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ABSTRACT 

The structure of a tropical cyclone (TC) is a spatial representation of its organizational 

pattern and distribution of energy acquisition and release. This fingerprint depicts a specific 

phase in the TC's meteorological lifecycle, reflecting its past and potentially constraining its 

future development. For a number of reasons, a thorough objective definition of TC structures 

(especially at the TC core) and an intercomparison of their varieties have been neglected. This 

lack of knowledge impedes a fuller understanding of TCs, possibly signaling a key reason why 

TC intensity forecasts, despite numerical model improvements and theoretical advances, have 

been stagnant in recent years relative to track forecasts. 

To improve the understanding and forecasting of tropical cyclones, this research 

aggregates known methods to identify structure and proposes expanded metrics of structural 

diagnosis. A 24 year record of limited operational core structure attributes – including aircraft 

reconnaissance measurements and estimates by operational forecasters – are examined and 

shown to tease the potential capability of TC structure to guide analysis and forecasting. To 

mitigate these data set limitations, a new global 26 year multi-platform dataset of satellite 

microwave imagery is gathered and standardized to facilitate an expanded climatological survey 

of tropical cyclone structures. New types of structure metrics are objectively developed using 

morphometric analysis techniques (i.e. size and shape analysis of TC features) based on known 

tropical cyclone critical features, thereby facilitating a comparison with operational data. 

A climatology of TC core structures is presented, demonstrating the observed existence 

of intensity, size, and shape information in aircraft and satellite data. Composites of relationships 

between intensity and size metrics show preferred configurations that depend on a TC’s 

structural state. While the newly defined structures provide additional dimensionality that is 

related to intensity, some TC size relationships are shown to be invariant with intensity. This 

comparative analysis of observed structural metrics provides further insight in understanding the 

relationship between TC structural features, to what extent they indicate intensity change, and 

what physical processes lead to their formation and decay. 
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CHAPTER ONE 

INTRODUCTION 

 

Two different 70-year anniversaries (related to hurricanes and their meteorological 

understanding) are celebrated this year. In September 1944, the first research reconnaissance 

aircraft flight was flown into a hurricane offshore of Virginia (Wood 1945 and Wexler 1945), 

providing detailed qualitative observations that altered paradigms of hurricane core structure and 

informed later quantitative research missions (LaSeur and Hawkins 1963). About a month later 

in October 1944, the first upper-air meteorological observation of a landfalling hurricane eye by 

radiosonde was made in Tampa, Florida (Riehl 1948), confirming the warm core nature of 

hurricanes and suggesting the three dimensional circulation that governs hurricane eye dynamics 

and thermodynamics (Jordan 1952). 

Since that time, there has been substantial growth in technological innovations to assist 

hurricane research missions, helping to advance the conceptual framework of tropical cyclones 

(TCs) in general and uncovering finer detailed questions (Dorst 2007, Marks 2014). Indeed, a 

great deal of the knowledge gathered by research aircraft missions and radiosondes (as well as 

their falling counterparts, dropsondes) has been incorporated into operational analysis and 

forecasting. However, such “essential” data are only available approximately 30% of the time in 

the north Atlantic (Rappaport et al. 2009). Such capabilities have allowed the National Hurricane 

Center (NHC) to more accurately assess and forecast TC size (in the form of maximum wind 

radii) and intensity (Rappaport et al. 2009), facilitating the ability to release new storm surge 

warning graphics during upcoming hurricane seasons (Rhome et al. 2014). Such an emphasis on 

surge risk is rooted in it being the deadliest TC hazard in the United States (Rappaport 2014) and 

the public’s underestimation of it when compared to wind risk (Rhome et al. 2014). 

Despite these recent vast strides in improving TC forecasting (especially compared to the 

meager meteorological observation capabilities a few generations ago), the permutations of all 

TC structural evolutions and their possible ability to constrain intensity change remains an 

unquantified mystery. Even TC analysis exhibits a surprising degree of uncertainty. Rappaport et 

al. (2009) revealingly disclose that while NHC TC intensity estimation has on the order of 10% 

uncertainty, wind radii size estimates may have 50% or more error and are usually unable to be 
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verified. Such an inability to accurately diagnose, let alone prognosticate, the strength and size of 

a TC as well as its changes does not bode well for predictive confidence in structure-dependent 

products, such as precise storm surge warnings, with sufficiently long lead-times. Even from a 

basic physical perspective, the relationship of a given TC structure and intensity to its future 

states is only tenuously known. However, while the range of specific TC evolution possibilities 

is not yet quantified, the needed conditions and growth mechanics of TCs are known at least to 

first order.  A review of those gross structures and boundaries that govern TC existence is 

discussed in Chapter 2. 

Perhaps due to the difficulties in diagnosing, forecasting, and verifying TC structural 

details and their temporal evolution over a large sample of TCs, there have been relatively few 

climatological analyses performed of TC structure. It is especially noteworthy that the currently 

most skillful TC intensity predictions come from statistical models of largely persistence, 

climatology, and environmental information (e.g., DeMaria et al. 2005 and DeMaria 2009). The 

distinct neglect of TC structure predictors in deference to details from beyond the TC – despite 

intensity being an implicit diagnostic representation of TC physics –may be a reason why there 

has been slow (no) improvement in TC intensity model (official) forecast skill compared to track 

forecasts over the past few decades (DeMaria et al. 2014). 

Assembling a sufficiently large climatology of TC structure can fill a void in the state of 

TC knowledge as well as alleviate forecasting difficulties. Primarily, it will be useful simply to 

catalogue the existential bounds of TC structural shapes from a climatological perspective. From 

a research perspective, an understanding of observed TC structure combinations can allow a re-

examination of dynamical theories of TC existence, fostering a renewed framework to 

understand the nature of the TC itself. Details of TC structure may be used in initialization and 

verification of dynamical modeling of TCs, allowing for an extended multi-dimensional 

comparison of model output to observed cases. Moreover, between the growing need for precise 

size information for storm surge forecasting and the continuing struggle to break the intensity 

forecasting barrier, a better understanding of TC structure has immediate operational forecasting 

benefits, including answering some of NHC’s highest priority needs (Table 1.1). 

With these goals in mind, the following dissertation aims to lay a new foundation in 

understanding TC structure and its relationship to intensity and storm evolution. Building upon 

the historical hurricane anniversaries of the first research flight (Wood 1945 and Wexler 1945) 
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and eye profile (Riehl 1948), Chapter 3 presents a new manuscript in revision in Monthly 

Weather Review that examines a multidecadal climatology of aircraft-based TC eye and core 

characteristics and relates the totality of observed cases to patterns of TC of intensity and 

structure. While recent operational and research aircraft reconnaissance have a growing 

assortment of sophisticated instrumentation to diagnose high resolution dynamical and 

microphysical aspects of a TC (e.g. Marks 2014), only basic metrics such as eye size, radius of 

maximum winds, and intensity are examined to: 1) Maximize the data record length and 

sampling density of unique TC cases, and 2) Demonstrate an untapped utility found even in 

primitive, currently available TC structure metrics. 

The information available from this analysis of operational data only teases the latent 

potential possibilities that a more in depth comparative structural analysis can provide. This begs 

the need for another platform to diagnose TC structure.  For the second phase of this dissertation, 

the development of an expanded database of TC structures is attempted. From a practical 

standpoint, the greatest challenge in meeting such a goal is finding a suitable observing platform 

of sufficient temporal and spatial range and resolution. As with aircraft, ground-based in-situ 

data rarely provide sufficient spatial sampling of TCs, especially those storms that do not interact 

with land. Similarly, sea vessels tend to avoid the hazardous conditions fostered by TCs. While 

ground-based radar provides a high spatial and temporal sampling interval, only a small 

percentage of all occurring TCs are sampled in this manner. 

Satellite-based observing platforms seem to offer the only current global observing 

solution for TC structure. Although geostationary satellites provide the ability to view a large 

fraction of the planet with a high temporal frequency, the electromagnetic frequencies imaged by 

the available sensors (in the visible and infrared spectra) only allow a view of the cloud top or 

ground/ocean surface (an example is shown in Figure 1.1). To contrast, microwave frequencies 

such as 89 and 37 GHz can respectively infer ice scattering and liquid water emission from 

inside the TC. Inferring microphysical processes that regulate TC energy cycles is a great benefit 

of microwave observing sensors, but it comes at the expense of currently only being available on 

polar orbiting satellites (and their associated smaller spatial view and limited temporal 

sampling). However, the multiple available polar orbiting satellites provide an average temporal 

return period on the order of 3-12 hours (e.g. Hawkins et al. 2001), which relates well to the 

synoptic time cycle. Due to the benefits achieved by microwave observations and the 
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approximately 25-year continuous climatology of microwave data from various platforms, a 

digital climatology of TCs as observed by passive microwave satellite sensors is compiled and 

standardized. Chapter 4 presents this newly created data by reproducing a manuscript currently 

in revision for the Journal of Selected Topics in Applied Earth Observations and Remote 

Sensing. 

While there are a great many ways to systematically decipher and intercompare TC 

structure using the full microwave data fields, Chapter 5 starts with an analysis that produces 

similar metrics to that of the available operational data in Chapter 3, before suggesting new and 

expanded structural definitions. Even after removing many cases due to partial coverage, weak 

intensity, and/or weak spiral signature, a composite analysis of about 10,000 cases and about 

1,000 TCs is possible with this dataset. A basic shape analysis of the eye and eyewall, using 

morphometric techniques in an axisymmetric and wavenumber framework, is performed. Not 

only does this compare well to the aircraft reconnaissance analysis, but the global coverage 

allows expanded and more robust climatological conclusions. 

Finally, Chapter 6 summarizes and discusses the sum of the analyses and results of this 

dissertation, suggesting many further avenues of continued research. Both of the composited 

aircraft and microwave results show non-linearities with structure and intensity, suggesting that 

linear axisymmetric frameworks for TC dynamics may not sufficiently compare to observed 

distributions. There are also numerous additional metrics that may be developed using this data, 

including analyses of the outer core, banding structures, and the environment interface. Overall, 

the analyses shown support the contention that TC structure can be leveraged in a real-time, 

operational environment to help guide prediction of TC evolution. 
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Table 1.1: Non-exhaustive list of recent National Hurricane Center requirements to help improve 

tropical cyclone forecasting (from Rappaport et al. 2009). Highlighted fields indicate areas that 

are directly or indirectly addressed by this dissertation. 

 

 

Some of NHC’s highest priority specific near-term needs (Rappaport et al. 2009) 

 

• Guidance for tropical cyclone intensity change, with the highest priority for the onset, 

duration, and magnitude of rapid intensification and weakening events. 

 

• Improved observational systems in the storm and its environment that provide data for 

forecaster analysis and model initialization. 

 

• Statistically based real-time “guidance on guidance” (e.g., multimodel consensus 

approaches), provided to forecasters in probabilistic and other formats. 

 

• Improved model forecasts of track, especially to reduce large speed errors (e.g., on 

recurving or stalling storms) and large direction errors (e.g., on loops), and on specific 

forecast problems (e.g., interaction with terrain). 

 

• Operational analysis and forecast of the surface wind field. 

 

• Guidance for tropical cyclone genesis. 

 

• Guidance on the operational utility and relative merits of high-resolution model output 

compared to lower-resolution ensemble model output. 

 

• Guidance for tropical cyclone precipitation amount and distribution. 

 

• Improved utility of microwave satellite and radar data in tropical cyclone analysis. 
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Figure 1.1: Schematic representation of a TC cross section showing microphysical processes. 

The approximate information sensed by different electromagnetic frequencies via satellites is 

shown on top of the TC cross section. The red lines depict visible and infrared channels and their 

ability to visualize cloud tops (or the earth’s surface in the absence of clouds). However, 

microwave channels of 89 GHz and 37 GHz can infer TC microphysics by ice scattering and 

liquid water emission, respectively. 
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CHAPTER TWO 

BACKGROUND 

 

The tropical cyclone is a complex and well-studied phenomenon. To motivate the need 

for the current study of TC structure, a portion of the preponderance of previous TC research will 

be covered in the following section. Section 2.1 will provide an overview of circumstances that 

foster the genesis and continued existence of a TC; favorable environmental conditions will first 

be reviewed, followed by theory on maintenance mechanisms and the TC circulatory system. 

Next, in Section 2.2, there will be an examination of how TC structures have previously been 

analyzed. It will begin with a broad overview of the TC structural framework and then account 

for the breadth of observed TC varieties. This discussion will begin from the TC center and 

progress outward. The end of this section will succinctly cover a few other topics that may 

inform an analysis of TC structural varieties, before moving to TC structure data currently 

considered in a forecasting setting in Section 3. Ultimately, multi-dimensional quantitative 

metrics of TC structure – which are derived from internal physical processes and regulate future 

TC intensity regimes – are missing in an operational forecast environment. Steps to quantify the 

bounds of TC core structure will be formulated and compared to theory in this dissertation. 

 

2.1 Theory on the TC Lifecycle 

 

Despite significant progress in understanding the first-order dynamics and physics of TC 

evolution, current knowledge on the precise factors that regulate the changes in the TC life-cycle 

remains incomplete. Moreover, there are cases that seem to defy expected environmental 

constraints for TC development (e.g., 2005 Atlantic Hurricane Vince [Franklin 2006] and 1998 

East Pacific Hurricane Guillermo [Reasor and Eastin 2012]). Although the necessary and 

sufficient conditions for TC genesis and intensification are not wholly understood, current 

physical theory can account for the general workings of TCs. As such, it is useful to first define a 

TC, before summarizing the currently known circumstances under which TCs form and evolve 

and the mechanics under which TCs operate. 
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2.1.1 Development 

The National Hurricane Operations Plan (OFCM 2012) allows a wide range of subjective 

interpretation when it defines a TC as “a warm-core, nonfrontal synoptic-scale cyclone, 

originating over tropical or subtropical waters, with organized deep convection and a closed 

surface wind circulation about a well-defined center.” And even though Riehl (1950) noted that 

TCs “are those disturbances within the atmosphere whose maintenance is easiest to understand at 

present,” there is still an imprecise understanding on how such “a simple heat engine” can 

“[develop] for some reason over tropical ocean.” While the tropical cyclogenesis criteria has 

been updated and modified through time (e.g., Gray 1968, 1998; Frank 1987; Emanuel and 

Nolan 2004), no set of conditions have yet been exhaustively necessary and sufficient to apply to 

all cases. Indeed, since the bulk of these conditions may not even properly account for the 

temporal and spatial scales of tropical cyclogenesis, the additional criterion of a pre-existing 

disturbance (preferably with curved banding features) by McBride (1995) may be the most 

tautological and useful of these metrics. 

Without digressing into subtle differences between the various proposed criteria, multiple 

kinematic and thermodynamic conditions of the environment must be favorable. For the former, 

there must be high enough absolute vorticity (sufficient relative and planetary vorticity are both 

preferable) as well as favorable weak vertical wind shear. Though too much shear is detrimental 

to warm core temperature anomaly formation, McBride and Zehr (1981) found that developing 

disturbances must exhibit some vertical gradient of relative vorticity to stimulate convective 

formation and ventilation. For the thermodynamic conditions, there must be high enough ocean 

thermal energy (Palmen 1948; originally formulated as sea surface temperature, but recent work 

favors the integrated upper ocean heat content [e.g., Mainelli et al. 2008]) to provide surface heat 

fluxes and there must be sufficient columnar tropospheric conditional instability (generally 

through Convective Available Potential Energy [CAPE] which becomes more favorable with 

elevated low to mid-level relative humidity and generates vertical velocity to foster sustained 

convection). These thermodynamic parameters can be partially joined through Maximum 

Potential Intensity theory (summarized by Holland 1997), which examines the difference of 

environmental temperature through the troposphere (e.g., between the surface and the tropopause 

in the efficiency parameter of Emanuel 1986) as an upper-bound on possible TC intensity. 
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Traditionally, the origins of TCs were relegated to the confines of larger scale tropical 

features, specifically associated with convergence as the focal point for TC development. The 

equatorial trough (Gray 1968) can be decomposed into a monsoonal component (e.g., Ramage 

1974), the Inter-Tropical Convergence Zone (ITCZ; e.g., Charney 1971), and the South Pacific 

Convergence Zone (SPCZ; e.g., Vincent 1994). Furthermore, wind shear from the African 

easterly jet enhances vertical motion in disturbances over Africa (e.g., Burpee 1972), fostering 

incipient African easterly waves that may later produce TCs (e.g., Carlson 1969). The bounds of 

possible tropical cyclogenesis origins may not be so straightforward, however. McTaggert-

Cowan et al. (2013) show 30% of TCs to have a baroclinic-type origin, with an optimal TC 

formation efficiency characterized by both barotropic and baroclinic contributions. 

Beyond these guidelines for a favorable large-scale environment and initial disturbance, 

additional circumstances can modulate the likelihood and effectiveness of TC development. For 

example, interaction with other environmental regimes, such as the dry, continental tropical air 

mass of the Saharan Air Layer (SAL), can both help or hinder or TC development. Karyampudi 

and Carlson (1988) show that SAL aerosols positively influence radiative heating and support 

baroclinic wave generation that can enhance tropical disturbance development. Conversely, 

Dunion and Velden (2004) used satellite and dropsonde observations to detail multiple negative 

impacts associated with the SAL on a developing TC, including dry air intrusion, vertical wind 

shear, and increased environmental stability via enhancement of the trade wind inversion. 

Moreover, a cornucopia of oscillations can affect TC genesis, lasting from intra-seasonal 

(e.g., Kelvin and Rossby waves; Frank and Roundy 2006) to seasonal (e.g., El-Nino; Lander 

1994) timescales and beyond (e.g., non-cyclical climate changes; Knutson et al. 2010). 

Liebmann et al. (1994) showed evocative differences in TC genesis frequency between active 

and inactive Madden-Julian Oscillation (MJO; Madden and Julian 1971, 1972) phases within a 

TC season. Cyclone development in general may be modified by changes in the large-scale 

Hadley Circulation (Quan et al. 2004), and vice-versa (Schenkel 2012). Furthermore, longer-

term wave modes which modulate TC formation frequency (e.g., Bell and Chelliah 2006) can be 

used to help inform seasonal predictions of TC activity (Camargo et al. 2007). 
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2.1.2 Maintenance 

All of the above mentioned effects (and certainly more that were not covered) influence the 

organizational structure of a forming tropical disturbance, likely in significant ways that 

constrain the ability for the TC evolve, at least in the short-term. While atmospheric conditional 

instability was previously mentioned as a requirement for TC genesis, there is a conditional 

instability of a second kind (CISK; Charney and Eliassen 1964, Ooyama 1964) that will be 

described as a method for TC development and possibly growth. Wind-induced surface heat 

exchange (WISHE; Emanuel 1986, Emanuel et al. 1994) which treats TC energy processes as a 

Carnot heat engine will also be discussed as an alternative to CISK. Summaries, critiques, and 

commentary on these processes, as well as additional other potential mechanisms for TC 

maintenance inside and out of boundary layer, will be discussed next. 

