, it aims to determine whether the hypotheses put 

1 

 



forward in works by Hart et al. (2006) and McTaggart-Cowan et al. (2003a; 2004) that separately hint at 
one of Sinclair (1993)’s factors each – adiabatic cooling and horizontal advection, respectively – have 
merit. To do so, thermodynamic budgets are computed from a trio of numerical simulations of a 
transitioning TC, North Atlantic TC Bonnie from 1998, using the MM5 numerical model. These 
thermodynamic budgets are used in conjunction with more conventional meteorological analyses and 
theory to attempt to physically described the observed evolution. Extensions are drawn to the 
conventional development of extratropical cyclone cold core structures, impacts of the thermodynamic 
evolution upon the aforementioned wind field expansion, and larger-scale considerations of heat transport 
and energy balance. Ultimately, a conceptual model detailing the physical factors contributing to the 
observed evolution is developed, providing to the community a concise overview of the evolution 
associated with one of the few remaining fundamentally unanswered problems associated with the ET 
process. In doing so, the results acknowledge that additional cases are needed to solidify and refine the 
conceptual model. 
 The remainder of this work is presented as follows. In the following section, a comprehensive 
review of the literature as relevant to this work is presented, including background upon extratropical 
cyclones, tropical cyclones, the ET process itself, and previous works that directly relate to this study. 
Section three presents the data and methodology employed within this study, including the setup of the 
numerical model, selection of the Bonnie case study, computation and physical discussion of the 
thermodynamic budgets, and an introduction to the primary analysis methods employed herein. Results 
are presented in the fourth section, focusing primarily upon physically describing the simulated 
thermodynamic budget evolution during ET and the impacts of horizontal resolution upon the simulated 
evolution. Broader impacts of this work are presented in conjunction with overall conclusions in the final 
section, focusing upon the description of a conceptual model of the development of the cold thermal 
structure as a result of the ET process. 
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CHAPTER 2 

 
LITERATURE REVIEW 

 
 
 
 

Before attempting to understand the thermodynamic evolution during the ET process, a 
comprehensive review of the literature is presented. Fundamentals of extratropical – including both warm 
and cold core thermal structures – and tropical cyclone structure and development are presented, 
attempting to accentuate the differences between various cyclone paradigms. From there, an attempt is 
made to define precisely what is meant by the thermodynamic structure of a cyclone, from its basic 
characteristics to its development and objective quantification. Only at that point is it possible to move into 
the more specific ET realm, with attention paid not just to the characteristics of the ET process itself but to 
the post-transition thermodynamic evolution as well. As such, the goal of this literature review is to 
present a comprehensive understanding of the factors that may influence the thermodynamic evolution 
during the ET process. 
 
 

2.1  Basic Cyclone Structure 
 
 
2.1.1 Cold Core Extratropical Cyclones 
 
 The cold core extratropical cyclone is historically perhaps the best studied phenomenon in the 
field of meteorology. Pioneering work in the early part of the twentieth century by Bjerknes (1921) led to 
the Norwegian school model of cyclone structure and evolution, a model that held up surprisingly well 
through the years despite numerous advances in observing and computational infrastructure. Simply put, 
the Norwegian model suggests that a cyclone originates along a frontal boundary, grows due to an along-
front instability, and decays as the cold front overtakes the warm front in an occlusion process, replacing 
warm air with cold air near the surface cyclone center (Carlson 1998). A schematic of the Norwegian 
wave cyclone model is presented in Figure 2.1a. Nowadays, it is known that cyclones are not 
manifestations of along-front instabilities and are instead a consequence of large-scale forcing found in 
conjunction with horizontal temperature gradients. Their behavior can be described via dynamical forcing 
of vertical motion, pressure tendencies, and baroclinic energetics (Carlson 1998). Low static stability is 
particularly important with developing storms with surface heat fluxes playing a non-essential but perhaps 
important role in their structure and development. The work by Carlson (1998) summarized our 
understanding of the development of these extratropical cyclones with a four stage process: incipient 
disturbance; rapid development; maturity; and decay. 
 The incipient disturbance stage is characterized by a weak surface disturbance, or baroclinic 
wave, that serves as a focus for the development of its accompanying lower tropospheric relative vorticity 
maximum. This disturbance is generally found downstream of a diffluent shortwave trough in the middle 
to upper troposphere. Associated with this trough are positive values of absolute vorticity advection over 
the surface disturbance that help force lower tropospheric convergence, ascending motion, and surface 
pressure falls near the disturbance. The atmosphere is primarily characterized by flow rich in mean 
available potential energy during this stage of development. 
 The rapid, or so-called “self” development stage is manifest by a positive feedback instability 
brought about by the changes that occur during the incipient disturbance stage. Upper tropospheric 
forcing in that stage brings about a deepening of the surface disturbance, causing the acceleration of 
thermal advection by the surface low with warm (cold) air advected to the east (west) of the surface 
cyclone. This aids in modulating the upper tropospheric longwave configuration so as to allow for this 
process to accelerate and continue through time, limited only by the amount of potential energy available 
for conversion to eddy available potential and eddy kinetic energy. As this occurs, the circulation of the 
surface low intensifies in a lower tropospheric baroclinic zone, the cyclone moves along thickness 
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contours toward maximum sea level pressure falls, and an open wave frontal pattern evolves with a 
distinct warm sector between the warm and cold fronts. 
 Maturity brings about the continuation and culmination of the positive feedback processes found 
in the self-development stage. This stage, also termed the self-limitation stage, is characterized by the 
slowing or retarding of the atmospheric development processes responsible for the cyclone's 
development. The cyclone continues to alter the velocity and temperature fields, ultimately leading to the 
reduction of relative vorticity and temperature advection atop the center of the cyclone at the surface. The 
changes in the upper troposphere that affect the lower tropospheric cyclone and vice versa are a 
manifestation of baroclinic instability. During this stage, the upper tropospheric wave takes on a negative 
horizontal tilt as the vertical wavelength between the upper and lower tropospheric waves begins to 
decrease significantly. 
 In the final, or decay, stage, substantial kinetic energy has been used up through baroclinic 
processes, the cyclone occludes, and kinetic energy is returned to the atmosphere in the form of mean 
available potential energy or eddy kinetic energy. The cyclone has reached its maximum intensity and the 
surface low cuts off from the warm sector in the occlusion process. At this time, the cyclone is decidedly 
cold core from the surface to the tropopause with no connection to the warm sector at any vertical level. 
The cyclone begins to and eventually does become vertically stacked due to a dynamic rearrangement of 
mass, causing the advective processes that led to its development to halt. After this point, frictional and 
internal dissipation cause the cyclone to gradually spin down and decay.  
 
2.1.2 Warm Seclusion Extratropical Cyclones 
 
 In an overview of modeling and theoretical studies done on frontal and wave cyclone evolution, 
Shapiro and Keyser (1990) denote an extension to the aforementioned wave cyclone paradigm: the warm 
seclusion. Two key elements of the warm seclusion evolution are noted: frontal fracture and the 
development of a frontal “T-bone” structure featuring a bent-back warm front. During the self-development 
stage, the previously contiguous cold-warm front interface fractures, leading to a separation of the cold 
front from the warm front. As the cyclone moves into the mature stage, the cold front begins to overtake 
the warm front in a zonal direction into the warm sector. While this occurs, the warm front develops 
westward as temperature gradients intensify to the north of the cyclone along its cold conveyor belt. Cold 
polar air encircles the surface cyclone as it reaches its maximum intensity, trapping a pocket of relatively 
warm air at its center. Shapiro and Keyser (1990) are careful to note, however, that the warm seclusion 
forms within the baroclinicity of the polar air and does not arise from warm air advection from the warm 
sector; the warm seclusion features lower (warmer) temperatures than those initially found within the 
warm (cold) sector. 
 Extending upon these concepts, Shapiro and Keyser (1990) present a conceptual model for warm 
seclusion development. This conceptual model is similar in many respects to the wave cyclone model 
presented in the previous section but emphasizes the unique aspects of the warm seclusion evolution. 
Their schematic is reproduced in Figure 2.1b and features four phases of frontal evolution: birth of the 
cyclone along a continuous and broad frontal zone; frontal fracture near the center of the surface cyclone 
and contraction of the along-front temperature gradients; frontal T-bone structure with bent-back warm 
front at peak development; and warm seclusion structure within the post-frontal polar air stream at and 
after maturity. These four stages roughly correspond to the four stages in the wave cyclone model in the 
previous section and both arise out of the same modes of baroclinic instability and energy conversion. As 
noted by Schultz et al. (1998), however, differences between these evolutions are manifest in the types of 
tropospheric flow patterns that each arises in: diffluent, high-amplitude flows for the wave cyclone model 
and confluent, low-amplitude flows for the Shapiro and Keyser (1990) model. 
 
2.1.3 Extratropical Cyclone Air Streams 
 
 Common to both warm seclusion and cold core extratropical cyclones are a series of principal air 
streams that comprise full tropospheric flow in the pre- and post- warm and cold frontal sectors of 
cyclones and frontal systems. Browning (1999) notes that these air streams aid in unifying cyclone 
structure with observations and in interpreting three-dimensional mesoscale organization. Four primary air 
streams, or conveyor belts (Carlson 1998), are described by Browning (1999) – the primary warm 
conveyor belt (WCB or W1), the secondary warm conveyor belt (W2), the cold conveyor belt (CCB), and 
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dry intrusion (DI). A schematic of these air streams is presented in Figure 2.2. It should be noted that this 
schematic is developed primarily from analyses of cyclones of the type presented by Shapiro and Keyser 
(1990) but that attention is given in the descriptions that follow to generalizing these findings to the air 
streams that are common to all extratropical cyclones. 
 The WCB is described as the main belt of high wet-bulb potential temperature air that rises from 
the lower to the upper troposphere within the polar-front cloud band (Browning 1999). Air in the WCB first 
travels along the main cold front before ascending over the warm front. Flow in it often exceeds 25 m s

-1
 

and is augmented by lower tropospheric inflow along its path. Ascent within the WCB is part of a 
thermally direct circulation with horizontal winds accelerating as it rises to give rise to a jet maximum at 
upper levels. Consistent with this is the conversion of potential energy into kinetic energy. The secondary 
WCB, or W2, is proposed by Browning (1999) as the feature responsible for bringing lower tropospheric 
inflow of high wet-bulb potential temperature air into the region of frontal fracture and is derived from 
lower tropospheric air approaching the cyclone center. It consists of boundary layer air that peels off of 
the left side of the WCB toward the cyclone center, air that ascends at the bent-back front into the cloud 
head. Flow in W2 is part of the ageostrophic transverse circulation associated with the exit region of an 
upper tropospheric jet streak (Young 1989) and is enhanced by boundary layer-induced frictional turning. 
Precipitation in the early stages of cyclone evolution is primarily forced by this thermally direct circulation 
associated with W2. 
 The CCB is an airstream that initially flows zonally rearwards in the lower troposphere along the 
cold side of the warm and bent-back frontal features. Like the WCB, it is often associated with a lower 
tropospheric jet occasionally exceeding 25 m s

-1
. At its outer edge, some air descends, especially in 

regions of evaporative cooling due to precipitation, but most air ultimately ascends within the cloud head. 
It is not as well-defined as the two WCBs in terms of the range of wet-bulb potential temperatures found 
within it due to its location in the warm frontal zone. Three-dimensional flow in the cloud head near the 
CCB is associated with another upper tropospheric jet streak, this one characterizing a thermally indirect 
circulation with cold air rising in the exit region of the jet. Precipitation in the latter stages of cyclone 
evolution is primarily characterized by the thermally indirect CCB circulation. 
 Finally, the DI is part of a dry air stream characterized by low wet-bulb potential temperature that 
descends from near the tropopause behind the cyclone and approaches its center in the middle 
troposphere, giving the appearance of a dry slot on water vapor satellite imagery. In the dry slot, the low 
wet-bulb potential temperature air begins to ascend over the shallow moist zone created by the high web-
bulb potential temperature air associated with W2. The interface between these two features leads to the 
development of an upper tropospheric cold front with convection here occasionally manifest through the 
realization of potential instability. The source of the DI air is believed to be upstream of the cyclone in an 
accompanying tropopause fold; only a portion of the air that leaves this region actually comprises the DI, 
however. 
 
2.1.4 Tropical Cyclones 
 
 Tropical cyclones are born out of air-sea feedbacks between sea surface temperatures and 
boundary layer wind structures and may play an important role in transporting heat and energy from the 
tropics into the midlatitudes and polar regions (e.g. Hart 2009 and references therein). At their most 
fundamental level, they are defined by Holland (1993) as non-frontal synoptic-scale low pressure systems 
over tropical or subtropical waters with organized convection and a definite cyclonic surface circulation. 
Furthermore, by definition (McBride 1995) they have a warm core structure, particularly in the upper 
troposphere, resulting in the strength of the vortex decreasing with increasing altitude in the troposphere. 
Tropical cyclones are approximately in gradient wind balance with the environment; the most intense 
tropical cyclones may be in cyclostrophic wind balance with their environment (Willoughby 1995). 
 Six climatological parameters favoring TC development were identified by Gray (1968, 1979): 
three dynamical – high lower tropospheric relative vorticity, sufficiently large magnitude to the Coriolis 
parameter f, and weak vertical wind shear – and three thermodynamical – sufficiently warm (above 26°C) 
near-surface oceanic temperatures, conditional instability through a deep tropospheric layer, and high 
values of relative humidity in the middle troposphere. Note that these parameters are multiplicative, non-
linear, and all must be favorable at once for TC formation to take place. These parameters can interact 
with one another and range from highly variable temporally (dynamical parameters) to highly invariant 
temporally (thermodynamical parameters). Frank (1987) culled these six parameters down to four, 
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combining the relative vorticity and Coriolis conditions into a single condition based upon absolute 
vorticity, removing the conditional instability parameter, and adding upward vertical motion to the relative 
humidity parameter. 
 In the context of these parameters, seven conditions associated with TC formation were identified 
by McBride (1995): a pre-existing disturbance with deep convection; a warm core structure to these 
disturbances; a preceding lower tropospheric relative vorticity spin-up over a large area; weak vertical 
wind shear; the appearance of curved banding features; a potential source disturbance in the form of a 
middle tropospheric mesoscale convective vortex (MCV); and the potential for an interaction with an 
upper tropospheric trough or area of low pressure. Of these, the first condition is perhaps the most 
important as it represents several of Gray's (and Frank's) aforementioned parameters being met plus 
provides a focus for convective organization and further warm core development. These disturbances can 
come in the form of a monsoon trough, easterly waves, an MCV, or perhaps convective clusters 
enhanced by seasonal tropical oscillations (e.g. Frank 1987). In each oceanic basin that supports tropical 
activity, TC development is largely modulated by some combination of these predecessor features. Of the 
remaining parameters, the overarching theme behind their importance is tied to the organization of 
convection and vertical coherence of moisture and temperature anomalies above this predecessor 
disturbance. The actual development of the TC, particularly as it ties to the development of its warm core, 
is described in Section 2.2.2. 
 Tropical cyclone structure can be broken down into two distinct circulations, a primary and 
secondary circulation. The primary circulation is that of the tangential wind and is increasingly 
axisymmetric with increasing intensity. The secondary circulation is characterized by lower tropospheric 
radial inflow, strong upward vertical motions at the eyewall or radius of maximum winds, and upper 
tropospheric radial outflow (e.g. Palmén and Newton 1969) and arises due to surface friction and 
condensational heating (Shapiro and Willoughby 1982). The secondary circulation acts to supply angular 
momentum and thermal energy that intensifies the primary circulation and maintain it against friction and 
radiational cooling (Riehl and Malkus 1961; Emanuel 1986). Flow outside the axisymmetric inner core of 
the cyclone and its asymmetric inflow sustains an eddy convergence of angular momentum into the inner 
core, providing for continued development and maintenance of the cyclone (Pfeffer 1958). 
 The three-dimensional flow within mature TCs is primarily characterized by a force balance 
involving the pressure gradient force, Coriolis force, and centripetal accelerations. It is generally along 
surfaces of constant angular momentum and/or saturated equivalent potential temperature (e.g. Rotunno 
and Emanuel 1987) but its cross-surface advective component drives the evolution of the secondary and, 
by extension, primary circulation. The strongest tangential wind is found at the eyewall with horizontal 
convergence found both radially inward and outward from the eyewall even in the middle troposphere. It 
is at its peak intensity just above the frictional layer, maintains a nearly constant intensity in the lower to 
middle troposphere, and turns anticyclonic with increasing height in the upper troposphere (Willoughby 
1995). Inside of the eyewall, or in the eye of the mature TC, it is very warm and dry due to a thermally 
indirect circulation featuring mechanically forced subsidence (e.g. Jordan 1961). Warming due to 
subsidence within the eye and diabatic heating due to surface heat flux transport within the eyewall of the 
storm leads to a low surface pressure, even though most latent heat release balances adiabatic cooling 
due to ascent in the rising branch of the secondary circulation. 
 The secondary circulation of the TC evolves under external forcing from asymmetric heat and 
momentum sources that leads to the redistribution of heat and angular momentum (Willoughby 1995). 
The flow induced by a heat (momentum) source is primarily vertical (horizontal) and produces enhanced 
compensating motions that accelerate the secondary circulation and effectively erode the heat and 
momentum sources. Further description of the basic structure of the TC secondary circulation is found in 
the following section. In brief, the total secondary circulation is a linear superposition of five forcing 
mechanisms: intense frictional destruction of angular momentum at the surface; strong, concentrated 
condensational latent heat release in the inner eyewall; weaker heating in the outer eyewall, if such a 
feature is present; extensive weak cooling by the melting of frozen precipitation at the bright band level; 
and extensive weak heating by the condensation of frozen precipitation above this level (Willoughby 
1995). The inflowing branch of the secondary circulation only supplies enough angular momentum to 
balance a frictional dissipation to the sea; only heating-induced inflow can supply an excess of angular 
momentum to overcome this frictional loss (Ooyama 1982). Surface latent heat fluxes induced by this 
inflow provide the energy source for eyewall updrafts and thus the rising branch of the TC secondary 
circulation (Emanuel 1986). The orientation of the secondary circulation results in deep tropospheric 
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heating being maximized just inside of the radius of maximum winds, thereby leading to a maximization of 
the radial height gradients inside of this radius and allowing for the contraction of the eyewall (Shapiro 
and Willoughby 1982; Willoughby 1990). 
 TC evolution is driven by thermodynamic forcing from the underlying sea and dynamic forcing 
from the surrounding atmosphere and is thus very much characterized by a coupled air-sea interaction. 
Specific examples of such forcing mechanisms arise with vertical wind shear, momentum fluxes, 
interactions with upper level tropospheric troughs, and sea surface temperatures. Vertical wind shear has 
a negative impact upon TC organization and development as it ventilates the vortex core and decouples 
the upper tropospheric warm anomaly from the lower level latent heat convergence (Willoughby 1995). 
Environmental momentum fluxes can be positive features for development with a clear relationship with 
intensity change noted by DeMaria et al. (1993) after vertical wind shear and sea surface temperatures 
are accounted for. Molinari et al. (1995), among other studies, shows how such momentum fluxes can 
directly aid in the spin-up of the TC secondary circulation, leading to significant positive intensity change 
in a short period of time. This is but one example of the trough interaction paradigm (e.g. Hanley et al. 
2001), where environmental momentum and heat fluxes may be asymmetrically imparted into the TC 
circulation and directly lead to intensity change both upward and downward. Finally, sea surface 
temperatures have a well-known direct correlation to TC intensity with the most significant example given 
by the air-sea interaction theory and Carnot cycle approximation of Emanuel (1986). 
 
2.1.5  Sawyer-Eliassen Secondary Circulation Theory 
 
 Integral to both extratropical and tropical cyclones are their secondary circulations, vertically-
oriented circulations driven by slowly-varying frictional and thermodynamic forcing (Eliassen 1951). In 
general, these secondary circulations feature inflow at low levels, rising motion in the core of the vortex, 
and outflow at upper levels. The secondary circulation arises out of thermal wind balance and its 
maintenance due to internal and environmental forcing upon the cyclone. This is in contrast to their 
primary circulations, which describe the horizontal air streams and tangential circulations associated with 
these cyclones. 
 Eliassen (1951) was the first to comprehensively study the secondary circulation – here, with a 
balanced, symmetric vortex – and its evolution under momentum and heat source forcing. Utilizing 
gradient wind balance, mass continuity, and thermal wind constraints, an elliptic second-order partial 
differential equation is obtained. This equation is as follows (Eliassen 1951, their equation 29): 
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terms have their standard meteorological definitions. Term A is a stability parameter, term B is a 
baroclinicity parameter, and term C is an inertial stability parameter. The magnitudes and evolution of 
terms A, B, and C are the primary contributors to the streamfunction's evolution and how it responds to 
momentum and heat sources (Eliassen 1951, Shapiro and Willoughby 1982). This equation describes the 
balanced relationship between the radial derivative of heating Q and the streamfunction Ψ and applies to 
both baroclinic and barotropic vortices. It should be noted that this equation describes a slowly varying 
evolution, one which advects mean flow buoyancy and angular momentum (Shapiro and Willoughby 
1982) and is derived under conditions of a quasi-steady state evolution (Eliassen 1951). 
 To understand the thermal wind response to momentum and heat sources and sinks within this 
system, Eliassen (1951) integrates equation (1) with respect to Ψ while imposing point sources of 
momentum and heat. Interpretation of this equation is provided by Eliassen (1951) and is summarized as 
follows. With respect to both types of sources, meridional motion is found to take on a dipole structure 
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with elliptical streamlines primarily in directions where stability is weakest. Furthermore, baroclinicity is 
shown to impact the tilt of the secondary circulation response to heat and momentum sources; weak 
baroclinicity leads to upright (heat) and horizontal (momentum) responses, while strong baroclinicity leads 
to the development of a tilted structure. This distinction approximates the distinctions between tropical 
(weakly baroclinic) and extratropical (strongly baroclinic) cyclones. The response to both heat and 
momentum sources and sinks occurs with accelerated flow through those regions: motion through a heat 
source (sink) is directed toward lower (higher) pressure, while motion through a momentum source (sink) 
is directed away from (toward) the vortex. It follows that the flow through a heat source or sink is primarily 
vertical and that through a momentum source or sink is primarily horizontal. 
 Extending upon the general results of Eliassen (1951) and other studies such as Willoughby 
(1979), Shapiro and Willoughby (1982) describe the axisymmetric secondary circulation response to 
momentum and heat sources within tropical cyclones. Their study finds that there are strong inertial 
effects upon the secondary circulation response to either type of forcing: weaker (stronger) cyclones with 
weaker (stronger) rotation lead to weakly (strongly) constrained forcing impacts and thus a faster (slower) 
temporal response within the secondary circulation. Thus, the evolution described by equation (1) is a 
non-linear evolution. Additionally, Shapiro and Willoughby (1982) find that the TC response to heat and 
momentum forcing depends upon the character of the source and the TC's intensity and not upon the 
scale of the TC. Similar to Eliassen (1951), Shapiro and Willoughby (1982) show that flow through a heat 
(momentum) source occurs along a momentum (isentropic) surface and that both heat and momentum 
sources located at the radius of maximum winds will serve to intensify the vortex. As in Eliassen (1951), 
they find qualitatively similar results with both baroclinic and barotropic vortices. The works of Willoughby 
(1990) and Molinari et al. (1995), among others, take these findings and illustrates how the evolution of 
the TC secondary circulation (as forced by sources of heating and momentum) can lead to significant 
changes in the intensity of the TC primary circulation. 
 For extratropical cyclones, the classic work extending the findings of Eliassen (1951) to practical 
applications is Eliassen (1962) and the development of the semi-geostrophic theory of frontal 
development and evolution. Eliassen (1962) finds that cross-front ageostrophic winds are critical in 
maintaining thermal wind balance and accurately describing the contraction and development of frontal 
features. Thus, it follows that the secondary circulation is defined by a streamfunction representing the 
cross-front ageostrophic flow and vertical motion about the cyclone. This contrasts with quasi-geostrophic 
theory (e.g. Carlson 1998), which does not result in accurate transverse frontal circulations due to not 
considering these cross-front ageostrophic motions. Frontal development – or frontogenesis – occurs in 
this system when a direct thermal circulation is developed, with rising (sinking) motion in the warm (cool) 
air, something that cannot happen in quasi-geostrophic theory. Key contributors to this evolution are 
horizontal shear and deformation flow patterns.  
 In all, the theory developed by Eliassen (1951) and refined and extended in numerous studies 
since provides a comprehensive view for understanding the secondary circulation response to thermal 
wind balance destruction for both tropical and extratropical cyclones. Given that strong momentum and 
heat flux forcing are found with transitioning TCs (Hart et al. 2006) and that the Sawyer-Eliassen 
framework describes the response to such forcings that push the cyclone out of thermal wind balance, 
having an understanding of its impacts upon both tropical and extratropical cyclones is crucial to better 
understanding how the secondary circulation response evolves through the ET process. 
 
 

2.2  Defining the Cyclone Thermal Core 
 
 
 By nature, it would seem intuitive to simply use temperature or potential temperature fields to 
diagnose a cyclone's thermal characteristics (e.g. Beven 1997), but as Hart (2003) notes that while those 
and other fields provide great insight into the cyclone, they are not sufficient nor robust enough o fully 
determine its phase and thermal core characteristics. Therefore, a different means of cyclone thermal 
core classification is needed, ideally one that incorporates the effects of thermodynamic principles such 
as conservation and adiabatic and diabatic processes. Through the early part of the twenty-first century, 
no agreed-upon definition of cyclone thermal core classification existed (Hart 2003). 
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2.2.1 Warm Versus Cold Thermal Profile Characteristics 
 
 In the work of Hart (2003), however, such a definition is presented based upon the fundamental 
vertical structure of the wind fields with warm core and cold core cyclones. Cold core cyclones are said to 
be those where the magnitude of the cyclone's isobaric height gradient (or geostrophic wind magnitude) 
above its surface center increases with increasing height. Warm core cyclones have an opposite structure 
to the isobaric height gradient and geostrophic wind magnitude profiles. Therefore, warm core cyclones 
tend to have their strongest wind and isobaric height gradient magnitudes just above the frictional 
boundary layer while cold core cyclones tend to have their strongest wind and isobaric height gradient 
magnitudes near the tropopause. As a result, warm core cyclones tend to be the deepest, most intense 
surface weather makers. Hart (2003) notes that, in this context, the cyclone thermal core should ideally 
be able to be identified from parameters that can simultaneously describe the thermal structure of all 
types of cyclones as well as its stage of development and evolution.  
 It should be noted that while tropical cyclones are by definition warm core, having a warm core 
thermal structure alone does not make a cyclone a tropical cyclone. Numerous features, from the warm 
seclusion extratropical cyclones (e.g. Shapiro and Keyser 1990, Browning 1999) and mid-level convective 
vortices (McBride 1995) mentioned previously, to polar lows and other warm core extratropical cyclones 
can also have warm core thermal structures in all or part of the troposphere. Given that different 
energetics are at play in the development of extratropical versus tropical cyclones yet similar thermal 
structures can result, it follows that cyclone energetics are thus independent of the characteristics that 
define warm versus cold core structures. Therefore, in the context of Hart (2003), while cyclone 
energetics may be able to describe the stage of development and evolution of a cyclone, they cannot 
describe its thermal structure and thus do not define such features. 
 
2.2.2 Development of Warm and Cold Core Structure 
 
 The means by which the thermal profiles of purely extratropical and purely tropical cyclones 
develop are unique to each specific evolution. Curiously, however, not much is written in the literature 
about the means by which these profiles develop for extratropical cyclones whereas the development of 
the TC warm core has been the subject of much research through the years. As a result, more attention is 
given here to the development of the TC warm core than the extratropical cyclone thermal core paradigm. 
 For extratropical cyclones, Carlson (1998) notes that cold core thermal profiles develop as an 
amalgam of horizontal and vertical motion patterns. Horizontally, the tropospheric wind fields associated 
with cyclones of the type presented in their conceptual model preferentially advect colder air and lower 
thicknesses into the cyclone's volume. Vertically, rising motion in the column atop the surface center of 
the cyclone leads to adiabatic cooling, resulting in a continual cooling of the thermal profile outside of the 
presence of latent heat fluxes or convection. The warm air that is needed in the column from hydrostatic 
arguments to result in lowered surface pressures is found in the stratosphere in conjunction with a 
lowered tropopause and thus warmer lower stratospheric temperatures. 
 The development of warm core extratropical cyclone thermal profiles is described briefly by 
Shapiro and Keyser (1990) and Browning (1999). The warm thermal structure to these cyclones develops 
as the surface cyclone secludes itself in the post-cold frontal air mass and the bent-back warm front 
structure begins to encircle its center. The air associated with the CCB found north of the bent-back warm 
front is colder than that found in the post-cold frontal air mass and thus results in a warm core thermal 
profile in the immediate vicinity of the surface cyclone. These cyclones tend to have a lower tropospheric 
warm core structure and an upper tropospheric cold to neutral thermal structure (e.g. Hart 2003, their 
Figure 8), consistent with the vertical scale of the bent-back warm front. Other factors such as diabatic 
effects of heat fluxes and convection may also play a role in modulating this evolution. 
 Warm core development with TCs has been the subject of much debate through the years. The 
currently accepted theory for TC warm core development is tied to the wind-induced surface heating 
exchange (WISHE) theory outlined by Emanuel (1986) and Rotunno and Emanuel (1987). Prior to the 
study of Emanuel (1986), it was believed that tropical cyclones developed out of a linear conditional 
instability (CISK; e.g. Charney and Eliassen 1964; Ooyama 1964) dependent upon frictionally-organized 
convection and ample environmental available convective energy. This theory does not capture the actual 
non-linear development of TCs and their warm core structures well, however. Meanwhile, the Emanuel 
(1986) development theory, based upon wind-induced surface heat and moisture fluxes with virtually no 
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contribution from environmental convective energy, does capture this non-linearity. In this theory, 
convection and convective processes are not responsible for developing the TC and its warm core but 
merely act as conduits to transport heat and moisture aloft to where the warm core develops. 
 The development process outlined by Emanuel (1986) and Rotunno and Emanuel (1987) can be 
succinctly summarized as follows: a finite amplitude disturbance, such as an easterly wave, provides a 
focusing mechanism for wind-induced surface fluxes from the upper ocean. Air flowing inward toward the 
center of this disturbance acquires moist entropy from the sea surface via these fluxes. This air ascends 
at constant entropy along a momentum surface near the center of the disturbance, ultimately giving off 
heat at a lower temperature in the outflow layer near the tropopause. As this happens, convection occurs, 
and initially this energy is needed to moisten the middle troposphere so as to negate the impact of cooling 
convective downdrafts upon the developing disturbance. Once this has been achieved, the disturbance 
begins to grow as the upper tropospheric heat release leads to lower surface pressures, enhanced vortex 
winds, and increased surface flux magnitudes. This heat release (in excess of that needed to counteract 
dissipation processes) coupled with warming due to subsidence atop the center of the disturbance builds 
the warm core thermal profile found with tropical cyclones. In this manner, the developing TC may be 
viewed as an approximate Carnot cycle engine (Emanuel 1986). 
 Ultimately, the evolution of the thermal core during the ET process is likely to be that of a gradual 
transition from the TC mode of warm core development to the extratropical or baroclinic mode of cold 
core development. Quantifying the contributors to this evolution, however, will allow us to understand 
precisely how this occurs and understand one of the most fundamental concepts of ET in a new light. 
 
2.2.3 Objective Quantification of the Cyclone Thermal Core 
 
 From the definition of warm versus cold thermal profiles of Hart (2003), a cyclone phase space 
(CPS) is developed (Hart 2003; Evans and Hart 2003). Numerous quantities were examined in order to 
find the best physical, thermodynamical, and easily accessible parameters to fit these characteristics, 
including potential vorticity, equivalent potential temperature, and quasigeostrophic and semigeostrophic 
structural properties. However, the most robust measure of the cyclone thermal profile was shown to be 

the thermal wind, computed over both the lower (900-600 hPa; -| T|) and middle-upper (600-300 hPa; -

| T|) troposphere of the cyclone. Positive thermal wind values indicate a warm core structure within that 

particular layer; negative values indicate a cold core structure within that layer. For tropical cyclones, -

| T| is larger than -| T|; for cold-core extratropical cyclones, -| T| is larger than -| T|. Hybrid and 

transitioning cyclones fall between those two extremes, as highlighted by the examples of Hart (2003; 
their Section 4) and Evans and Hart (2003). This computation of thermal wind directly incorporates the 
vertical gradient of the isobaric height profile over two layers of equal mass (Hart 2003; see their 
equations 5 and 6) as well as the effects of adiabatic and diabatic thermodynamic processes upon the 
cyclone's height fields (e.g. Hirschberg and Fritsch 1993) and is thus argued to be an appropriate means 
of thermal core analysis. Three example CPS diagrams are depicted in Figures 2.3 through 2.5, 
highlighting a typical ET event, a typical tropical cyclone life cycle, and a typical extratropical cyclone life 
cycle. 
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2.3 Extratropical Transition 
 
 
 The ET process is a general process by which a TC loses tropical characteristics and becomes 
more extratropical in nature (Jones et al. 2003). This work by Jones et al. (2003) comprehensively defines 
the ET process, the environmental characteristics and structural changes that accompany it, its societal 
impacts, and the current understanding and potential future research directions on the topic. They note 
that ET occurs in nearly every oceanic basin that supports TCs, with the distribution of ET events closely 
mirroring that of TC events. Several detailed ET climatologies for particular oceanic basins exist, more 
completely describing the factors influencing ET in those regions (Foley and Hanstrum 1994; Klein et al. 
2000; Hart and Evans 2001; Sinclair 2002). Not all TCs undergo ET, nor do all TCs that begin ET actually 
survive through its completion. 
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2.3.1 Characteristics and Impacts 

ther prediction and downstream development (e.g. 
iemer 2006; Anwender et al. 2008; Harr et al. 2008). 

.3.2 Objective Quantification of the Extratropical Transition Timeline 

ugh the completion of ET. These other 
ost-transition evolutions are discussed later in Section 2.3.4. 

.3.3 Structural Evolution During the Extratropical Transition Process 

conceptual model of the transformation stage. This conceptual model 
 replic

 
 Characteristics of ET can be broken down into two components: environmental changes and their 
impacts upon the TC. In the environment, as the TC moves poleward and leaves the Hadley cell and 
enters the Ferrell cell of the general circulation, baroclinicity increases, vertical wind shear increases, 
meridional humidity gradients become imposed upon the TC, the Coriolis parameter increases in 
magnitude, and the TC translates over decreased sea surface temperatures (SSTs) and/or enhanced 
SST gradients (Jones et al. 2003). Interactions with these and other features in the midlatitude 
environment cause the characteristics of the TC to change significantly: the satellite appearance of the 
cyclone becomes asymmetric and gradually resembles that of an extratropical cyclone; initially 
axisymmetric wind and precipitation distributions expand outward asymmetrically; the forward speed of 
the TC increases; the TC warm core is lost as the system becomes cold core; and over the ocean, 
enhanced waves and swell are generated. A full time line and summary of these and other changes is 
presented in Figure 2.6. Forecast challenges and impacts of ET events include the track and intensity of 
the cyclone, surface wind fields (e.g. Evans and Hart 2008), precipitation and flooding (e.g. DiMego and 
Bosart 1982), bush fires over Australia (Foley and Hanstrum 1994), the ocean's response to the 
transitioning TC (Hart et al. 2007), and numerical wea
R
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 One of the motivating factors behind the development of the CPS of Hart (2003) was to provide 
an objective means for quantifying the start and end of the ET process. Several studies (e.g. Klein et al. 
2000; Harr and Elsberry 2000) previously identified a mixture of subjective and objective characteristics 
marking the start and end of ET, such as satellite image morphology and the evolution of frontogenetical 
and precipitation fields, but no one technique was solely objective nor able to describe the thermal core 
evolution at the heart of the process. Evans and Hart (2003), however, describe such an objective 
technique in the context of the CPS, incorporating a thermal asymmetry parameter derived from low-level 
thickness fields (900-600 hPa, B; Evans and Hart 2003, their equation 1) with both of the thermal 
parameters noted in Section 2.2.3. The development of significant asymmetries, therein defined as a 
right-of-track thickness asymmetry of greater than 10 m, is found to be the primary marker of the start of 
ET. A secondary marker for the start of the ET process is the erosion of the upper tropospheric warm 

core. ET is said to have completed once -|
L

v T| is no longer positive and is now indicative of a lower 

tropospheric cold core. Evans and Hart (2003) and Hart (2003) provide empirical evidence and multiple 
climatological case studies to justify and validate these findings. Thus, owing to the characteristics of ET 
outlined by numerous studies and summarized within Jones et al. (2003), this evolution provides for the 
succinct definition of ET as the transformation of a symmetric, deep warm core cyclone into an initially 
asymmetric, deep cold core cyclone. Atmospheric conditions prior to and after the completion of the ET 
process play a role in the post-transition evolution of the now extratropical cyclone (Hart et al. 2006; 
McTaggart-Cowan et al. 2003a), but the prior definition holds thro
p
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 While the CPS of Hart (2003) provides a concise means for analyzing and predicting the time line 
of the ET process, it does not fully capture the mesoscale structural evolutions brought about by 
interaction with the baroclinic midlatitude troposphere. In their paper describing the transformation stage 
of ET – or simply put, ET itself – Klein et al. (2000) accomplish this task, detailing the evolution of 
transforming TCs as observed via satellite imagery and numerical model analysis fields. Their study 
analyzes a set of 30 ET cases from the northwest Pacific basin during June-October 1994-1998 with the 
ultimate result being a three phase 
is ated here in Figure 2.7. 
 In the first step of the transformation stage (leftmost panels of Figure 2.7), characterized by the 
initial interaction of the TC circulation with a baroclinic zone and its associated vertical wind shear, a 
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marked decrease of deep cloudiness and rain bands away from the center of the storm in its western 
quadrant is noted. On satellite imagery, this results in an asymmetric appearance to the cloud and deep 
convection fields as compared to the more symmetric structure seen during the tropical phase. Dry air 
intrudes into the western quadrant of the storm, further suppressing deep convection. This is brought 
about by the ingestion of colder, absolutely stable air found to the northwest of the TC as its circulation 
impinges upon a midlatitude baroclinic zone. Jones et al. (2003) note that this stage of the transformation 
process is qualitatively similar to the commencement of ET as described in the CPS of Hart (2003) and 

ough vertical wind shear has begun to erode the upper tropospheric warm 
re str

 to the culmination of the ET process 
escribe

zontal or vertical resolution to be able to effectively diagnose all factors that 
fluence this evolution.  

.3.4 Post-transition Characteristics and Evolution 

Evans and Hart (2003). 
 The second step of the transformation stage (middle panels of Figure 2.7) is primarily 
characterized by the interaction of the transitioning TC with the polar jet, resulting in the formation of an 
expansive cirrus shield to the north of the cyclone. Deep convection has nearly terminated in the southern 
quadrant of the storm and is now reduced in the eastern quadrant as well; in this cirrus shield, however, 
embedded deep convection is present. The TC circulation continues to interact with the baroclinic zone, 
resulting in a dipole of temperature advection (cold west, warm east) surrounding the storm. This 
interaction results in the early stages of rotational frontogenesis, particularly warm frontogenesis 
accompanied by strong isentropic ascent to the north and east of the transitioning TC. This isentropic 
ascent aids in developing the “delta rain” (Shimazu 1998; Klein et al. 2000) region of precipitation and 
embedded convection north of the transitioning TC. Deep convection continues to maintain itself near the 
immediate center of the TC, th
co ucture of the cyclone. 
 The final step of the transformation stage (rightmost panels of Figure 2.7) brings about the 
completion of all of the processes that commenced in the previous stage. Deep convection near the 
center has been eroded, particularly to its west, and all remaining deep convective elements are found in 
the diffluent region north and east of the cyclone center. Warm frontogenesis continues to dominate over 
cold frontogenesis, akin to the results of Harr and Elsberry (2000). Strong isentropic lift (descent) is noted 
to the east (west) of the transitioned TC. The cyclone, now fully embedded within the baroclinic zone, 
draws its energy primarily from baroclinic energy conversion processes rather than low level wind-induced 
surface heat fluxes.  A remnant weak low-level warm core may remain over the surface center until the 
very end of this process. The end of this stage is qualitatively similar
d d by Evans and Hart (2003) in the CPS (Jones et al. 2003). 
 Work by Sinclair (1993) describes, among other characteristics, the thermodynamic evolution of a 
TC as it passes through these aforementioned stages of the ET process in the South Pacific Ocean. 
Specifically, using the isobaric thermodynamic equation as applied to 2.5° ECMWF analyses in a quasi-
LaGrangian framework, Sinclair (1993) describes the factors at play in how the transitioning TC Patsy 
from 1986 evolved during the ET process from a warm to cold thermal structure. During the purely tropical 
stage, diabatic heating (such as from microphysical or radiational processes) and adiabatic cooling 
processes have the largest magnitudes at about 5°C day

-1
 maximized in the middle troposphere. At this 

time, adiabatic cooling is offset by the combination of heating from diabatic, convective and saturated 
ascent processes, leading to no net temperature change within the inner core of the cyclone. During the 
transformation stage, diabatic heating and adiabatic cooling are again significant (and offsetting) factors, 
though they are now confined to the middle and lower troposphere. The evolution is otherwise similar to 
that during the tropical stage. However, around the completion of ET, net cooling is observed within the 
inner core of the cyclone with a magnitude of 3-5°C day

-1
. Convective heating is markedly reduced as 

compared to the tropical and transformation stages while strong adiabatic cooling and cold horizontal 
advection processes more than offset heating due to diabatic and saturated ascent processes, leading to 
the observed inner cool cooling. These results are summarized in Figure 2.8, as reproduced from Figure 
11 of Sinclair (1993). While these results provide insight into how the thermodynamic structure evolves 
during ET, they do not capture the full vertical, temporal, or spatial evolution of the cyclone nor are they 
are at a fine enough hori
in
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 While relatively little research has been performed into understanding the dynamics and physical 
processes that directly lead to the cold core evolution noted during ET, several studies have been 
performed into the processes that lead to various post-transition cyclone evolutions. Hart et al. (2006) 
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analyze the synoptic fields before, during, and after ET to gain insight into post-transition warm versus 
cold core and strengthening versus weakening evolutions. Additionally, McTaggart-Cowan et al. (2003a, 
2004) analyze one post-transition cold core evolution and one post-transition warm core evolution in 
detail to understand the fundamental physical differences that lead to these differing evolutions. 
Combined, these studies provide a comprehensive picture of the thermodynamic processes at play during 
nd after ET that lead to the distinct observed thermal evolutions. a

 
2.3.4.1 Synoptic overview. Hart et al. (2006) analyze a collection of 34 ET events from the north Atlantic 
basin during 1998-2003, with these 34 events comprising 81% of all north Atlantic ET events during that 
time span. Here, ET events are distinguished between slow and fast transitions, post-transition 
intensifiers and weakeners, and cold and warm core post-transition evolutions. Using the CPS, the ET 
time line is normalized for each storm, allowing for the compilation of multiple synoptic field composites 
based upon the mean evolution as well as upon these distinguishing groups. In the mean, transitioning 
TCs reach peak intensity approximately one day prior to the start of ET, become their most asymmetric 
approximately one day after the completion of ET, and gradually mature and occlude thereafter. The 
mean synoptic-scale evolution is similar to that of Klein et al. (2000) with extensions made in analyzing 
the potential vorticity (PV) and momentum and heat flux structures associated with the ET event. 
Interaction of the transitioning TC with the baroclinic environment results in an enhanced Eady growth 
rate via preconditioning due to latent heat release aloft, while momentum flux forcing from this 
environment is hypothesized to play a significant role in the structural evolution of the transitioning 

stem.

ese forcings change during the middle of ET to lead to a warm seclusion 
stead 

roles (and their magnitudes) of all atmospheric features contributing to the 
bserved evolution.  

sy  
 In their warm versus cold core subcomposite, Hart et al. (2006) note several distinguishing 
characteristics between these two evolutions. First, the upper tropospheric trough that interacts with the 
transitioning TC during a future warm seclusion event is narrower (more extensive) in horizontal (vertical) 
scale than for a future cold core cyclone. For a warm seclusion event, the scale of the trough more 
closely resembles that of the transitioning TC, akin to the scale matching process described by previous 
works (e.g. Molinari et al. 1995). Momentum, heat, and PV fluxes suggest that at the end of ET, a post-
transition warm seclusion event is remarkably like a constructive trough interaction case for a purely 
tropical TC, with comparisons drawn between the composite of Hart et al. (2006; their Figure 8s) and the 
Elena case of Molinari et al. (1995; their Figure 3c,d). However, Hart et al. (2006) suggest that the start of 
this evolution is not unique and bears resemblance to that of cold core evolutions, leaving open the 
question of precisely how th
in of a cold core event. 
 Despite these lingering questions, Hart et al. (2006) propose a method by which a TC acquires a 
cold core structure through the ET process: adiabatic cooling in the ascending branch of the cyclone's 
secondary circulation. Momentum flux forcing at upper levels, such as that provided by a mid-latitude 
trough of low pressure that interacts with the cyclone during ET, forces an acceleration in the secondary 
circulation in order to maintain thermal wind balance (Molinari et al. 1995). The accelerated ascending 
branch of the transitioning TC's secondary circulation leads to enhanced adiabatic cooling via lift, cooling 
that can no longer be overcome by surface heat fluxes as the TC moves over cooler SSTs. As the ET 
process unfolds, continued adiabatic cooling is hypothesized to result in the erosion of the lower 
tropospheric TC warm core and its transition to a cold core structure. This is merely presented as a 
hypothesis by Hart et al. (2006), however, and does not account for factors such as convection nor does 
it quantify the specific 
o
 