CISK was developed by Charney and Eliassen (1964) and Ooyama (1964) as a closed 

mathematical system to explain TC maintenance. CISK proposes that TCs form and intensify in 

regions of horizontal convergence co-located with large scale low-level cyclonic vorticity 

associated with pre-existing convection. While conditional static instability is required, the 

“second” condition is a sufficient vorticity field to induce additional creation of moist convective 

cells. Whereas Charney and Eliassen (1964) closed the scheme by relating moisture convergence 

to vertical heating by convection, Ooyama (1964) used boundary layer frictional convergence to 

determine the amount of vertical mass flux (Craig and Gray 1996). In either formulation, low-

level vorticity produces mass convergence that leads to vertical motion outside of the boundary 

layer via Ekman pumping. The amount of latent heat release that sustains further convective 

organization is directly proportional to the heat flux pumped out of the boundary layer. 

While CISK provides insight into a chain of events that plausibly intensify tropical 

systems, there are a handful of deficiencies with the theory. Primarily, CISK requires an 

unending reserve of CAPE to sustain convection; observations of typical environmental 

soundings show relatively moderate levels (e.g., Dunion 2011), with TCs (e.g., Anthes 1982) and 

disturbances (e.g., Garstang and Betts 1974) showing a much more muted energy potential. In 

addition, the CISK system of equations provides a linear feedback mechanism which produces 

much slower intensification rates than are observed in TCs (Schubert and Hack 1982). Moreover, 

surface cyclonic vorticity is required to produce low level convergence; at best, such 

convergence is only of secondary importance for TC intensification (Craig and Gray 1996) and 
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mass convergence is typically seen in a deep layer through low and middle tropospheric levels 

(Frank 1977a, Gray 1979). 

Several modifications to CISK have been proposed (e.g., Wave-CISK, Lindzen 1974), but 

the most currently accepted theory of TC development and maintenance is WISHE (Emanuel 

1986). TC intensification through WISHE occurs through convection by anomalous surface heat 

and moisture fluxes that depend on sufficiently strong surface wind. This corroborated previous 

modeling and observational studies (summarized in Gray 1979) which suggested the “critical” 

role of surface fluxes. Several assumptions are made in WISHE, including a constant relative 

humidity along surface isothermal inflow (with diabatic surface heat flux offsetting adiabatic 

expansion and evaporative cooling) and neutral moist ascent along an equivalent potential 

temperature surface with constant angular momentum. Although latent and sensible heat fluxes 

(the sole sources of diabatic heating assumed here) can be increased with higher wind speed, 

they are limited by frictional dissipation and the oceanic heat content. 

Thought experiments (and verifying modeling studies) by Craig and Gray (1996) confirm 

the WISHE hypothesis that surface heat fluxes seem to be the limiting factor in TC 

intensification. However, WISHE assumes symmetry and sufficient pre-existing wind to gather 

fluxes, both of which do not abundantly appear in weaker TCs (Montgomery et al. 2009). As 

such, neither CISK nor WISHE provide a unified theory on TC maintenance at all intensities. 

Other theories are proposed – such as asymmetric concentrated convective vorticity playing a 

pivotal role (Dunkerton et al. 2008) or other sundry merger processes at low and mid-tropopheric 

levels (variously known as “showerhead,” “top-down,” and “bottom-up” theories: Tory and 

Frank, 2010) – but they are neither as comprehensive nor as well-tested as the previous theories. 

 

2.1.3 Circulation 

Regardless of the precise mechanisms by which energy supports the TC, the transport of 

that energy is better defined. In general, air at low levels of the troposphere rotates cyclonically 

inward to the center. The degree to which the surface circulation is cross-isobaric varies on a 

storm-to-storm basis; Zhang and Uhlhorn (2012) found a mean inflow angle of 22.5
o
 (influenced 

largely by wavenumber-1 asymmetry) with a fairly large standard deviation of 18.3
o
. Near the 

center, there is a larger vertical component of motion which extracts the excess latent heat to 

strengthen the cyclone (per Section 2.1.2). The warm core formed and sustained by this process 
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reduces the pressure gradient along a height surface and induces a thickness maximum in the 

upper troposphere. In order to conserve gradient wind balance, air flow will move outward as it 

ascends and rotational direction will switch, forming a divergent anticyclone near the tropopause. 

As the air moves away from the TC, it slowly descends and may eventually re-enter the surface 

circulation (though Merrill 1988 suggests that such closed streamlines would signal non-

intensification).  

The primary circulatory feature of the TC consists of tangential horizontal airflow, with 

the strongest region near (but not at) the center and just above the surface. In general, the 

circulation remains axisymmetric, though there are asymmetries which tend to hinder near-term 

TC development (Willoughby 1990a). Throughout most of the TC and above the boundary layer, 

this cyclonically rotating circulation is in gradient wind balance (Willoughby 1990b), with a 

balance between the pressure gradient force (directed inward to the low pressure center), the 

Coriolis force (directed perpendicular to the flow and to the right, opposing the pressure gradient 

force), and centripetal acceleration (where the apparent centrifugal force caused by the circular 

rotation also opposes the pressure gradient force). In extremely intense TCs, the Coriolis force 

becomes negligible in the region of maximum winds and the primary circulation is effectively in 

cyclostrophic balance (Willoughby 1995). In addition, Anthes (1982) notes that there is a radius 

(generally around 400 km) inside of which the surface circulation is convergent (and divergent 

beyond). Such a radius of non-divergence at the surface may be a useful storm size metric by 

constraining the reservoir of angular momentum and extent of diabatic heat flux transfer into the 

TC circulation. 

While the TC’s primary balanced circulation is the dominant wind feature, the inflow and 

vertical motion that compose the secondary circulation regulates TC growth and decay. The 

Sawyer-Eliassen equation set, developed by Eliassen (1951), describes such a transverse 

circulation through a diagnostic equation that balances the radial heating distribution with the 

stream-function. Assuming an axisymmetric vortex in hydrostatic and gradient wind balance, 

with constant speed, thermodynamic states, and angular momentum for a given radius, Eliassen 

(1951) uses thermal wind balance to remove the time tendency terms and show that the vortex 

structure (in the shape of a torus moving radially and vertically) is modified by changes in static 

stability (�2), baroclinicity (�), and inertial stability (�): ��� (�2� − ��) +
��� (�� − ��) =

�� ����  ,  (2.1) 
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�2 = − �� ���� ,      (2.2) � = − �� ���� = − 1�3 ���2���  ,    (2.3) � = − 1�3 ���2���  ,     (2.4) 

where � is radius from the TC center, � is the vertical wind, � is the radial wind, � is height, � is 

the diabatic heating rate, � is angular momentum, � is gravitational constant, and � is potential 

temperature. Thus, the magnitude of diabatic forcing regulates the compensating restorative 

stream function that defines the secondary circulation. 

Shapiro and Willoughby (1982) expanded upon the applicability of the Sawyer-Eliassen 

equations to TCs using point heating and angular momentum sources. In particular, they showed 

that the magnitude of the baroclinicity and inertial stability terms  increase with increasing vortex 

intensity. Seen in Equation 2.3, the baroclinicity term acts to tilt flow along a constant angular 

momentum surface near a heat source and along an isentrope near a momentum source; thus in a 

TC, the strength of the warm core  regulates eye and inner core vertical slope. The inertial 

stability (Equation 2.2) was found to be independent of the horizontal scale of the cyclone, but 

related to the maximum wind speed. Therefore, the strength of the TC secondary circulation 

relates directly to the magnitude of the heat and momentum sources (Equation 2.1), which in turn 

are regulated by convective and boundary layer processes. This is corroborated by further 

research from Willoughby (1990a) where aircraft radar data confirm that strong, axisymmetric 

convective rings (a proxy for vertical motion strength in the secondary circulation) are associated 

with intensification of the primary circulation. 

To summarize these theories, there are many internal and external factors that play a role 

in the physical attributes of a TC. The effects of environmental conditions, the amount of energy, 

and the effectiveness of the primary and secondary circulation all serve to constrain the operation 

of the TC. Such impacts manifest through the variety of structural features that compose the TC. 

The next section will examine these features to better understand the types of structural metrics 

that can inform a better understanding of TC evolution.  
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2.2 Dynamics and Physics of TC Features 

 

Given the empirical and theoretical guidelines that regulate the existence of the TC (as 

reviewed in Section 2.1), this second half of the background will connect observed structures of 

the TC to physical models for their existence. A general overview of the whole TC system will 

introduce this section, before moving into specific features of mature TCs starting from the 

center and moving outward. A survey of other considerations relevant to TC structure will close 

out the literature review. 

 

2.2.1 Diagnosing Structure 

Anthes (1982) introduces his analysis of TC structure by observing the broad similarity 

of mature TCs globally. He attributes this characteristic organizational pattern to the generally 

consistent energy source (the upper ocean mixed layer) and the strong forcings associated with 

heat fluxes and latent heat release.  Willoughby (1995) echoes similar feelings, emphasizing the 

axisymmetry of mature TCs near the core and tendency to become more asymmetric radially 

outward as the storm interfaces and blends with the synoptic environment. Additionally, 

Willoughby (1995) adds an interesting fact about the temporal length of TC structures, noting 

that there are features in the TC core that can persist for tens of rotation periods about the center, 

or up to a few days. 

Perhaps the most important seminal analysis of TC structure stems from a trilogy of 

research from LaSeur and Hawkins (1963), Hawkins and Rubsam (1968), and Hawkins and 

Imbembo (1976) wherein three dimensional analyses of TC structure and budgets, principally 

using aircraft data, are performed for case studies of a weak, moderate, and intense hurricane 

(respectively) of varying sizes. Among other things, these efforts produced extensive 

observational evidence for the strength of the warm core, the near-gradient balance of the wind 

field with respect to the pressure field, and showed the majority of vertical motion (and thus 

angular momentum and moisture flux) to occur in the inner-core (i.e. the region of symmetric 

convection nearest to the center). Such efforts benefited from –and further advocated – the use of 

dropsonde and radar data as invaluable methods to accurately detail the TC structure. 

Further work continued to refine comprehensive analyses of the entire TC system. A pair 

of papers by Frank (1977a,b) extended the previous work with aircraft data by compositing cases 
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and also examining the environmental regions about the storms. Among other things, Frank 

(1977a) found preferred quadrants for stronger rainfall and a diurnal cycle of temperature and 

rainfall. That work also provided a schematic view of the TC (reproduced in Figure 2.1a) that 

notes important features: the eye/eyewall, inner and outer rainbands, a moat region, the cirrus 

shield, and the outer circulation. Merrill (1984) created another schematic (reproduced in Figure 

2.1b) using the azimuthal-average surface tangential wind to explain different kinds of changes 

in TC structure. Given the importance of each these observed components, the following 

discussion will more closely review regions of a mature TC.  

 

2.2.2 Eye 

Perhaps the most iconic feature of a TC is its eye. Anthes (1982) provided among the first 

surveys on theories of eye formation, firstly noting that the presence of an eye seems to be a 

crucial step in the TC entering a new evolutionary phase (and that TC intensity tends to stagnate 

without eye formation). Anthes (1982) synthesized eye formation theories at the time into the 

following conceptual model; intense convection near the radius of maximum winds (RMW) rises 

and spreads at the top of the troposphere. There is a positive perturbation pressure produced at 

the center, inducing subsidence and warming until balance is achieved. The bulk of this idea was 

introduced by Willoughby (1979), who hypothesized that the eye is a result of an indirect cell of 

the secondary circulation due to the radial heating gradient. Smith (1980) added to Willoughby’s 

arguments and showed subsidence to result, even without invoking Sawyer-Eliassen theory. 

The leading competing theory was proposed a couple decades earlier by Malkus (1958) 

and Kuo (1959). They posited low-level divergent acceleration out of the eye due to 

supergradient flow just inside the eyewall, maintained by eddy transfer of angular momentum 

from the eyewall. Willoughby (1979) discarded their hypothesis, since only composited studies 

had shown such a wind adjustment inside the eyewall; however, some recent observational case 

studies (e.g., Kepert 2006, Bell and Montgomery 2008) seem to support supergradient wind 

structure near the RMW. Verily, both hypotheses may be valid; a modeling study by Zhang et al. 

(2000) has shown both processes to exist, with the Willoughby hypothesis initiating and 

dominating. However, such model results seem contrary to recent observations that show eye-

like features developing in the lower troposphere before being observed in the upper troposphere 

(e.g., Kieper and Jiang 2012). 
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While the ultimate purpose and mechanism of eye formation remains uncertain (Vigh 

2010), there are many characteristic modes associated with the TC eye. In general, due to 

dynamical considerations of the eyewall (to be discussed next in Section 2.2.3), the eye will tend 

to get smaller. Eventually, a new outer eyewall may form and produce an outer eye that 

encompasses the previous smaller eye. In rare cases of an extremely intense and tightly wound 

TC, a “pinhole” eye will form (e.g., Olander and Velden 2007). In some other cases, a large and 

stable eye with multiple embedded mesovorticies can form (annular storms; described in Knaff 

et al. 2003b, 2008). Eye shape is not always circular, either; Lewis and Hawkins (1982) 

identified polygonal eyewalls which seem to be due to vorticity instability (Schubert et al. 1999). 

The variety of TC eyes is largely influenced by inner-core changes, which are described next. 

 

2.2.3 Inner and Outer Core 

Willoughby (1988, 1995) makes the point that it is physically meaningful to explain the 

TC by axisymmetry due to the relative strength of the primary circulation; more intense TCs tend 

to be more axisymmetric. This aspect usually manifests as “convective rings,” a term coined by 

Willoughby et al. 1982 (hereafter, W82) to refer to symmetric eyewall convective activity. W82 

is a companion paper to Shaprio and Willoughby (1982) and verified the latter’s application of 

Sawyer-Eliassen balance in the TC using aircraft data. In particular, persistent convective rings 

are associated with a local maximum tangential wind. The RMW is usually co-located with such 

a convective ring. W82 also found that TC intensification occurs with active heating in the 

convective ring and an increase of wind speed to the inside of the wind maximum, leading to a 

contraction of the RMW and the eyewall (as well as shrinking of the eye).  

This application of Sawyer-Eliassen secondary circulation theory also applies to 

Secondary Eyewall Formation (SEF). W82 observed that mature TCs will frequently form an 

outer symmetric convective ring, signaling a steady-state or weakening phase. This outer eyewall 

produces a competing secondary circulation which seizes surface inflow and robs the inner 

eyewall of flux convergence. A bevy of research by Sitkowski et al. (2011, 2012) and Kossin and 

Sitkowski (2009, 2012) examines this process in detail; a database of SEF through subjective 

microwave imagery analysis (Kossin and Sitkowski 2009) as well as height adjusted, gridded 

aircraft flight legs (Sitkowski et al. 2011) is related to intensity and intensity predictors (Kossin 

and Sitkowski 2009, 2012) and the thermodynamic evolution of the eye (Sitkowski et al. 2012) 
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following Jordan (1961), Willoughby (1998) and Kossin and Eastin (2001). As a whole, these 

works verify W82 and propose a mean TC core evolution during SEF. A schematic vertical 

cross-section of a TC during SEF is replicated from Willoughby (1988, 1995) in Figure 2.2(b). 

Further studies using airborne radar also supported the work by Shapiro and Willoughby 

(1982) and W82. Jorgensen (1984) found shortly thereafter that the strongest vertical motion in 

the TC was found just inward of the RMW, confirming W82’s results. In addition, following the 

baroclinicity term of the Sawyer-Eliassen framework, the eyewall tended to slope outward with 

height. Hazelton and Hart (2013) extended that work by focusing on the TC intensity and 

eyewall slope relationship, quantifying the slope angle and showing a great deal of case-to-case 

variability. Due to this slope, the updraft itself was also tilted so that most of the falling 

hydrometeors in the eyewall (and thus the radar reflectivity maximum) lies outside the RMW 

(Jorgensen 1984). The presence of stratiform precipitation outside the eyewall and amongst outer 

regions of the storm [shown in the moat areas of Figures 2.1(a) and 2.2(a), and the “brightband” 

region in Figure 2.2(b)] is also noteworthy in that it covers a majority of the TC area and rain 

volume (Jorgensen 1984). Recent work by Rogers et al. (2012, 2013) uses high resolution 

Doppler radar to update and extend these results. Regions of the TC core, defined by 

normalization with respect to the RMW, are shown to exhibits modes of radar reflectivity, 

convergence/divergence, and vorticity that correspond to the previously cited work (Rogers et al. 

2012); particularly, there is an outer peak in upper-level divergence and low-level convergence 

that occurs in the vicinity of where a secondary eyewall forms. 

Willoughby (1988) summarizes theoretical work to show that while TC core processes 

such as SEF seem to come from internal dynamics, processes from outside the core may play a 

role. Recent theories prefer not to rely on outside influences, instead invoking the WISHE 

hypothesis (Nong and Emanuel 2003),Vortex Rossby Waves (e.g. Corbosiero et al. 2006) or 

most recently boundary layer dynamics (Abarca and Montgomery 2013) to create the vertical 

motion perturbation observationally shown in Rogers et al. (2013). However the formation 

mechanism, subjective analyses of convective rings from microwave imagery (e.g., Hawkins and 

Helvestson 2004, Hawkins et al. 2006) allows operational SEF diagnosis and the potential to 

relate such storm structures to TC lifecycle changes. This use of microwave imagery will be 

discussed further in Chapter 4 and 5. The next section will go beyond the core to briefly describe 

the TC structure at outer radii and the TC interface with the environment. 
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2.2.4 Banding and Periphery 

Kepert (2010) plainly notes that not much progress in the nature of spiral bands has 

occurred since work by Willoughby (1978a, b; Willoughby et al. 1984). Anthes (1982) details a 

number of theories on the spiral band formation and evolution as of that time, most of which 

involve upscale growth of some type of wave instability. Willoughby describes a simplified 

barotropic (1978a) and baroclinic (1978b) system in which spiral bands are formed by low 

frequency inertia-buoyancy waves that propagate radially inward and grow via the mean flow 

kinetic energy. In this framework, wavenumber-2 waves were found to have the highest growth 

rate. Furthermore, near the RMW, the bands become absorbed into the eyewall. This potentially 

fits well with the W82 SEF model (see Figure 2.2 (a) for a horizontal cross section of this set-

up). Willoughby et al. (1984) presents an observational analysis of spiral band features (shown in 

Figure 2.3), where the intertia-buoyancy wave theory does not fully fit. Instead, Willoughby et 

al. (1984) suggest there may be a large contribution from a combination of convergence and 

divergence patterns that result from asymmetric environmental wind and storm relative flow. 