2.3.4.2 Case study analyses. Rather than analyze a number of cases to develop a composite post-
transition evolution as in Hart et al. (2006), works by McTaggart-Cowan et al. (2003a; 2004) instead 
analyze two unique (and related) north Atlantic ET events in detail, attempting to understand the 
sensitivity and characteristics behind both cold core and warm seclusion evolutions. Their ET events, 
Hurricanes Danielle and Earl (both 1998), occur nearly in conjunction with one another across the Atlantic 
basin, with Earl's occurring in the western portion and Danielle's in the central portion. The focus of 
McTaggart-Cowan et al. (2003a) is upon understanding sensitivity in the downstream synoptic-scale 
environment toward the post-transition cold core reintensification of Hurricane Earl, while the focus of 
McTaggart-Cowan et al. (2004) is upon understanding sensitivity in the post-transition evolution, thermal 
and otherwise, to the initial TC vortex and its interactions with the midlatitude environment. 
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 In McTaggart-Cowan et al. (2003a), mesoscale model simulations are performed surrounding the 
ET and post-transition reintensification of Hurricane Earl (1998). Earl reached its peak intensity of minimal 
hurricane status in the Gulf of Mexico, made landfall near peak intensity in the Florida panhandle, and 
underwent ET as it moved northeastward across the eastern United States. The forcing mechanism 
behind this ET event is shown to be a strong baroclinic zone located parallel to the eastern United States 
seaboard with an accompanying strong mid-tropospheric trough of low pressure upstream of the cyclone. 
Post-transition, the remnants of Earl spawn an Lifecycle 2 (LC2)-type (Thorncroft et al. 1993) of synoptic 
scale cyclone development with significant baroclinic energetics inferred to be at play in its development. 
A significant stratospheric folding event is noted to immediately precede the post-transition 
reintensification of the cyclone, hypothesized to bring about this reintensification through the realization of 
high values of conditional instability favoring significant rising motion in the column atop the transitioned 
TC.  
 Comparisons to the post-transition evolution of Danielle highlight that while significant 
stratospheric folds are found with both cyclones, differences in lower tropospheric structure lead to two 
fundamentally different cyclone evolutions. These differences are explored using an array of sensitivity 
tests upon the near-downstream, far-downstream, and jet structures influencing the post-transition 
evolution of Earl. In particular, a significant lower tropospheric tropical moisture connection is observed 
with the remnant Danielle, lending itself to a warm core structure, while a strengthening cold frontal 
seclusion was observed with the remnant Earl, lending itself to a cold core structure. These differences 
are stated to be a function of the orientation of the polar jet with respect to the transitioning or post-
transitioned TC, where a strong zonal jet with a cyclone in its left exit region supports the warm core 
evolution seen with the remnants of Danielle. In the warm core evolution case, thermal advection is 
primarily from the Equator in the boundary layer, supporting the entrapment of warmer, moister air near 
the center of the cyclone. In the cold core frontal seclusion case, a baroclinic mode of development is 
exemplified with the transitioning cyclone passing through the right entrance region of the polar jet, zonal 
or otherwise, bringing about significant cold and dry advection on its western side. As this process occurs, 
the initial lower tropospheric cyclone becomes secluded in the cold air as the LC2-like wave cyclone life 
cycle process continues downstream. Their jet-cyclone schematic is presented in Figure 2.9, with the 
Earl-like cold core example presented in the entrance region of the jet and the Danielle-like warm 
seclusion example presented in its exit region. 
 In this context, the post-transition thermal evolutions of the cyclones are viewed to be a response 
to preferred thermal advection patterns determined near the time of ET by the orientation of the polar jet 
with respect to the TC. While diabatic contributors such as surface latent heat fluxes and convective 
influences are noted to play a role with one or both storms (McTaggart-Cowan et al. 2003a), the primary 
cause of the ET thermodynamic evolutions is implied to be primarily adiabatic in nature rather than 
primarily diabatic or some combination thereof. At a fundamental level, this matches the implication by 
Hart et al. (2006) of adiabatic processes playing a significant role in the initial cold core thermal evolution 
during the ET process, though differences exist in the nature (adiabatic cooling through vertical motion as 
opposed to horizontal advective processes) of this evolution. Combined, they vaguely match the Carlson 
(1998) description of cold core thermal profile development for extratropical cyclones as well as the 
implied results of the near-ET thermodynamic budget presented by Sinclair (1993). Neither hypothesis 
appears to fully account for the observed and potential factors impacting the thermal core evolution during 
ET, however, nor do they fully explain the thermodynamics behind the evolution. 
 McTaggart-Cowan et al. (2004) extended upon the prior study by considering the effects of inner 
core cyclone structure upon the ultimate post-transition cyclone evolution. In particular, another series of 
mesoscale model simulations is run, alternating between removing the cyclone's dynamical structure, 
removing the cyclone's thermodynamical structure, and removing both structures to consider their 
separate and combined effects upon the post-transition evolution of each cyclone. The dynamical 
structure is removed using a piecewise dry potential vorticity removal while the thermodynamic structure 
is removed using a piecewise moist component potential vorticity removal (McTaggart-Cowan et al. 
2003b). It is believed that, while non-negligible, the moist component dynamics play a secondary role to 
the dry dynamics in determining atmospheric structure. 
 When the dynamics of the Earl vortex are removed, the resultant cyclone development is very 
similar to that observed in the control (and in reality), suggesting that the evolution of the mid-latitude 
synoptic pattern is relatively insensitive to the basic dynamical structure of the cyclone. Similar results are 
found when removing the moisture fields associated with the cyclone: cyclonic development proceeds 
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much as in McTaggart-Cowan et al. (2003a), including the LC2-type development. Interestingly, they find 
that the final vortex precipitation and moisture structure is not unlike that seen in the control despite the 
removal of the initial moisture fields; this is due to the replenishment of moisture along southwesterly 
inflowing trajectories associated with the large-scale mid-latitude flow. When the dry and moist dynamics 
are removed, while the resultant cyclone intensity is about the same as in the control, frontogenetical 
patterns are more focused in the warm frontal zone and a frontal seclusion structure develops in this 
simulation. In all, however, there is little sensitivity to the initial state of the TC vortex with respect to the 
ultimate extratropical development and life cycle of the post-transitioned cyclone. It is stated that this is 
due to the baroclinic nature of development of the post-transition cyclone, with the trough that forced ET 
being both a necessary and sufficient condition for the observed development. 
 Substantially different conclusions are drawn, however, when the same series of experiments is 
run for the Danielle case. Removing the dry dynamics behind the vortex again results in baroclinic 
cyclone development, suggesting that the associated upper tropospheric mid-latitude trough of low 
pressure is still a necessary and sufficient condition for cyclone development. However, the structure and 
intensity of the resultant cyclone are completely different from the control and from reality; the modeled 
cyclone is much weaker and of a cold thermal structure; they hypothesize this to be a function of the 
removal of the tropical feeder band to the east of the cyclone. Removal of the moisture structure of the 
cyclone suggests less sensitivity to this than to the initial vortex itself, with the structure and intensity of 
the cyclone similar to (if still a bit weaker) than in the control. Similar precipitation structure impacts are 
seen as with the Earl no moisture case, but attribution here is given to enhanced surface latent heat and 
moisture fluxes as opposed to advective-based processes. McTaggart-Cowan et al. (2004) thus argue 
that this is another key distinction between post-transition cold core and warm core structures, though 
they do not significantly hypothesize as to the ultimate cause of these differences nor fully quantify their 
respective roles in post-transition thermal core development. The combined removal simulation results in 
an amalgam of the effects of both individual simulations, leading to the conclusion that full-tropospheric 
post-ET warm seclusion evolutions require access to both the initial tropical vortex and elevated moisture 
content. Cyclone development can occur without this, but the specific cyclone structure observed cannot. 
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Figure 2.1: Evolution of surface extratropical cyclones from genesis to decay in the (a) Norwegian wave 
cyclone and (b) warm seclusion model. Figure reproduced from Schultz et al. (1998, their Figure 15). 
Caption: “conceptual models of cyclone evolution showing lower-tropospheric (e.g., 850-hPa) 
geopotential height and fronts (top), and lower-tropospheric potential temperature (bottom). (a) 
Norwegian cyclone model: (I) incipient frontal cyclone, (II) and (III) narrowing warm sector, (IV) occlusion; 
(b) Shapiro–Keyser cyclone model: (I) incipient frontal cyclone, (II) frontal fracture, (III) frontal T-bone and 
bent-back front, (IV) frontal T-bone and warm seclusion. Panel (b) is adapted from Shapiro and Keyser 
(1990, their Fig. 10.27) to enhance the zonal elongation of the cyclone and fronts and to reflect the 
continued existence of the frontal T-bone in stage IV. The stages in the respective cyclone evolutions are 
separated by approximately 6–24 h and the frontal symbols are conventional. The characteristic scale of 
the cyclones based on the distance from the geopotential height minimum, denoted by L, to the outermost 
geopotential height contour in stage IV is 1000 km.” 
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Figure 2.2: Schematic of the principal air streams through an extratropical cyclone. Reproduced from 
Browning (1999, their Figure 4). Caption: “Structure of a developing extratropical cyclone (confluent-flow 
type) (based on Browning and Roberts 1994). The cyclone center (L) is traveling toward the top right. The 
surface warm front is shown conventionally. Part of the bent-back front (cd) is plotted as a cold front with 
closely spaced frontal symbols. The main surface cold front (ab) is shown similarly. In between the two 
sharp surface cold fronts (bc) there is a diffuse surface cold front drawn dashed with widely spaced frontal 
symbols. The cold front drawn with open symbols (bd) is an upper cold theta-w-front (UCF) marking the 
leading edge of the dry intrusion. Principal airflows, drawn relative to the system, are the main warm 
conveyor belt (W1) (solid lines), the secondary warn conveyor belt (W2) (long-dash lines), the cold 
conveyor belt (CCB) (short-dash lines), and the dry intrusion (dotted lines). The cold-air sides of the main 
cloud features are drawn scalloped: the polar-front cloud band is due to W1, and the cloud head is due to 
the combined effect of W2 and the CCB. Precipitation (shaded areas) reaches the surface along the left 
side of W1, near the cold fronts, and above the warm frontal zone; precipitation also falls from the inner 
parts of the cloud head starting at the bent-back front. The two main areas of precipitation are separated 
by a dry-slot where the shallow W2 flow is capped by the dry intrusion. The dry slow is usually 
characterized by partial shallow cloudiness.” 
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Figure 2.3: Example evolution of an extratropically transitioning tropical cyclone in the cyclone phase 
space. Reproduced from Hart (2003, their Figure 6). Caption: “[t]he life cycle evolution of an 
extratropically transitioning tropical cyclone (Hurricane Floyd from 1999) using 1° NOGAPS analyses 
every 12 h. The conversion of a thermally symmetric, deep strong warm-core cyclone into a frontal cold-
core cyclone is illustrated. The cyclone exists as a hybrid cyclone (frontal warm core) for a substantial 

period of time during extratropical transition.” Description: “Phase evolution: (a) −VLT vs B and (b) −VLT 

vs −VUT. The inset gives the track of the cyclone and the model analysis SST field (°C). The A indicates 
the beginning of the plotted life cycle within the available analyses and the Z indicates the end [not shown 
here for clarity, as those two points coincide near (0, 0) in both figures; they are labeled in successive 
phase diagrams]. A marker is placed every 12 h. The shading of each marker indicates cyclone MSLP 
intensity (white, >1010 hPa; black, <970 hPa) and the size of the circular marker within the phase space 
indicates the relative size (mean radius) of the 925-hPa gale force (>17 m s

-1
) wind field (largest here is 

600 km). Positions at 0000 UTC are labeled with the day.” 
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Figure 2.4: As in Figure 2.3, except for a typical tropical cyclone life cycle in the cyclone phase space. 
Reproduced from Hart (2003, their Figure 4). Caption: “Example here is for a symmetric warm-core 
cyclone (conventional tropical cyclone, Hurricane Mitch from 1998 using 1° NOGAPS analyses every 12 
h). The upward growth, then decay, of the thermally symmetric warm-core vortex is illustrated.” 
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Figure 2.5: As in Figure 2.3, except for a typical extratropical cyclone life cycle in the cyclone phase 
space. Reproduced from Hart (2003, their Figure 5). Caption: “[T]he life cycle evolution of a cold-core 
cyclone using 2.5° NCEP–NCAR reanalyses. The development of a highly frontal, cold-core cyclone that 
ultimately occludes is illustrated. Each marker represents a 6-h increment, the temporal resolution of the 
NCEP–NCAR reanalysis dataset. The cold-core structure of the cyclone weakens as intensification 
occurs since the cyclone is becoming almost vertically stacked.” 
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Figure 2.6: Characteristics and structural evolutions seen during extratropical transition. Reproduced from 
Jones et al. (2003, 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 2.7: Conceptual model of the extratropical transition process as proposed by Klein et al. (2000, 
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 cloud bands 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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Figure 2.8: Thermodynamic budget as diagnosed by 2.5° ECMWF analyses over TC Patsy (1986). 
Reproduced from Sinclair (1993; their Figure 11). Caption: “As in Fig. 10 except thermodynamic-budget 
terms (°C day

-1
).” Times and budget terms are indicated at the top and right-hand side legend of the 

figure, respectively. 

23 

 



 
Figure 2.9: Depiction of the linear jet model of McTaggart-Cowan (2003a, their Figure 19). Caption: 
“Schematic representation of a linear jet max. Light solid lines indicate upper-level height contours with 
the gradient oriented as indicated. Dashed lines represent lower-level isotherms, again with the gradient 
as shown. The horizontal secondary circulation at low levels generated by the jet is indicated by the 
heavy arrows. Two surface lows are superposed on the feature with cyclonic circulations as shown. 
Regions of enhanced cold and warm advection are shaded on the left- and right-hand sides of the figure, 
respectively.” 
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CHAPTER 3 

 
DATA AND METHODOLOGY 

 
 
 

 
 Before getting into the analyses of the ET thermodynamic evolution, a clear outline of the data 
and methodology employed in this work is presented. The analysis approach and method for this study 
are presented first, including information on why these choices were selected over other potential 
choices. Next, detail is given to the case selected for study in line with the analysis approach selected in 
this work. Following this, a detailed description of the methods used to observe the ET thermodynamic 
evolution is presented, including information as to how the desired thermodynamic budgets are 
computed, obtained, and analyzed. Finally, an overview of the predominant types of analyses presented 
in the results section of this work is presented, aimed at familiarizing the reader with the unique methods 
utilized here. 
 

 
3.1 Analysis Approach 

 
 
 To study the thermodynamic evolution during ET, a numerical simulation approach is employed. 
This approach is employed due to the lack of a sufficiently high spatial and temporal resolution four-
dimensional data set of meteorological observations during the ET process. Future field programs akin to 
THORPEX (Harr et al. 2009) and/or reconnaissance flights into transitioning tropical cyclones, such as 
that flown into the extratropical remnant of North Atlantic TC Noel (2007; NHC 2009b), may provide such 
a data set in the future. But, as a result of its present unavailability, we note that true verification of the 
hypotheses presented from the results of this study will be impossible until such a dataset from an ET 
case becomes available. Furthermore, the numerical simulations in this work utilize a case study 
approach over theoretical and idealized approaches. This is done due to its direct applicability to an 
observed ET event without any expected loss of generality to the cold-core ET paradigm that this work 
emphasizes. Further details about why this paradigm is selected may be found in Section 3.2. Using a 
case study for study emphasizes the need for model verification before meaningful results are drawn; 
such verification is presented in Section 4. Ultimately, however, employing a case study numerical 
simulation methodology provides a complete high-resolution dataset that, when careful consideration to 
the aforementioned limitations is given, allows for the comprehensive study of the factors influencing the 
thermodynamic evolution during ET. 
 
 

3.2  Case Study Selection 
 
 
 The case study selected for analysis in this work is the ET of North Atlantic TC Bonnie from 1998 
(Pasch et al. 2001; NHC 2009a). Bonnie’s tropical phase was extensively sampled by a multitude of 
aircraft as part of the third NASA Convection and Moisture Experiment (CAMEX-3) and as such, there are 
several works in the literature (e.g. Heymsfield et al. 2001; Molinari and Vollaro 2008) that draw heavily 
upon those data to analyze mesoscale features that evolved within the cyclone near the time of its peak 
intensity. Additionally, a number of other works in the peer-reviewed literature (e.g. Braun et al. 2006; 
Rogers et al. 2003; Cram et al. 2007) have employed high resolution model simulations of the Bonnie’s 
tropical phase to analyze budgets and energetics as they evolved within the cyclone. However, only one 
study to date (Evans and Hart 2008) has studied the evolution of the TC during and after the ET process.  
 A brief history of Bonnie's life cycle follows and draws heavily on the summary provided by Pasch 
et al. (2001). The predecessor disturbance that spawned TC Bonnie emerged off of the coast of Africa on 
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14 August 1998. Over the following several days, this disturbance moved west-southwestward over 
progressively warmer waters and gradually improved in organization as it did so, ultimately being 
classified as a tropical depression during on 19 August over the tropical central Atlantic. One day later, 
the depression was classified as Tropical Storm Bonnie just prior to the arrival of the first reconnaissance 
flight that would sample the cyclone during its lifespan. Bonnie turned to the west-northwest as it skirted 
past the Lesser Antilles and moved toward the lower Bahamas. As it passed near the Bahamas on 22-24 
August, Bonnie quickly intensified into a hurricane and then major hurricane with a peak intensity of 100 
kt. After reaching the periphery of the subtropical ridge across the central Atlantic shortly thereafter, the 
TC's forward motion slowed and it turned toward the northwest, a heading that it would maintain until 
landfall just below peak intensity along the North Carolina coastline near Wilmington on 26 August. 
Bonnie spent about 24 hours over land, weakening considerably to a tropical storm before accelerating to 
the northeast across the North Atlantic. The TC briefly regained hurricane intensity over the North Atlantic 
on 28 August before slowly weakening and completing the ET process south of Newfoundland on 30 
August. The ET of Bonnie was fairly benign (Evans and Hart 2008), accompanied by the acquisition of a 
cold core thermal profile and only a modestly favorable baroclinic environment for extratropical 
intensification and redevelopment. ET occurred under approximately 30 m s

-1
 of tropospheric-deep 

environmental shear, similar to that observed with other ET cases (e.g. Thorncroft and Jones 2000 with 
North Atlantic TC Iris of 1995). The extratropical Bonnie became indistinct on 31 August. The observed 
track and intensity of TC Bonnie (1998) may be found in Figure 3.1. 

More specifically, however, the ET of TC Bonnie (1998) was selected for study due to its 
representativeness to the majority of observed North Atlantic ET events. During ET, Bonnie transitioned 
from a symmetric, warm cored TC into an asymmetric (or frontal), cold cored extratropical cyclone, 
gradually weakening thereafter. Furthermore, the cyclone did not interact with land or another distinct 
frontal cyclone during the period of ET. Hart et al. (2006) note that this evolution accounted for 
approximately 75% of North Atlantic ET events between 1998-2003; other evolutions such as morphing 
into a warm seclusion cyclone (Shapiro and Keyser 1990) or reintensifying after the completion of 
transition accounted for the remaining 25% of ET events. Given the numerous common ET-forcing 
synoptic-scale features present between TC Bonnie and the composite mean evolution that it most 
closely resembles (Hart et al. 2006), it stands to follow that the TC Bonnie (1998) case is an ideal case for 
study. 
 
 

3.3 Simulation Formulation 

 
 

 The Pennsylvania State University (PSU)/National Center for Atmospheric Research (NCAR) 
Mesoscale Model version 5 (MM5) is employed to perform the numerical simulations presented in this 
work. Version 3.7.4 of the MM5 model code – the final, frozen version of the code – is used in this study. 
The MM5 (Dudhia 1993; Grell et al. 1995) is a non-hydrostatic, fully compressible model based upon a 
set of primitive equations applicable to a rotating frame of reference. A terrain-following sigma coordinate 
is used within the model to represent the vertical dimension. The full primitive equation set utilized within 
the MM5 is given by Dudhia (1993; their equations 1-7). Prognostic variables within this equation set are 
fully coupled, or tied to the model vertical coordinate, with the fully coupled form of the MM5 model 
equation set given by Grell et al. (1995; their equations 2.2.1-2.2.7). The MM5 has been successfully 
used over the past decade and a half to simulate a wide range of atmospheric phenomena such as 
extratropical and tropical cyclones on a variety of scales from the climate-scale to the microscale. 
Examples of such uses are too numerous for inclusion here yet are readily apparent upon a search of the 
literature. The MM5 model is selected over the newer Advanced Research Weather and Forecasting 
Model (WRF-ARW) due to better stability within the MM5 model code at the outset of this work. 
 A series of three nested simulations using the MM5 are performed in this study. This triply-nested 
approach is employed in order to be able to both simulate the thermodynamic evolution at a high 
horizontal resolution as well as to be able to understand the sensitivity of the evolution to model resolution 
(both dynamically as well as physically). An initial, large domain simulation is performed across much of 
North America and the North Atlantic Ocean at a horizontal grid spacing of 36 km. The simulation is 
performed over a 120 hour time period between 1200 UTC 26 August 1998 and 1200 UTC 31 August 
1998, or from near the time of peak tropical intensity through past the end of the completion of ET. The 
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first days of this simulation are used to spin-up and bring the initial vortex into balance with the modeled 
atmosphere. Initial and boundary conditions for this simulation are obtained from 1° NOGAPS operational 
analyses every twelve hours. During the 1998 tropical season, NOGAPS analyses included a synthetic 
tropical cyclone vortex in their initial conditions; due to the spin-up and balance simulation period within 
the 36 km MM5 simulation, however, this synthetic vortex is believed to have minimal impact upon the 
results presented within this study. Results from this simulation are used as initial and boundary 
conditions for a one-way nested simulation at 12 km grid spacing over a 72 hour time period between 
1200 UTC 28 August 1998 and 1200 UTC 31 August 1998. Other than the expanse of the simulation 
domain, covering the western North Atlantic basin in this simulation, model configuration details are 
equivalent to those from the 36 km domain. From this simulation, a final simulation is performed at a 
horizontal grid spacing of 4 km. This simulation encompasses nearly the entire domain of the 12 km 
simulation and incorporates the same model configuration as the 36 and 12 km simulations with the 
exception of explicitly handling the development of convection. Parameterizations for physical processes 
are chosen as appropriate for modeling tropical cyclones. Full details of the model configuration for all 
three simulations, including parameterizations used, may be found in Table 3.1. A depiction of the 
boundaries of the three simulation domains may be found in Figure 3.2. Model verification is provided in 
Section 4.1. 
 
 

3.4 Thermodynamic Budget Computation 
 
 

 The thermodynamic evolution of the transitioning TC Bonnie (1998) is studied using 
thermodynamic budgets computed directly from MM5 simulation output. This method is selected due to its 
inherent ability to quantify all dynamical and parameterized (i.e. diabatic) contributors to the observed 
evolution with no residual calculations. Additionally, it provides the benefit of quantifying this evolution in a 
framework native to the selected numerical model's primitive equation set, minimizing the impact of 
residuals and sub-grid scale features within the analyses. This method of computing thermodynamic 
budgets is akin to that of Zhang and Bao (1996), where they used the NCAR/Pennsylvania State 
University Mesoscale Model version 4 (MM4) to compute thermodynamic budgets of a mesoscale 
convective system that moved offshore and induced oceanic extratropical cyclogenesis. A description of 
the computation of these thermodynamic budgets follows, itself followed by descriptions of each of the 
terms of the thermodynamic budget formulation.  
 
3.4.1 Thermodynamic budget formulation 
 

Thermodynamic budgets are directly computed within the model every fifteen minutes during 
each simulation using the following equation: 
 

(2)  
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In brief, the first term on the right hand side of (2) is a three-dimensional advection term; the second term 
is a divergence term; and the third term comprises temperature tendencies from six parameterizations: 
convective, diffusion, microphysics, planetary boundary layer, radiation, and shallow convection.  A full 
description of the factors influencing the temperature tendency from each of these terms may be found in 
the following subsections. Note that code modifications to the base state MM5 code are made such that 
all computed terms are fully decoupled at each time step. It should be noted that these modifications are 
made separately from the forms of these terms that are carried as prognostic fields throughout the model 
simulation. Data are then projected onto the same Lambert conic conformal grid as employed during the 
simulation and are thereafter treated the same as any normal simulation output. 
 This form of the thermodynamic equation differs from the base model thermodynamic equation 
from Dudhia (1993), presented below, in several ways. 
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Note that in (3) above, a subscript of 0 denotes a reference state, primes denote deviations from this 

reference state, diabatic heating rate is given by , and sub-grid scale eddy terms are represented 

by . The first term on the right hand side of (3) is the total advection term, the second is the adiabatic 

term, the third is the net diabatic heating term, and the fourth is a diffusion term. Both this equation and 
(2) above are computed within the MM5's native coordinate frame (x, y, σ) utilizing a coordinate velocity 

for vertical motion, as given by the following: 
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First, in the formulation employed in this work, sub-grid eddy terms are explicitly accounted for 

within the parameterized temperature tendency terms, particularly the diffusion term. Diabatic heating, 
such as that from latent heat release and radiational processes, also is accounted for within the 
parameterized temperature tendency terms. Specific discussion of what physical factors comprise the 
temperature tendency calculations within these parameterizations is provided later in this section. 
Secondly, the adiabatic term in (3) – the three factors within the parentheses – is absent from (2), 
whereas the divergence term that appears in (2) is absent from (3). This is due to the utilization of 
potential temperature rather than temperature in the computation of the advection terms, transferring the 
simulated effects of adiabatic warming and cooling to the vertical advection term. This formulation is 
enabled via the ITHADV flag within the MM5 code and became the default option within the MM5 
configuration in 1997 (UCAR 2009). Note that this switch only changes how the thermodynamic advection 
and adiabatic terms are computed and not what is computed; furthermore, it does not lead to notable 
physical differences within the evolution of the model and is instead believed to lead to more accurate 
results with high resolution simulations, particularly near complex topography (UCAR 2009). Therefore, 
the formulation presented in (2) is an accurate representation of the thermodynamic equation within the 
MM5 model itself, functionally similar to but expanding upon the form given by (3). 
 
3.4.2 Description of thermodynamic budget terms 
 
 Before discussing results from the budget calculations and model simulations, it is imperative to 
present a detailed description of the computation and physical interpretation (where not immediately 
apparent) of each of the aforementioned nine components to the total temperature tendency. The unique 
details of these computations and physical interpretations are discussed below. It should first be noted, 
however, that by default, the temperature tendencies computed within the MM5 model are all coupled 
quantities. The uncoupled quantities are obtained at the end of each computation by dividing the result by 
the reference pressure p* following the examples presented within the model source code. Therefore, all 
results presented in this work are uncoupled tendency fields, as desired for accurate physical 
interpretation. No attempt is made to numerically partition out the individual components that affect the 
parameterized tendencies as a whole; instead, attention is given to meshing observations and theory 
within the transitioning TC with principles of physical and dynamical meteorology manifest within the 
parameterization packages to describe the tendency evolution during ET. 
 
3.4.2.1 Horizontal temperature advection. Horizontal temperature advection is computed in the MM5 
simulations performed in this work using potential temperature (THA) as the diagnostic variable rather 
than temperature (TA). This is controlled within the model code by the ITHADV flag, set to 1 to enable the 
usage of potential temperature for advective and adiabatic processes (UCAR 2009). The three-
dimensional temperature field is converted to potential temperature using Poisson's relation involving the 
base state and perturbation pressure fields. From here, the horizontal potential temperature advection 
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field is computed using a fourth-order finite difference scheme. The temperature tendency is then 
converted to the desired temperature tendency by multiplying the tendency by the ratio of the temperature 
field to the potential temperature field, equivalent to the inverse of Poisson’s relationship. 
 
3.4.2.2 Vertical temperature advection. As with horizontal temperature advection, potential temperature is 
employed as the diagnostic variable for vertical temperature advection. Note that no instability limiter is 
employed in the computation of vertical temperature advection (ITADVM=0), meaning that vertical layers 
that exceed a certain instability threshold (as defined by the vertical potential temperature gradient) are 
allowed to evolve in a natural rather than constrained manner. Due to the use of potential temperature as 
the advection variable, this vertical advection physically describes adiabatic warming and cooling 
processes. Utilizing the potential temperature field, vertical advection is computed using a first-order 
forward finite difference scheme using data from a given sigma level and the sigma level below it. In this 
computation, the form of the vertical velocity native to the MM5's sigma vertical coordinate – the vertical 
sigma velocity – is employed. As with the horizontal temperature advection term, the potential 
temperature tendency is then converted to the desired temperature tendency by multiplying the tendency 
by the ratio of the temperature field to the potential temperature field.  
 
3.4.2.3 Temperature divergence. The temperature divergence term arises due to differences within the 
temperature tendency equation between (2), as employed within the model code, and (3), which uses 
temperature rather than potential temperature for advective processes. Specifically, this divergence term 
accounts for the effects of perturbation pressure that appear in the adiabatic term of (3). The temperature 
divergence term is computed by multiplying the potential temperature field by the total horizontal and 
vertical divergence as computed utilizing a second-order centered finite difference scheme. As with the 
advective terms above, the potential temperature tendency is then converted to the desired temperature 
tendency by multiplying the tendency by the ratio of the temperature field to the potential temperature 
field. 
 
3.4.2.4 Convective parameterization term. For the 36 km and 12 km simulations, the Kain-Fritsch (Kain 
and Fritsch 1993) convective parameterization scheme is employed. For the 4 km simulation, no 
convective parameterization is employed and thus there is no contribution to the thermodynamic evolution 
from parameterized convection. Instead, the effects of convection are explicitly handled within the model. 
Within the Kain-Fritsch convective parameterization scheme, five physical features affect the temperature 
tendency field: entrainment, detrainment, compensating subsidence, convective downdrafts, and buoyant 
updrafts. The convective parameterization scheme checks for convective initiation by isolating a vertical 
layer sufficiently deep (>50 hPa) for deep convection to occur, computes the thermodynamic 
characteristics of the layer, and determines whether or not it is sufficiently buoyant for deep convection. 
From here, updraft properties, downdraft properties, and compensational subsidence are computed. 
Within each of these are entrainment and detrainment processes. The temperature fields are ultimately 
modified by these processes as well as phase change and precipitation fallout processes within these 
physical features. 
 
3.4.2.5 Diffusion parameterization term. The diffusion parameterization scheme (Zangl 2003) aims to 
quantify the effects of sub-grid scale processes (in both time and space) upon the temperature tendency 
field within the numerical simulation. A simple horizontal diffusion parameterization scheme is employed 
within the MM5 model (Xu et al. 2001); note that vertical diffusion is computed with potential temperature 
(e.g. within the planetary boundary layer parameterization). In the simulations performed in this work, 
temperature tendency due to horizontal diffusion is computed within the native sigma model coordinate 
using a perturbation temperature field rather than with the full temperature field or in geometric height 
coordinates. A fourth-order finite difference scheme is employed to compute the tendency within the 
interior of the simulation domain; a second-order scheme is utilized along its boundaries. The final 
temperature tendency depends upon the value of the diffusion coefficient, itself dependent upon either of 
two terms – a multiplicative term between the horizontal grid spacing and horizontal velocity divergence 
and a term relating the horizontal grid spacing to the model time step – with the diffusion coefficient 
always being no larger than this latter value. 
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3.4.2.6 Microphysical parameterization term. The microphysical, or explicit moisture, non-convective 
parameterization scheme employed here is the Reisner mixed phase scheme (Reisner et al. 1998). This 
mixed phase scheme accounts for heat release between five moisture phases – vapor, ice, rain, cloud, 
and snow – with phase changes allowed between phases as physically appropriate. This scheme is 
chosen due to the fact that within a TC or transitioning TC, water (whether liquid or vapor), ice, and snow 
processes are likely to dominate the microphysical evolution (Davis et al. 2008), predominantly in the so-
called “moat” region outside of the inner eyewall (e.g. Frank 1977) during the tropical phase and in the 
“delta rain” (Shimazu 1998; Klein et al. 2000) region associated with isentropic upglide and shear-
enhanced vertical motion patterns during the ET phase. Specifically, the following thirteen physical 
processes all contribute to the total temperature tendency by means of heat released during the 
appropriate simulated phase changes: 

 Deposition and sublimation of snow  

 Collection of cloud water by snow  

 Melting of snow  

 Evaporation of melting snow  

 Condensation of vapor as snow 

 Deposition and sublimation of cloud ice 

 Production of cloud ice 

 Melting of cloud ice 

 Freezing of cloud ice 

 Freezing of cloud droplets 

 Production of cloud water via condensation 

 Evaporation of rain water 

 Production of non-convective precipitation within clouds 
 
3.4.2.7 Planetary boundary layer parameterization term. The planetary boundary layer (PBL) 
parameterization employed here is the Blackadar scheme (Blackadar 1979), a parameterization that has 
been used for study within a large number of modeling studies involving interactions of TCs with 
midlatitude features (e.g. Rogers et al. 2003; Frank and Ritchie 1999; Kimball and Evans 2002). This 
parameterization considers effects upon the PBL by three atmospheric – free atmosphere, mixed, and 
surface – and two soil – soil surface slab and soil subtrate – layers. Physically, it gauges the effects of 
mixing processes and surface-atmospheric energy exchanges (e.g. fluxes) upon the temperature profile 
and its tendency within the boundary layer using a surface energy budget dependent upon surface 
sensible and latent heat fluxes, substrate fluxes, and radiative fluxes (Rogers et al. 2003). It is in the 
surface layer and at the interface between the mixed and free atmospheric layers where the temperature 
tendency fields are computed within this parameterization. To compute the temperature tendency, the 
PBL scheme first diagnoses the PBL characteristics based upon the Bulk Richardson number and height 
of the PBL. In doing this, it determines whether the PBL is stable or is characterized by mechanical 
turbulence, forced convection, or free convection. Based upon this diagnosis, it computes the vertical 
diffusion coefficients and surface friction velocity, values of which are used along with the analyzed three-
dimensional potential temperature fields to compute surface sensible and latent heat fluxes. These fluxes 
are then used to compute the potential temperature tendency within the surface layer. Vertical diffusion is 
used to compute the component of the tendency due to mixing processes at and above the top of the 
PBL. The sum of these two tendencies gives the total potential temperature tendency due to PBL 
processes; the parameterization converts this tendency back to temperature for prognostic use within the 
remainder of the model. 
 
3.4.2.8  Radiation parameterization term. The radiation parameterization employed in this work is a cloud-
based longwave and shortwave radiation scheme based upon works by Stephens (1978; 1984). 
Physically, shortwave radiation temperature tendencies are affected by absorption and scattering in clear 
air and reflection and absorption in cloudy layers. The physical contributors to the longwave radiation 
temperature tendency include stratospheric carbon dioxide emission, a contribution from liquid water and 
water vapor processes, and a reflected infrared component from the surface (for upwelling longwave 
radiation only).  
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 The shortwave radiation temperature tendency (Stephens 1984) is computed as the density-
weighted fraction of downwelling shortwave radiation that is absorbed within a given layer of the 
atmosphere. This temperature tendency is computed using an iterative procedure involving the 
downwelling shortwave radiation, layer absorption coefficient, and layer albedo value, ultimately providing 
a three-dimensional tendency describing the effects of shortwave radiation on the temperature tendency. 
The longwave radiation temperature tendency (Stephens 1978) is impacted by longwave radiation 
through clouds and water vapor and is comprised of contributions from both upwelling and downwelling 
longwave radiation. After these radiation components are calculated, they are combined into the final 
result, a layer-averaged, density-weighted longwave radiation temperature tendency field. The total 
temperature tendency due to the radiation parameterizations employed here is simply the sum of the 
shortwave and longwave radiative tendency fields. 
 
3.4.2.9 Shallow cumulus parameterization term. A simple shallow cumulus parameterization scheme is 
employed within the MM5. This scheme is independent of the regular convective parameterization 
scheme referenced in Section 3.4.2.4 above; the simulations performed here are formulated this way in 
order to keep separate the distinct contributions from deep and shallow convection within the cyclone. 
The shallow cumulus parameterization scheme accounts for buoyant updrafts that form but do not reach 
a sufficient depth for deep convection to occur (Kain 2004). Without this parameterization in place, the 
effects of upward moisture transport and downward heat transport within the shallow cloud (or updraft) 
layer would not be accounted for, leading to negative impacts upon forecasted vertical temperature and 
moisture profiles (Kain 2004). Thus, this shallow convection parameterization is more of an adjustment 
scheme for shallow, localized cloud features and less of a significant contributing factor to the 
temperature tendency fields in and of itself. In brief, however, this parameterization works by determining 
the changes that a shallow cloud would do to the temperature tendency field (per unit mass flux) if it 
existed, then modifies the environmental conditions to account for these changes. It does so by 
computing the changes in moist static energy and moisture due to subsidence and entrainment within an 
analyzed shallow cloud layer, with the net temperature tendency determined by the sum of these 
changes. 
 
 

3.5 Introduction to Analysis Tools and Graphics 
 
  

 In this work, an array of five unique analysis methods is used to quantify the thermodynamic 
evolution of the transitioning TC Bonnie (1998). When used independently of one another, they highlight 
individual factors contributing in part to the total thermodynamic evolution. When used in conjunction with 
one another and in conjunction with theory and observations, they illuminate the full factors at play behind 
the thermodynamic evolution during ET. Note that this is not a comprehensive list of analysis techniques, 
just a description of the most prevalent techniques employed within this work. Other techniques utilized 
will be described in detail when they are first introduced when detailing simulation and analysis results. 
 
3.5.1  Hovmöller diagrams 
 
 In these plots, the magnitude of a given budget term (or terms) is displayed with respect to time 
on the y-axis and radial distance from the center on the x-axis. Data displayed are vertically-integrated 
between sigma levels 2 (sigma = 0.985) and 27 (sigma = 0.175), or approximately the depth of the 
simulated troposphere within the model simulation, and azimuthally-averaged along radial bands between 
0-500 km away from the center of the cyclone. These radial bands have a horizontal resolution effectively 
double that of their parent model simulation, with the 36, 12, and 4 km simulations having radial resolution 
in these plots of 50, 25, and 10 km respectively. Therefore, what is being shown in these diagrams is how 
the vertically-integrated average temperature tendency evolves through time at radii from 0-500 km away 
from the center of the cyclone. No temporal or spatial smoothing is applied to these plots. It should be 
noted that this 500 km radius is chosen here and in the analyses that follow in order to effectively capture 
the increasingly tilted structure of the transitioning tropical cyclone, as is done with the cyclone phase 
space calculations of Hart (2003). 
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3.5.2  Height-magnitude diagrams 
 
 In these line plots, the magnitude of a given budget term (or terms) is displayed with respect to 
height (or here, in the model data's native sigma coordinate) on the y-axis. Data displayed have been 
azimuthally- and radially-averaged within a 500 km volume centered on the center of the cyclone at all 
times and thus highlight the spatially averaged evolution of the budget terms in the vertical. No temporal 
or spatial smoothing is applied to these plots. This plot type is equivalent to that presented in Figure 2.8 
from Sinclair (1993), highlighting the vertical structure of these terms at selected times during their 
evolution. 
 
3.5.3  Height-radius diagrams 
 
 In these plots, the magnitude of a given budget term (or terms) is displayed with respect to height 
(again, the model data's native sigma coordinate) on the y-axis and radial distance from the center on the 
x-axis. Data displayed are azimuthally-averaged using the same methods outlined with the Hovmöller 
diagrams and thus have the same characteristics. It should be noted that the height-magnitude plots 
previously described allow for the discernment of the averaged vertical structure of the features shown in 
the Hovmöller diagrams. Meanwhile, the height-radius plots described here allow for the discernment of 
the full vertical structure of the features shown in the Hovmöller diagrams as they capture both the full 
vertical and azimuthally-averaged horizontal structure to the budget terms. Thus, when used in 
conjunction with the Hovmöller fields, a quasi-three-dimensional (radius, height, time) view of the 
evolution is obtained. No temporal or spatial smoothing is applied to these plots. 
 
3.5.4 Spatial analyses 
 
 To aid in capturing the full four-dimensional evolution of the thermodynamic terms during ET, 
spatial analyses of individual or aggregate budget terms centered on the transitioning TC are created. 
Three sets of spatial analyses are computed: vertically-integrated, where the budget terms are vertically 
integrated using the same procedure described with the Hovmöller plots in Section 3.5.1; lower 
tropospheric, where the budget terms are averaged between sigma levels 7 (sigma = 0.9) and 18 (sigma 
= 0.625), approximately corresponding to the 900-600 hPa layer; and upper tropospheric, where the 
budget terms are averaged between sigma levels 19 (sigma = 0.575) and 25 (sigma = 0.275), 
approximately corresponding to the 600-300 hPa layer. These fields are computed within a 15º x 15º box 
centered on the cyclone at all times. These fields allow for the analysis of the individual physical 
components that contribute to the azimuthally-averaged fields presented in Sections 3.5.1-3.5.3, assisting 
in the physical interpretation of the budget results. No temporal or spatial smoothing is applied to these 
plots. 
 
3.5.5 Numerical budget computations 
 
 A final set of budget analyses is computed using the simulated temperature tendency data. These 
budget analyses are computed in the same manner as the Hovmöller diagrams for each budget term (or 
terms) with the additional step taken of radially averaging the data. The primary budget analyses 
presented here are computed utilizing a radial average taken within the 500 km radial band used in the 
remainder of the analyses. Thus, these budget analyses provide a numerical value describing the 
average vertically-integrated temperature tendency for each of the tendency terms within 500 km radius. 
No temporal or spatial smoothing is applied to these values. 
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Table 3.1: Model configuration details and parameterizations employed for the three MM5 simulations 
carried out in this work. 

 
Model Parameter 36 km Simulation 12 km Simulation 4 km Simulation 

Size of model 
domain (model 
grid points) 

250 x 300 x 30 301 x 301 x 30 778 x 778 x 30 

Center of domain 40°N, 60°W Approx. 38°N, 65°W Approx. 38°N, 65°W 

Top of model 50 hPa 50 hPa 50 hPa 

Analysis period 1200 UTC 26 August 
1998-1200 UTC 31 
August 1998 

1200 UTC 28 August 
1998-1200 UTC 31 August 
1998 

1200 UTC 28 August 
1998-1200 UTC 31 
August 1998 

Initial/boundary 
conditions 

NOGAPS 1° analyses MM5 36 km simulation 
output 

MM5 12 km simulation 
output 

Forecast length 120 hours 72 hours 72 hours 

Forecast output 
interval 

15 minutes 15 minutes 15 minutes 

Temperature 
advection 
variable 

Potential temperature 
(ITHADV=1) 

Potential temperature 
(ITHADV=1) 

Potential temperature 
(ITHADV=1) 

Microphysics 
scheme 

Mixed phase (Reisner et 
al. 1998) 

Mixed phase (Reisner et 
al. 1998) 

Mixed phase (Reisner et 
al. 1998) 

Cumulus 
parameterization 

Kain-Fritsch (Kain and 
Fritsch 1993) 

Kain-Fritsch (Kain and 
Fritsch 1993) 

None 

Boundary layer 
scheme 

Blackadar (Blackadar 
1979) 

Blackadar (Blackadar 
1979) 

Blackadar (Blackadar 
1979) 

Radiation 
scheme 

Cloud-based (Stephens 
1978; Stephens 1984) 

Cloud-based (Stephens 
1978; Stephens 1984) 

Cloud-based (Stephens 
1978; Stephens 1984) 

Diffusion scheme Simple (Zangl 2003) Simple (Zangl 2003) Simple (Zangl 2003) 

Shallow 
convection 

Utilized Utilized Utilized 
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(b) 

 
(c) 

 
 
Figure 3.1: (a) NHC best track (Jarvinen et al. 1984) of TC Bonnie (1998). Open (closed) circles denote 
cyclone positions at 1200 (0000) UTC on a given day. Tropical depression intensity is denoted in green, 
tropical storm intensity in yellow, hurricane intensity in red, and extratropical status in blue. (b) NHC best 
track one-minute surface wind speed observations (kt) of TC Bonnie (1998). (c) NHC best track minimum 
sea level pressure observations (mb) of TC Bonnie (1998). Panels (b) and (c) were obtained from the 
NHC TC Bonnie (1998) preliminary report (NHC 2009a). 
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Figure 3.2: MM5 simulation model domains (black outlines) and terrain (units: m; grey shading) for the 
three simulations performed in this study. The outer, middle, and inner outlines highlight the domains for 
the 36, 12, and 4 km horizontal grid spacing simulations, respectively.  
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CHAPTER 4 

 
RESULTS 

 
 
 

 
 The findings from this study are presented over the course of four sections within this chapter. 
First, model verification is presented, focusing upon the simulated evolution of the transitioning TC – 
including track, intensity, and structure – and the synoptic environment surrounding the cyclone. Once it 
has been established that the simulation data are of sufficient quality for further analysis, evidence of 
cooling of the cyclone’s thermal core is presented. Next, the observed thermodynamic evolution inside of 
500 km radius is detailed, focusing upon the physics behind the evolution. Finally, the simulated evolution 
as a function of horizontal grid spacing is described. In all, the goals of this chapter are to describe what 
happens in time and space; why and how it happens, again in time and space; and what sensitivity there 
is within the results to horizontal resolution. 

The results presented within this chapter focus primarily upon the 12 km simulation. The reasons 
behind this are twofold: first, we desire to quantify all of the parameterized contributions to the cyclone’s 
thermodynamic evolution. Within the 4 km simulation, no convective parameterization is employed and 
the effects of convection upon the evolution are explicitly solved for as completely as the model can do so 
at such a horizontal grid spacing, making the impacts of convective features upon the observed evolution 
harder to diagnose. Second, we desire to understand the evolution with as high of an effective resolution 
as possible; at a horizontal grid spacing of 12 km, the effective resolution of the model lies somewhere 
between four to six times the horizontal grid spacing or roughly between 50 and 75 km. This is sufficient 
to resolve many of the mesoscale structures within the transitioning cyclone. With a grid spacing of 36 
km, the effective resolution lies between 150 and 225 km, too large to sufficiently capture mesoscale 
structures within the cyclone. As a result, the results that follow focus upon findings from the 12 km 
simulation. The section titled ‘Horizontal Grid Spacing Impacts’ details differences from these results 
within the simulated evolutions at 36 and 4 km horizontal grid spacing. 
 
 

4.1 Model Verification 
 

 
Before analyzing the thermodynamic evolution from the simulations performed in this study, it is 

imperative to determine whether the simulation data accurately represent the structure and evolution of 
the cyclone and its synoptic environment. In this section, an array of analyses focusing first upon the 
cyclone’s environment and then upon the cyclone itself are presented. An array of observational products 
– National Hurricane Center best track (Jarvinen et al. 1984), GOES-8 satellite imagery, and H*WIND 
(Powell et al. 1998) – are used to verify the structure and evolution of the simulated cyclone. The same 
NOGAPS 1° operational analysis fields used to initialize the model simulations are employed in order to 
verify the simulated synoptic-scale environment. It should be noted that these NOGAPS operational 
analyses, created using a multivariate optimum interpolation data assimilation system (MVOI; Barker et 
al. 1988) in conjunction with a first guess field based upon the previous NOGAPS 6- to 12-hr forecast, are 
believed to reasonably depict the synoptic environment of the cyclone.  

First, the simulated track and intensity of the cyclone is compared to that from National Hurricane 
Center best track (Jarvinen et al. 1984) observations. Figure 4.1 depicts the simulated track of the 
cyclone from each of the three simulations alongside the observed track of the cyclone. As the cyclone 
passed to the southeast of New England, a slight northwestward bias is exhibited with each of the 
simulated tracks. A similar simulated cyclone wind field size to that from available observations 
(presented later in this section) argues against this being due to enhanced Beta drift steering patterns. As 
the cyclone turned to the east south of the Canadian Maritimes, a southward and slow bias is exhibited 
with each of the simulated tracks. Each of the simulated tracks is in fairly good agreement with one 
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another with respect to both locations and speed. Figure 4.2 depicts the simulated minimum sea level 
pressure from the 12 km MM5 simulation as compared to that from NHC best track data. In the first 24 
hours of the simulation, the simulated cyclone intensified whereas the cyclone actually weakened in 
reality. Thereafter, however, the minimum sea level pressure trend from the 12 km MM5 simulation is in 
good agreement with that from observations an approximately 5 hPa lower mean sea level pressure than 
that in reality. Note that similar results are exhibited with the 36 and 4 km simulated minimum sea level 
pressure fields (not shown). 

Next, the simulated structure of the middle and upper troposphere is analyzed. Figure 4.3 depicts 
the 500 hPa geopotential height fields from the NOGAPS analyses and 12 km MM5 simulation and their 
differences at four times: 1200 UTC on 28-31 August 1998. Initially (Figure 4.3a), the model and analyses 
are in good agreement with only minor differences noted in association with the representation of TC 
Bonnie and the amplitude of two midtropospheric shortwave troughs to its north. These errors grow 
through time (Figure 4.3b), ultimately resulting in significant differences between the 12 km MM5 
simulation and NOGAPS analyses later in the simulation (Figure 4.3c,d). These differences are largely 
manifest as a result of a more progressive mid-tropospheric midlatitude pattern seen in reality as 
compared to the MM5 forecast. Figure 4.4 depicts the 300 hPa geopotential height fields from the 
NOGAPS analyses and 12 km MM5 simulation and the differences between the magnitude of the 300 
hPa wind fields from these analyses at the same four times as in Figure 4.3. The same less progressive 
evolution is observed at 300 hPa with concordant impacts seen upon the location of the upper 
tropospheric jet stream (shading in Figure 4.4). Finally, Figure 4.5 depicts the differences, both in 
magnitude and direction, of the 850-200 hPa vertical wind shear between the NOGAPS analyses and the 
12 km MM5 simulation data. Initially modest vertical wind shear differences (Figure 4.5a) grow fairly 
substantially through time (Figure 4.5b-d), particularly in the vicinity of simulated TC Danielle in the 
southwestern portion of the simulation domain, simulated TC Bonnie in the middle of the simulation 
domain, and in the subtropical North Atlantic basin in the wake of TCs Bonnie and Danielle. These 
differences are believed to arise primarily as a function of the slower longwave pattern evolution within 
the MM5 simulations. Note that there are no significant differences between the analyses presented in 
Figures 4.3-4.5 when considering either the 36 km or 4 km MM5 simulation data in place of the 12 km 
data (not shown). 