There have been a few amendments to those theories in the next few decades. 

Willoughby (1995) relays the previous theories, and adds the plausibility of interaction form 

inertial, hydrodynamic, and gravity wave instabilities. Vortex Rossby Waves (VRW) are 

suggested by Montgomery and Kallenbach (1997) as an alternate mechanism for rainband 

formation through intense convective vorticity structures, though Willoughby (1995) notes that 

such suggested high wavenumber amplitudes could not last long due to vortex symmeterization 

and Wang and Wu (2004) suggest that weak vorticity gradients beyond 80 km could not foster 

spiral band formation by VRW. Further, a modeling study by Wang (2009) related the 

tropospheric heating profiles by spiral bands to TC structure evolution, showing that a tightening 

of the warm core gradient – from the center to the radii of spiral bands – leads to intensification 

while a relaxing of the gradient leads to weakening but storm size growth. Moon and Nolan 

(2010) additionally describe how the TC circulation is modulated by heating strength and 

location in both convective and stratiform rainbands. 

From a phenomenological perspective, the nature of TC convection occurring in spiral 

bands was not known until their first observations on radar (Anthes 1982). However, shortly 

thereafter, extremely influential work by Senn et al. (1957) and Senn and Hiser (1959) 
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quantitatively and qualitatively characterized the spiral band. Based on the radar presentation of 

spiral bands, Senn et al. (1957) introduced a logarithmic spiral modified to start at an inner radial 

circle (i.e. the inner-core or eyewall) rather than the center itself. An analysis of logarithmic 

spiral length has been quite useful in diagnosing intensity (e.g., Dvorak 1984). Senn et al. (1957) 

also tentatively introduced the idea that low-latitude TCs have lower spiral crossing angles than 

higher latitude storms, possibly due to storm motion. Senn and Hiser (1959) showed that spiral 

bands propagate outward; however, Willoughby (1978a) argues that some rain bands actually 

propagate inward when taking into account storm motion. In general, Anthes (1982) suggests 

that there may be three types of spiral bands based on movement: stationary (non-propagating), 

apparent propagation (stationary with respect to the TC center), and intrinsic propagation. 

Beyond the spiral bands, the TC still seems to affect the nearby environment (and vice 

versa). Although Frank (1977a) showed significant vertical velocities only occur within the 

innermost 4
o
 of the TC, cyclonic inflow can extend well beyond 10-15

o
 from the TC center. In 

contrast, Merrill (1984) found the radius of the outermost closed isobar of the TC to only be 4-6
o
 

on average, depending on the basin. Either way, the influence of environmental flow in these 

outer TC radii seems to be important for TC structure evolution, providing the opportunity to 

help or hinder TC development by upper-level outflow (Merrill 1988) and affect patterns of 

vertical motion (Frank and Ritchie 1999). Perhaps most common, vertical shear can severely 

distort the TC symmetry (e.g., Wimmers and Velden 2010) and affect current and future 

intensity (e.g., Dvorak 1984). Furthermore, a variety of interactions with atmospheric systems 

such as other tropical cyclones (e.g., Lander and Holland 1993), upper level troughs (e.g., 

Handley et al. 2001 and Leroux et al. 2013), and even the normal steering flow (e.g., Holland 

and Evans 1992) affect the energy distribution and circulation of the TC. 

 

2.2.5 Other Considerations 

Beyond the principal features of the mature TC, there are other possible aspects that 

feature into a structure analysis. Importantly, cyclones exist along a spectrum of thermodynamic 

and dynamic conditions, and the TC fits into a niche section of this continuum. Hart (2003) 

distills the variety of cyclone modes into a three-dimensional phase space, consisting of 

thickness symmetry, upper level thermal wind, and lower level thermal wind. TCs sometimes 

transition to and from subtropical (e.g., Guishard et al. 2009) and extratropical (e.g., Jones et al. 
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2003) modes, complicating forecasting interpretation. For example, due to operational challenges 

with the complex structural evolution of Hurricane Sandy (Blake et al. 2013), the NHC has 

recently begun issuing post-tropical cyclone advisories to assume forecasting continuity. While 

the research in this prospectus focuses on mature tropical modes, it is fully possible for future 

work to further document TC structures in complex transitional amalgams. 

Lastly, in operational forecasting, the ability to correctly assimilate the environment and 

TC structure likely has large impacts in dynamical weather prediction of TCs. While recent high 

resolution modeling experiments show that operational models can produce realistic TC-like 

structures (e.g., Gopalakrishnan et al. 2011 and Guimond et al. 2011), verifying that structure 

with satellite observations (Zelinsky 2013) can yield extremely large differences to reality. Work 

by Xue and Dong (2013) suggests that data assimilation of TC intensity and radial wind structure 

requires much more time than is operationally given for the model to properly treat and balance 

real-world information. Given the important relationship between the TC’s structural 

presentation and intensity (as demonstrated throughout this chapter), these results do not bode 

well for near-term model forecast development. 

Overall, there are several features of the TC that play important roles in continued 

existence of that TC. Structures such as the eye, convective rings, and rain bands are signals 

about the success of the Sawyer-Eliassen balance and WISHE mechanisms. Although much 

information has been known about these features (especially since the 1980s), there has been 

little work in defining, gathering, and assessing all the known varieties of these structures. As 

seen in the poor treatment of structure in models, this fact is likely to the detriment of TC 

forecasting. The remainder of this document will present research on metrics that can be used to 

diagnose TC structure, possibility for such uses as aiding real-time identification and model 

verification, and explore the expansion of routinely recorded structures and their influence on 

updating TC lifecycle theories. 

  



21 

 

(a) 

 

 

 

 

 

 

 

 

 

 

 

 

(b) 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.1: Schematic illustrations of axisymmetric TC structure, based on: (a) notable features 

as produced by Frank (1977a), and (b) different modes of changes in TC structure by Merrill 

(1984). 
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Figure 2.2: Two schematics of TC structure from Willoughby (1995). (a) Horizontal cross-

section of structural features as presented by radar. (b) Vertical cross-section of the same 

structural features and their relation to the secondary circulation described in Eliassen (1951) and 

Shapiro and Willoughby (1982). 
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Figure 2.3: Conceptual model of the scope of a TC, the flow inside and about it, and the 

embedded spiral bands that compose it – from Figure 18 of Willoughby et al. (1984). 

 

 

  



24 

 

CHAPTER THREE 

THE CLIMATOLOGICAL RELATIONSHIP BETWEEN TROPICAL 

CYCLONE INTENSITY AND CORE STRUCTURE USING 

OPERATIONAL METRICS 

 

Note: This chapter is a full exert of a publication submitted and in revision (as of this 

writing) in Monthly Weather Review, a journal of the American Meteorological Society. 

 

3.1 Introduction 

 

Research aimed at assisting and improving operational forecasting of tropical cyclones 

(TCs) has for the past few decades largely focused on a few specific areas, namely numerical 

modeling and track and intensity guidance. For example, a majority of research funded through 

the Joint Hurricane Testbed (JHT) involves the enhancement of dynamical modeling or model 

post-processing (Rappaport et al. 2012). Given that improvements in track forecasting skill over 

the past few decades are largely due to upgrades in dynamical models (Franklin et al. 2003), such 

an emphasis in funding is understandable. Despite the fact that research on intensity forecasting 

aids holds the highest priority at U.S. forecasting agencies (Rappaport et al. 2012), there has as 

yet been no significant trend in the skill of official intensity forecasts since the early 1990s 

(Cangialosi and Franklin 2013). 

Although TC track and intensity changes are inextricably linked – Burpee et al. (1996) 

showed that additional wind profile observations near and inside the TC significantly reduced 

numerical guidance track forecast errors – DeMaria et al. (2014) show that the short-term TC 

intensity model forecasts have only improved at a fraction of the rate of TC track model 

forecasts. This disparity occurs despite ever-increasing guidance from in-situ observations, 

satellites, and models. The paradox between improving track forecasts and relatively stagnant 

intensity forecasts implies that better environmental observations (especially steering flow) and 

their model assimilation is indeed the key to track forecasting, but it does not necessarily 

translate into an accurate representation of the TC itself.  
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There are a variety of possible factors that can contribute to stagnation in TC intensity 

forecasting. Torn and Snyder (2012) imply that uncertainty in intensity estimates represent a 

barrier to significant improvements in predictability. Indeed, Landsea and Franklin (2013) 

confirm that the uncertainty in TC intensity (~10 kts) roughly corresponds to current 24-h 

forecast errors at the National Hurricane Center (NHC). Large and possibly irreducible 

uncertainties in the observation and measurement of intensity (as described above), the 

improbability of accurately finding the strongest winds (Uhlhorn and Nolan 2012), and problems 

defining a usable yet practical metric of intensity (e.g., Knaff and Harper 2010) all suggest there 

may not be an easy solution. Conversely, the success of preparing an abundance of observing 

platforms and derived products for TC observation and forecasting in field campaigns (e.g., 

Hawkins and Velden 2011) promotes the idea that progress in diagnosing intensity may yet be 

possible. In this latter paradigm, a continuous observation throughout the TC itself – rather than 

focused on the environment – facilitates a better understanding of TC physical processes from 

the research perspective. If such is the case, then applying a similar methodology to real-time TC 

diagnosis and forecasting would seem to be a potential starting point to re-examine the intensity 

forecasting problem. In short, it may be useful to refocus the intensity change problem away 

from the environment and to at least equal consideration of the TC itself. 

Based on incomplete observation of the TC itself in an operational environment, a dearth 

of TC structure diagnostics is clearly a problem. There are a variety of processes at the mesoscale 

that serve to affect TC structure and intensity (Wang and Wu 2004). Rappaport et al. (2009) note 

that assessing forecasts of storm structure would be difficult given the current observational 

capabilities of such phenomena. Thus, methodical observation of TC structure is currently 

neglected due to difficulty in diagnosing it, despite the fact that structure is related to TC 

intensity.  

To address this problem, the following work provides some new steps to relating TC 

structure to its intensity through time. In particular, intensity and structure metrics currently used 

in an operational forecast environment are examined and systematically inter-compared. Section 

3.2 describes the relevant data as it is created and archived by operational TC forecast centers in 

the U.S. and previous research using such data. The methodology for this research is then 

described in Section 3.3. Section 3.4 will examine some of the spatial and frequency aspects of 

currently available operational data. That data are then compared to current and future TC 
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intensity and structural modes in Section 3.5. The paper concludes with an outline of the main 

results and their implications. 

 

3.2 Background 

 

3.2.1 Operational TC Data 

Digital archival of TC information at NHC began with Hope and Neumann (1968) to 

show past TC impacts at Cape Canaveral in support of space program efforts. Such an archive 

provided the ability to forecast TC tracks by analogs (Hope and Neumann 1970), as well as 

contribute to a climatology and persistence model of tracks (CLIPER; Neumann 1972). Jarvinen 

and Neumann (1979) created a similar statistical method to forecast TC intensity (SHIFOR). 

Historical information on TCs continued to be expanded, with Jarvinen and Caso (1978) creating 

the HURricane DATa (HURDAT) archive that expanded backward in time and revised more 

recent records, which now included the TC location, storm type, maximum sustained wind 

(MSW), and minimum sea level pressure (MSLP) at every synoptic time. Over the next few 

decades, the HURDAT database continued to be maintained and updated (e.g., Jarvinen et al. 

1984), including the additions of landfall information and Saffir-Simpson category (Simpson and 

Saffir, 2007). Further updates entail efforts to reanalyze and revise historical TC records since 

the mid-nineteenth century (e.g., Fernández-Partagás and Diaz, 1996; Landsea et al. 2008) based 

on updated analysis methods and additional gathered data. The sum of these efforts became 

known as the “best track,” the comprehensive and authoritative analysis for use in verification 

and other studies (Rappaport et al. 2009). Non-operational efforts added storm size if available – 

specifically the eye diameter, radius of maximum winds (RMW), wind radii at the 34-, 50-, and 

64-kt thresholds, and radius/pressure at the outermost closed isobar – to create an “extended best 

track” (Demuth et al. 2006). Though these parameters came from an operationally-derived 

patchwork of non-homogeneous sources, including climatology and subjective estimation, the 

extended best track greatly facilitated analysis of TC sizes. These parameters were later absorbed 

into NHC operations in 2004, despite measurement and verification inadequacies (Rappaport et 

al. 2009). Landsea and Franklin (2013) further detail the availability of TC information in their 

introduction of the revised Atlantic hurricane database (HURDAT2). 
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Best track information became a component of the Automated Tropical Cyclone 

Forecasting (ATCF) system, which organizes most operational forecast packages and tools into 

one software suite. Originally created for the Joint Typhoon Warning Center (JTWC) to 

streamline TC forecasting operations (Miller et al. 1990), it has since been updated to ingest data 

from models and other objective aids as well as retain an archive of a wide array of operational 

TC data, such as a “working” best track, model forecasts, and TC position/intensity estimates 

from aircraft, satellite, and subjective analyses (Sampson and Shrader, 2000; Rappaport et al. 

2009).  

Notwithstanding the variety of TC data created in the forecast environment, there are 

only a handful of metrics that quantify the TC’s own structure. Besides intensity indices (MSW 

and MSLP), the only forecasted and preserved structural quantities are various measurements of 

storm size (and those are almost exclusively maximum wind field thresholds). And although 

forecast guidance from numerical models (especially those at high resolution) have the 

possibility to output a diverse array of objective TC structure diagnostics, model ATCF output is 

also limited to storm size measures (if produced at all). Table 3.1 describes the best track and 

model output file formats within the ATCF database. There are several other fields that convey 

TC structural features, but their usage is inconsistent between forecasters/operational centers 

(e.g., eye size, radii of 12 ft seas) or the fields are simply unrigorous codes to initialize objective 

aids (e.g., depth of the TC). Only the heretofore undefined ATCF “fix-files” may provide further 

TC structure guidance. 

ATCF fix files were created to provide forecasters additional estimates on the TC position 

and intensity from from a variety of sources (e.g., satellites, radar, aircraft, forecasters). There are 

common fields as well as specialized depending on the platform; as such, the file format is quite 

complex. While many of the sources that inform fix entries can provide details on TC structure, 

the only one to do so with some regularity (at least in the Atlantic basin) is the aircraft fixes. 

Particularly, the Vortex Data Messages (VDMs), which provide aircraft-derived inner-core 

information (see Piech 2007 and Vigh et al. 2012 for more information on VDMs), compose a 

significant part of the ATCF aircraft fixes climatology. Table 3.2 shows the possible fields 

associated with aircraft fixes. Note that there are additional structural variables available, 

including flight level winds/heights, temperature and dewpoint, and eye shape estimates. 

However, an eye is only reported by aircraft if the eyewall’s convective ring (Willoughby et al. 
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1982) wraps at least halfway around the center (Weatherford and Gray 1988a). Next, related 

previous research that examined some structural metrics that can be found in the ATCF database 

will be discussed. 

 

3.2.2 Prior Work 

Among the first analyses that examined a collection of operationally-derived TC 

structures was Merrill (1984). He compared operational subjective surface analyses of the radius 

of the outermost closed isobar (ROCI) for TCs in the Atlantic and west Pacific with the best 

track information from NHC and JTWC. He confirmed previous studies (e.g. Brand 1972) that 

found an increase in TC size with poleward latitude, showed larger TCs occur more frequently 

near the end of the season, and demonstrated that Atlantic TCs are considerably smaller than 

west Pacific TCs. There was also a weak positive correlation (r
2
=0.28) between intensity and 

size. Further, Merrill (1984) related angular momentum transport to TC characteristics, showing 

growth, maintenance, and poleward motion to all have much higher angular momentum 

requirements than intensification and strengthening. 

Weatherford and Gray (1988a,b) expanded upon the work of Merrill (1984) by using a 

three-year collection of 700 mb aircraft reconnaissance data from the west Pacific.  Weatherford 

and Gray (1988a) defined the TC “outer core” as the region between 1 and 2.5 degrees from the 

center, and compared intensity, eye, and 50-kt wind radii measurements with climatological 

parameters (such as time of year and location) and the outer core strength (OCS; defined as the 

area-averaged wind speed in the outer core). As with Merrill (1984), they found the intensity to 

be largely independent of the OCS. Phase diagrams of OCS and 50-kt radii versus MSLP showed 

high scatter between changes in storm size/strength metrics and intensity (Weatherford and Gray 

1988b). However, when the eye size was also considered as a constraint between MSLP and 

OCS, there was a stronger relationship. All else equal, TCs with smaller eyes tended to have a 

higher intensity and smaller size/strength (later theoretically shown by Pendergrass and 

Willoughby 2009); storms without an eye exhibited the largest size/strength and weakest 

intensities. Average tangential wind profiles stratified by eye size and intensity (Figures 20 and 

21 in Weatherford and Gray 1988b) show that TC size and OCS can be distinguished to first 

order by knowledge of these two variables. 
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However, a few studies showed greater success in relating aircraft wind profiles to 

Atlantic TC intensity. Samsury and Rappaport (1991) subjectively characterized about a decade 

of TC radial wind profiles over > 26
o
C water by their shape, classifying them into five different 

regimes. Each of these profile types is associated with a different short-term intensity change 

pattern, providing evidence that changes in intensity may be related to storm size (or at least 

shape). Further, Samsury and Rappaport (1991) also speculate about each wind profile regime in 

the context of the TC lifecycle, relating inner-core changes to those explained by Willoughby et 

al. (1982). Also in contrast Weatherford and Gray (1988a,b), Croxford and Barnes (2002) 

showed a very high positive correlation (r
2
=0.71) between intensity and inner-core strength (ICS, 

which averages 65-140 km radii) for Atlantic TCs using aircraft reconnaissance data around 

850mb, as well as a moderate negative correlation (r
2
=0.45) between intensity change and 

changes in size/strength over 18-h periods. 