With these synoptic-scale differences in mind, the structure of the simulated cyclone itself is 
compared to available operational analysis data. Figure 4.6 depicts the lower tropospheric cyclone phase 
space (Hart 2003) evolution of Bonnie as diagnosed using NOGAPS 1° operational analyses. In this 
analysis, the cyclone began to undergo ET shortly after 1200 UTC 28 August 1998 and completed the ET 
process shortly after 1200 UTC 30 August 1998, in good agreement with the operational declaration of 
extratropical status at 1800 UTC 30 August 1998 (NHC 2009a). Figure 4.7 depicts the lower tropospheric 
cyclone phase space evolution of Bonnie as diagnosed using the 36 km MM5 simulation output. Good 
agreement is noted with the NOGAPS analysis in Figure 4.6, with ET beginning on 28 August 1998 and 
culminating after 1200 UTC 30 August 1998. The cyclone’s arc through the phase space is similar in the 
modeled evolution to that from observations despite the former better capturing the short reintensification 
period of 28-29 August 1998 after Bonnie re-emerged over the open waters of the North Atlantic Ocean. 
The phase space evolutions in the 12 km and 4 km simulations (Figure 4.8) are quantitatively similar to 
that from the 36 km simulation through 0000 UTC 31 August 1998, after which the proximity of the 
modeled cyclone to the edge of the 12 km and 4 km simulation domains begins to significantly negatively 
impact the ability of the phase space to depict the cyclone’s thermal structure. In all, however, each 
simulation appears to reasonably depict the operationally analyzed thermal structure evolution of the 
cyclone. The effects of this evolution on the analyzed and simulated vertical temperature profile atop the 
cyclone are shown in Figure 4.9, where between 1200 UTC 29 August 1998 (solid curves) and 0000 UTC 
31 August 1998 (dashed curves), total cooling of 3-5 K is observed within the 12 km MM5 simulation. The 
structure and evolution of the vertical temperature profiles from the 12 km MM5 simulation (red curves in 
Figure 4.9) quantitatively compares very favorably to the evolution of the vertical temperature profiles 
from the NOGAPS analyses (blue curves in Figure 4.9). 
 Next, the structure of the simulated near-surface (10 m) wind field near the start of the 12 km and 
4 km simulations is compared to that from observations. Figure 4.10 depicts the Hurricane Research 
Division's H*WIND (Powell et al. 1998) analysis of TC Bonnie's wind field at 1330 UTC 28 August 1998 
and 0130 UTC 29 August 1998 alongside the simulated near-surface wind fields from the 12 km MM5 
simulation at the same times. At 1330 UTC 28 August (Figure 4.10a,c), the simulated near-surface wind 
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field exhibits a much weaker peak magnitude southeast of the center of the cyclone. The location of this 
peak and the outward extent of the wind field, however, closely resemble those from the H*WIND 
analysis. At 0130 UTC 29 August 1998 (Figure 4.10b,d), the simulated near-surface wind field continues 
to exhibit a weaker peak magnitude than in reality, though the difference is not as great as it was 12 
hours prior. Wind field magnitude maxima to the east and west of the center of the cyclone and the 
outward extent of the wind field continue to closely resemble those from reality, suggesting that while the 
model may not get the cyclone's peak intensity quite right, it does an admirable job with its overall wind 
field structure. As a final structural comparison, the simulated precipitation and cloud structure of the 
cyclone is compared to that from observed GOES-8 satellite imagery in Figure 4.11. At 1200 UTC 29 
August 1998 (Figure 4.11a,c), the northeastward displacement of the primary convection and cloud cover 
associated with TC Bonnie is well-captured by the 12 km MM5 simulation, though the trailing band of 
cloud cover and convection to the south and east of the cyclone seen in reality is not well-captured. At 
0000 UTC 31 August 1998 (Figure 4.11b,d), the simulated cyclone's cloud field closely resembles that 
from reality with all remaining deeper clouds found northeast of the center of circulation (approximately 
43°N, 51°W at this time) and an extensive region of presumably stratiform cloud cover found trailing the 
center of circulation. 
 In summary, the MM5 simulation depicts a slightly deeper version of TC Bonnie (1998) that 
moves somewhat slower to the east than in reality. The slower eastward movement of the cyclone is 
largely due to a slower evolution of the middle- and upper-tropospheric midlatitude Rossby wave pattern 
across North America and the North Atlantic Ocean. Given the observed agreement of the simulated 
cyclone’s large-scale wind field structure to that from available observations, Beta drift steering influences 
are likely to not play a major role in modulating this evolution. The cyclone's simulated near-surface wind 
field exhibits a similar structure to that in reality, though the magnitude of the peak winds is somewhat 
less than that from observations in part as a function of the horizontal resolution of the model and its 
initialization data. Simulated satellite observations effectively capture the structure and evolution of the 
transitioning cyclone's cloud and, by extension, precipitation fields. Ultimately, however, despite the 
aforementioned differences in the simulated synoptic environment, the thermodynamic structure of the 
simulated cyclone closely resembles that from NOGAPS observations (Figure 4.6) as well as those from 
other operational analysis and reanalysis products (not shown). As a result, it is believed that the model 
data have sufficient value to warrant their usage in attempting to understand the total evolution of the 
thermodynamic structure and budget of transitioning TC Bonnie and thus now focus upon beginning to 
diagnose this thermodynamic evolution. 
 
 

4.2 Evidence of Cooling 
 
 

Before attempting to understand the factors behind the thermodynamic evolution during ET, it is 
instrumental to diagnose the total thermodynamic evolution of the cyclone. Simply put, what does the 
simulated thermodynamic evolution look like in a four-dimensional view? The analyses that follow attempt 
to illuminate the basic thermodynamic evolution and provide valuable insight toward the more detailed 
evolution to come. Note that physical reasoning toward understanding the four-dimensional evolution is 
provided in later sections after the contributions to this total tendency are detailed in general; this section 
merely aims to provide evidence toward a cooling thermodynamic profile and its spatial and temporal 
structure and evolution. As an aside, please note that key milestones during the cyclone’s lifecycle 
around the ET phase are depicted in Table 4.1 for ease of understanding the temporal evolution of the 
results and discussion presented throughout the rest of Chapter 4. 

Figure 4.12 depicts the azimuthally-averaged, vertically-integrated magnitude of the total 
temperature tendency from the 12 km simulation. Significant cooling of greater than 3 K day

-1
 is noted 

beginning about 1200 UTC 29 August 1998, or during the middle of the simulated ET process. This 
cooling is maximized within 100 km radius and gradually expands outward from an initial maximum 
outward extent of 150 km to one approaching 400 km by the end of the model simulation. The evolution 
within the 36 km simulation (Figure 4.13a) is remarkably similar while the evolution within the 4 km 
simulation (Figure 4.13b) differs only in showing a modest amount of simulated heating within 50 km 
radius from the center through about 0000 UTC 30 August 1998. If the total temperature tendency from 
the 12 km simulation is radially-averaged within 500 km radius, a gradual cooling trend from a 1 K day

-1
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warming rate during the brief tropical reintensification period over the North Atlantic to a 5-6 K day
-1

 
cooling rate after the completion of ET is observed (Figure 4.14). The effects of this cooling on the vertical 
temperature profile atop the center of the cyclone are shown in Figure 4.7 (solid lines), where total cooling 
of 3-5 K/°C is observed within the 12 km MM5 simulation between 1200 UTC 29 August 1998 (red curve) 
and 0000 UTC 31 August 1998 (blue curve).  
 To accompany these analyses, the vertical structure of the temperature tendency field is 
analyzed. Figure 4.15 depicts the azimuthally- and radially-averaged magnitude of the total temperature 
tendency from the 12 km simulation at four times (Δt = 12 hr) between 1200 UTC 29 August 1998 and 
0000 UTC 31 August 1998. The tendencies depicted in this figure highlight the vertical structure of the 
spatially-averaged total temperature tendency as depicted in Figure 4.14. Early in the ET process (Figure 
4.15a), significant cooling of approximately 5 K day

-1
 is noted in the upper troposphere and boundary 

layer while modest warming is noted in the middle troposphere. As ET progresses (Figure 4.15b-c), 
middle tropospheric warming wanes and gradually transitions into cooling, thus resulting in a 
tropospheric-deep cooling thermodynamic profile atop the transitioning TC. After the completion of ET 
(Figure 4.15d), significant net cooling of 5-10 K day

-1
 is noted throughout the depth of the troposphere. 

The radial and vertical structures of the temperature tendency field are incorporated together in Figure 
4.16, highlighting the vertical structure of the total temperature tendency as depicted in the Hovmöller 
diagrams in Figures 4.12 and 4.13. Early in the ET process (Figure 4.16a), significant cooling of greater 
than 15 K day

-1
 is again noted in the upper troposphere and boundary layer while significant warming is 

again noted in the middle troposphere. These tendencies are maximized within 75-100 km radius from 
the center of the cyclone with weak tendencies beyond 300 km radius. As ET progresses (Figure 4.16b-
c), the middle tropospheric warming wanes and moves outward, highlighting the erosion of the TC's 
remnant thermodynamic warm core structure. Cooling is again noted within 100 km radius of the center of 
the cyclone with the peak cooling rates having somewhat of an outwardly tilted structure with increasing 
altitude. This outwardly tilted structure is believed to arise as a result of the downshear effects of vertical 
wind shear and the increasing upshear vertical tilt of the transitioning cyclone. After the completion of ET 
(Figure 4.16d), net cooling dominates the entire vertical and radial structure of the cyclone and its 
environment within the troposphere with only a very small area of net warming found atop the boundary 
layer near the center of the cyclone. Tendencies remain maximized within 100 km radius of the center of 
the cyclone. 
 Finally, the vertically-integrated spatial structure is depicted in Figure 4.17. When used in 
conjunction with all of the previous analyses, a complete view of the cyclone’s thermodynamic structure 
and temperature tendency fields is obtained. At all times, a strong dipole structure is observed with net 
cooling (warming) analyzed upstream (downstream) of the center of the cyclone; the magnitude and 
extent of the net cooling outweighs that of the net warming, however, as implied by Figure 4.14. The areal 
extent and magnitude of the warming found downstream of the center of the cyclone erodes through the 
ET process (Figure 4.17b,c) until cooling dominates the environment after the completion of ET (Figure 
4.17d). 
 In summary, from the early stages of ET onward, net cooling dominates the near-center region of 
the transitioning TC, particularly in the upper troposphere and boundary layer. Net warming in the middle 
troposphere near the beginning of ET quickly fades, leading to a tropospheric-deep cooling profile. 
Spatially, the thermodynamic profile takes on a dipole structure with net cooling (warming) found 
upstream (downstream) of the translating cyclone. The areal extent of the observed cooling grows 
through the ET process until it dominates the environment within 500 km of the cyclone. The net result of 
this evolution is an increase in the magnitude of the spatially-averaged, vertically-integrated cooling 
through time, ultimately resulting in a total temperature change of approximately 5 K over a 36 hr period 
between 1200 UTC 29 August 1998 and 0000 UTC 31 August 1998. Note that the zonally-averaged 
temperature difference between 40°N, or the cyclone’s latitude at 1200 UTC 29 August 1998, and 43°N, 
or the cyclone’s latitude at 0000 UTC 31 August 1998, is analyzed within the 1° NOGAPS analyses to be 
between 2-3 K, depending upon whether vertically-averaged or near-surface temperatures are used. This 
suggests that the translation of the cyclone into a colder environment is not sufficient to account for the 
entire simulated cooling during the later stages of the ET process. In all, this simulated thermodynamic 
evolution contributes to the structural features that define the trajectory of the cyclone through the cyclone 
phase space during ET and is consistent with all available observations, concisely providing evidence of 
cooling and of model verification. 
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4.3 Basic Thermodynamic Evolution 
 
 

In the previous section, the full spatial and temporal evolution of the total thermodynamic 
structure of the transitioning TC was detailed. In this section, the components which contribute to this 
evolution are dissected and diagnosed using a similar array of thermodynamic analyses. As outlined in 
Section 3.4.2, a total of nine physical factors comprise the total temperature tendency of the simulated 
cyclone: horizontal advection, vertical advection, total divergence, cumulus convection, horizontal 
diffusion, microphysical processes, boundary layer processes, longwave and shortwave radiation, and 
shallow convection. The first three of these factors are labeled ‘dynamical’ contributors while the latter six 
are labeled ‘parameterized’ contributors. In the descriptions that follow, the total contributions from 
dynamical and parameterized processes are handled separately in order to isolate the dynamical and 
physical factors at play within the thermodynamic evolution. Full descriptions of their temporal and spatial 
evolutions are presented, as above with the total temperature tendency, with physical insight provided 
during this process. The individual components to the dynamical and parameterized tendencies are 
handled in a similar manner, focusing upon describing the atmospheric processes at play with each 
component. Ultimately, these results are synthesized into a comprehensive physical overview of the 
factors influencing the total temperature tendency and thus the total thermodynamic structure of the 
transitioning cyclone. 
 
4.3.1 Dynamical component evolution 
 
4.3.1.1  Overall evolution. As noted above, the total temperature tendency includes three dynamical 
components: horizontal advection, vertical advection, and divergence. To gauge the contribution to the 
total tendency from these three components, the vertically-integrated evolution of the azimuthally-
averaged temperature tendency due to these components is first considered (Figure 4.18). Throughout 
the time period of the 12 km simulation, peak cooling of greater than 15 K day

-1
 is observed, found inside 

of 100 km radius at the start of the simulation and gradually expanding outward to 100-250 km radius by 
the completion of ET on 30 August 1998. Net cooling of any magnitude initially found inside of 225 km 
radius also expands outward through time until it is found within the entire 500 km cyclone volume by the 
completion of ET. When radially averaged inside of the 500 km cyclone volume, the net cooling due to the 
dynamical components is found to vary between 8 and 12 K day

-1
 during the period of study (Figure 4.44, 

green curves). This cooling is almost one order of magnitude greater than that from the total temperature 
tendency at the start of the simulation period (Figure 4.14) but is of similar magnitude overall at the 
completion of ET and beyond. 

Next, the vertical structure of the azimuthally- and radially-averaged temperature tendency due to 
dynamical contributions is analyzed (green curves in Figure 4.15). The dynamical contribution is of 10 to 
15 K day

-1
 cooling at all tropospheric levels throughout the ET process. Early in the ET process (Figure 

4.15a), cooling is maximized in the upper troposphere and boundary layer with weaker cooling noted in 
the middle troposphere. As ET progresses and completes (Figure 4.15b-d), the magnitude of the cooling 
aloft weakens while the magnitude of the cooling in the boundary layer intensifies. The combined vertical 
and radial structure to the total dynamical temperature tendency is depicted in Figure 4.19. A vertically-
tilted response is noted prior to the start of the ET process (Figure 4.19a), with the strongest cooling of 
greater than 15 K day

-1
 found within 150 km radius in the boundary layer and between 125 and 250 km 

radius in the upper troposphere. Modest net warming is noted in the middle troposphere within 100 km 
radius of the center of the cyclone at this time. As ET progresses (Figure 4.19b-c), this middle 
tropospheric warming quickly terminates, resulting in net cooling dominating all vertical levels, similar to 
the total thermodynamic evolution (Figure 4.16). Furthermore, this cooling grows outward, ultimately 
dominating the entire 500 km cyclone volume by and after the completion of ET (Figure 4.19c-d). 

Finally, the spatial structure of the dynamical temperature tendency components is highlighted in 
Figure 4.20. The spatial structure of the dynamical contributors to the vertically-integrated total 
temperature tendency is fairly consistent through time with four main features: primarily cold temperature 
tendencies along a northeast-southwest oriented band south of the cyclone; primarily warm tendencies in 
the southeast quadrant of the cyclone; primarily cold tendencies to the west of the cyclone; and primarily 
cold tendencies to the northeast of the cyclone. Peak tendency magnitudes of 25 to 50 K day

-1
 in 
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localized regions are associated with each of these features; on the synoptic-scale, however, tendency 
magnitudes closer to 10 K day

-1
 are more common. 

To this point, the full structure and evolution of the total dynamical temperature tendency has 
been discussed. Significant dynamical cooling that expands (tilts) outward from the center with increasing 
time (altitude) is diagnosed. This cooling is initially maximized in the upper troposphere and the near-
surface boundary layer and gradually weakens (intensifies) aloft (in the boundary layer). Spatially, 
dynamical cooling processes are found throughout ET to the west, northeast, and south of the cyclone 
while dynamical warming processes are diagnosed to the east and southeast of the cyclone. The average 
vertically-integrated cooling rate near the center remains fairly constant at about 10 K day

-1
 through the 

ET process, likely as a result of the wavelength between the TC and the midlatitude tropospheric-deep 
trough of low pressure that helped force its ET remaining fairly constant through time. 

From this evolution, preliminary insight into its underlying physical factors may be drawn. The 
dynamical evolution, particularly that highlighted by the spatial analyses of the vertically-integrated 
temperature tendency, appears to be a natural outgrowth of the development of four structural features as 
the cyclone undergoes ET: its trailing cold front, intensifying lower tropospheric jet stream and developing 
warm conveyor belt, descending dry intrusion, and cold conveyor belt (Browning 1999; Klein et al. 2000; 
Abraham et al. 2002; Harr and Elsberry 2000). The net dynamical cooling observed during the ET 
process is a superposition of the cooling tendencies associated with the trailing cold front, dry intrusion, 
and cold conveyor belt surrounding much of the cyclone and is in part balanced by warming tendencies 
associated with the developing warm conveyor belt southeast of the cyclone. With this information in 
mind, focus now shifts toward analyzing the structure and evolution of each of the components that 
comprise this tendency with the goal of confirming these observations and providing clearer physical 
insight toward the dynamical factors at play as they influence the total temperature tendency during the 
ET process. 
 
4.3.1.2 Component evolution. Figure 4.21 depicts the azimuthally-averaged, vertically-integrated 
temperature tendency between 1200 UTC 28 August 1998 and 1200 UTC 31 August 1998 for the three 
dynamical components to the total temperature tendency: horizontal advection, vertical advection, and 
total divergence. During the ET process on 29-30 August 1998, net cooling (warming) is found within 100-
150 km radius from the center of the cyclone due to horizontal (vertical) advection processes (Figure 
4.21a,b). Before the ET process, the opposite pattern exists. The magnitudes of both terms significantly 
weaken near and after the end of the ET process, as quantified in the radially-averaged fields depicted in 
Figure 4.22. Net divergence (Figure 4.21c), despite presenting a weaker signal than the advection terms, 
nevertheless results in a significant cooling contribution between 50 and 200 km radius before and 
through the start of the ET process. The magnitudes of each term are approximately one order of 
magnitude larger than both the dynamical and the total temperature tendencies, suggesting that large 
cancellation occurs between the horizontal and vertical advection terms. This, by definition, suggests that 
the evolution is largely quasi-geostrophic (e.g. Carlson 1998). Figure 4.23 depicts the vertical structure of 
the azimuthally- and radially-averaged temperature tendency for each of these three components. The 
vertical structure of these components is fairly consistent through time with several features of interest. 
First, divergence is shown to always result in net cooling within the column. Secondly, atop the boundary 
layer, horizontal (vertical) advection is shown to generally result in cooling (warming) within the column; 
deviations from this structure are primarily found in the middle troposphere of the simulated cyclone. 
Thirdly, within the boundary layer, horizontal (vertical) advection is shown to generally result in warming 
(cooling). Finally, the magnitudes of the horizontal and vertical advection terms nearly equally oppose one 
another at all levels throughout the entire ET process with a slight preference noted for horizontal 
advection. 
 These analyses pose a few fundamental questions. First, what causes the magnitudes of each of 
the advection terms to be so large and what are the implications of them being of the same order of 
magnitude? Temperatures cool much more significantly over a short distance in the vertical direction in 
the troposphere as compared to the same distance in the horizontal plane; Figure 4.14 shows a 50°C/K 
change in temperature between the surface and approximately 350 hPa, or 10 km in altitude, whereas 
temperature gradients of O(1) over a 10 km distance are quite rare. Conversely, vertical velocities (O(0 to 
-1)) are often a similar order of magnitude weaker than their corresponding horizontal velocities (O(0 to 
+1)). Performing a scale analysis on each advection term using values common to tropical and 
extratropical cyclones shows that such large magnitudes to the advection terms is to be expected:  
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Secondly, what are the implications of these terms being of the same order of magnitude? The scale 
analysis presented above again proves instrumental. Note that the horizontal wind speed is much greater 
than the vertical velocity; furthermore, given the weak convective signal in the evolution of the cyclone 
during ET (see Section 4.3.2), it is believed that vertical accelerations are quite weak as well. As a result, 
the implication is that the thermodynamic evolution during ET is nearly hydrostatic in nature given that the 
vertical motions and accelerations are much weaker than those in the horizontal. This holds true even 
when considering that these values are instantaneous snapshots of the evolution because the temporal 
evolution of these terms is fairly uniform with minimal noise (Figure 4.21). Note that this conclusion holds 
independent of which model simulation is considered, as discussed in Section 4.4. 

Thirdly, why do the magnitudes of the advection terms get so much weaker through time? Figure 
4.22 shows that the magnitudes of each term that are initially near 50 K day

-1
 at the start of ET weaken 

substantially on 29-30 August to less than 10 K day
-1

 at the end of ET. Owing to the spatially-averaged 
formulation depicted in Figure 4.22, this evolution implies that a greater spatial balance between areas of 
cold and warm advection in both the horizontal and vertical planes develops during ET. Extratropical 
cyclone development theory and the synoptic-scale evolution of TC Bonnie provide some potential insight 
toward answering this question. Carlson (1998) notes that during the period of peak extratropical cyclone 
development, a period accompanied by strong temperature gradients, horizontal advection of material 
atmospheric properties is at its maximum. As the cyclone matures and decays, horizontal advection 
substantially weakens as a natural outgrowth of the weakening of these gradients during the occlusion 
process, modestly counteracting the strengthening wind field at radii greater than 150 km (Evans and 
Hart 2008). Similarly, vertical advection weakens due to the weakening of the vertical component to the 
cyclone’s secondary mass circulation (Johnson and Downey 1976), as implied by the secondary 
circulation analyses of Evans and Hart (2008). As previously noted, TC Bonnie (1998) was selected for 
study in part due to its post-transition decay, something captured in part in the simulations performed in 
this study (Figure 4.2). Thus, the implication here is that the early (late) stages of ET for a post-transition 
decaying cyclone are much like the developing (mature/decaying) phase for a purely extratropical 
cyclone. This statement is supported by the diagnosed secondary circulation evolution of a simulated TC 
Bonnie (1998) in the work of Evans and Hart (2008), where the magnitude and vertical extent of the 
simulated cyclone’s secondary circulation substantially weakened during the ET process. Unfortunately, 
the reference frame of the budgets presented in this work – Cartesian rather than quasi-LaGrangian or 
fully LaGrangian – prevents us from conclusively drawing this conclusion. Specifically, a greater spatial 
balance between areas of warm and cold advection in a Cartesian reference frame, as seen here, does 
not necessarily always imply that horizontal and vertical advection by the cyclone’s secondary circulation 
are substantially weakening when viewed in the proper cyclone-relative reference frame, as described by 
Carlson (1998) and Johnson and Downey (1976). With these findings in mind, an analysis of the evolution 
of the combined vertical-radial and spatial structures through time is presented next.  
 The vertical and radial structure to the horizontal advection component to the total temperature 
tendency is presented in Figure 4.24. Significant net warming is noted in the boundary layer at all times. 
Early in the ET process (Figure 4.24a,b), with the exception of a vertically-tilted band of cooling between 
25 and 200 km radius, net warming dominates the evolution in the troposphere above the boundary layer. 
As ET progresses and completes (Figure 4.24c,d), warming begins to wane and net cooling begins to 
dominate the evolution, consistent with the analyses presented in Figures 4.21a and 4.22. The spatial 
view of the vertically-integrated temperature tendency due to horizontal advection is presented in Figure 
4.27. At all times, the advection pattern exhibits a dipole structure with net cooling (warming) found 
upstream (downstream) of the center of the cyclone, similar to that of the dynamical and total temperature 
tendency fields. As ET progresses, a slight preference for net cooling is exhibited across the entire 
domain (c.f. Figure 4.27a,b to Figure 4.27c,d). Physically, the horizontal temperature advection term 
predominantly captures the effects of the cyclone’s circulation on the zonally-oriented baroclinic zone that 
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it interacts with during ET. Cyclonic flow on the upstream (downstream) side of the center of circulation 
leads to the advection of relatively cold (warm) air with maximum magnitudes concentrated near the 
center of circulation where the cyclone’s wind field is at its strongest magnitude. Inferences to the cold 
conveyor belt of the cyclone do not appear to be justified by these results, particularly from the vertically-
integrated spatial analyses; however, inferences to the cyclone’s warm conveyor belt, dry intrusion, and 

y upstream 
of the c

ind field as the warm sector develops during ET differs somewhat from that for a purely 
opical cyclone. 