More recently, Kimball and Mulekar (2004) present the broadest study to date on 

operational TC structure data, examining 15 years of Atlantic extended best track parameters 

(Demuth et al. 2006) before that data became absorbed into the ATCF system. Results of this 

study confirmed and expanded upon that of Weatherford and Gray (1988a), showing larger 

storms occur more poleward and later in the year, on average. Furthermore, Kimball and 

Mulekar (2004) found September to have the strongest and largest storms; as hurricane season 

progresses into fall, the intensity and size of the strongest winds shrink while the outer wind radii 

remain large. Hurricanes with Saffir-Simpson categories < 3 tended to have larger eyes/RMW 

and also tended to intensify, aligning well with studies on eyewall contraction (e.g., Willoughby 

et al. 1982;  Kossin and Sitkowski 2012). Intensifying TCs also generally exhibited smaller wind 

radii than their weakening or steady state counterparts, implying size itself as a constraint 

(though this may say more about the storm age and stage of TC development). 

Piech (2007) expanded research on TC eye structure by manually gathering VDMs as a 

more consistent database of TC eye characteristics than the extended best track. The frequency of 

thermodynamic variables showed a trimodal distribution, consistent with the three approximate 

flight levels (1500 ft, 850 hPa and 700 hPa). Interestingly, Piech (2007) noted favored time 

intervals for elliptical and concentric eyewall occurrence after eye formation, speculating that 

eyewall shape may be an important indicator of future inner-core structure, and confirming the 

possible cyclical evolution of TC structure shown by Samsury and Rappaport (1991). A two-
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dimensional distribution of observed frequency in a phase space of intensity/eye size was also 

shown, foreshadowing the possibility of analog intensity forecasting based on a TC evolution 

trajectory through that space.  

Murray (2009) updated Piech (2007) using ATCF fix files – focusing on flights at 700mb 

– and the CARQ
1
 entries in the ATCF aid files to test two intensity forecasting tools that used 

aircraft reconnaissance eye information. A simple climatological forecast tool using only the eye 

size and TC intensity showed skill in predicting short-term intensity change. Further, a multiple 

linear regression of various linearly and non-linearly combined VDM information demonstrated 

out of sample skill even over SHIPS at many forecast times and initial intensities, suggesting that 

there may be significant benefit in using TC structural information to predict the future state. 

Unfortunately, such a tool could only be activated when an aircraft gathered data for a VDM, 

creating inherent monetary and spatial limitations for the generation of these forecasts. 

Musgrave (2011) used a similar methodology to Kimball and Mulekar (2004)  and Piech 

(2007) by using VDMs to show the distribution of eye size within the Atlantic basin by intensity 

as well as using storm age relationships. Vigh et al. (2012) focused on a thorough examination of 

the initial formation of TC eyes based on VDMs, noting that banding is often a precursor to eye 

formation and that aircraft observed eyes can precede the first eye observance on infrared 

satellite. The latter work also examined environmental data from the SHIPS developmental 

dataset compared to the first eye formation, noting that thermodynamic variables were 

particularly favorable and the vertical shear distribution was positively skewed. 

There are also alternatives to current operational TC structure products. Powell et al. 

(1998) describe the H*WIND package as a method to better analyze the full two dimensional 

surface wind structure of the TC by synthesizing multiple data sources into a single objective 

analysis. When compared to the ATCF wind radii, Moyer et al. (2006) found the estimates to be 

largely compatible, although H*WIND radii tend to be larger than the operationally derived 

maximum radii. Moreover, because large and moderately intense TCs may be more destructive 

than very intense but compact TCs, Powell and Reinhold (2007) proposed an Integrated Kinetic 

Energy (IKE) scale to combine intensity and size/strength into a single damage potential metric. 

                                                 
1 “CARQ” (Combined Automated Response to Query) is the technical acronym used in the ATCF to denote the 

initial “working” best track inputs created in real-time by NHC hurricane specialists. It is used by Murray (2009) to 

realistically simulate available information in an operational setting. See Halperin et al. (2013) for more information 

on CARQ. 
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Musgrave et al. (2012) related IKE and MSW in a balanced vortex model, showing that a TC’s 

intensity and size changes are both dependent on the vorticity and diabatic heating profiles in the 

inner-core. In general, alternative metrics such as IKE provide amalgams of intensity and size 

parameters already in operational use, but without providing new information on how the TC 

structure itself relates to TC evolution. 

 

3.3 Methodology 

 

The current study updates and builds upon the previous work (especially Piech 2007 and 

Murray 2009) by focusing on details of the storm core, as assembled from the ATCF database, to 

quantify core structure and relate that to the storm state at later times. In the spirit of the 

“extended best track,” three datasets that span globally are created by the fusion of multiple data 

sources. Firstly, aircraft VDM messages in the ATCF fix files were merged with NHC and 

CPHC data, so that the pertinent VDM structural information could be compared with the nearest 

best track variables. To facilitate intensity change comparisons, TC intensities from 24 hours 

before to 120 hours after the reported time are found. 

Two versions of this forecaster-aircraft fusion of TC data were created: one using the 

finalized best track information (to take advantage of the post-season analysis for the most 

accurate TC analysis), and one using the operational working best track (to simulate real-time 

information in a forecast environment) using the ATCF CARQ entries. While the CARQ data are 

generally entered at the beginning of the forecast cycle (typically 15 m before to 45 m after the 

synoptic time), there is no fixed time for a hurricane specialist to prepare the CARQ information. 

Thus, aircraft VDM information observed in the middle of the forecast cycle up to 1.5 h after the 

synoptic time may or may not inform the CARQ synoptic time entry, depending on the novelty 

of the new information (J. Franklin, personal communication, 2014).
2
 Figure 3.1 shows the 

occurrence of an aircraft VDM fix relative to the synoptic time: while 23.9% of those 

observations occurring in the first 1.5 h of the synoptic time cycle, the maximum relative 

observational frequency occurs in the hour prior to the synoptic time. The temporal locations of 

                                                 
2 Due to the “essential” nature of the aircraft data (Rappaport et al. 2009) to assess the TC initial state, it is important 

to caveat the somewhat non-independent relationship between a VDM and the CARQ entry that may seem to 

precede it when inferring potential forecast applications using the CARQ and VDM data. 



32 

 

these VDMs indicate deference to maximizing new information around the forecast cycle for 

operational products, boding well for their use in possible new forecast tools. 

Going beyond the VDMs, hurricane specialists at NHC and CPHC have estimated eye size 

for the public advisory (3 h forecast) time in their OFCL forecast package since 2001. These eye 

sizes are smoothed from radar-derived recon reports (generally in the lower troposphere) or 

subjective assessment of satellite imagery (J. Franklin, personal communication, 2014); in either 

case, there is no standardized reporting method for OFCL eye sizes. In contrast to NHC and 

CPHC, JTWC has routinely provided estimates of the eye diameter in their publically released 

best track since 2001 (in addition to some TC size information as permitted by the best track 

format shown in Table 3.1). Thus, a new global intensity and structure analysis of TC core sizes 

could be performed using the OFCL data for the Atlantic and east/central Pacific as well as the 

best track data for the JTWC domain (which covers the West Pacific, South Pacific, and Indian 

Ocean). In theory, this could help facilitate an updated comparison with Weatherford and Gray 

(1988a,b) as well as global comparisons by basin (as Merrill 1984). Although the RMW is not 

directly proportional to eye size, it is also routinely estimated by NHC, CPHC, and JTWC, and 

will also be compared to the VDM information.  

In pursuit of relationships among these ATCF structural parameters and intensity change, 

several types of graphical analyses are performed. Frequency distributions and maps of the 

intensities and structure data are shown as a starting point. All information about the TC core is 

analyzed, including both intensity metrics (i.e. MSW and MSLP), RMW, eye size, eye shape, 

eye temperature and dewpoint, core temperature, aircraft flight level, and time rate changes of 

the previous information. Derived essential dynamical TC parameters – angular momentum, 

inertial stability, and Rossby number – are also calculated at the RMW. To facilitate the 

visualization and potential forecasting of a TC’s structural change, we develop analyses in an 

intensity and structure phase space. Scatterplots and two-dimensional histograms of the eye 

size/RMW versus intensity are produced to visualize the existence of TCs in such a framework. 

Further, derived dynamic parameters and VDM thermodynamic information are also averaged in 

that space to show how intensity and core size and can constrain other structural aspects of a TC; 

ultimately, such information can be compared to theories on the TC structural life-cycle. Finally, 

the intensity-core size phase space is also used to demonstrate the TC lifecycle (both the mean 
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evolution of numerous storms or a case study). Through these efforts, the potential utility of TC 

structure to further understand and diagnose TC evolution will be examined. 

 

3.4 Distribution of Data 

 

3.4.1 Spatial Representation 

The spatial scope of each of the datasets is mapped out in Figure 3.2. Note that each of 

the data shown represents a 12-year period (2001-2012), except for the VDMs which span 24 

years (1989-2012). Despite the short period of record, the global best track RMW record in 

Figure 3.2a has a spatial distribution that compares well with the longer climatological record 

(e.g. Knapp et al. 2010). However, the lower sampling density of eye sizes becomes evident in 

latter images. Figure 2b shows the bias of aircraft reconnaissance to sample TCs close to 

landmasses in the NHC/CPHC areas of responsibility, as a result of both the physical limitation 

of the observation platform and those TCs having higher population threat and forecasting 

interest. Also note that some cases have bursts of observations (as shown by consecutive closely 

followed dots) in between areas of no observations; VDMs can occur multiple times for a given 

reconnaissance flight, but the plane cannot continuously observe the storm. This is contrasted to 

Figures 3.2c and 3.2d, where the space between observations is more uniform (by design 

corresponding to synoptic time intervals). These latter data appear to be more sporadic in the 

available time period, especially in the central North Pacific, western South Pacific, and North 

Indian basins. 

 

3.4.2 Distributions 

 To convey the importance of structural information in TC analysis, most of the remaining 

figures will illustrate concepts in a core size/intensity phase space. For example, Figure 3 shows 

a pair of two-dimensional histograms of the observed frequency of RMW-MSW combinations, 

using the data in Figure 3.2a. Figure 3.3b shows a smoothed version of Figure 3.3a to better 

reveal general features. This distribution primarily shows weak, relatively broad TCs occur most 

often. The overall fit is qualitatively as a rectangular hyperbola, with weak TCs consolidating 

until near hurricane intensity (65 kts). Stronger storms tend to have smaller RMW as 

theoretically expected; if a TC has constant angular momentum at the RMW, decreased radius 
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implies higher velocity. Such a distribution is also consistent with the assumptions in TC genesis 

and intensity theories (e.g., Emanuel 1986; Eliassen 1951).  

Anthes (1982) noted that the presence of an eye seems to be a crucial step in the TC 

entering a new evolutionary phase; TC intensity tends to stagnate without eye formation. Since 

these storms often provide the greatest interest and forecasting challenges, only TCs that reach 

this critical developmental stage will be examined. The frequency distribution of VDM cases in 

Figure 3.2b is gridded through an eye size/MSW phase space in Figure 3.4. As in Figure 3.3, the 

raw data are shown in Figure 3.4a while Figure 3.4b displays a smoothed representation. 

Particularly, there are two overall frequency maxima, centered at (20 nm, 80 kt) and (20 nm, 

120kt). This seems to fit well with the secondary eyewall formation theory (SEF) of intensity 

change from Willoughby et al. (1982) and observational work from Sitkowski et al. (2011), 

especially as both maxima are seen to stretch into higher eye sizes. The multiple maxima are also 

shown when intensity is represented by the best track MSLP, as shown in Figure 3.5. A curious 

feature of both of these figures is the shape of the domain, which is vaguely triangular. This 

observed space seems to be corroborated by the eye size distribution of west North Pacific TCs 

found in Weatherford and Gray (1988a,b), as reproduced in Figure 3.6. 

The extent to which other incarnations of eye size data conform to the triangle profile in 

the core size/intensity phase space is explored in Figure 3.7. In particular, Figure 3.7a reproduces 

Figure 3.4b except reducing the period of record to 1991-2012 to match the real-time CARQ 

intensity estimates in Figure 3.7b. Although there are slight differences, based on whether 

updated estimates of intensity were used to amend the best track, they largely occupy the same 

spatial distribution and maxima profiles. While the best track data represents the best estimate of 

the TC state, the CARQ data has a longer record of RMW estimates and provides a direct real-

time forecasting perspective. Therefore, the CARQ data will be preferred when possible in 

further eye size/intensity space discussions. However, reconnaissance flights are performed at 

different altitudes depending on the specific circumstances. Due to differences in TC mechanics 

at different altitudes (affecting comparisons of eye subsidence, eyewall tilt, momentum 

processes, etc.), the most sampled flight level for storms with eyes (700 hPa; see Table 3.3) will 

be used for thermodynamic and dynamic analyses. The consequence of limiting some analyses to 

700 hPa is to further limit the number of cases (Figure 3.7d) and biases the sample to the 

strongest observed storms. Table 3.4 gives statistics on the observed eye sizes, types, and 
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intensities of storms based on the flight level. While the average and variance of eye size at 700 

hPa is comparable to the others, sampled TCs tend to be much stronger (higher MSW and lower 

MSLP). Additionally, the relative percentage of concentric (elliptical) eye type is slightly higher 

(lower). 

An additional comparison can be made between the distribution of aircraft-estimated eye 

sizes in the VDMs and forecaster-estimated eye sizes. Figure 3.7e shows OFCL eye sizes from 

2001-2012 in the Atlantic and east/central North Pacific. While the maxima in eye size/intensity 

combinations compares well to VDMs from the same time period (Figure 3.7c), there is a 

notable under-representation of large eyes. A similar bias is also noted in the JTWC best track 

eye sizes (Figure 3.7f), which prefers medium to small eyes, even though western Pacific storms 

(and eyes) tend to be larger (e.g., Merrill 1984, Weatherford and Gray 1988a). JTWC data also 

exhibits an even more pronounced bias in the strongest TCs than the 700hPa VDM data in Figure 

3.7d. Note that because ATCF eye sizes are unfortunately rounded to the nearest 5 nmi, it is 

difficult to compare the smallest eyes between datasets. Despite these differences, all the 

different frequency distributions in Figure 3.7 do exhibit the same general triangular eye 

size/intensity TC existence space, bolstering the idea that core structure provides new 

information when related to intensity as they are currently measured. 

 

3.4.3 Composites 

Compositing cases to produce average evolution of TC core structure and intensity is the 

next goal. However, Vigh et al. (2012) showed substantial variability among storm age, intensity, 

and the time of eye formation among TCs (and even more when comparing VDM data to 

infrared imagery), possibly making such an endeavor difficult. Table 3.5 aggregates statistics on 

the average eye size, intensity, and storm age at the time of eye formation and inter-compares 

these relationships between the different datasets. Consistent with Vigh et al. (2012), eyes tend to 

form below hurricane intensity in the VDM dataset. However, as in Figure 3.7, TCs in the OFCL 

and JTWC datasets are stronger compared to VDMs when an eye is first developed and suggests 

that the presence of an eye may be delayed in the former data. While the similar average storm 

age and time from maximum intensity between the VDM and OFCL data sheds doubt into the 

differences between eye formation time estimates, Table 6 uses homogenous cases between the 
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VDM and OFCL data to show that the development of an eye is usually preceded in the VDM 

data 12 hours before the OFCL eye formation time. 

When comparing TCs with eyes to all observed TCs, other complexities in TC evolution 

emerge. Figure 8 shows a boxplot of the average time for a TC to first reach the specified MSW 

intensity threshold, with OFCL eye formation time statistics superimposed (note from Table 3.5 

that the OFCL time statistics are very similar to that of the VDMs). On average, intensification 

occurs steadily from genesis to near hurricane intensity (65 kts) about two days later, when an 

eye climatologically forms (confirming Vigh et al. 2012). At this point, TCs that eventually 

make major hurricane intensity (100+ kts) or category 5 intensity (140+ kts) will intensify at a 

much quicker rate, reaching those respective milestones at 3 and 4-5 days from genesis on 

average. This transition point near hurricane intensity was also found by Emanuel (2000), where 

a bimodal slope regime fit the cumulative distribution of TC frequency with respect to 

normalized wind speed. Figure 3.9 also corroborates the fact that 1 to 3 days from genesis is an 

important window for TCs to achieve an eye, with the percentage of TCs that have an eye 

generally leveling off (and increasing more slightly with storm age) after that time in both the 

VDM and OFCL datasets. The preference for aircraft to observe TCs with eyes is also shown in 

Figure 3.9 as well as Figure 3.10, where the percentage of TCs with eyes is shown by intensity. 

The tendency for VDMs to show an eye in weaker storms compared to OFCL data are also more 

evident in Figure 3.10. 

Despite the variability in storm evolution – the time it takes and circumstances that 

influence eye development and intensity change – there are interesting patterns that occur when 

cases are composited. Composite storm evolution for different subsets of TCs as observed in 

VDMs is shown in Figure 3.11. In general, a linear decrease in pressure occurs 12-24 h before 

eye formation and continues until about 3 days after eye formation. During this time a concentric 

eyewall becomes more favored, though there are also cyclical likelihoods of an elliptical eye; 

this is especially evident when only those cases in the Gulf of Mexico that achieve a 100+ kt 

intensity are composited (Figure 3.11c). While the composited eye sizes tend to only slightly 

increase after 3 days and slightly contract afterward, an average pattern of increasing MSLP 

followed by enhanced elliptical eyewall probability followed by a maxima of concentric 

eyewalls occurs in the 4-6 days after eye formation. While a similar intensity evolution is shown 

when the time since OFCL eye formation is used (Figure 3.11d; compositing equivalent to 
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Figure 3.11b except for a smaller temporal subset), there is a much less obvious pattern of eye 

size and shape. Further tests were performed to composite cases with respect to different 

temporal milestones, but using the VDM eye formation time yielded the strongest signal. The 

following section will examine TC differences based on eye size and intensity.  

 

3.5 Structure and Intensity Relationship 

 

3.5.1 Thermodynamic and Dynamic Information 

To provide a more thorough analysis of how intensity and eye size further relates to the 

TC’s evolutionary stage, the remainder of this analysis will use the combined VDM and CARQ 

structural information valid at 700 hPa (as in Figure 3.7d). Thermodynamic information 

collected from aircraft VDMs is shown in Figure 3.12 and seems to align well with Eliassen 

(1951) and Shapiro and Willoughby (1982) who directly relate the strength of the TC circulation 

to the radial temperature gradient. This relationship is quantified by the Sawyer-Eliassen 

baroclinicity term also representing thermal wind balance: � = − �� ���� = − 1�3 ���2���  ,    (3.1) 

where � is gravitational constant, � is potential temperature, � is radius from the TC center, � is 

angular momentum, and � is height. The strength of the subsidence in the eye due to the indirect 

circulation is indicated by the maximum eye temperatures in Figure 3.12a, with stronger storms 

and smaller eyes showing a more intense warm core. Figures 3.12b and 3.12c relate more 

directly to the temperature gradient. The former shows the minimum temperature in the TC 

inner-core, while the latter conveys a proxy for the thermal gradient between the eye and the 

inner-core; as expected, a stronger temperature difference occurs for stronger TCs with smaller 

eyes, implying the strongest gradients occur over short distances with large temperature 

differences. Likewise, stronger storms with smaller eyes show a greater eye dewpoint depression 

in Figure 3.12d, signaling more intense subsidence at the 700 hPa flight level (although with still 

enough moisture content to suggest radial mixing). The largest eye hurricanes are also depicted 

as having relatively warm minimum core temperatures. This may indicate an excess of heat that 

is forced into the eye rather than radially exhausted, or perhaps a byproduct of the SEF cycle. 

Interestingly, Figure 3.12d (3.12f) also shows local maxima (minima) in dewpoint depression 
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(relative humidity) at the same regions as the frequency maxima in Figure 3.7d, reinforcing these 

areas as potential preferred regions for intensification staging grounds. 

A comparison between storm location, age, and dynamical parameters valid at the RMW 

is performed in Figure 3.13. The simplified equations used to derive the figures can be written � = 2Ω sin� ,     (3.2) � = �� +
��22  ,    (3.3) � = � +

2��  ,     (3.4) �0 =  
��� ,     (3.5) 

where � is Coriolis frequency, Ω is Earth’s rotation rate, � is latitude, �is absolute angular 

momentum, � is the MSW in the CARQ data, � is the RMW in the CARQ data, � is the 

curvature term of inertial stability, and �0 is Rossby Number.  

Overall, Figure 3.13 further elucidates how the TC’s eye size and intensity relate to 

certain phases in TC evolution. For example, Figures 3.13a and 3.13b respectively show the 

mean TC latitude and the second term in right side of Equation 3.3. The former explicitly 

reiterates that weaker [stronger] storms with larger [smaller] cores are more likely found at 

higher [lower] latitudes, a product of the environmental conditions that foster genesis in these 

areas (e.g. DeMaria and Kaplan 1999). The latter figure also shows how weaker storms with 

medium to small eyes – while still more likely to be found at higher latitudes and with larger 

RMWs (Figure 3.14a) – are on average the only TCs that can derive a non-trivial percentage of 

their total angular momentum (Figure 3.13d) from the Earth’s rotation. For most TCs, the 

relative angular momentum dictates � in Figure 3.13d and can be approximated by the storm’s 

age, likely indicating an increase in the strengthening processes detailed by Merrill (1984) and 

Weatherford and Gray (1988a,b) in the latter part of a TC’s lifecycle. Finally, Figure 3.13e and 

3.13f respectively show the inertial stability and Rossby Number. The similarities in their eye 

size and intensity distributions indicate that the inertial stability from the centrifugal force 

dominates the Coriolis for all TCs at the RMW, consistent with Willoughby (2011) and 

assessments of the degree of cyclostrophic flow (e.g., Marks 2003). 

TC size information in Figure 3.14 can also be related to the previous dynamical 

information. The diameter of maximum winds is shown in Figure 3.14a instead of radius to make 

an easier comparison to the eye diameter on the ordinate. Interestingly, while most cases have 
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the eye completely inside of the RMW, some of the largest eyes and stronger storms have larger 

eyes than RMWs. Since RMW is valid at the surface, but eye size is measured at the 700 hPa, 

these storms likely have a larger tilted eye. Such a relationship between larger RMW and large 

core tilt has been previously verified (Stern and Nolan 2009) and seems to be true of intense 

storms with large RMWs (A. Hazelton, personal communication 2014). Indeed, when aircraft 

reconnaissance aims to observe the surface RMW, dropsondes are generally dropped just inside 

the eye at flight level  due to outward eyewall tilt with height (P. Black, personal communication 

2013). Beyond the core, ROCI (Figure 3.14b) seems closely related to the storm age (Figure 

3.13c) and angular momentum (Figure 3.13d) consistent with Merrill (1984). 

 

3.5.2 Climatological Intensity and Eye Size Change  

Not only can TC eye size and intensity inform the TC’s thermodynamic and dynamic 

state, but such data can also be used for forecasting considerations. Figure 3.15 shows the 

climatological intensity change (in kts/h) of TCs at different times from the VDM fix. 

Importantly, there seems to be clear boundaries between regimes of intensity change through 

time, as dictated by the current TC structure. Most TCs with eyes will intensify prior to aircraft 

measurement, especially those TCs found with small to medium eyes (Figure 3.15a). Only those 

TCs with the largest eyes and stronger hurricanes with medium to large eyes tend to weaken, 

potentially due to undergoing an eyewall replacement or being unable to contract (e.g., annular 

TCs; Knaff et al. 2003). For future intensity change, Figures 3.15b-f show a stratification of 

weakening through time. Major hurricanes with smaller eyes tend to quickly weaken after a 

VDM fix, while storms with large eyes will climatologically slowly weaken at any given time 

interval until they are no longer observed at the longest lead-times. These results coincide with 

SEF theory (Willoughby et al. 1982), wherein small eyes weaken due to the growing secondary 

circulation of the outer convective ring, which itself will not strengthen unless it contracts (and 

thus the outer eye will shrink). Interestingly, there seems to be a threshold intensity/eye-size 

combination above which TCs will climatology weaken; as the forecast extends further in time, 

this threshold encompasses weaker storms. This reflects previous research that suggests TCs 

with long lifetimes tend to become “well-behaved” and quite predictable (DeMaria 2012). 

Likewise, Figure 3.16 shows the climatological change in eye size between a VDM and 

any future VDM. Various time periods were tested, as with intensity in Figure 3.15, but the 
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average change in eye size was largely invariant with lead-time. It appears that medium size eyes 

from about 20 to 30 nmi in diameter are the preferred eye size for TCs, closely coinciding with 

the frequency maximum of eye size. The further a TC is from this stable eye size regime, the 

more quickly the rate of eye size change tends to be. Even TCs that exhibit the largest eyes – 

consistent with the annular regime – tend to contract with time while still remaining relatively 

large (Figure 3.16b). Only the strongest storms with medium eyes (~20-35 nmi) will tend to 

increase in eye size, perhaps indicating a pathway to quicker SEF or an annular regime. This 

seems supported by Figure 3.17, which shows that a TC with a current (future) eye size of 35 

(70-80) nmi tends to have a high average intensity (110-120 kts). Interestingly, the reverse is not 

true. If a TC is observed to have a very large eye (70-80 nmi) that later significantly contracts to 

10-40 nmi, the intensity of that TC is likely to be among the weakest storms. Overall, these 

patterns in intensity and eye size change suggest there may be forecast utility in charting TC 

evolution through an eye size/intensity space. 

 

3.5.3 Eye Phase Diagram  

To show a real-time application of the previous plots, the eyewall phase diagrams in 

Figures 3.18-3.20 serves as an analog to the cyclone phase space diagram from Hart (2003), 

although with decidedly different goals. These graphs only use VDM information to concisely 

describe the TC structural life-cycle, showing a modified logarithm of the eye size on the 

ordinate to maximize space between the most observed eye sizes and MSLP on the abscissa. This 

diagram plots the storm evolution as a function of intensity, eye size, and eye shape to help with 

the analysis and timing of structural changes such as eyewall replacement cycles. To orient the 

user, the range of all observed VDMs is shown by eyewall shape in Figure 3.18. While each eye 

type can be found throughout the graph, each type exhibits a favored area. Elliptical eyewalls 

tend to be slightly larger and found weaker storms, while concentric eyewalls tend to be seen in 

stronger storms. Circular eyewalls are common everywhere, but relatively more observed in the 

smallest eyes and less observed with the largest eye sizes. 

The use of the eye phase diagram to document TC evolution is shown through two cases. 

Hurricane Wilma (2005) (Figure 3.19a) provides a dramatic example of rapid intensification 

followed by concentric eyewall cycles. Starting with an elliptical eye of average size, Wilma 

rapidly intensified to a pinhole eye before undergoing three secondary eyewall cycles, each of 
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which resulted in further subsequent eye contraction and weakening. Figure 3.19b shows 

Hurricane Irene (2011) had a more complicated evolution, with many eye size contractions and 

secondary eye formations during a steady intensification to 950 hPa. Composites TC evolutions 

shown in Figure 3.20 replicate the composites found in Figure 3.11. Particularly, all VDM cases 

as well as only those that reach the Gulf of Mexico (Figures 3.20a-b) on average deepen to 950-

960 hPa before the eye size grows and the TC slowly weakens. Figure 3.20c – which shows TCs 

that reach category 3 strength and reach the Gulf of Mexico – goes further by showing a steady 

contracting eye with intensification, followed by a weakening TC and an eye size growth and 

contraction cycle. When the TC life-cycle is composited with respect to the OFCL eye formation 

time instead of VDM, another picture of structural evolution with eye shape influencing later 

intensification and eye size growth is shown, setting up the possibility of structural forecasting. 

 

3.6 Concluding Discussion 

 

Diagnosing and forecasting TC intensity and structure remain important goals. While 

some progress has been made in producing tools to forecast TC intensity, they still lag in 

performance compared to track forecast products. One explanation for this hurdle may be that 

these prior forecast tools almost exclusively examine the storm’s larger scale: the environment of 

the storm, the oceanic heat content, and the model gridded analysis of the storm itself. Only 

relatively recently have details of the core of the storm itself starting to be utilized for informing 

forecast products. The study performed here extends this development by compiling and inter-

comparing several different operational archives of TC structure and intensity estimates in the 

ATCF.  Using the combined information available from over 20 years of aircraft VDMs and 

forecaster structure estimates, this research demonstrates conceptual tools (graphical and 

statistical) for characterizing TC structural change. Interestingly, favored time intervals for 

elliptical and concentric eyewall occur after eye formation, speculating that eyewall shape may 

be an important indicator of future inner-core structure (and confirming the possible cyclical 

evolution of TC structure that suggested by Samsury and Rappaport 1991). Finally, the two-

dimensional distribution of observed frequency is shown in a phase space of intensity/eye size, 

foreshadowing the possibility of analog intensity forecasting based on a TC evolution trajectory.  
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 The distribution of cases for each dataset is shown statistically, spatially, and with 

respect to a core size/intensity phase space. Compared to aircraft estimates of TC eyes, 

operational forecasters on average 1) tend to observe eyes later in the TC lifecycle, potentially 

under-sampling weak TCs with eyes, and 2) generally do not observe larger eyes that are usually 

coincident with eyewall replacement cycles. Using climatological relationships between TC 

intensity, eye presence, and storm age, average TC evolutions are shown and culminate in the 

mean eyewall cycle diagram in Figure 3.11. These graphs show the mean development of eye 

size, intensity, and occurrence of eye shapes for different composited groups of TCs in the 

aircraft VDM dataset. From these plots, cycles of enhanced elliptical and concentric eyewall 

probabilities, and their relationship with intensity and eye size, emerge. It is still left to be 

discovered if optimal conditions and time intervals exist for these cycles to occur or not, and 

what predictability such evolutions have. A core phase diagram is introduced here to provide a 

way to observe the relationships and changes between intensity, eye size and shape, and the TC 

life-cycle. This diagram facilitates the display of structural information in a new way, showing 

frequency distributions (e.g. Figure 3.7), thermodynamic (Figure 3.12) and dynamic (Figure 

3.13) regimes that can compare to and inform TC development theory, and forecasting potential 

(Figures 3.15 and 3.16) through patterns of structure and intensity change. Using this same 

structural phase space, the path of eye size and intensity evolution through time (Figures 3.19, 

3.20) provides a different visual perspective on how TCs behave. 

 These results suggest many more questions that can stimulate future work. Is it 

necessary for the boundary of frequency distributions in Figure 7 to be triangular? Do the 

frequency maxima represent stable areas that TCs commonly achieve in their structural 

development? Why do these regimes exist? Can they be understood well enough to inform TC 

forecasting? Indeed, short-term forecasts of intensity change may be able to utilize storm-

specific structure, beginning with an analysis of that structure in intensification versus 

weakening events. Further work involving pattern matching trajectories and trajectory segments 

to forecast future storm trajectory in the eyewall phase diagram may lead to helpful analog TC 

intensity forecast guidance, although it is as yet unclear whether the current dataset is large 

enough to yield meaningful regimes. Unfortunately, such a tool could only be activated when an 

aircraft gathered data for a VDM, creating inherent limitations for the generation of these plots. 

Perhaps alternate ways to routinely assess TC structure can be developed to better harness the 
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latent forecasting potential that is presented here. An example can be seen in Figure 3.21, which 

shows an objective analysis of eye sizes (ARCHER; Wimmers and Velden 2010) found in 

passive microwave satellite imagery (HURSAT; Knapp 2008) produces a similar profile of eye 

size and intensities to the previous data. Perhaps the use of other observing platforms, such as 

satellites, can facilitate expanded objective observation of TC structures as operational forecast 

aids. 
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Table 3.1: Parameters defined in the ATCF model and best track files. [Adapted from a technical 

file located online at: http://www.nrlmry.navy.mil/atcf_web/docs/database/new/abrdeck.html.] 

 

 

ATCF Code Variable Description Units 

BASIN Basin of cyclone occurrence  

CY Sequential unique annual cyclone number  

YYYYMMDDHH Date/time group (DTG) in the format noted  

TECHNUM/MIN Models – objective technique sorting number 

Best track – minutes past DTG 

 

min 

TECH Acronym for the objective technique used  

TAU Forecast period hr 

Lat N/S Latitude (multiplied by 10) of storm center tenths of degrees 

Lon E/W Longitude (multiplied by 10) of storm center tenths of degrees 

MSW Maximum sustained wind speed kts 

MSLP Minimum sea level pressure hPa (mb) 

TY Type of TC / Level of cyclone development  

RAD Wind threshold that defines the RAD size radii kts 

WINDCODE Code to locate wind radii (specifies if wind radius is 

defined for full circle, semicircle or quadrants) 

 

RAD1 Radial extent of RAD in first WINDCODE field nm 

RAD2 Radial extent of RAD in second WINDCODE field nm 

RAD3 Radial extent of RAD in third WINDCODE field nm 

RAD4 Radial extent of RAD in fourth WINDCODE field nm 

ROCI Radius of outermost closed isobar nm 

RMW Radius of maximum sustained wind speed nm 

GUSTS Maximum wind gusts in cyclone kts 

EYE Eye diameter nm 

SUBREGION Code to define sub-region of cyclone occurrence  

MAXSEAS Maximum ocean wave height associated with storm  ft 

INITIALS Forecaster’s initials  

DIR Cyclone direction of movement degrees 

SPEED Cyclone magnitude of movement kts 

STORMNAME Name of storm, or other designation  

DEPTH Code to define tropospheric depth of the cycl  

SEAS Wave height threshold that defines SEAS size radii ft 

SEASCODE Code to locate wave height radii (as in WINDCODE)  

SEAS1 Radial extent of SEAS in first SEASCODE field nm 

SEAS2 Radial extent of SEAS in second SEASCODE field nm 

SEAS3 Radial extent of SEAS in third SEASCODE field nm 

SEAS4 Radial extent of SEAS in fourth SEASCODE field nm 

USERDEFINED Freeform section to include extra information  
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Table 3.2: Parameters defined in the ATCF fix file for aircraft fixes. Entries for BASIN through 

INITIALS are common fields to all fix entries, while entries beyond that are specific to aircraft 

fixes. [Adapted from a technical file located online at: 

http://www.nrlmry.navy.mil/atcf_web/docs/database/new/newfdeck.txt.] 

 

 

ATCF Code Variable Description Units 

BASIN Basin of cyclone occurrence  

CY Sequential unique annual cyclone number  

YYYYMMDDHH Date/time group (DTG) in the format noted  

FIXFORMAT Type of Fix – specifies format after common fields  

FIXTYPE Specifies the platform from which the fix was derived  

CEN/INT Specifies center, intensity, pressure, and/or radii fix  

FIXFLAGS Code to indicate if any CEN/INT field is flagged  

Lat N/S Latitude (multiplied by 10) of storm center tenths of degrees 

Lon E/W Longitude (multiplied by 10) of storm center tenths of degrees 

OBHEIGHT Height above mean sea level of the fix observation m 

V Fix estimate of wind speed kts 

VCONF Code to indicate confidence in V  

PRESSURE Fix estimate of sea level pressure hPa (mb) 

PRESCONF Code to indicate confidence in PRESSURE  

PRESDERIV Code to indicate how the PRESSURE was derived  

RAD Wind threshold that defines the RAD size radii kts 

WINDCODE Code to locate wind radii (full circle or quadrants)  

RAD1 Radial extent of RAD in first WINDCODE field nm 

RAD2 Radial extent of RAD in second WINDCODE field nm 

RAD3 Radial extent of RAD in third WINDCODE field nm 

RAD4 Radial extent of RAD in fourth WINDCODE field nm 

RADMOD1 Code to indicate partial information or land in RAD1  

RADMOD2 Code to indicate partial information or land in RAD2  

RADMOD3 Code to indicate partial information or land in RAD3  

RADMOD4 Code to indicate partial information or land in RAD4  

RADCONF Code to indicate confidence in RAD wind radii  

RMW Radius of maximum sustained wind speed nm 

EYE Eye diameter nm 

SUBREGION Code to define sub-region of cyclone occurrence  

FIXSITE WMO header or location code for where fix derived   

INITIALS Forecaster’s initials  
   

   

FLIGHTLEV1 Flight level, if measured in height coordinates 100’s of ft 

FLIGHTLEV2 Flight level, if measured in pressure coordinates hPa (mb) 

FLIGHTLEVMIN Minimum height during flight m 

MSWINT Intensity of Maximum Surface Wind (inbound leg) kts 

MSWBEAR Bearing of Maximum Surface Wind (inbound leg) degrees 

MSWRANGE Range of Maximum Surface Wind (inbound leg) nm 
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Table 3.2: Continued. 

 

ATCF Code Variable Description Units 

MSWRANGE Range of Maximum Surface Wind (inbound leg) nm 

MFLWDIR Direction of Max. Flight Level Wind (inbound leg) degrees 

MFLWINT Intensity of Max. Flight Level Wind (inbound leg) intensity 

MFLWBEAR Bearing of Max. Flight Level Wind (inbound leg) degrees 

MFLWRANGE Range of Max. Flight Level Wind (inbound leg) nm 

MSLP Minimum sea level pressure hPa (mb) 

TEMPOUTEYE Maximum flight level temperature outside the eye degC 

TEMPINEYE Maximum flight level temperature inside the eye degC 

DEWPTEMP Dewpoint temperature at the storm center degC 

SEASFCTEMP Sea surface temperature degC 

WALLCLDTHICK Wall cloud thickness nm 

EYESHAPE Code to indicate shape of the eye (circular, 

concentric, or elliptical) 

 

EYEORIENT Orientation of the eye degrees 

EYEDI Eye diameter (long axis if elliptical) nm 

EYESHORT Short axis of elliptical eye nm 

ACCNAV Navigational Accuracy tenths of nm 

ACCMET Meteorological Accuracy tenths of nm 

MISSIONNUM Mission Number  

COMMENTS Free form text for comments  

 

 

 

 

Table 3.3: Frequency of aircraft reconnaissance VDM messages (and unique TCs) by eye type 

and flight level. The remaining levels column consists of common surfaces such 1500 ft, 925 

hPa, 750 hPa, 650 hPa, 600 hPa, and 500 hPa as well as non-standard height or pressure levels. 