.3.2 Parameterized component evolution 

trailing cold front do appear to be supported by these analyses to varying degrees. 
 The vertical and radial structure to the vertical advection component to the total temperature 
tendency is shown in Figure 4.25. A similar yet opposite pattern to that of the horizontal advection 
component (c.f. Figure 4.25 to Figure 4.24) is observed. Net cooling is observed in the cyclone’s 
boundary layer at all times and dominates the remainder of the troposphere, save for a vertically-tilted 
band of net warming between 25 and 200 km radius, during the early stages of the ET process (Figure 
4.25a,b). Later in the ET process, however, there appears to be no preference for net warming or cooling 
due to vertical advection processes (Figure 4.25c,d). The spatial view of the vertically-integrated 
temperature tendency due to vertical advection is presented in Figure 4.28. Somewhat of a dipole 
structure to the temperature tendency is observed with warming (cooling) found upstream (downstream) 
of the cyclone as it undergoes ET, though the signal is not as notable as with the horizontal advection 
component. Physically, these analyses capture two primary features of the transitioning cyclone’s 
circulation. First, they capture adiabatic cooling due to rising motion downstream of the center of 
circulation associated with the delta rain region, particularly in the lower troposphere. Secondly, they 
capture adiabatic warming due to descending motion associated with the cyclone’s dry intrusion upstream 
of the center of circulation (e.g. as in the conceptual model of ET of Klein et al. 2000). Thus, sustained 
adiabatic rising motion in the delta rain region such as from isentropic upglide (Figure 4.29) results in 
cooling over much of the downstream half of the cyclone, while subsident motion immediatel

enter of the cyclone results in warming over much of the upstream half of the cyclone. 
Finally, the vertical and radial structure to the total divergence component to the total temperature 

tendency is shown in Figure 4.26. Early in the ET process (Figure 4.26a), net warming is observed in the 
middle troposphere while net cooling is observed throughout the depth of the troposphere between 75 
and 250 km radius. As ET proceeds (Figure 4.26b,c), both signals fade and shrink to an order of 
magnitude less than the advection components. There is some indication that the cooling signature 
moves radially outward as this process unfolds. The vertically-integrated spatial structure to the total 
divergence component is shown in Figure 4.30. A dipole structure 180° out of phase with the horizontal 
advection component of the total temperature tendency is observed at all times with net warming 
(cooling) observed upstream (downstream) of the center of the cyclone. Inside of a 500 km radius, net 
cooling dominates (Figure 4.23) with the spatial analyses suggesting that this is due in part to a greater 
horizontal extent to the regions of maximum cooling as compared to the regions of maximum warming. 
Physically, areas of net cooling (warming) are directly correlated with net convergence (divergence) given 
the multiplicative nature of this term’s formulation. The expectation for a developing extratropical cyclone 
(e.g. Browning 1999; see also Figure 2.2) is for horizontal divergence to be found in the warm sector of 
the cyclone, implying the opposite temperature tendency pattern to that observed here. Possible 
explanations for this include that vertically-integrated vertical convergence (divergence) outweighs the 
vertically-integrated horizontal divergence (convergence) found downstream (upstream) of the center of 
the cyclone, thus leading to the observed downstream (upstream) cooling (warming), or that the evolution 
of the cyclone’s w
tr
 
4
 
4.3.2.1 Overall evolution. In considering the total temperature tendency due to parameterizations, six 
parameterized physical processes are considered: cumulus convection, horizontal diffusion, 
microphysical processes, boundary layer processes, longwave and shortwave radiation, and shallow 
convection. To gauge the contribution to the total tendency from these three components, the vertically-
integrated evolution of the azimuthally-averaged temperature tendency due to these components is first 
considered (Figure 4.31). Unlike the dynamical contribution to the total temperature tendency, the 
parameterized contribution is that of warming, initially greater than 15 K day

-1
 near the center of the 

cyclone. This warming is initially concentrated within 100 km of the center and gradually moves outward 
to larger radii, similar to the dynamical cooling contribution, with weak net cooling diagnosed near the 
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center near the completion of ET. The magnitude of the total warming at all radii significantly wanes after 
0000 UTC 30 August 1998 as highlighted in Figure 4.31 and confirmed by Figure 4.32, replicating the 
analysis from Figure 4.14 for only the parameterized components. An average net warming rate due to 
parameterized components of initially greater than 10 K day

-1
 weakens to just 5-6 K day

-1
 by the 

comple

 undergoes ET that qualitatively remains fairly consistent in spatial 
location

is predominantly found to 
the east

hysical processes 
t play as they influence the total temperature tendency during the ET process. 

tion of ET and 3 K day
-1

 by the end of the simulation. 
Next, the vertical structure of the azimuthally- and radially-averaged temperature tendency due to 

parameterized contributions is analyzed (blue curves in Figure 4.15). The parameterized contribution is 
warming at all tropospheric levels throughout the ET process and is generally found to be between 5 and 
10 K day

-1
 at these times, combining with the dynamical contribution discussed in the previous section to 

lead to the 0-5 K day
-1

 total temperature tendency during the ET process discussed in Section 4.2. The 
vertical profile of the parameterized warming has a similar structure to but weaker magnitude than that of 
the dynamical cooling at all times. Parameterized tendencies are initially maximized in the middle and 
upper troposphere (Figure 4.15a-b) but gradually weaken aloft and become maximized near the near-
surface boundary layer (Figure 4.15c-d). Reasons for this are discussed in Section 4.3.2.2. The combined 
vertical and radial structure to the total dynamical temperature tendency is depicted in Figure 4.33. 
Similar to that observed with the dynamical temperature tendency, a vertically-tilted response is noted 
early in the ET process (Figure 4.33a). The strongest warming is found within 150 km radius in the 
boundary layer and between 125 and 250 radius in the upper troposphere with weak cooling found 
radially inside of this warming at this time. As ET progresses (Figure 4.33b-c), net heating moves to 
progressively larger radii and is ultimately found between 150 and 300 km at the end of ET with slight 
cooling found radially inward of this warming (Figure 4.33c). The vertically-tilted structure is maintained 
throughout this evolution, potentially highlighting the effects of vertical wind shear upon the cyclone's 
structure. The outward movement of the parameterized warming in this figure is consistent with that 
shown in the Hovmöller diagram in Figure 4.31. After ET is complete (Figure 4.33d), the initial net 
warming is found at even larger radii – now located beyond 300 km radius – while a new area of net 
warming is observed in the lower and middle troposphere inside of 150 km radius. The vertical extent of 
the warming at this time is much reduced from that early during the ET process, highlighting the gradually 
limited vertical extent of the remnant TC. Finally, the spatial structure of the parameterized temperature 
tendency components is highlighted in Figure 4.34. The spatial structure of the vertically-integrated 
parameterized temperature tendency has but one primary feature of interest: significant warming found to 
the north and east of the cyclone as it

 and magnitude through time. 
To this point, the full structure and evolution of the total parameterized temperature tendency has 

been discussed. Significant parameterized warming that moves (tilts) outward from the center of the 
cyclone with increasing time (altitude) is diagnosed. Weak parameterized cooling is found immediately 
inside of the vertical and radial axis of the parameterized warming. The vertical extent of the 
parameterized warming becomes increasingly limited during ET; concurrently, parameterized warming 
that is initially maximized in the middle and upper troposphere gradually weakens and becomes 
maximized near the boundary layer near the completion of ET. Physical insight into this evolution is 
discussed in Section 4.3.2.2. As this occurs, the overall magnitude of the vertically-integrated 
parameterized warming significantly decreases. This parameterized warming 

 and northeast of the transitioning cyclone throughout the ET process.  
From this evolution, preliminary insight into its underlying physical factors may be drawn. Prior to 

ET, enhanced warming in the upper and middle troposphere is consistent with latent heat release 
transported by convective elements within a TC (Emanuel 1986). As ET begins, however, this quickly 
fades, consistent with the erosion of near-center convection due to subsidence (Klein et al. 2000) and the 
downstream propagation of heating tendencies due to vertical wind shear (Jones et al. 2003). During ET, 
the parameterized evolution becomes dominated by tendencies associated with the vertically-tilted and 
gradually expanding delta rain region found northeast of the transitioning TC within the lower to middle 
troposphere (Klein et al. 2000). This delta rain region is forced by strong isentropic upglide (Figure 4.29) 
associated with the warm conveyor belt (Browning 1999) atop a lower tropospheric baroclinic zone and 
enhanced by vertical wind shear in the downshear left quadrant of the storm (Davis et al. 2008; 
Corbosiero and Molinari 2002; Frank and Ritchie 1999). Focus now shifts toward analyzing the structure 
and evolution of each of the components that comprise this tendency with the goal of confirming the 
hypotheses developed to this point and providing clearer physical insight toward the p
a
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4.3.2.2 Component evolution. Figure 4.35 depicts the azimuthally-averaged, vertically-integrated 
temperature tendency between 1200 UTC 28 August 1998 and 1200 UTC 31 August 1998 for the six 
parameterized components to the total temperature tendency: convection, diffusion, microphysics, 
planetary boundary layer processes, radiation, and shallow convection. In this framework, only 
tendencies due to convection, microphysical processes, and radiation are significant contributors to the 
total temperature tendency. Convective tendencies (Figure 4.35a) are at their peak magnitude prior to ET 
with an observed heating rate of approximately 6 K day

-1
 within 100 km of the center of the cyclone. 

These tendencies rapidly weaken as ET begins with significant influences due to convective processes 
waning after 1200 UTC 29 August 1998. Microphysical tendencies (Figure 4.35c) exhibit similar 
characteristics to the overall parameterized temperature tendency (Figure 4.31) with peak tendencies 
between 25 and 125 km radius prior to ET that shift outward to between 150 and 250 km radius on 30 
August 1998. Thereafter, microphysical tendencies become more diffuse radially and weaken in overall 
magnitude outside of 100 km radius from the center of the cyclone. Radiational tendencies (Figure 4.35e) 
peak during the local nighttime hours or approximately between 2200 UTC and 1200 UTC each day. 
While the overall magnitude of the radiational contribution is weaker than that from convective and 
microphysical tendencies, it is still significant as a 1 to 2 K day

-1
 cooling contributor, particularly near the 

actual center of the cyclone throughout its simulated evolution. The other tendencies – diffusion, 
planetary boundary layer, and shallow convective processes – do not register as significantly as the other 
three tendencies, likely due to only affecting the lower troposphere, primarily impacting the planetary 
ounda

cies 

b ry layer and shallow convective processes; diffusion processes should not exhibit such a signal. 
 The spatially-averaged vertical structure of these tendencies is examined in Figure 4.36. As in the 
vertically-integrated fields in Figure 4.35, microphysical tendencies dominate the total evolution (c.f. the 
blue curve in Figure 4.36 to the blue curve in Figure 4.15), exhibiting net warming tendencies throughout 
the depth of the troposphere of in excess of 10 K day

-1
 early in the ET process (Figure 4.36a,b) and 

between 4 and 10 K day
-1

 later in the process (Figure 4.36c,d). No preferred layer of the atmosphere is 
noted with regards to the microphysical tendencies, though they become limited in vertical extent (c.f. 
Figure 4.35c,d to Figure 4.32) through time as the secondary circulation of the cyclone becomes limited it 
vertical extent (e.g. Evans and Hart 2008). Convective tendencies (red curves in Figure 4.36) exhibit a 
peak in the middle troposphere throughout the ET process. Radiational tendencies (pink curves in Figure 
4.36) exhibit peak tendencies above the boundary layer with weaker (stronger) cooling magnitudes in the 
daytime (nighttime) hours. In this framework, the effects of the shallow convective (yellow curves in Figure 
4.36) and planetary boundary layer (teal curves in Figure 4.36) tendencies are much more apparent. 
Shallow convective tendencies are maximized in the near-surface layer with a slight net warming 
observed in this layer throughout the ET process. There is no radial preference for the location of these 
tendencies (Figure 4.37c,d). Similarly, planetary boundary layer tendencies are maximized in the lower 
troposphere with a 3 to 6 K day

-1
 cooling rate observed atop the boundary layer and heating observed 

right at the surface. As with the shallow convective parameterized tendency, there is no radial preference 
for the location of these tendencies (Figure 4.37a,b). Like with the vertically-integrated fields, tenden
due to horizontal diffusion processes (green curves in Figure 4.36) are negligible at all vertical levels. 
 Thus, to first order, horizontal diffusion is not a significant contributor to the total temperature 
tendency of the transitioning cyclone during ET. This suggests that diffusive sub-grid scale processes in 
both time and space do not play a significant role in modifying this evolution and that the total evolution 
should be well-captured as an amalgam of the other dynamical and parameterized tendency 
contributions. Assuming that sub-grid scale contributors are unimportant, this suggests that the physical 
features responsible for the thermodynamic evolution are found on scales that a simulation horizontal grid 
spacing of 12 km – or effective resolution of 50-100 km – can capture and accurately simulate, 
suggesting a meso- to synoptic-scale evolution rather than a micro- to meso-scale evolution. If this is truly 
the case, this suggests a fairly high predictability of the structural evolution of the transitioning TC itself. 
More discussion on this is found in Section 4.4, where the impacts of horizontal grid spacing upon the 
results are explicitly discussed. To second order, shallow convective and planetary boundary layer 
(including vertical diffusive) processes are not significant contributors to the total temperature tendency of 
the transitioning cyclone during ET. Notable impacts upon the near-surface thermodynamic profile are 
noted in Figures 4.35 and 4.36 from these parameterizations, primarily due to surface fluxes and mixing 
at the boundary layer/free atmosphere interface with the planetary boundary layer parameterization and 
weak condensational latent heat release with the shallow convective parameterization. However, their 
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contributions to the vertically-integrated, spatially- and temporally-averaged total temperature tendency 
(+0.15-0.25 K day

-1
; not shown) are one order of magnitude or greater weaker than the contributions from 

the three remaining parameterized tendencies (-1.1 to +6.15 K day
-1

; Figure 4.45). Furthermore, their 
magnitudes in the boundary layer are far exceeded by the dynamical contributors to the evolution (c.f. 
Figures 4.35-4.36 to Figures 4.23-4.24). As a result, focus amongst the parameterized tendencies turns 
to the contributions of convective, microphysical, and radiation processes to the total temperature 
tendenc

tendency is believed to be latent heat release associated with the convective clouds 
themse

ed surface environment north of the surface warm front and along 
the cold

y. 
Figure 4.38 depicts the vertical and radial structure of the azimuthally-averaged convective 

temperature tendency. At each time, a middle tropospheric maximum is noted between 200 and 350 km 
radius. After the completion of ET (Figure 4.38d), a middle tropospheric maximum is also noted closer to 
the center at between 50 and 150 km radius. However, during the ET process itself (Figure 4.38a-c), no 
convective signal is noted close to or atop the center of circulation, physically consistent with the erosion 
of near-center convection during the ET process (e.g. Klein et al. 2000). Figure 4.41 depicts the spatial 
structure of the vertically-integrated convective temperature tendency. Near-center convective tendencies 
are very weak to negligible, particularly during the ET process itself (Figure 4.41a-c), with convective 
tendencies maximized along a cold front that develops with the transitioning cyclone and extends to the 
south and west away from the center. Only a narrow band of tendencies due to convective processes 
along this cold front is observed, however, owing to the relatively weak cold frontogenesis presumed to 
occur with this case and as with most ET cases (Jones et al. 2003). The lack of significant convective 
tendencies to the north and east of the center of the cyclone at all times except for the last (Figure 4.41d), 
where the analysis is contaminated by being close to the edge of the simulation domain, suggests that 
the precipitation processes found along the cyclone’s developing warm front and in its delta rain region 
are primarily non-convective in nature. Physically, the primary contributor to the warm convective 
temperature 

lves. 
Figure 4.39 depicts the vertical and radial structure of the azimuthally-averaged microphysical 

temperature tendency. An outward-moving, vertically-tilted, nearly tropospheric-deep area of warming is 
noted, very similar to the total parameterized temperature tendency (c.f. Figure 4.39 to Figure 4.33). 
Similarly, a secondary area of net microphysical warming develops after the ET process is complete 
(Figure 4.39d) between 50 and 200 km radius. At the simulated surface of the cyclone, beneath this 
warming, the temperature tendency due to microphysical processes is negative with a magnitude of 
approximately 6 to 9 K day

-1
. The spatial structure of the microphysical temperature tendency is depicted 

in Figure 4.42. At all times, a significant maximum is noted to the north and east of the center of the 
cyclone, directly correlated to the cyclone’s delta rain region (Figure 4.11). Physically, the net warming 
associated with microphysical tendencies in the delta rain region of the cyclone is believed to be 
associated with latent heat release due to condensational and deposition processes. As moisture, 
primarily in the form of water vapor, is transported to the north atop the zonally-oriented baroclinic zone 
associated with the transitioning cyclone’s warm front, it is lifted and either condenses into liquid water or 
deposits into ice crystals (Heymsfield 1977), some of which precipitate out of the cloud. The weak near-
surface cooling due solely to microphysical processes is presumed to be a function of evaporation of this 
precipitation that falls in a non-saturat

 conveyor belt of the cyclone. 
Finally, Figure 4.40 depicts the vertical and radial structure of the azimuthally-averaged 

radiational temperature tendency. As with previous analyses of the temperature tendency due to radiation 
processes (e.g. Figure 4.35e), peak magnitudes are observed in the local nighttime hours (Figure 
4.40b,d). Net cooling is observed throughout the depth of the troposphere in the local nighttime hours 
while the depth of this cooling is confined to the middle to lower troposphere atop the boundary layer in 
the local morning hours (Figure 4.40a,c). The depth of this cooling is consistent with that of past 
observational studies (Foltz and Gray 1979). Peak magnitudes of this cooling are primarily found within 
the middle troposphere inside of 150 km radius from the center of the cyclone as well as at all radii at the 
top of the planetary boundary layer. Figure 4.43 depicts the spatial structure of the vertically-integrated 
radiation temperature tendency. Cooling tendencies, though relatively weak in magnitude, are found 
throughout much of the cyclone’s environment, again particularly in the local nighttime hours (Figure 
4.43b,d). Cloud-free regions, or those areas excluding the delta rain and convective regions, are found to 
be the areas where these tendencies are primarily exhibited. Physically, this cooling is believed to be due 
to the loss of heat energy from the atmosphere as a result of outgoing longwave radiation. During the 
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daytime hours, temperature tendencies due to radiational processes are nearly zero due to the near-
balance of outgoing longwave radiation and incoming shortwave radiation; at night, however, outgoing 
longwave radiation tendencies dominate (as in Foltz and Gray 1979). The magnitude of this cooling 
tendency is larger close to the center of the cyclone due to the relative lack of cloud cover found in this 
region during ET, consistent with convective and microphysical tendencies (Figures 4.37, 4.38, 4.40, and 

.41) and cloud and precipitation fields (Figure 4.11). 

.3.3 Summary and physical overview 

4
 
4
 
4.3.3.1 Summary. Early during the ET of TC Bonnie (1998), as defined in Table 4.1, a nearly steady state 
thermal structure is observed with a net temperature change close to 0 K day

-1
. This stability is provided 

by offsetting contributions from tropospheric-deep net cooling from dynamical components, particularly to 
the west, northeast, and south of the surface center, and tropospheric-deep net warming from 
parameterized components, primarily near the surface center and to its east and northeast. These spatial 
patterns remain consistent throughout the ET process. These contributions each have a magnitude of 
approximately 9 K day

-1
. Among the dynamical cooling contributors, horizontal (vertical) advection results 

in net warming (cooling) inside of 500 km radius. Spatially, warming downstream (upstream) is found with 
horizontal (vertical) advection processes and cooling downstream (upstream) is found with vertical 
(horizontal) advection processes. The magnitudes of these terms nearly cancel with the horizontal 
advection term being of slightly larger magnitude. Total divergence results in an approximately -15 K day

-1
 

cooling rate with cooling (warming) found downstream (upstream) of the surface center, similar to the 
vertical advection component. The total dynamical temperature tendency is an amalgam of approximately 
-15 K day

-1
 cooling from the divergence component and +5 K day

-1
 warming from the residual advection 

component. Among the parameterized components, of which convective, microphysical, and radiational 
tendencies are the primary contributors, convective tendencies are at their peak at this time and found 
near and atop the surface center of the cyclone. Microphysical tendencies are found primarily near the 
center and to its northeast and east. The heating contributions from both convective and microphysical 
tendencies are approximately +5 K day

-1
 each. Radiational processes result in cooling of approximately 1-

2 K day
-1

, particularly during the nighttime hours as a result of shortwave radiative flux-induced warming 
during t

center c

he daytime hours. 
During the middle stages of the ET of TC Bonnie (1998), the overall temperature tendency now 

exhibits slight cooling of approximately -2 to -3 K day
-1

. An outward expansion of the tropospheric-deep 
net dynamical cooling has occurred, now found inside of 200-250 km radius. An outward shift of the net 
parameterized warming has occurred concurrent with its vertical extent being somewhat limited as 
compared to earlier during the ET phase. The total temperature tendency is comprised of net dynamical 
cooling of approximately -9 K day

-1
 and net parameterized warming of approximately +6-7 K day

-1
. During 

this time, the spatially-averaged magnitudes of the horizontal and vertical advection components 
substantially weaken as areas of warm and cold advection become more spatially balanced within the 
cyclone. Horizontal (vertical) advection contributions are still warming (cooling) at this time, however, and 
the overall balance still favors horizontal advection. Tendencies due to divergence have weakened 
somewhat to approximately -10 K day

-1
 but continue to comprise much of the dynamical cooling rate at 

this time. Substantial changes are noted with the parameterized contributors to the total temperature 
tendency, particularly with a substantially weakened convective component due to the erosion of near-
center convection due to subsidence, dry air intrusion, and vertical wind shear. Convective tendencies 
remain at approximately +1-2 K day

-1
 but are now entirely offset by radiative cooling, a stark departure 

from the TC phase where latent heat release indirectly associated with convection more than overcomes 
radiative cooling processes (e.g. Emanuel 1986). Thus, much of the parameterized warming is due to 
microphysical warming associated with condensation and deposition processes found within the cyclone's 
delta rain region to the east and northeast of the surface cyclone. Heating tendencies due to these 
precipitation processes are at their peak at this time with a magnitude of approximately +7 K day

-1
. The 

observed outward shift and vertically-limited parameterized response arises due to weakening of near-
onvective heating and outward expansion of condensational and depositional latent heat release. 
At the end of the ET of TC Bonnie (1998), the overall temperature tendency now exhibits a 

stronger net cooling rate of -5 to -6 K day
-1

. Tropospheric-deep net dynamical cooling is now found at 
nearly all radii inside of 500 km. A substantial outward shift of the net parameterized warming has 
occurred, now primarily confined to radii well away from the center of the cyclone. Vertically, the extent of 
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this parameterized warming has continued to decay and is now limited to the lower and middle 
troposphere. Continued net dynamical cooling at a rate of approximately -9 K day

-1
 is now only partially 

offset by net parameterized warming at a rate of approximately +3-4 K day
-1

. As ET completes, the net 
contribution from the advection terms continues to favor the horizontal advection term but the 
contributions from each term have changed; horizontal (vertical) advection now results in net cooling 
(warming) across the cyclone with a net advection cooling rate of -5 K day

-1
 seen at this time. Cooling due 

to divergence has continued to weaken to approximately -5 K day
-1

, or approximately the same as the 
advection component. With respect to the parameterized contributors, the convective and radiative 
processes remain in steady-state both spatially and in magnitude. Substantial weakening of the 
parameterized heating rate occurs due to a substantial weakening of the latent heat release within the 
delta rain region of the cyclone due to condensational and depositional warming processes. Additionally, 
this delta rain region -- and associated heating -- has shrunken in vertical extent and moved to large radii 
away from the surface center of the cyclone as a function of vertical wind shear and a weakening and 
shift of t

 ET and consistent with the 
plications -- in whole or in part -- of all of the previous works on this topic. 

he primary isentropic upglide forcing for precipitation. 
Overall, the increase in the net cooling rate during the ET process comes solely as a result of 

weakening physical (parameterized) warming contributions to the total temperature tendency. The nearly 
equal magnitudes to the advection components imply hydrostatic and quasigeostrophic balance within 
this evolution. The total thermodynamic evolution of the cyclone is best explained by the balance between 
the dynamical and parameterized tendencies. Convective heating and radiational cooling nearly cancel 
each other out. Early in ET, adiabatic processes help maintain the cyclone's thermal profile in a steady 
state against warming due to microphysical latent heat release. As this latent heat release weakens, 
these adiabatic processes begin to bring about net cooling of the cyclone's thermal profile, accounting for 
approximately 50% of the simulated net cooling. Finally, near the completion of ET, the effect of the 
cyclone moving into a colder environment begins to become apparent as horizontal advection and 
adiabatic processes combine to result in a further accelerated cooling rate, accounting for the remaining 
50% of the simulated net cooling. This is consistent with the implications from analyses of the zonally-
averaged temperature gradient that the transitioning TC traverses during
im
 
4.3.3.2 Physical overview. Physically, as a result, the total thermodynamic evolution of the transitioning 
cyclone as a whole is an amalgam of the physical transformations that occur as a natural consequence of 
the ET process. Net cooling from a combination of horizontal advective and adiabatic cooling – tied to 
vertical motion and divergent wind processes – offsets latent heat release due to condensation and 
deposition processes found within the transitioning cyclone's delta rain region. Latent heat release due to 
convective elements decreases sharply with the onset of ET as a function of the erosion of inner core 
convection due to subsidence and vertical wind shear processes; what convection that remains balances 
an increasingly large cooling due to outgoing longwave radiation in an decreasingly cloudy environment 
(late times in Figure 4.45). Note that this differs from the tropical phase, where latent heating directly and 
indirectly due to convection (Emanuel 1986) helps build and maintain the TC warm core against the 
effects of outgoing longwave radiation (e.g. at early times in Figure 4.45). 