 

 

Eye Type All Levels 700 hPa 850 hPa 
Remaining 

Levels 

All Observations 8314   (305) 3358   (146) 2580   (189) 2376   (240) 

Circular (CI) 2246   (155) 1599   (108) 459     (90) 188     (66) 

Concentric (CO) 136     (50) 110     (39) 20       (14) 6         (5) 

Elliptical (EL) 410     (99) 275     (74) 101     (47) 34       (23) 

None 5522   (294) 1374   (128) 2000   (179) 2148   (229) 
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Table 3.4: Statistics on the eye and intensity characteristics of the VDM data (for eye size and 

type) and the best track (for MSW and MSLP) for all data from 1989-2012. For concentric eyes 

and elliptical eyes, the eye diameter respectfully refers to the inner eye and the long axis. 

 

 

 All Levels 700 hPa 850 hPa 
Remaining 

Levels 

Mean (Standard Deviation) of 

the Eye Diameter (nm) 

24.5 

(±12.96) 

25.1 

(±12.75) 

23.3 

(±14.00) 

24.4 (±9.96) 

Median Eye Diameter (nm) 20 22 20 23.5 

Mean (Standard Deviation) of 

the MSW (kts) 

69.3 

(±29.12) 

94.1 

(±24.30) 

57.2 

(±14.42) 

60.4 (±26.06) 

Median MSW (kts) 65 90 55 55 

Mean (Standard Deviation) of 

the MSLP (hPa) 

980.1 

(±24.32) 

960.0 

(±21.75) 

991.4 

(±11.79) 

985.0 (±23.14) 

Median MSLP (hPa) 987 960 993 994 

Percentage Concentric Eyes 4.87% 5.54 % 3.45% 2.63% 

Percentage Elliptical Eyes 14.68% 13.86% 17.41% 14.91% 

 

 

 

 

Table 3.5: Statistics on the first eye entry in each dataset. TCs that had already had an eye during 

the first VDM fix were excluded. Genesis is defined as the first entry of the TC type tropical 

depression or tropical storm for a particular system in the ATCF best track. Maximum Intensity is 

defined as the first entry of a TC’s highest lifetime MSW. 

 

 

 VDM/BEST VDM/CARQ OFCL JTWC 

Mean (Standard Deviation) Eye 

Diameter (nm) 

20.7 

(±11.57) 

20.7  

(±11.57) 

18.0 

(±8.31) 

17.3 

(±9.96) 

Median Eye Diameter (nm) 18 18 15 15 

Mean (Standard Deviation) MSW 

(kts) 

58.3 

(±15.424) 

55.4  

(±15.27) 

74.1 

(±15.419) 

82.6 

(±26.58) 

Median MSW (kts) 55 55 70 85 

Mean (Standard Deviation) MSLP 

(hPa) 

992.7 

(±10.39) 

993.6 

(±10.98) 

981.6 

(±12.74) 

959.7 

(±21.72) 

Median MSLP (hPa) 994 995 986.5 959 

Mean (Standard Deviation) Time 

from Genesis (h) 

73.1 

(±54.51) 

73.1  

(±54.51) 

72.8 

(±55.20) 

79.3 

(±48.08) 

Median Time from Genesis (h) 55 55 54 72 

Mean (Standard Deviation) Time 

from Maximum Intensity (h) 

-27.1 

(±45.75) 

-27.1 

(±45.75) 

-27.1 

(±38.33) 

-23 

(±33.02) 

Median Time from Maximum 

Intensity (h) 

-25 -25 -18 -18 
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Table 3.6: Frequency of eye formation lead-times. Counts in the VDM column represent the 

number of cases that exhibited the first reported instance of an eye before the OFCL ATCF data, 

with the lead-time denoted by the left-most column. Counts in the OFCL column represent the 

instances of OFCL ATCF data leading the VDM data by the amount shown in the left-most 

column. 

 

 

Lead-time VDM OFCL 

> 1 day 2 3 

18-24 h 3 1 

12-18 h 2 0 

6-12 h 10 0 

1-6 h 7 2 

0-1 h 3 6 

All Times 27 12 
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Figure 3.1: Frequency of aircraft VDM center fix times from 1989-2012 as compared to the 

synoptic time cycle (i.e., 0, 6, 12, 18 UTC). The horizontal dotted red line represents the average 

half-hourly observation frequency (~691), while the vertical solid blue line marks the likely 

latest time information would be used to initialize CARQ information for a synoptic cycle (J. 

Franklin, personal communication, 2014). 
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Figure 3.2: Locations of the data used in this study, where the shaded colors indicate intensity 

and the size of the dot represents the size of the RMW (a) or eye size (b-d). Figure (a) shows the 

global locations of all TCs from 2001-2012. Figure (b) shows VDM fixes with a measured eye 

size from 1989-2012 as well as best track intensity. Figure (c) depicts eye sizes and intensities 

from the OFCL entries from 2001-2012 in the ATCF a-decks. Figure (d) plots eye sizes and 

intensities as found in the JTWC best track from 2001-2012. Note in all figures, the most intense 

storms and then the smallest sizes are plotted on top. 
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Figure 3.2: Continued. 
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Figure 3.3: Frequency distribution of TCs based on the radius of maximum winds (nm) and 

intensity (Maximum Sustained Wind; in kts) using NHC, CPHC, and JTWC best track data from 

2001-2012. Figure (a) shows the raw observed values, while (b) was filtered once by a 9-point 

smoother before masking out all zero observation grid points from Figure (a). The colors bars in 

each figure are identical.  
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Figure 3.4: Frequency distribution of TCs based on aircraft measured eye diameter (nm) and best 

track intensity (Maximum Sustained Wind; in kts) within 6 hours of that eye size estimate from 

1989-2012. Figure (a) shows the raw observed values, while (b) was filtered once by a 9-point 

smoother before masking out all zero observation grid points from Figure (a). The colors bars in 

each figure are identical.  
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Figure 3.5: As in Figure 3.4, except the Minimum Sea Level Pressure (in hPa) as the intensity 

metric on the abscissa. Note that weaker storms are on the left and the strongest storms are on the 

right, as in Figure 3.4.  
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Figure 3.6: Average eye size (and one standard deviation shaded about the mean) compared with 

intensity (Mean Sea Level Pressure; in hPa), as measured by aircraft reconnaissance for west 

Pacific typhoons from 1980-1982; reproduced from Figure 15 of Weatherford and Gray (1988b). 

The axes and shape of the schematic are comparable to Figure 3.5, except that this graphic plots 

eye size as radius in km and the other plots show eye size as diameter in nm (the relationship is 

approximately 1:1.08). 

  



56 

 

 

 

 
 

Figure 3.7: Each panel as in Figure 3.4b, except (a) shows best track data from 1991-2012, (b) 

shows CARQ intensity estimates from 1991-2012, (c) shows best track data from 2001-2012, (d) 

shows CARQ data and VDMs at 700 mb from 1991-2012, (e) shows eye size and intensity 

estimates from the OFCL ATCF entries from 2001-2012, and (f) shows JTWC best track eye size 

and intensity estimates.  



57 

 

 
 

Figure 3.8: Boxplots of the average time for a TC to first reach the specified intensity on the 

abscissa, using best track information from 1989-2012. The ordinate represents time from 

genesis (h), as defined by the first entry of the TC type tropical depression or tropical storm for a 

particular system in the ATCF best track. The horizontal red lines represent eye formation times 

using OFCL entries from 2001-2012 (as in Table 3.5); the solid line shows the median, the dotted 

line shows the mean, and the outside dashed lines show the first and third quartiles. 
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Figure 3.9: Frequency of TC observations at the time since genesis on the abscissa (solid black 

line; counts on the left ordinate) and the percentage of those TC observations that reported an eye 

(large circle points; percentages on the right ordinate), using (a) VDM eye sizes from 1989-2012, 

and (b) OFCL eye sizes entries from 2001-2012. 
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Figure 3.10: Frequency of TC observations at a given intensity on the abscissa (solid black line; 

counts on the left ordinate) and the percentage of those TC observations that have an eye (large 

circle points; percentages on the right ordinate), using (a) VDM eye sizes and best track 

intensities from 1989-2012, and (b) OFCL data entries from 2001-2012. The gray line with small 

circles represents the loess locally weighted regression (Cleveland and Devlin 1988) through the 

observed percentages. The vertical lines represent the average eye formation intensity, as in 

Table 3.5. The red lines are the OFCL data, the green lines are from the BEST/VDM data; the 

solid lines are the median, and the dotted lines are the mean.  
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Figure 3.11: Composite time series evolution of TC intensity and eye characteristics using VDMs 

with respect to eye formation. Mean time since genesis, MSLP, and eye diameter are plotted as 

lines in the respective top three panels, with standard deviation shaded about the means. 

Percentage frequency of elliptical (red) and concentric (blue) eye shapes are plotted as bars in the 

fourth panel. The bottom panel shows the total VDM frequency (gray bars) and percentage of 

observations with eyes. Plots show; (a) all VDM data from 1989-2012; (b) only TCs in the Gulf 

of Mexico from 1989-2012; (c) only TCs that reach major hurricane strength in the Gulf of 

Mexico from 1989-2012; and (d) only TCs in the Gulf of Mexico from 2001-2012, using the first 

OFCL eye size as the eye formation time. 
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Figure 3.11: Continued. 
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Figure 3.11: Continued. 
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(a)                                       (b) 

 

(c)                                       (d)  

 

(e)                                       (f) 

 
 

Figure 3.12: As Figure 3.7d, except examining the thermodynamic variables recorded by aircraft 

reconnaissance at 700 hPa and stored in the VDM fix entry. Shown are averages for: (a) The 

maximum eye temperature (deg C); (b) The minimum temperature (deg C) in the inner-core; (c) 

The difference between the eye and inner-core temperatures (deg C); (d) The dewpoint 

depression (deg C) in the eye; (e) The mixing ratio (g/kg) in the eye; (f) The relative humidity 

(%) in the eye. Values filtered once by a 9-point smoother.  
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(a)                                       (b) 

 
(c)                                      (d) 

 
(e)                                      (f) 

  
Figure 3.13: As Figure 3.7d, except comparing climatological and dynamical variables as found 

the nearest CARQ entry before the VDM fix. (a) The average latitude for a TC with a given 

VDM eye size and CARQ intensity; (b) The average for the second term of the angular 

momentum equation; (c) The average storm age; (d) The average for the total angular moment 

equation; (e) The average inertial stability; (f) The average Rossby number. Each of the 

dynamical calculations are valid for the MSW at the radius of maximum winds. Values filtered 

once by a 9-point smoother.  
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Figure 3.14: As Figure 3.7d, except showing (a) the diameter of maximum winds (instead of 

radius, to facilitate comparison with the eye size on the ordinate), and (b) the radius of the outer 

closed isobar to represent the spatial extent of the TC periphery. Values were filtered once by a 

9-point smoother.  
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(a)                                            (b) 

 

(c)                                            (d) 

 

(e)                                            (f) 

 
Figure 3.15: As in Figure 3.7b, except examining the intensity change (kts/hr; shaded) from the 

synoptic time immediately preceding the Atlantic recon fix. (a) 12 h before; (b) 12 h after; (c) 1 

day after; (d) 2 days after; (e) 3 days after; (f) 5 days after. Color bars are the same and values 

were filtered once by a 9-point smoother.  
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Figure 3.16: As in Figure 3.7b, except examining (a) the change in eye diameter through time 

(nmi/hr; shaded) between the current VDM fix and a VDM fix at any time in the future, and (b) 

the average eye size diameter of that future VDM fix. Values were filtered once by a 9-point 

smoother.  
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Figure 3.17: As in Figure 3.16b, except with a different axis and shading order; the average TC 

intensity is shaded with respect to the current VDM observed eye size (ordinate) and the future 

VDM eye size (abscissa).  
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Figure 3.18: Depiction of eyewall shapes in an eye size and intensity phase space using all VDM 

data from 1989-2012. Intensity is represented by the VDM MSLP (hPa). 
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Figure 3.19: Case studies of TC evolution through an eye size and intensity phase space; (a) 

Wilma (2005) and (b) Irene (2011). Intensity is represented by the VDM MSLP (hPa). Dot shape 

represents eye shape, line color represents intensity change since the previous fix, and underlying 

grayscale shading represents linear time evolution from the first (darkest) to last (lightest) fix. 
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Figure 3.20: Composite evolution of TC intensity and eye characteristics through an eye size and 

intensity phase space; Intensity is represented by the VDM MSLP (hPa). Plots follow the 

composite examples shown in Figure 3.11; (a) all VDM data from 1989-2012; (b) only TCs in 

the Gulf of Mexico from 1989-2012; (c) only TCs that reach major hurricane strength in the Gulf 

of Mexico from 1989-2012; and (d) only TCs in the Gulf of Mexico from 2001-2012, using the 

first OFCL eye size as the eye formation time. An elliptical eye is noted when 15% or more cases 

have such a shape, and a concentric eye is shown when 10% or more cases have that shape. 
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Figure 3.21: As in Figure 3.4b, except using the HURSAT-microwave dataset (Knapp 2008) of 

global TCs from 1987-2008 and the ARCHER analysis technique (Wimmers and Velden 2010) 

estimates of eyewall size. Only cases that meet the ARCHER threshold for centering the TC are 

used. Note that compared to Figure 3.4b, the ordinate encompasses larger eye diameters and the 

color shading scale shows more cases. 
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CHAPTER FOUR 

CREATING A STANDARDIZED DIGITAL CLIMATOLOGY OF 

TROPICAL CYCLONES AS OBSERVED BY PASSIVE MICROWAVE 

SATELLITE SENSORS 

 

Note: This chapter is a full exert of a publication submitted and in revision (as of this 

writing) in the Journal of Selected Topics in Applied Earth Observations and Remote Sensing, a 

journal of the Institute of Electrical and Electronic Engineers. 

 

4.1 Introduction 

 

The study and prediction of tropical cyclones (TCs) remain important meteorological 

goals, considering ~ 90 TCs occur globally every year (Emanuel and Nolan 2004) and a fraction 

thereof affect large population centers (> 50% of the US lives within 50 miles of the coast). 

Knowledge about a storm’s particular structure provides clues to better understanding and 

predicting its future, given that the structural presentation of a TC reflects the underlying 

dynamics that regulate its evolution and intensity (e.g. Holland and Merrill, 1984). However, 

Rappaport et al. (2009) note that observing and verifying aspects of TC structure is a difficult 

operational task. Systematic analysis and forecasts of structural features remains neglected due to 

technological and budgetary limits constraining the ability to observe the variety of detailed 

physical processes that make up a TC.  

There is great potential in deciphering knowledge about the TC life-cycle using 

information currently available only in very limited regions due to costs involved in airborne 

reconnaissance (recon). Significant 3-D details on wind, temperature and moisture can be 

gleaned from observations by recon and the few in-situ stations (e.g., islands, buoys, and ships).  

However, routine recon data are only available in the western Atlantic, Caribbean and Gulf of 

Mexico as funded by the US and east of Taiwan for the DOTSTAR effort.  Otherwise, the 

voluminous amount of data gathered in field campaigns represents the only other full data sets 

that permit researchers to more fully comprehend the 3-D structure and dynamics and 

thermodynamics that power these powerful heat engines. An alternative method to monitor TC 
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structure needs to incorporate the ability to reasonably analyze the breadth of the TC circulation 

with a recurring frequency of observation suitable for operational forecasting. In this spirit, 

satellites provide the only global means for the near-continuous temporal and spatial observing 

sampling required by the TC warning centers. Online resources, such as the Naval Research 

Laboratory (NRL) TC webpage (http://www.nrlmry.navy.mil/TC.html) and the University of 

Wisconsin’s Cooperative Institute for Meteorological Satellite Studies (CIMSS) TC webpage 

(http://tropic.ssec.wisc.edu), provide a variety of TC-focused products and data from a diverse 

array of operational and research satellite sensors that observe the earth. 

The NRL TC webpage provides near-real time snapshots of TC storm structure as 

observed by passive microwave sensors on operational and research satellites. Specific channels 

in the microwave spectrum were selected for their ability to discern multiple meteorological and 

oceanographic variables. Radiances in the lower frequency channels (e.g. 19, 23, and 37 GHz) 

help retrieve ocean surface wind speed (scalar only), cloud liquid water, total precipitable water 

(TPW), and rainrate.  The wind speeds can help define the radius of gale force winds (R34), 

while the TPW values readily identify the moisture environment within which the TC is 

embedded. Moreover, the higher frequency channels (e.g. 85, 89, and 91GHz) are sensitive to the 

influence of scattering by ice particles; depressed brightness temperatures (TB) in TCs are related 

to the distribution and types of ice particles that are generally found in convective features, with 

the lowest temperatures (highest scattering) signaling the strongest frozen hydrometeor 

concentrations (Hawkins et al. 2001, Hawkins et al. 2008). 

Until recently, archived images from the NRL TC webpage was the only reliable source 

of analyzing TCs from passive microwave satellites. The task of compiling the digital data sets 

from multiple operational and R&D sensors over the past 25 years (since the first operational 

sensor) has been one of the greatest limiting factors, but recent efforts by several projects has 

now facilitated major forward progress. The HURSAT-MW (Knapp 2008) project provided the 

only resource to date for digital TC-centered microwave imagery data, but it is limited to the 

Special Sensor Microwave/Imager (SSM/I) satellite sensors. There are multiple other satellite 

sensors that incorporate microwave frequencies, however, inter-comparison between such 

sensors is limited by the different available channels and calibration metrics between satellites. 

In addition, varying spatial resolutions provide data set inconsistencies in resolving TC structural 

features. 
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For a continued better understanding of TC structure and the intensity changes governed 

by it, the following paper presents efforts to create a standardized digital database of TCs as 

observed by passive microwave satellite sensors. To motivate the utility and continued use of 

satellite data, research into various techniques to observe TC structure and intensity by satellites 

(especially by passive microwave instruments) is explored in Section 4.2. Development of the 

dataset – which gathers microwave data from several different sources and is processed through 

multiple standardization steps, including recalibrating the highest frequencies to a standard 

output and performing an analysis on the TC center position – is detailed in Section 4.3. An 

analysis of the dataset as it relates to intensity and structure analysis will be performed in Section 

4.4. The paper will conclude with a discussion on the use of such data and future work. 

 

4.2 Background 

 

4.2.1 Operational TC Data 

Since the first satellites started taking pictures of weather features in the late 1950s and 

early 1960s, researchers quickly realized the potential to improve TC observation. Velden et al. 

(2006; hereafter V06) show that it only took 5-10 years from the first satellite weather 

observations before TC intensity studies by satellite were performed. In particular, V06 note that 

TC centering was the only reliably produced operational use of satellites for TCs until the 

seminal work of Dvorak (1984), which started in 1972
3
. Dvorak developed an empirical model 

to observe TC intensities based on the organizational pattern of clouds as diagnosed using visible 

and infrared channels. By examining the curvature of the banding or distortion of the cloud 

pattern as well as strength of the convection and eye by the magnitude of the TB, Dvorak 

implicitly considered the kinematic and thermodynamic factors that affected the intensity of the 

TC (V06). Through his model, Dvorak created a flowchart of rules to subjectively, but reliably, 

estimate TC intensity. Dvorak refined his method through time to incorporate additional rules 

and constrictions, aiming to improve the accuracy and reduce the subjectivity of the technique 

(V06). 

                                                 
3 Note: there are many updates to Dvorak’s work between the 1970s and 1990s which are well documented in V06. 

For brevity, only V06 and Dvorak’s most cited work in 1984 are here noted. 
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Not only does the Dvorak technique remain operational today, it is still the most common 

method to diagnose TC intensity, with much additional research leveraging this work (V06). 

There are efforts to continue to refine the accuracy of the Dvorak technique, such as its diagnosis 

of intensity via the wind-pressure relationship (e.g., Knaff et al. 2010). V06 also describe the 

application and customization of Dvorak analysis worldwide, demonstrating its versatility and 

robustness as a tool for TC forecasting. Efforts to make the process more objective led to a fully 

automated TC intensity analysis by Velden et al. (1998), which continues to be refined and 

updated as the Advanced Dvorak Technique (ADT; Olander and Velden 2007). V06 also remark 

that research continues into improving and automating Dvorak’s work, specifically citing 

satellite microwave data as a beneficial addition to explore. 

Beyond the Dvorak technique, there are several other methods to diagnose TC structure 

and intensity from infrared and visible channels. Kossin et al. (2007) present correlations 

between infrared TB and operational storm size metrics (i.e. RMW, and radii of the 34-, 50-, and 

64-kt winds). Knaff et al. (2014) similarly use infrared imagery to resolve TC sizes, as defined 

by the radius of the 5-kt 850 hPa wind, and relate that to the TC lifecycle. Ritchie et al. (2012) 

recently documented improvements to the deviation angle variance technique, where the 

departure from axisymmetric TB gradients in infrared imagery is related to TC intensity. Olander 

and Velden (2009)  have shown promising results related to TC intensity and structure changes 

by differencing the water vapor and infrared channels on geostationary orbiters, taking advantage 

of the unique information in each channel (due to the weighting function peak response 

representing different altitudes) to effectively enhance specific structural features such as 

overshooting convective tops. Finally, Chao et al. (2011) relate the rotational speed of IR and 

visible cloud tops about the TC center to intensity for major typhoons in the northwestern Pacific 

basin.  

Besides the traditional infrared and visible channels, other remote sensing frequencies 

have proven useful for observing TCs. Particularly, the use of active microwave radars 

(scatterometers) to estimate storm size and intensity has improved analyses and forecasts at the 

National Hurricane Center (NHC; Rappaport et al. 2009). Scatterometers transmit pulses that 

bounce off the ocean surface; the backscatter’s variability due to wind roughening enables 

retrieval of surface wind vector estimates. Chavas and Emanuel (2010) use QuikSCAT 

scatterometer data to derive a climatology of storm size at the 23 kt radius as well as an outer 
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radius using a wind structure model. Chan and Chan (2012) also developed a QuikSCAT 

climatology of storm size for the 34 kt radius and OCS intensity, finding similar results to 

Weatherford and Gray (1988) and Kimball and Mulekar (2004). There are further TC structure 

and intensity efforts outside of scatterometry as well. Work by Jiang et al. (2013) uses active 

microwave radar and passive microwave imager data from the Tropical Rainfall Measurement 

Mission (TRMM) in tandem with lightning flash density to compare differences in frequency 

thresholds between regions of the TC. Some tantalizing work by Li et al. (2013) uses synthetic 

aperture radar (SAR) to visualize extremely small mesoscale details of the TC and subjectively 

catalogue characteristics of the eye, including spatial area, shape and wavenumber. Despite the 

extremely high resolution of SAR data (on the order of about 100 m), even subjective 

interpretation is difficult due to the complex physical processes that compose SAR retrievals. 

 

4.2.2 Passive Microwave Imagery and TCs 

Objective measurements of TCs by microwave frequencies have the ability to fill a gap 

left by other satellite platforms in operational observation capabilities. Whereas SAR TC 

retrievals are currently poorly tied to physical processes and radar retrievals from space have a 

spatial footprint, passive microwave can directly characterize TC structure over a wide area by 

penetrating non-raining cloud tops, unlike in the visible and infrared channels (Hawkins et al. 

2001). Generally, there are two types of available polar orbiting microwave sensors: imagers and 

sounders. Microwave imagers typically consist of sensors with frequencies that measure surface 

properties as well as organization of various water phases in the atmosphere. Microwave 

sounders aim to diagnose profiles of atmospheric thermal structure and moisture estimates. 

Depending on the mission goals of a particular sensor, there can be overlap between available 

channels of a microwave imager and sounder. 

Attempts to diagnose TC structure and intensity from microwave sounders occurred 

shortly after the first was launched (e.g., Kidder et al. 1978). Although the coarse resolution of 

sounders has traditionally created an analysis barrier by smoothing over storm features (Kidder 

et al. 2000), current sensors such as the Advanced Microwave Sounding Unit (AMSU) are 

starting to more faithfully resolve the magnitude of thermal anomalies as well as core/eye size 

(Brueske and Velden 2003). Multiple linear regression of AMSU channels by Demuth et al. 

(2006) showed skill in estimating MSW, MSLP, and wind radii at the 34-, 50-, and 64-kt 
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thresholds. Use of AMSU data as part of an ensemble shows great promise for more accurate TC 

structure retrieval; a combination of the ADT and two different AMSU intensity estimates make 

up the satellite consensus (SATCON) method of TC intensity estimation (Herndon et al. 2010), 

which preliminary tests show to have the highest skill of all satellite-based intensity estimation 

methods (Hawkins and Velden 2011). Herndon et al. (2012) continue to build upon these 

techniques by creating sounder TC intensity algorithm from the Special Sensor Microwave 

Imager/Sounder (SSMIS). They are starting similar work using the Advanced Technology 

Microwave Sounder (ATMS), which has improved spatial resolution to depict the TC warm core. 

To contrast, microwave imagers have a more recent appearance in TC analysis, with 

perhaps more potential for added value. Real-time access to digital microwave imagery was the 

largest impediment near the turn of the millennium (Hawkins et al. 2001); that paper later 

describes the authors’ efforts at the Naval Research Laboratory (NRL) satellite section to provide 

near real-time access to high resolution TC images. Also around that time, the number of polar 

orbiters simultaneously in orbit increased to four, supporting a temporal return frequency 

favorable for operational TC forecasting (Hawkins et al. 2001). Lee et al. (2002) delves into 

more detail about the utility of microwave imagers, noting for example that despite the ability to 

create derived physical quantities (e.g., sea surface wind magnitude, precipitable water, and 

cloud liquid water), such products use multiple frequencies which utilize different spatial 

resolutions and smooth over important structural features of the TC. These features include a TB 

depression at the 85GHz channel due to ice scattering and lower frequencies such as 37GHz 

principally showing liquid hydrometeor emissions near and below the freezing level (Lee et al. 

2002). Both of these previously mentioned channels are measured at horizontal (H) and vertical 

(V) polarizations. Near the interface of the outer TC and the environment, interpretation at either 

polarization become muddled due to multiple competing influences (e.g., water vapor, cloud 

water, and sea surface; Hawkins et al. 2001); the polarization correction temperature (PCT; 

Spencer et al. 1989) can improve the representation of atmospheric features, allowing them to 

standout from surface. Hawkins et al. (2008) presents an update to their previous work, noting 

that changes in some measured frequencies in newer satellites can alter the interpretation of the 

retrievals. 

Despite its relatively new arrival, there has been some progress in using microwave 

imagers to examine tropical cyclones. For example, NHC extensively uses microwave imagery 
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to better locate a TC center and subjectively diagnose changes in structure (Rappaport et al. 

2009). Wimmers and Velden (2007) introduced Morphed Integrated Microwave Imagery at 

CIMSS (MIMIC), a technique to create “morphed” animations of passive microwave imagery 

using an advection function between satellite passes, allowing a visually appealing depiction of 

TC structure changes. Both Bankert and Tag (2002) and Jones et al. (2006) found varied success 

in relating microwave imager data to TC intensity, while Olander and Velden (2012) showed that 

microwave data improved intensity estimates through early detection of a forming eyewall. 

Furthermore, a color composite of the H-pol, V-pol, and PCT data at 37GHz by the NRL satellite 

group (Hawkins et al. 2001) has shown particular promise in diagnosing inner core development, 

with Kieper and Jiang (2012) using a symmetrical, closed brightness temperature threshold 

(“cyan ring”) to predict the onset rapid intensification. 

Finally, there has been some effort to catalog TCs through an extended climatology of 

microwave imagers. As of the time of this document’s writing, Knapp (2008) provides 

microwave data interpolated onto an 8-km grid in the hurricane satellite (HURSAT) archive. 

HURSAT-microwave consists of data from the Special Sensor Microwave/Imager (SSM/I) 

platforms between 1987-2009, using global best track data from the International Best Track 

Archive for Climate Stewardship (IBTrACS; Knapp et al. 2010) to search for TCs. Employing 

that data, Harnos and Nesbit (2011) composited TCs by their intensification rate and 

environmental wind shear to compare microwave signatures during different intensity regimes. 

Further, Cossuth et al. (2014)
4
 compared eyewall size estimates in HURSAT-microwave data to 

aircraft reconnaissance measurements to demonstrate the similarity of in-situ and satellite-

derived structural profiles.  

 

4.3 Dataset Development 

 

The present study is going to build upon previous efforts at TC-satellite research – 

especially as it relates to structural analysis – to create a new climatology of TCs as observed by 

microwave data. While HURSAT efforts to provide digital microwave imagery (Knapp 2008) 

improved upon the subjective image analysis of Hawkins et al. (2001), that dataset had several 

limitations. First, in order to make the data somewhat portable and facilitate internet downloads, 

                                                 
4 This publication is Chapter 3 of this Dissertation. 
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the data were interpolated onto an 8km grid and converted to integers via a scaling factor. The 

regular grid provided an easier analysis opportunity and helped the data conform to data 

archiving standards, though at the great cost of smoothing over information and reducing 

structural information. In addition, only the SSM/I sensors were archived – the benefit being the 

long time frame covered by six different satellites with nearly the same remote sensing 

characteristics, and the negative being that SSM/I has the poorest resolution of recent microwave 

imagers. Finally, the use of interpolated best track data via IBTrACS did provide a standardized 

format (albeit with a new naming convention) using final analysis data from the Regional 

Specialized Meteorological Centers (RSMCs) that issue operational forecasts; however, as noted 

in a previous study of TC intensity, microwave imagery, and lightning by Cecil and Zipser 

(1999), the best track data are often smoothed over a synoptic time length (Rappaport et al. 2009) 

and interpolated positions can often mismatch the center position for any given microwave 

overpass. Without correction, this makes storm relative analysis unreliable, especially at radii 

near the center. 

The current dataset efforts must take into account both the advantages and limitations of 

the HURSAT project. Firstly, the scope of the data should be decided. Despite the ability for 

AMSU (and other microwave sounders like ATMS) to provide valuable structural information, 

the scanning geometry is that of a back and forth sweeping motion (cross track scanner), 

providing different effective resolutions depending on the scan angle (highest resolution at nadir; 

Brueske and Velden, 2003). This, combined with the fact that even the most optimal AMSU 

overpass provides coarser information than SSM/I, severely complicates interpretation and 

standardization of analysis. As such, microwave sounding channels are currently beyond the 

scope of this work and only microwave imagers are considered. The breadth of considered 

microwave imager sensors and their frequencies is shown in Table 4.1, with their approximate 

resolutions shown in Table 4.2. While there are other sensors potentially available – particularly 

from non-United States satellite programs – the small length of record and/or non-gratis use of 

data prohibits their consideration at this time. 

The following datasets are advantageous for TC structural analysis. Although there are 

multiple resources that provide SSM/I and SSMIS climatologies, the Colorado State University 

(CSU) Fundamental Climate Data Record (FCDR; Saipanio et al. 2013) project provides 

intercalibrated SSM/I and SSMIS data with improved geolocation and quality control (Berg et al. 
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2013) such that it is sufficient for climate analysis. TRMM microwave imager (TMI) and 

AMSR-E data were retrieved from NASA archives, which provide easy ftp access to the latest 

available calibrated and quality controlled data. Finally, WINDSAT data were supplied by NRL-

DC operational archives. While this data does not have the quality controlled rigor that was 

provided by the CSU FCDR analysis, the NRL-DC WINDSAT archive was already culled to 

sectors of TCs. This saved hard drive space and significantly reduced processing time for the 

overall TC passive microwave dataset creation. A graph showing the lengths of record for all of 

the data gathered is shown in Figure 4.1. 

TCs compose a small fraction of the total captured microwave data. Figure 4.2 

demonstrates a sample of daily data from descending orbital overpasses, with an example TC 

denoted for reference. To locate the positions of TCs during the period of record and eliminate 

superfluous data, best track information from NHC, the Central Pacific Hurricane Center, and the 

Joint Typhoon Warning Center was used. Such data were favored in lieu of IBTrACS to better 

facilitate comparison with previous research and potential transition to an operational product. 

Ideally, the entire lifecycle of all tropical systems beyond the best track would also be considered 

– including the pre-genesis and post-tropical phases – as well as using IBTrACS data to compare 

differences among forecast centers, especially in the west North Pacific basin. However, such 

studies are beyond the scope of the current project and remain future work. The best track data 

are linearly interpolated to one-hourly positions to search microwave overpasses for TCs. To 

alleviate the best track centering issues noted by (Cecil and Zipser 1999), another solution to find 

the exact center will be discussed later. Once a TC is located, all available microwave 

information within 10 degrees of the TC center is gathered, and a sector is cut out for all of the 

observed microwave frequencies. This process is repeated over all one-hourly best track times, 

for all TCs worldwide from 1987-2012, and for all satellites/sensors in Table 4.1/Figure 4.1. 

Standardization of these datasets is the next phase of the project. The high frequency ‘ice 

scattering’ channels (i.e. 85, 89, and 91 GHz; so-called because the primary atmospheric 

signature is scattering by ice particles) can exhibit on the order of 10 K differences in TB 

between sensors due to measurement differences at each frequency. Figure 4.3 shows an example 

of two coincident overpasses for a southern hemisphere TC in 2008, with TB differences 

occurring chiefly due to observing frequency differences. To better inter-compare TC structural 

information derived from these high frequency channels, they are all re-calibrated to 89 GHz 
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(which is being used on more recent and future satellites) using a unified inter-sensor calibration 

scheme developed by Yang et al. (2014). This transform was created using empirical 

comparisons of overlapping coincident satellite overpasses as well as a radiative transfer analysis 

of several cloud resolving model simulations. A screening step using four cloud categories (i.e. 

“rain,” “light rain,” “cloudy,” and “non-rain”) based on information from the lower frequency 

microwave channels is performed to identify the appropriate calibration function. These 

empirically derived coefficients are used to transform the entire TC sector microwave data to 89 

GHz.  

An example tropical cyclone case – Atlantic Hurricane Katrina on 28 Aug 1995 at 1244 

GMT, as captured by the F-13 SSM/I at 85 GHz H polarization – will be shown as it progresses 

though our analysis process. Figure 4.4a shows the overpass of Hurricane Katrina using the 

original data at 85 GHz, while Figure 4.4b shows the same case after conversion to 89 GHz 

using the Yang et al. (2014) recalibration technique. At 89 GHz, the effect of ice scattering is 

greater and reduces the TB in regions of strong convection, while the environmental signal is 

stronger and increases the TB in areas outside of precipitation. This effect results in banding 

features appearing in deeper shades of yellow, red, and brown in Figure 4.4b, as well as ocean 

surface areas beyond the TC’s convection becoming bluer. In general, the gradients between 

minima and maxima increase, presenting a sharper picture of the TC structure. This recalibration 

is performed on all 85 GHz and 91 GHz data to a standard frequency of 89 GHz.  

It is worth emphasizing the importance of such a procedure when considering 

interpretations of TB in both subjective and objective analyses. In the case of this overpass, the 

difference between the original 85 GHz and recalibrated 89 GHz TB is over 8 K in the strongest 

convective regions (Figure 4.5); most of the TC core undergoes a 5-8 K drop in temperature after 

recalibration. Such differences in TB magnitude have large implications for intensity estimation 

schemes, since false intensity information (such as trends in intensification or weakening) would 

be gleaned from the data if these frequency differences are unaccounted or uncorrected. Many 

users of multiple passive microwave sensor data may not be adequately considering these 

differences, leading to improper application of analysis techniques.  

Besides re-calibration, another large difference between sensors is the effective imagery 

resolution (see Table 4.2). Particularly, the SSM/I and SSMIS sensors observe at less than half 

the resolution of more recent research geared sensors. Using an inverse matrix transformation 
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scheme developed by Backus and Gilbert (1968), additional information can be extracted from 

the native resolution, provided the data has appropriate Nyquist sampling. Figure 4.6 (from 

Figure 1 of Long and Daum 1998) graphically depicts the retrieval of geophysical information at 

different frequencies by a sensor scan. Note that the pixel footprint of the microwave data are 

oval-shaped and that there is overlapping information for a given observed frequency. Using a 

series of FORTRAN and IDL calculations following Poe (1990), the satellite data on SSM/I and 

SSMIS is resampled using the sensor characteristics and interpolated to 1 km resolution to create 

a smoother, higher detailed image. An example of the resampling results using the Hurricane 

Katrina case from Figure 4.4b is shown in Figure 4.7. Besides the aesthetic benefit to working 

with smoother and higher resolution data, extra information due to the overlapping footprints has 

been recovered to provide more detail than previously available, facilitating a better comparison 

with the higher resolution TMI and AMSR-E sensors (as well as future missions). 