Advection terms are at their peak near the start of ET as the cyclone begins to interact with a mid-
latitude baroclinic zone and weaken in magnitude as the cyclone completes ET and begins to weaken 
(Figure 4.22), highlighting a greater spatial balance between areas of warm and cold advection in both 
the vertical and horizontal planes as ET progresses. Hydrostatic and quasigeostrophic balance are 
implied by this, highlighting the transition away from a non-hydrostatic, non-quasigeostrophic evolution as 
a TC and raising questions about how thermal wind balance is restored and evolves during ET. This is 
posed as a direction for future study in Chapter 5. The vertical and horizontal advection terms nearly 
balance each other out during the ET process as flow that advects in colder (warmer) potential 
temperature air generally also warms (cools) due to subsident (rising) motion, as confirmed by trajectory 
analyses (Figure 4.46). Balance between the advection terms slightly favors the horizontal advection term 
rather than adiabatic cooling. This component – slight warming early in ET, slight cooling later in ET – 
combines with the divergence cooling component to comprise the total dynamical temperature tendency. 
Latent heat release due to microphysical condensation and deposition processes in the cyclone's delta 
rain region (e.g. Figure 4.29) gradually decays through time (Figure 4.45) as the delta rain region itself 
weakens and moisture and heat energy are evacuated downstream of the transitioning cyclone due to 
vertical wind shear and a weakening of poleward moisture transport atop the transitioning cyclone's warm 
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front. This aids in the expansion of the total thermodynamic cooling tendencies to progressively larger 
radii (Figure 4.12). As a result of all of these factors, much of the observed cooling comes solely as a 
result of the TC moving into a colder, baroclinic environment and is primarily an adiabatic rather than a 
diabatic evolution. Vertical wind shear aids in maintaining the cyclone as it translates into this baroclinic 
environment by providing the kinetic energy necessary for the cyclone to complete ET rather than simply 
dissipat

parameter observed during this time, depicting the 
changeo

rved here, and those that acquire cold or warm core thermodynamic profiles after the completion of 
T. 

 

4.4 Horizontal Grid Spacing Impacts 

e over colder waters and providing some of the forcing for the delta rain region. 
Ultimately, cooling of the cyclone's thermodynamic profile intensifies as microphysical tendencies 

weaken during the ET process (Figures 4.43-4.44). Early in ET (28-29 August 1998), only modest 
average cooling of 1-2 K day

-1
 is observed as the microphysical warming nearly balances the dynamical 

cooling contribution. This finding is supported by the cyclone phase space analysis of the transitioning TC 
(Figures 4.7-4.8a) which shows that the early stages of ET (after the cyclone's asymmetry parameter 
exceeds 10 m per Evans and Hart 2003) are accompanied primarily by an increasingly asymmetric nature 
to the transitioning cyclone. The cyclone phase space also supports the finding that the peak magnitudes 
to the advection tendency components are observed near the start of the ET process. As ET progresses 
and completes (29-30 August 1998), more significant cooling of >5 K day

-1
 is observed as the nearly-

constant dynamical cooling contribution, despite significantly weakening advective tendencies, is no 
longer balanced by latent heat release associated with microphysical processes. The cyclone phase 
space analysis (Figures 4.7 and 4.8a) of the latter stages of ET hint at this as well with a significant 
weakening of the lower tropospheric thermal wind 

ver toward a cold thermodynamic structure. 
In all, these findings suggest that the delta rain region and remnant convective elements primarily 

found south of the transitioning cyclone act as a 'brake' upon the dynamical and radiative cooling 
associated with the ET process. Were they not present, the observed warm- to cold-core transition during 
ET would likely occur faster than observed in this case presuming that there is sufficient extratropical 
(baroclinic) energy for the cyclone to complete the ET process. The primarily adiabatic, hydrostatic, and 
quasigeostropic nature to this warm- to cold-core transition suggests a relatively high level of predictability 
for numerical model forecasts of ET. As compared to previous works, these findings support, in whole or 
in part, the hypotheses of McTaggart-Cowan et al. (2003a, 2004), Sinclair (1993), and Hart et al. (2006) 
and Evans and Hart (2008), particularly in terms of the roles of horizontal advection, microphysical 
warming, and adiabatic cooling processes. These results also bear significant resemblance to the 
development of cold core extratropical cyclone structures as alluded to by Carlson (1998), particularly in 
terms of the roles of adiabatic cooling and horizontal advection. Furthermore, these findings raise many 
questions about the generality of the thermodynamic evolution observed here to all transitioning cyclones 
-- those that transition faster or slower than observed here, those that weaken or strengthened more than 
obse
E
 

 
 

 The results in the previous section focused upon the thermodynamic evolution within the 12 km 
MM5 simulation. Reasons for focusing upon this simulation as opposed to the 36 km or 4 km simulations, 
as detailed at the start of this chapter, include resolving all parameterized contributions to the total 
temperature tendency and horizontally resolving features within the cyclone that impact its 
thermodynamic evolution. At this point, however, with the total simulated thermodynamic evolution 
detailed and explained, we desire to understand how the simulated thermodynamic evolution differs 
between the 12 km simulation and the 36 and 4 km simulations. The reasons behind this are twofold: 
one, to understand sensitivities in the evolution to the changing horizontal grid spacing, and two, to gain 
insight into whether a numerical model with a similar configuration and horizontal grid spacing to that of 
modern global weather and climate models (such as the WRF Nested Regional Climate Model; e.g. 
Suzuki-Parker and Holland 2008) can accurately simulate the thermodynamic evolution during ET. This 
latter point relates to predictability issues that arise with numerical models due to diabatic heating 
processes and the significant meridional heat transport associated with recurving TCs (e.g. Riemer 2006; 
Harr et al. 2008; McTaggart-Cowan et al. 2007). Significant differences between the simulations would 
argue against the utility and accuracy of the findings presented in Section 4.3. No significant differences 
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would suggest that this thermodynamic evolution can be well-simulated (and perhaps predicted) by the 
current suite of operational numerical weather forecasting models or that the model physical 
parameterization packages are too independent of the horizontal grid spacing to accurately capture 

ifferences in this simulated evolution as a function of grid spacing alone. 

.4.1 Expectations 

gest that minimal 
fferen

ificant 
ifferences in the simulated thermodynamic evolution as a result of varying horizontal grid spacing. 

.4.2 Results 

d
 
4
 
 Before delving into the simulated evolutions from the 36 and 4 km simulations, it is worthwhile to 
briefly expand upon principles of meteorology and the results presented in Sections 4.2 and 4.3 in order 
to formulate working hypotheses for how the evolution may vary as a result of differences in horizontal 
grid spacing. First, in the formulation of the thermodynamic budget as presented in Chapter 3, there 
exists a parameterized horizontal diffusion component. This diffusion component operates to account for 
the effects of processes on spatial and temporal scales that the model cannot resolve, such as turbulent 
eddies, upon grid-scale features within the model simulations. With the 12 km simulation, these spatial 
and temporal scales are 12 km and 36 seconds, respectively. Throughout the 12 km simulation, as 
depicted in Figures 4.34b and 4.35, diffusive sub-grid scale processes are found to have no significant 
effect upon the observed thermodynamic evolution. In fact, when vertically-integrated and spatially 
averaged within 500 km radius of the center of the transitioning cyclone, the mean temperature tendency 
due to diffusive sub-grid scale processes is -0.0084 K day

-1
 (not shown), or three orders of magnitude 

less than that of the total temperature tendency and its most significant components (Figures 4.14, 4.22, 
and 4.32). While indirect non-linear contributions to the total temperature tendency may exist as a result 
of the impacts of these diffusive sub-grid scale processes upon the simulated atmosphere, it is unlikely 
that they are of the same order as the advection, microphysical, convective, or radiative tendencies. 
Secondly, physical insight into the results presented in Section 4.3 suggests that the features that 
modulate the total temperature tendency, with the exception of a minor contribution from convective 
tendencies, primarily operate on the synoptic-scale. With the dynamical components, the simulated 
advection and divergence temperature tendency patterns exhibit minimal mesoscale structure (Figures 
4.27-4.29); similarly, little mesoscale structure is observed with the microphysical and radiation 
temperature tendency patterns (Figures 4.41-4.42), as expected for the typical scales of the delta rain 
region and outgoing longwave radiational processes. Combined, these two factors sug
di ces should be observed between the three simulations performed in this study.  
 Thirdly, when interpreting the results from the 36 and 4 km simulations, it is also important to 
keep in context how each simulation is performed. The 12 km simulation is a one-way nested simulation 
from the 36 km simulation while the 4 km simulation is a one-way nested simulation from the 12 km 
simulation. These simulations use the coarse domain results as initial and boundary conditions but are 
otherwise free to evolve independently of the other simulations. With TC Bonnie in the center of each 
domain throughout much of each simulation, it is possible that significant differences could exist within its 
structure and evolution between each simulation. However, the evolution of the cyclone within the cyclone 
phase space is remarkably similar between the three simulations performed here when the proximity of 
the cyclone to the edge of the simulation domain late in the 12 and 36 km simulations is accounted for 
(Figures 4.7-4.8), suggesting that the synoptic-scale thermodynamic structure of the cyclone is not 
significantly impacted by horizontal grid spacing. Indeed, despite the simulated atmospheres being 
allowed to evolve somewhat independently of one another, no significant track (Figure 4.1) or intensity 
(not shown; variations similar to scale of Walsh et al. 2007) differences are noted between each 
simulation. Conversely, with a significant diabatic heating contribution to the total temperature tendency 
observed as a result of latent heat release due to condensation and deposition processes associated with 
the microphysical parameterization, potential exists for differences to exist between the simulated 
evolutions performed here as a result of non-linear feedbacks upon the base atmospheric state within the 
model. In all, however, theory and results to this point suggest that there should be no sign
d
 
4
 
 In presenting the results from the 36 and 4 km simulations, the total thermodynamic temperature 
tendency from each simulation is first described. As briefly described in Section 4.2, Figure 4.13 depicts 
the vertically-integrated, azimuthally-averaged total temperature tendency as a function of radius and time 
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with both the 36 km (Figure 4.13a) and 4 km simulations (Figure 4.13b). Minimal differences are exhibited 
between these two evolutions as well as between each evolution and the concordant 12 km evolution 
(Figure 4.12). While the finer-scale simulations exhibit finer structure to the azimuthally-averaged cooling 
profiles observed during ET, the basic evolution is the same between the simulations with no notable 
temporal, spatial, or magnitude shifts with the regions of warming and cooling. These finer-scale 
structures are more apparent when considering the spatial evolution of the total temperature tendency 
from the 36 km (Figure 4.47) and 4 km (Figure 4.48) simulations. On the macroscale, both simulated 
evolutions are remarkably similar to that exhibited with the 12 km simulation (Figure 4.17). On the 
microscale, however, significant differences exist between each simulation as a result of how well finer-
scale features can be resolved within the model. This naturally raises the question of how significant are 
these finer-scale features within the total thermodynamic evolution. The evolution of the vertically-
integrated, spatially-averaged thermodynamic budgets within the 36 km (Figure 4.49a), 12 km (Figure 
4.44), and 4 km (Figure 4.49b) simulations argues that they are not very significant at all. Each simulation 
exhibits the same basic evolution: near-zero total temperature tendencies near the start of the simulation 
and start of ET that fall to between -3 and -6 K day

-1
 at the completion of ET. While there is some 

tendency for the dynamical (green curves) and parameterized (blue curves) tendencies to be of 
progressively slightly larger (up to +/- 3 K day

-1
) magnitudes throughout the ET process with progressively 

finer horizontal resolution, the net total temperature tendency and its evolution remains nearly consistent 
etween

 the dynamical contributors is approximately 10 K day
-1

 

b  each simulation. 
 Similar budget analyses are performed for the individual dynamical components within the 36 and 
4 km simulations to attempt to diagnose any potential underlying differences within the components that 
comprise the aforementioned total temperature tendency. Figure 4.50 depicts the temporal evolution of 
the vertically-integrated, spatially-averaged dynamical components to the total temperature tendency 
within the 36 and 4 km simulations. Indeed, when viewed alongside the companion analysis from the 12 
km simulation (Figure 4.22), some differences are noted between the simulations when viewed in this 
context. As the horizontal grid spacing of the model moves to finer scales, it takes progressively longer for 
the advection components to weaken from nearly +/- 50 K day

-1
  to +/- 10 K day

-1
, suggesting that at 

higher resolution the spatial balance between areas of warm and cold advection in both the vertical and 
horizontal planes takes longer to achieve for unknown reasons. Furthermore, as the horizontal grid 
spacing moves to finer scales, the contribution from the horizontal and vertical advection components at 
the later stages and beyond the completion of ET progressively changes sign. With the 36 km simulation 
at later times, horizontal (vertical) advection is a modest cooling (warming) contributor to the evolution. 
With the 12 km simulation at later times, each advection term remains close to zero. With the 4 km 
simulation at later times, horizontal (vertical) advection remains a modest warming (cooling) contributor to 
the evolution rather than changing sign toward the completion of ET. Furthermore, the balance between 
the advection terms tilts progressively toward vertical advection – and thus adiabatic cooling – rather than 
horizontal advection with finer resolution. With no increase in vertical resolution between the simulations, 
these differences likely arise due to a better representation of the magnitude and horizontal extent of 
updrafts and downdrafts within the cyclone. The evolution of the total divergence tendency, however, 
remains consistent between the simulations. These results imply that while resolving the fine scale 
features within the transitioning cyclone is important to understand the underlying evolution correctly, 
coarser model simulations can still effectively simulate the net dynamical evolution (even if for the wrong 
reasons) since the net cooling contribution from
within each simulation (Figures 4.43 and 4.48). 
 As with the individual dynamical components, budget analyses are presented for the individual 
parameterized components within the 36 and 4 km simulations to attempt to diagnose any potential 
underlying differences that comprise the aforementioned total temperature tendency. Figure 4.51 depicts 
the temporal evolution of the key vertically-integrated, spatially-averaged parameterized components to 
the total temperature tendency within the 36 and 4 km simulations. The key difference between each of 
these simulations is that the magnitude of the microphysical temperature tendency increases with 
increasingly finer horizontal grid spacing, accounting for the increase in the magnitude of the total 
parameterized temperature tendency observed between Figure 4.44 and Figure 4.49. The magnitudes of 
the radiational and convective parameterized tendencies remain fairly consistent between each 
simulation, excluding the 4 km simulation where parameterized convective tendencies are zero because 
they are solved for explicitly within the model. Physically, the microphysics temperature tendency is 
higher with finer resolution as a result of better representing and resolving the precipitation and cloud 
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features that make up the delta rain region of the transitioning cyclone. With a better representation of 
these features, latent heat release due to their underlying physical processes can be better represented – 
in this case, with higher values. Despite the change in magnitude of the microphysical – and thus 
parameterized – temperature tendency, however, the qualitative evolution is the same between each 

ing issues of 
meridional heat transport and energy balance within the global mean meridional circulation. 

simulation with the warming tendency decreasing through time as outlined in Section 4.3.3. 
 In summary, with finer resolution, the magnitudes of both the parameterized and dynamical 
temperature tendencies grow progressively larger. The overall cooling rate and thermodynamic evolution 
remains nearly consistent between the simulations, however, highlighting the similar evolution of the 
cyclone within the cyclone phase space between each simulation. Increases in the magnitude of the 
parameterized temperature tendency are a function of increases in latent heat release due to 
condensation and deposition processes within the cloudy/precipitating delta rain region of the 
transitioning cyclone. Despite this increase, the qualitative parameterized evolution remains consistent 
between the model simulations with a progressive decrease in its magnitude during ET. Increases in the 
magnitude of the dynamical temperature tendency are a function of better resolving the extent and 
magnitude of updrafts and downdrafts within the cyclone as they relate to the role of adiabatic warming 
and cooling within this process. The balance between the vertical and horizontal advection terms favors 
horizontal advection at coarser resolutions and vertical advection at finer resolutions; in all cases, 
however, this balance favors cooling within the cyclone's thermodynamic profile. The total relative 
balance between the dynamical and parameterized tendency components remains unchanged between 
each simulation, resulting in an approximate 5 K net cooling during the ET process and providing a 
measure of confidence in the results and physical insight from the 12 km simulation. As the simulated 
evolution is similar on the macroscale – that of the total temperature tendency – between each of the 
simulations, the results presented here augur well for the capability of a model, whether MM5 or another 
weather/climate model, to get the thermodynamic evolution of an extratropically transitioning cyclone 
“correct” from a forecasting perspective. However, as the results here imply, one or more of the simulated 
evolutions is correct for the wrong reasons, not a particularly appealing finding or prospect. Until a four-
dimensional thermodynamic in situ data set is obtained during the ET of one or more cases like TC 
Bonnie (1998), it is impossible to tell which of the simulations (if any) truly come close to the true 
thermodynamic evolution during ET. Physical insight and numerical weather prediction techniques argue 
that the finer-scale models are more likely to be correct, particularly with the parameterized evolution(s), 
suggesting that in the interim finer-scale simulations are likely to be of greatest utility in understanding the 
impacts of the thermodynamic evolution of a transitioning TC. These results say little, however, about the 
downstream impacts of the thermodynamic evolution (such as upon numerical weather prediction 
predictability and skill) as well as the downstream thermodynamic evolution directly and indirectly related 
to the transitioning TC (e.g. McTaggart-Cowan et al. 2007). Further study is needed to understand the 
model’s ability to simulate these features and how this evolution ties into the greater underly
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Table 4.1: Key milestones in the near-ET lifecycle of TC Bonnie (1998) as determined from the 36 and 12 
km MM5 simulation analyses of the simulated cyclone phase space trajectory of the cyclone. The 
beginning of ET (TB) is defined as the first time within the simulation where the lower tropospheric 
asymmetry parameter B (Hart 2003) has a value greater than or equal to 10. The end of ET (TE) is 
defined as the first time within the simulation where the lower tropospheric thermal wind parameter V

t
L 

has a value less than or equal to 0. 
 

24 hr prior to the start of ET (TB-24 hr): 1000 UTC 26 August 1998 

Beginning of ET (TB): 1000 UTC 27 August 1998 

Middle of ET (TM): 0200 UTC 29 August 1998 

End of ET (TE): 1800 UTC 30 August 1998 

24 hr after the completion of ET (TE+24 hr): 1800 UTC 31 August 1998 
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Figure 4.1: NHC best track (thick solid line; positions at 1200 UTC daily denoted by an x), 36 km 
simulated MM5 track (thin solid line; positions at 1200 UTC daily denoted by circles), 12 km MM5 
simulated track (short dashed line; positions at 1200 UTC daily denoted by squares), and 4 km MM5 
simulated track (dotted line; positions at 1200 UTC daily denoted by triangles). Each track ends at 0600 
UTC 31 August 1998; the 36 km MM5 track begins at 1200 UTC 26 August 1998 while the 12 and 4 km 
MM5 tracks begin at 1200 UTC 28 August 1998. Shaded is the terrain height (m). 
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Figure 4.2: Simulated minimum sea level pressure (hPa) from the 12 km MM5 simulation (open circles) as 
compared to the observed minimum sea level pressure from NHC best track data (closed circles) 
between 1200 UTC 28 August 1998 and 0000 UTC 31 August 1998. 
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(a) (b) 

  
(c) 

 

(d) 

 
 

Figure 4.3: 500 hPa heights (m; contoured) and height differences (m; shaded) from NOGAPS 1° 
operational analyses (solid contours) and 12 km MM5 simulation data at (a) 1200 UTC 28 August 1998, 
(b) 1200 UTC 29 August 1998, (c) 1200 UTC 30 August 1998, and (d) 1200 UTC 31 August 1998. The 
height field difference is computed as NOGAPS analysis minus MM5 simulation forecast. 
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(a) (b) 

(c) (d) 

 
Figure 4.4: 300 hPa heights (m) from NOGAPS 1° operational analyses (solid contours) and 12 km MM5 
simulation data (dashed contours). Shaded is the difference in magnitude of the 300 hPa wind field (m s

-1
) 

between NOGAPS 1° operational analyses and 12 km MM5 simulation data. The four panels correspond 
to the same times as in Figure 4.3. 
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(a) (b) 

  
(d) (c) 

  
 
Figure 4.5: Magnitude and vector differences of the 850-200 hPa vertical wind shear (m s

-1
) between 

NOGAPS 1° operational analyses and 12 km MM5 simulation data at the same times as in Figure 4.3. 
Magnitude and vector differences are computed as in Figure 4.3 and the reference vector is depicted at 
the bottom of each figure. 
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Figure 4.6: Lower tropospheric cyclone phase space analysis (Hart 2003) created using NOGAPS 1° 
operational analyses over the analyzed lifecycle of TC Bonnie (1998). Details of the parameters plotted 
and their computations are provided in Hart (2003) and Sections 2.2.3 and 2.3.2 of this work. Image 
obtained from 
http://moe.met.fsu.edu/cyclonephase/archive/1998/gifs/bonnie1998/bonnie1998.a.ngp.32.png with 
permission. 
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Figure 4.7: As in Figure 4.6, except using 36 km MM5 simulation output. 

60 

 



 
(a) 

 
(b) 

 
 
Figure 4.8: As in Figure 4.7, except using (a) 12 km and (b) 4 km MM5 simulation data. 
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Figure 4.9: Comparison of mean vertical (hPa; vertical axis) temperature profiles (K; lower axis) over a 3° 
x 3° box centered on the position of the cyclone at (solid) 1200 UTC 29 August 1998 and (dashed) 0000 
UTC 31 August 1998 from the (red) 12 km MM5 simulation data and (blue) 1° NOGAPS operational 
analyses of the evolution of TC Bonnie (1998) as it undergoes ET.  
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(a) (b) 

 
 

(c) 

 

(d) 

 
 
Figure 4.10: (a) 12 km MM5 simulated 10 m wind field (kt) over a 15° x 15° box centered atop the cyclone 
at 1330 UTC 28 August 1998; (b) H*WIND (Powell et al. 1998) surface wind field magnitude (kt, dashed 
contours) and streamlines (solid arrows) over a 10° x 10° box centered atop the cyclone at 1330 UTC 28 
August 1998; (c) as in (a), except at 0130 UTC 29 August 1998; (d) as in (b), except at 0130 UTC 29 
August 1998. H*WIND analyses obtained from the Hurricane Research Division web site at 
http://www.aoml.noaa.gov/hrd/. 
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(a) (b) 

 

 

(c) (d) 

 

 

 
Figure 4.11: (a) 12 km MM5 simulated integrated cloud water (10

3
 cm) valid at 1200 UTC 29 August 

1998; (b) GOES-8 observed infrared satellite image at 1145 UTC 29 August 1998; (c) as in (a), except at 
0000 UTC 31 August 1998; (d) as in (b), except at 2345 UTC 30 August 1998. Satellite imagery obtained 
from the GIBBS satellite archived maintained by the National Climatic Data Center at 
http://www.ncdc.noaa.gov/gibbs/. 
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Figure 4.12: Hovmöller diagram depicting the vertically integrated, azimuthally-averaged total temperature 
tendency (K day

-1
) as a function of radius (0-500 km, lower axis) and time (1200 UTC 28 August 1998-

1145 UTC 31 August 1998, vertical axis) from the 12 km MM5 simulation of TC Bonnie (1998). 
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(a) 

 
(b) 

 
 
Figure 4.13: (a) As in Figure 4.12, except for the 36 km MM5 model simulation. (b) As in (a), except 
between 1200 UTC 28 August 1998 and 0000 UTC 31 August 1998 for the 4 km MM5 model simulation. 

66 

 



 
Figure 4.14: Vertically integrated, azimuthally- and radially-averaged total temperature tendency (K day

-1
) 

as a function of time (1200 UTC 28 August 1998 to 1200 UTC 31 August 1998, lower axis) and 
magnitude (vertical axis) from the 12 km MM5 model simulation of TC Bonnie (1998). Radial averaging is 
conducted within a 500 km radial band centered on the center of the simulated cyclone at all times.  
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(a) (b) 

(c) (d) 

 
Figure 4.15: Vertical structure of the azimuthally- and 0-500 km radially-averaged total temperature 
tendency (red curves) and the contributing dynamical (green curves) and parameterized (blue curves) 
tendencies atop the center of the simulated cyclone at (a) 1200 UTC 29 August 1998, (b) 0000 UTC 30 
August 1998, (c) 1200 UTC 30 August 1998, and (d) 0000 UTC 31 August 1998. Tendencies are 
depicted with respect to height on the vertical axis, given here by the MM5’s native sigma vertical 
coordinate. All tendencies are given in units of K day

-1
. 
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Figure 4.16: Vertical structure of the azimuthally-averaged total temperature tendency (K day

-1
, shaded) 

between 0-500 km radial distance from the center of the cyclone (lower axis) at (a) 1200 UTC 29 August 
1998, (b) 0000 UTC 30 August 1998, (c) 1200 UTC 30 August 1998, and (d) 0000 UTC 31 August 1998. 
Tendencies are depicted with respect to height on the vertical axis, given here by the MM5’s native sigma 
vertical coordinate. 
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Figure 4.17: Spatial view of the vertically-integrated magnitude of the total temperature tendency (K day

-1
, 

shaded) over a 15°x15° box centered over the center of the simulated cyclone at (a) 1200 UTC 29 August 
1998, (b) 0000 UTC 30 August 1998, (c) 1200 UTC 30 August 1998, and (d) 0000 UTC 31 August 1998. 
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Figure 4.18: As in Figure 4.12, except for the dynamical component of the total temperature tendency. 
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Figure 4.19: As in Figure 4.16, except for the dynamical component to the total temperature tendency. 
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Figure 4.20: As in Figure 4.17, except for the dynamical component to the total temperature tendency. 
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Figure 4.21: As in Figure 4.18, except for the (a) horizontal advection, (b) vertical advection, and (c) total 
divergence components to the total temperature tendency. Note that the shading scales in this figure 
differ from those in Figure 4.18. 
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Figure 4.22: As in Figure 4.14, except for the horizontal advection (red), vertical advection (green), and 
total divergence (blue) components to the total temperature tendency (K day

-1
). 
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Figure 4.23: As in Figure 4.15, except for the three dynamical contributions to the total temperature 
tendency. 
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Figure 4.24: As in Figure 4.19, except for the horizontal advection component to the total temperature 
tendency only. Note that the shading scales differ from those in Figure 4.19. 
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Figure 4.25: As in Figure 4.24, except for the vertical advection component to the total temperature 
tendency. 
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Figure 4.26: As in Figure 4.24, except for the total divergence component to the total temperature 
tendency. 
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Figure 4.27: As in Figure 4.20, except for the horizontal advection component to the total temperature 
tendency only. 
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Figure 4.28: As in Figure 4.27, except for the vertical advection component to the total temperature 
tendency only. 
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Figure 4.29: Integrated cloud water (10
3
 cm, shaded), pressure level of the 310 K isentropic surface 

(contoured; hPa), and winds on the 310 K isentropic surface (m s
-1

, vector, reference vector at lower right) 
at 0600 UTC 30 August 1998 from the 12 km MM5 simulation. 
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Figure 4.30: As in Figure 4.27, except for the total divergence component to the total temperature 
tendency only. 
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Figure 4.31: As in Figure 4.18, except for the parameterized component to the total temperature 
tendency. 
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Figure 4.32: As in Figure 4.14, except for the parameterized component to the total temperature 
tendency. 
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Figure 4.33: As in Figure 4.19, except for the parameterized component to the total temperature 
tendency. 
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Figure 4.34: As in Figure 4.20, except for the parameterized component to the total temperature 
tendency. 
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Figure 4.35: As in Figure 4.31, except for the (a) convective, (b) diffusion, (c) microphysical, (d) planetary 
boundary layer, (e) radiation, and (f) shallow convective components to the total temperature tendency. 
Note the differing shading scales between panels (a,c) and panels (b,d-f), designed to highlight the 
magnitudes of both the weaker and stronger contributors. 
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Figure 4.36: As in Figure 4.23, except for the six parameterized contributions to the total temperature 
tendency. 
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Figure 4.37: (a,b) Vertical structure of the azimuthally-averaged planetary boundary layer temperature 
tendency component (K day

-1
, shaded) between 0-500 km radial distance from the center of the cyclone 

(lower axis) at (a) 1200 UTC 29 August 1998 and (b) 1200 UTC 30 August 1998. (c,d) As in (a,b), except 
for the shallow convective temperature tendency component. Tendencies are depicted with respect to 
height on the vertical axis, given here by the MM5’s native sigma vertical coordinate, and are computed 
from the 12 km MM5 simulation data. 
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Figure 4.38: As in Figure 4.24, except for the convective component to the total temperature tendency. 
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Figure 4.39: As in Figure 4.24, except for the microphysical component to the total temperature tendency. 
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Figure 4.40: As in Figure 4.24, except for the radiation component to the total temperature tendency. 
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Figure 4.41: As in Figure 4.27, except for the convective component to the total temperature tendency 
only. 
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Figure 4.42: As in Figure 4.27, except for the microphysical component to the total temperature tendency 
only. 

95 

 



 
(a) (b) 

  
(d) (c) 

  
 

Figure 4.43: As in Figure 4.27, except for the radiation component to the total temperature tendency only. 
Note the difference in shading scales between this image and Figure 4.27. 
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Figure 4.44: As in Figure 4.14, except also including the dynamical (green curve) and parameterized 
(blue curve) components to the total temperature tendency. 
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Figure 4.45: Vertically-integrated, spatially-averaged (within 500 km radius from the center of the cyclone) 
magnitudes to the total parameterized (blue curve), microphysical (green curve), convective (red curve), 
and radiative (orange curve) components to the total temperature tendency (K day

-1
) between 1200 UTC 

28-31 August 1998 as obtained from the 12 km MM5 simulation data. The difference between the 
parameterized and microphysical component contributions is depicted in the black curve. 
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Figure 4.46: Trajectory analyses (ribbons) of selected air parcels in the environment of transitioning TC 
Bonnie (1998) as obtained from 12 km MM5 simulation data between 1200 UTC 28-31 August 1998. 
Color shading denotes the altitude (km) of the air parcel at any given time along the trajectory path. 
Trajectories are computed using the Vis5D software package and are labeled 1-6 at their respective start 
and end points. The simulated track of TC Bonnie is depicted by the crosses. 
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Figure 4.47: As in Figure 4.17, except for the 36 km MM5 simulation. 
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Figure 4.48: As in Figure 4.17, except for the 4 km MM5 simulation. 
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Figure 4.49: (a) As in Figure 4.44, except for the 36 km MM5 simulation; (b) as in Figure 4.44, except for 
the 4 km MM5 simulation and only out to 0000 UTC 31 August 1998. 
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Figure 4.50: (a) As in Figure 4.22, except for the 36 km MM5 simulation; (b) as in Figure 4.22, except for 
the 4 km MM5 simulation and only out to 0000 UTC 31 August 1998. 
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Figure 4.51: (a) As in Figure 4.45, except for the 36 km MM5 simulation; (b) as in Figure 4.45, except for 
the 4 km MM5 simulation and only out to 0000 UTC 31 August 1998. 
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CHAPTER 5 

 
CONCLUSIONS 

 
 
 
 
 In this study, the warm- to cold-core thermal structure transition fundamental to the extratropical 
transition of tropical cyclones has been analyzed. This evolution was one of the least studied evolutions 
within the ET process with only the study of Sinclair (1993) directly addressing this topic. The work of 
Sinclair (1993) was limited by the coarseness of the available analysis data and the lack of direct physical 
attribution between the diagnosed contributors to the thermodynamic evolution and the mesoscale and 
synoptic-scale features that evolve within the cyclone during ET. Since that study was completed, 
however, both our understanding of ET (Jones et al. 2003) and the capabilities of numerical models have 
advanced significantly. More recent works by McTaggart-Cowan et al. (2003a; 2004), Evans and Hart 
(2008), and Hart et al. (2006) provided hypotheses toward understanding this evolution but did not study 
it directly. These factors were used as the motivation behind the work presented in this study, that of the 
thermodynamic evolution of an extratropically transitioning tropical cyclone, North Atlantic TC Bonnie 
(1998). 
 The thermodynamic evolution of TC Bonnie (1998) was studied utilizing numerical model 
simulated thermodynamic budgets native to the model's coordinate system and equation set, similar to 
the work of Zhang and Bao (1996). A trio of simulations at 36 km, 12 km, and 4 km horizontal grid 
spacing were performed during the ET phase of the tropical cyclone. The temperature tendencies 
computed within the model from its dynamical set of equations and parameterizations for six physical 
processes -- convection, diffusion, microphysics, planetary boundary layer processes, radiation, and 
shallow convection -- were obtained directly from the model simulation every fifteen minutes and 
analyzed utilizing a suite of numerical and graphical analysis techniques as detailed in Chapter 3. Factors 
responsible for modulating the total thermodynamic evolution were analyzed both individually as well as 
in conjunction with one another in a quasi five-dimensional framework accounting for evolutions in time 
(t), radius (r), space (x,y), and height (z). 

The basic thermodynamic evolution of the simulated cyclone is marked by a balance between 
dynamical (adiabatic) cooling and parameterized (diabatic) warming with weak cooling observed at the 
start of ET. This cooling progressively increases in magnitude as the ET process unfolds as diabatic 
heating weakens and results in a net cooling within the cyclone twice as large as that acquired solely from 
moving poleward into a colder thermodynamic environment. This tropospheric-deep evolution starts close 
to the surface center of the cyclone and expands to progressively larger radii as ET progresses. Spatially, 
cooling (warming) dominates upstream (downstream) of the cyclone and is tied primarily to the 
developing air streams and precipitation regions of the transitioning cyclone. Conceptually and physically, 
the total thermodynamic evolution of the transitioning cyclone as a whole directly ties to the physical 
transformations that occur as a natural consequence of the ET process. Cooling that arises from a 
combination of horizontal advective and adiabatic ascent offsets diabatic heating due to condensation 
and deposition processes found within the transitioning cyclone's delta rain region. Latent heat release 
due to convective elements decreases sharply with the onset of ET as a function of the erosion of inner 
core convection due to subsidence and vertical wind shear processes. What convection that remains, 
primarily found along the cyclone’s trailing cold front, balances cooling due to outgoing longwave 
radiation, in stark contrast to the tropical phase, where latent heating directly and indirectly due to 
convection (Emanuel 1986) helps build and maintain the TC warm core against the effects of outgoing 
longwave radiation. 

Advection terms are at their peak near the start of ET as the cyclone begins to interact with a mid-
latitude baroclinic zone and weaken in magnitude as the cyclone completes ET and begins to weaken, 
highlighting a greater spatial balance between areas of warm and cold advection in both the vertical and 
horizontal planes as ET progresses. The vertical and horizontal advection terms nearly balance each 
other out during the ET process as flow that advects in colder (warmer) potential temperature air 
generally also warms (cools) due to subsiding (rising) motion. Balance between the advection terms 
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differs based upon the horizontal grid spacing of the simulation, favoring adiabatic cooling at finer grid 
spacings and horizontal advection at coarser grid spacings. This component – contributing slight warming 
early in ET and slight cooling later in ET – combines with the divergence cooling component to comprise 
the total dynamical temperature tendency. Latent heat release due to microphysical condensation and 
deposition processes in the cyclone's delta rain region gradually decays through time as the delta rain 
region itself weakens and moisture and heat energy are evacuated downstream of the transitioning 
cyclone due to vertical wind shear and a weakening of poleward moisture transport atop the transitioning 
cyclone's warm front. This aids in the expansion of the total thermodynamic cooling tendencies to 
progressively larger radii. As a result of all of these factors, much of the observed cooling comes solely as 
a result of the TC moving into a colder, baroclinic environment and is primarily an adiabatic rather than a 
diabatic evolution. This matches calculations from 1° NOGAPS analyses presented in Chapter 4 that 
suggested that half of the observed cooling could be manifest as a result of such translation. Vertical wind 
shear indirectly aids in maintaining the cyclone as it translates into this baroclinic environment by 
providing the kinetic energy necessary for the cyclone to complete ET rather than simply dissipate over 
colder waters and providing some of the forcing for the delta rain region. 
 Figure 5.1 depicts a schematic overview of the thermal core evolution of TC Bonnie (1998) from 
one day prior to the start of ET through one day after the completion of ET. During the purely tropical 
phase (Figure 5.1a), latent heating primarily associated with convection and convective elements 
dominates over weak cooling associated with outgoing longwave radiation and adiabatic cooling 
processes. As ET commences (Figure 5.1b), the magnitude of the heating (cooling) decreases 
(increases). The relative role of latent heating due to convection decreases while that of latent heating 
due to microphysical or non-convective processes increases. During the middle of the ET process (Figure 
5.1c), the thermal profile of the cyclone begins to cool significantly under the influence of longwave 
radiation and adiabatic cooling-induced net cooling. Owing to the erosion of near-center convection, latent 
heating due to convection significantly wanes, leaving latent heat release due to phase changes within 
the cyclone’s non-convective delta rain (Klein et al. 2000) region as the primary heating contributor. The 
trends observed during the middle of ET continue through to the end of ET and beyond (Figure 5.1d,e). 

Ultimately, cooling of the cyclone's thermodynamic profile intensifies as microphysical tendencies 
weaken during the ET process. Diabatic heating due to these microphysical processes acts as a brake 
upon the dynamically-driven net cooling associated with adiabatic processes within the cyclone’s inner 
core. In the absence of the delta rain region with transitioning storms, the observed warm- to cold-core 
transitioning during ET would likely occur at a faster rate than that observed in these simulations 
presuming that there is sufficient extratropical (baroclinic) energy for the cyclone to complete the ET 
process. It should be noted that in the real atmosphere, diabatic contributors help force adiabatic 
contributors; they cannot be viewed as separate as they are done here. However, the location of the 
diabatic forcing during the ET process – primarily downstream of the cyclone – as compared to that of the 
adiabatic (or dynamical) forcing – primarily upstream argues that to some degree, the non-linear 
influences between diabatic and adiabatic contributors may be somewhat minimized, thus justifying the 
use of the term ‘brake’ in describing this evolution. Further, the importance of the adiabatic cooling and 
horizontal advection fields matches well with the hypotheses presented by McTaggart-Cowan et al. 
(2003a; 2004), Evans and Hart (2008), and Hart et al. (2006). The role of latent heat release in 
modulating this evolution matches well with the results presented by Sinclair (1993). Similarly, the 
evolution of the advection components and the total temperature tendency during ET matches well with 
the trajectory of the cyclone (and that of most transitioning TCs) through the cyclone phase space of Hart 
(2003). In all, the simulated evolution here matches the expectations from previous works quite well, is 
rooted in the overarching structural changes that occur during the ET process, and is physically detailed 
and described in this study in a comprehensive manner not done prior to this work. 
 The effects of varying horizontal grid spacing upon the results obtained from the 12 km MM5 
simulation were diagnosed as part of this study. Qualitatively, the thermodynamic evolution evolved 
similarly between each simulation with net cooling observed that increased in magnitude during the ET 
process as microphysical tendencies weakened. The spatial and temporal responses were remarkably 
consistent between each simulation. Quantitatively, the ability to resolve finer-scale structures with 
progressively finer horizontal grid spacings led to several differences between the simulations. First, while 
the net balance between the dynamical and parameterized temperature tendencies remained relatively 
consistent between each simulation, the absolute magnitude of each increased somewhat with 
increasingly fine horizontal grid spacings. Secondly, the evolution of the horizontal and vertical advection 
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components changed between each simulation. At coarse grid spacing, initial warming (cooling) from 
horizontal (vertical) advection changed sign during the middle of the ET process; the net balance between 
the advection terms favored the horizontal advection term at all times. At fine grid spacing, initial warming 
(cooling) from horizontal (vertical) advection did not change sign during the midst of the ET process; the 
net balance between the advection terms favored the vertical advection term at all times. A comparison to 
the results from the 12 km simulation suggested a gradual transition in these evolutions rather than a 
sudden shift at some unknown grid spacing. Note that the net advection component to the total 
temperature tendency was always cooling no matter the horizontal grid spacing; differs were only 
manifest in how the balance between the advection terms was achieved. Thirdly, the magnitude of the 
microphysical temperature tendency increased with increasingly fine horizontal grid spacing, accounting 
for the increase in the magnitude of the total parameterized temperature tendency. 
 In all, on the macroscale, the simulated thermodynamic evolution during ET shows minimal 
impact due to horizontal grid spacing. Differences are manifest in the physical processes that comprise 
the macroscale evolution, however, despite each simulation coming to the same result. This augurs well 
for numerical models to accurately simulate the thermodynamic evolution at both coarse and fine 
horizontal grid spacings but does not augur well for getting the evolution right for the correct reasons. The 
theoretically improved representations of the magnitudes of the horizontal and vertical temperature 
gradients and delta rain region of the cyclone with progressively finer horizontal grid spacing argue that 
the finer resolution results are potentially of higher quality, but with equally plausible physical explanations 
for the evolution from each simulation that merely depend upon whether horizontal or vertical advection 
processes dominate, this statement cannot be fully justified at this time. Indeed, defining 'reality' and thus 
performing true verification of the results and physical understanding developed here is impossible until a 
fully four-dimensional in situ data set is obtained during the entire ET process for multiple TCs.  
 Several features that have broader impacts are obtained from the thermodynamic evolution 
results as a whole. The largely adiabatic, hydrostatic, and quasi-geostrophic nature to the evolution -- with 
gradually weakening diabatic contributors through time during ET -- argues that numerical models on the 
meso- and synoptic-scales should be able to simulate and predict this evolution with a fairly high degree 
of skill. The correlations between the raw thermodynamic budgets and naturally-occurring physical 
features with both transitioning cyclones (Klein et al. 2000) and cold core extratropical cyclones (Carlson 
1998), particularly with the developing air streams and delta rain region, provide a measure of confidence 
in the results obtained from the simulations performed in this study. As a result, they also provide an 
enhanced measure of confidence in the ability of numerical models to simulate the thermodynamic 
evolution on the meso- to synoptic-scale. The caveats presented in the prior paragraph should be kept in 
mind, however, when diagnosing model simulation results during the ET process. 
 The results presented in this study bear significant resemblance to the development of cold core 
extratropical cyclone thermal profiles as detailed by Carlson (1998), particularly in terms of the importance 
of horizontal advection -- primarily upstream of the surface center of the cyclone -- and adiabatic cooling 
atop the surface center of the cyclone to the evolution. Outside of the role of diabatic heating in 
modulating this evolution, a factor that Carlson (1998) explicitly ignored in their description, these are the 
primary factors that were found to influence the thermodynamic evolution during the ET process. This 
correlation suggests that the basic thermodynamic evolution for other ET events similar to TC Bonnie 
(1998) should be relatively consistent between cases. However, differences may arise when considering 
the other 40% (Hart et al. 2006) of ET events that are progressively dissimilar to TC Bonnie (1998): TCs 
that interact with land or other cyclones during ET, TCs that complete ET at a faster or slower rate than 
did TC Bonnie, TCs that reintensify rather than continue to decay after ET, and TCs that acquire a warm 
seclusion structure after ET. For this latter case, Shapiro and Keyser (1990) argue for the importance of 
horizontal advection to the warm core development process. This theory, when combined with the key 
factors presented in this study, presents a starting point toward generalizing the results from this study to 
all ET cases as a whole. 
 Ultimately, the ET process may simply be best described as akin to the maturing and decay 
stages of a purely cold core extratropical cyclone as detailed by Carlson (1998). The increasing balance 
between areas of warm and cold advection in both the vertical and horizontal planes suggests that the 
overall magnitude of the net horizontal and vertical advection into and within the transitioning cyclone may 
be decreasing through time. The secondary circulation simulations of Evans and Hart (2008) with TC 
Bonnie suggest this as well, highlighting an increasingly shallower and narrower secondary circulation as 
ET progresses. Recasting the dynamical component of the total thermodynamic budget in a cyclone-
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following (quasi-LaGrangian) frame of reference will provide a more complete diagnosis of the evolution 
of the advection terms during the ET process and thus help quantify the hypothesis posed here that a 
cold core ET event is much like the mature and decay stages of an extratropical cyclone (Carlson 1998). 
Bridging this gap will aid in generalizing the physical evolutions observed during the ET process to those 
observed during extratropical cyclone lifecycles as a whole. 
 It is instrumental to consider the limitations of this work in context with the findings just presented. 
First, the numerical simulations performed in this study were performed using only an atmospheric model 
with no feedback from or upon the underlying oceanic surface. In the real atmosphere, significant 
interaction takes place between the ocean and atmosphere; thus, the findings presented here are at best 
incomplete and at worst misleading given this limitation. If the model were fully coupled (ocean and 
atmosphere), thermal profile impacts would be observed within the boundary layer due to a more 
accurate representation of surface heat fluxes and, by extension, within the entire troposphere due to the 
direct and indirect impacts of these fluxes as manifest through convection and convective processes. 
Secondly, no sensitivity tests utilizing different physics packages or numerical models were performed in 
this study, thus making the results presented here specific to one potential model configuration. While 
care was taken to select model physical parameterizations appropriate for TC and ET study, newer 
parameterizations and/or numerical models may provide even more realistic results. It should be noted 
that the strong physical linkages apparent in the results argue that these differences are likely to be most 
apparent in a quantitative rather than qualitative sense. Thirdly, following from this idea, it should be 
acknowledged that significant impacts upon the vertical and spatial structure of the parameterized heating 
may result from the use of different convective parameterization packages, particularly at and before the 
start of the ET process. Allowing the model to handle convective heating explicitly may help account for 
some but perhaps not all of these impacts given the relatively coarse scale of the explicitly modeled 
convection (e.g. approximately 25 km for a model horizontal grid spacing of 4 km). Fourthly, this work only 
implicitly considers the effects of vertical wind shear upon the thermodynamic evolution; studies that have 
explicitly considered the effects of vertical wind shear upon tropical-like cyclones have shown that 
significant thermal asymmetries can result from vertical wind shear (e.g. Jones 1995; 2000a; 2000b). As a 
result, a portion of the findings presented here may be at best incomplete and at worst misdiagnosed as 
something other than forced by vertical wind shear. Further investigation of such works and breakdown of 
the simulated thermal evolution of TC Bonnie (1998) into shear-induced and non-shear induced 
components is necessary to complete gauge the role of vertical wind shear in this evolution. Finally, 
lacking a sufficient in situ data set for thermodynamic analysis within a transitioning TC, no true 
verification can be performed upon the results presented here. While there is substantial physical basis 
for the arguments presented in this work, only a study utilizing such an in situ data set can conclusively 
determine and diagnose the factors that influence the thermal profile evolution during the ET process. 
 Several additional areas of future work are evident upon an interrogation of the results presented 
in this study. The largely hydrostatic and quasigeostrophic nature to the evolution raises many questions 
about how thermal wind balance evolves and/or is restored under significant extratropical forcing during 
the ET process. Idealized studies using a secondary circulation model may prove insightful in this regard. 
Examining the temporal and spatial evolution of the microphysical budgets of the simulated cyclone -- 
comprised of the time tendencies of the five moisture variables accounted for within the Reisner 
microphysical parameterization utilized in this study -- will allow for a better understanding of the 
underlying factors that contribute to the net warming associated with phase change processes in the delta 
rain region of the transitioning cyclone. Studying additional thermodynamic evolutions during ET utilizing 
additional cases with the same model configuration as in this study as well as this and other cases with 
different model configurations will allow for the refinement of the results presented in this work, their 
generalization to the broad ET paradigm as a whole, and a better grasp on the inherent predictability 
associated with this evolution. Finally, computing thermodynamic budgets that capture the transfer of 
energy from the cyclone and the tropics to the synoptic-scale flow and the extratropics -- particularly as 
transported downstream of the cyclone -- with multiple cases will allow for the quantification of the role of 
tropical cyclones in maintaining global energy balance and thus in climate as a whole. In all, this work 
merely serves as a gateway to beginning to provide a much more complete understanding of the coupled 
tropical-extratropical weather-climate system such as described by McTaggart-Cowan et al. (2007) and 
Hart et al. (2007). 
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Figure 5.1: Schematic overview of the contributors to the thermal evolution of tropical cyclone inner core 
during the extratropical transition process at five times: (a) one day prior to the start of ET; (b) the start of 
ET; (c) the mid-point of ET; (d) the end of ET; and (e) one day after the completion of ET.
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