Using these newly processed data, a better estimate of the TC center can now be 

considered. The ‘best track’ storm centers interpolated to the satellite overpass times are 

frequently offset from the actual TC center from anywhere between 10-30 km – though errors are 

occasionally larger – due to subjective smoothing at the synoptic time length (Rappaport et al. 

2009). The Automated Rotational Center Hurricane Eye Retrieval method (ARCHER; Wimmers 

and Velden 2010) uses the pattern of satellite TB – especially that of curved banding structures 

and an encircled eyewall – to objectively determine a likely TC center position starting from a 

first guess estimate. Versions of ARCHER are used in operational TC analysis products such as 

the ADT and MIMIC. Although ARCHER performs well in well-developed TCs with an eye as 

well as cases with low vertical wind shear, an asymmetrical pattern of convection in higher wind 

shear presents difficulties. However, if an empirical threshold value based on the TC intensity is 

not met, ARCHER will advise against using its newly derived position. 

Example diagnostic images from the ARCHER Matlab software using the sample 

Hurricane Katrina case is plotted in Figure 4.8.While the original data were more than sufficient 

to provide ARCHER with information to recenter the TC (Figure 4.8a) given Hurricane Katrina’s 

well organized state, subsequent iterations of ARCHER after recalibration to 89 GHz (Figure 

4.8b) and Backus-Gilbert optimal interpolation (Figure 4.8c) show higher analysis scores and 

increased confidence in the goodness of fit for the new center. The interpolated best track 

position, ARCHER’s center position, and a flag on ARCHER’s threshold value are all added as 
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metadata to the digital sector data to allow users to choose their preferred center. In addition to 

the new center position, diagnostic values of intermediate calculations based on the scene 

sharpness are output and are preserved and saved for testing and improvements in centering and 

analysis. An evaluation of these values with respect to TC representation in the dataset is 

discussed next. 

 

4.4 Climatology of ARCHER Analysis 

 

While there are innumerable possibilities for visualizing a summary of this dataset, the 

following section attempts to describe observed characteristics of these TCs as found through the 

ARCHER analysis. In particular, the distribution of ice scattering channel data (e.g. 89 GHz, 

which excludes WINDSAT) is analyzed with respect to the interpolated best track intensity as 

well as ARCHER diagnostic metrics. Through this analysis, the robustness of TC observation by 

through this dataset, as stratified by structure and intensity, will be discussed. Further, a look at 

how the data standardization steps (i.e. recalibration to 89 GHz and the Backus-Gilbert optimal 

interpolation) helps to sharpen the TC scene for ARCHER analysis, resulting in higher ARCHER 

scores that foster an easier ability to recenter a TC. 

 

4.4.1 Organizational Scores 

To begin, Figure 4.9a shows a scatterplot of all TC overpasses observed by an ice 

scattering channel as stratified by intensity and the ARCHER combo score, where the combo 

score represents the final summation of ARCHER’s analysis of the spiral banding and possible 

eye scene. The colors show the sensor that observed the specific case. Note that for any 

particular intensity, there tends to be higher combo scores for AMSR-E and TMI compared to 

SSM/I and SSMIS. These former sensors have a higher spatial resolution. This implies that the 

finer delineation of a TC scene in AMSR-E compared to SSM/I results in an enhanced ability for 

ARCHER to analyze the scene and provide higher confidence recentering. Although there is 

wide scatter, the positively correlated relationship between higher intensities and higher combo 

scores is among the most distinct characteristics of this plot. This association is confirmed by 

linear regression of maximum sustained winds onto the ARCHER combo score. R squared 

values for this regression range from 0.411 for SSMIS to 0.493 for AMSR-E, showing that the 
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organizational determination by ARCHER for the combo score relates fairly well to diagnosing 

the intensity of the storm as well. While sensor resolution may be a factor, the lower R-squared 

values (and higher scatter) for TMI, SSMIS, and SSM/I may simply be due  the larger amount of 

sampled cases for these sensors. 

Based on an empirical analysis of TC intensity and ARCHER combo score, the threshold 

for recentering becomes stricter with weaker intensity. This intensity criterion is shown by the 

solid black line on Figure 4.9a. Cases that meet ARCHER’s criteria for recentering are then 

shown in Figure 4.9b. While it appears there are weaker storms with smaller combo scores below 

ARCHER’s threshold score, Figure 4.9b shows that these cases failed to be analyzed by the 

classical ARCHER method, but were successfully analyzed by the SPS method (which uses an 

alternate methodology to determine the spiral gradients). The distribution of analysis methods by 

intensity in Figure 4.9a generally shows that less intense storms have weaker microwave 

signatures that necessitate alternative recentering methods to be introduced. 

Delving further into some of ARCHER’s specific diagnostic scores also reveals 

interesting properties of the TC dataset. For example, while the ARCHER’s spiral score shows 

higher values and increased confidence with more intense storms and higher resolution sensors 

(as Figure 4.9a, but not shown), Figure 4.11 shows that ARHCER’s spiral sharpness score (a 

function of TB variance with respect to radius from the center) seems to have little relationship to 

the observed sensor. The exception may be for SSM/I which shows higher scatter, but this may 

simply relate to the larger observing time and sample size. Looking at ARHCER’s ring analysis 

for an eye scene, Figure 4.12 also shows a more non-linear relationship. Higher maximum ring 

scores are generally associated with higher intensity TCs, but seem to be highly tempered by the 

size of the ring. Thus, larger rings (associated with larger eyes and/or broader cores) tend to have 

much smaller possible ring scores than compact rings. 

An alternative to scatterplot visualization is explored with binned data in Figures 4.13-

4.15, where information is all grouped by the TC intensity and the ARCHER ring radius (as a 

proxy for storm size). Binning is based on the rounding of intensity and ring radius values. All of 

the dataset cases are shown in Figure 4.13, as in Figure 4.9a. Figure 4.13a shows that the highest 

numbers of cases are represented by weak TCs with small ring sizes (and thus more compact 

core size). There are two interesting features; firstly, there seems to be no cases analyzed with an 

ARCHER ring size of 1.05 degrees. This likely is an analysis bug rather than a physical feature. 
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Secondly, there are far more cases at 0.5 and 1.5 ring radii than would be suggested by the 

surrounding values. These ring sizes are ARCHER’s default estimates for the alternative 

centering methods, especially when there is incomplete data coverage (as shown in Figure 

4.13b). Other than data coverage considerations, Figure 4.13c shows the percentage of 

stratification of ARCHER recentering is characterized by discontinuities from ARCHER’s 

intensity threshold. On average, only one quarter to one third of tropical storm cases (< 64 kts) 

are accepted for recentering, while higher intensity hurricanes (> 85 kts) almost always meet 

ARCHER’s criteria. The counts of cases that meet ARCHER’s recentering criteria are shown in 

Figure 4.14. 

By displaying binned characteristics of TCs that met ARCHER’s threshold (as shown in 

Figure 4.15), some insights into storm organization can be inferred. For example, Figure 4.15a 

shows that ARCHER’s highest combo scores occur for major hurricanes with relatively large 

ring radii (about 0.8 to 1.2 degrees). This is largely due to high spiral sharpness (Figure 4.15b) 

that likely results from the larger storm size and larger amount of data to perform such an 

analysis. To contrast, ARCHER’s highest ring scores (Figure 4.15c) are found with the highest 

intensities as well as smallest rings (with the exception of 0.05 deg, which is within the 

resolution of all sensors), corroborating Figure 4.12. While the ring score has a lower overall 

impact on the combo score, there seems to be a much stronger relationship between higher ring 

score and smaller recentering distance (Figure 4.15d). This may relate to the best track center 

being more easily resolved for more intense storms (and thus a smaller distance to move), as well 

as the higher informational content that such strong storms provide for center finding. 

 

4.4.2 Differences by Dataset Standardization Steps 

To help identify the benefit of recalibration and Backus-Gilbert interpolation, the 

following section briefly demonstrates the improvement in ARCHER’s combo scores by these 

steps compared to the original data. Figure 4.16 shows a scatterplot of combo score differences 

(positive values indicate improvement) by the recalibration on the abscissa and the recalibration 

and Backus-Gilbert interpolation on the ordinate. Note that the ordinate axis is a larger scale, 

indicating a greater effect on the combo score. Overall, those storms with the lowest intensities 

are on average the most affected by these efforts. Additionally, there is a large scatter around 

small values, with several linear features of improvement by each standardization step. Figure 
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4.17a provides a zoomed in picture of Figure 4.16, showing that the Backus-Gilbert can 

variously either somewhat degrade, not improve, or vastly improve the scores compared to only 

the recalibration. Interestingly, Figure 4.17b demonstrates that for those cases that do not 

improve by the standardization steps, the ring scores tend to be quite high. When compared in 

tandem with Figure 4.12 and 4.15c, it appears that these are associated with compact rings of 

medium intensities, suggesting that TCs that are negatively impacted may be smaller and near 

ARCHER thresholds. Figure 4.18 shows that by and large, the average case is positively 

improved in marginal amounts by both recalibration and Backus-Gilbert interpolation. Only 

those very weak storms (< 55 kts) may have slightly lower scores due to recalibration. Overall, 

both methods add value to the ARCHER analysis by improving the ability for ARCHER to 

discern the TC center. 

 

4.5 Discussion 

 

Passive microwave imagery has gained more utility as a tool to diagnose trends in TC 

intensity change in both an operational and research environment. Particularly for hurricane 

forecasters around the world, the NRL TC webpage (http://www.nrlmry.navy.mil/TC.html) 

provides one of the easiest sources of information on the microphysical structure of a TC, which 

serves a critical role in short-term analysis and forecasting (Burton and Velden 2012).   

Additional products including geolocation, GeoTIF and Google Earth kml format, also permit 

data fusion via layering of multi-sensor data sets.  The availability of a standardized passive 

microwave imagery dataset to the meteorological community can help multiple thrusts in 

operational forecasting as well as research and development endeavors. As such, a digital image-

based archive of these data – as well as a real-time implementation of the standardization 

methodology – will be provided on an updated version of the NRL TC webpage in the near 

future. 

Climatological analysis of tropical cyclones from microwave imagery has historically 

been limited by the logistical difficulties in obtaining and inter-comparing large datasets from 

multiple observing platforms and agencies. Given the higher spatial resolution and tendency to 

observe at 89 GHz in recent (e.g., the Advanced Microwave Scanning Radiometer 2 – AMSR2 –

and the NASA Global Precipitation Measurement microwave imagery – GPM/GMI) and future 
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passive microwave observing platforms, it is critical to preserve and calibrate historical 

observations to facilitate accurate climatological analyses. To aid such analysis efforts, these data 

will be released for public availability when arrangements with a suitable host (such as NCDC) 

are finalized.  

Perhaps due to the relative difficulty in obtaining and interpreting such microwave data, 

only recently has the analysis and predictive potential in these real-time sensors been explored. 

There are many potential research outlets, such as leveraging the different available microwave 

channels to derive climatologies of physical variables, including shear analysis (e.g., Turk et al. 

2006a), precipitation amounts (e.g., Karyampudi et al 1999, and Turk et al. 2006b), atmospheric 

water content (e.g., DeMaria et al. 2008) and the potential of dry air intrusion such as via the 

Saharan Air Layer (SAL; Dunion and Velden, 2004).  Efforts in these areas can improve 

physical understanding and foster the ability to monitor and understand these features in near 

real-time. Further, in addition to identifying the presence of an eye obscured by a cirrus canopy 

(e.g., Hawkins et al. 2008), observations of TC core evolution such as multiple concentric 

convective rings (e.g., Hawkins and Helveston 2004; Hawkins et al. 2006) through secondary 

eyewall formations (e.g., Sitkowski et al. 2011) can be objectively performed over a multi-

decadal timeframe. This type of analysis, when combined with coincident data sets such as 

scatterometer ocean surface vector winds may enlighten the community on preferred rainband 

organization regions due to low-level convergence and help isolate the cause of concentric 

eyewalls from the multiple competing hypotheses.  Beyond structural analyses, the ARCHER 

analysis of the TC position using research sensors that were previously unavailable during 

operational forecasting can help reanalysis efforts (e.g., Landsea et al. 2004) establish a more 

robust historical record and mitigate upper-cloud obscuration issues that “clouded” these datasets 

in the early and mid-1990s. Ultimately, the efforts detailed here aim to provide an improved tool 

to better understand and forecast TCs using available resources. 
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Table 4.1: Frequencies and polarizations measured by selected microwave imagers. Horizontal 

(H) and Vertical (V) polarizations are represented. Note that WINDSAT also measures positive 

and negative 45 degree as well as left and right circular polarization at the 10.7, 18.7, and 37.0 

GHz frequencies. Also note that different observed frequencies in the rightmost column can lead 

to brightness temperature differences on the order of 1-10K (Hawkins et al. 2008). The highest 

two frequency columns represent those most commonly used for TC analysis.  

 

 

Sensor Available Channels/Frequencies (in GHz) 

SSM/I - - 19.35 (H,V) 22.35 (V) 37.0 (H,V) 85.5 (H,V) 

SSMIS - - 19.35 (H,V) 22.35 (V) 37.0 (H,V) 91.665 (H,V) 

TMI - 10.7 (H,V) 19.4 (H,V) 21.3 (V) 37.0 (H,V) 85.5 (H,V) 

AMSR-E 6.925 (H,V) 10.65 (H,V) 18.7 (H,V) 23.8 (H,V) 36.5 (H,V) 89.0 (H,V) 

WINDSAT 6.8 (H,V) 10.7 (H,V) 18.7 (H,V) 23.8 (H,V) 37.0 (H,V) - 

 

 

 

 

 

Table 4.2: Approximate resolution of microwave data by frequency and sensor. The column 

header does not represent the specific measured frequency by the microwave imager since they 

vary by sensor; refer to Table 4.1 for a sensor’s actual measured frequency. Information adapted 

from Table 1 of Hawkins and Velden (2011). 

 

 

Sensor 6-7 GHz 10-11 GHz 18-19 GHz 22-24 GHz 36-37 GHz 85-91 GHz 

SSM/I - - 56 km 50 km 33 km 12 km 

SSMIS - - 55 km 55 km 35 km 12 km 

TMI - 50 km 24 km 20 km 12 km 5 km 

AMSR-E 50 km 50 km 25 km 25 km 15 km 5 km 

WINDSAT 55 km 40 km 20 km 13 km 11 km - 
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Figure 4.1: Length of record for the microwave imager data that makes up the new TC dataset. 

Figure adapted from the CSU FCDR project website (http://rain.atmos.colostate.edu/FCDR/; also 

see Sapiano et al. 2013). 

 

 

 
 

Figure 4.2: Graphical depiction of one day’s worth of descending orbital passes by the AMSR-E 

sensor. The arrow points to encircled Hurricane Wilma in the Caribbean Sea. Image courtesy: 

NASA.  
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Figure 4.3: Cyclone Jokwe near the coastline of Mozambique as observed by the AMSR-E (top) 

and TMI (bottom) sensors within a minute of each other on 1128z, 8 March 2008. The left 

images show the native sensor scanning resolution, while the images on the right are interpolated 

to a common grid. Contours and plots are center calculations from the ARCHER analysis. Note 

the lower temperatures in the convection and higher temperatures in the moat in the AMSR-E 

(89 GHz) data compared to the TMI (85 GHz) data. 
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(a) 85-H SSM/I 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(b) 89-H Recalibration 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.4: (a) Sample tropical cyclone overpass of Hurricane Katrina on 28 Aug 2005 at 1244z, 

as captured by SSM/I on F13 using 85GHz H-pol. (b) TB are recalibrated to 89GHz using Yang 

et al. (2014) technique.  Note how the TB are lowered to the red and brown colors in the banding 

and eyewall features. These lowered values will influence both subjective and objective intensity 

estimates. 
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Figure 4.5: The difference field between the recalibrated 89GHz TB (Figure 4.4b) and the 

original 85GHz TB for the Hurricane Katrina case. Positive values indicate lower TB (and a 

deeper convective signal) in the recalibrated image. 
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Figure 4.6: Measurement footprint of the different SSM/I frequencies compared to each other 

and by scan angle. Note the overlapping circles of the same size, denoting redundant gathered 

information. Graphic from Long and Daum (1998), Figure 1. 
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Figure 4.7: As in Figure 4.4b, except after resampling and optimal interpolation to a 1km grid via 

the Backus-Gilbert technique (e.g., Poe 1990).  
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(a) 85-H 
 

 

 

 

 

 

 

 

 

 

 

 

(b) 89-H 
 

 

 

 

 

 

 

 

 

 

 

 

(c) 89-H Backus Gilbert 
 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.8: Example case as processed by the ARCHER technique (Wimmers and Velden 2010) 

to recenter a TC based on information from the microwave image itself. (a) based on Figure 4.4a; 

(b) based on Figure 4.4b; (c) based on Figure 4.7. Center calculations are contoured using spiral 

banding (left), an eye scene (middle), and a final best guess center (right). The first-guess 

interpolated best track is denoted by the plus sign, ARCHER-derived centers by a square. 
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Figure 4.9: Scatterplot of all ice scattering channel cases (excludes WINDSAT) by TC intensity 

on the abscissa and ARCHER combo score on the ordinate. Colors represent the sensor that 

observed that case. Figure (a) shows all cases, with the black lines showing ARCHER’s threshold 

intensity and score for reentering and the colored lines indicating the best fit linear regression 

relationship between TC intensity and ARCHER combo score by sensor. Figure (b) shows only 

those cases that meet ARCHER’s threshold to recenter.  
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Figure 4.10: As in Figure 4.9, except shading indicates ARCHER’s centering analysis method. 

Note that cases in Figures 4.9 (b) and 4.10 (b) that do not meet ARCHER’s intensity and combo 

score criteria for recentering are still accepted by ARCHER’s SPS analysis method. This cases 

represent overpasses with partial coverage of the TC.  
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Figure 4.11: As in Figure 4.9 (b), except the ordinate uses ARCHER’s spiral sharpness score. 
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Figure 4.12: As in Figure 4.9 (b), except the ordinate uses ARCHER’s maximum ring score and 

the shading indicates the radius of ARCHER’s analyzed TC ring (in degrees). 
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 (a) Counts of All Cases            (b) ARCHER Analysis Percent Coverage 

  
 

(c) Percent of Cases that Meet ARCHER Threshold 

 
 

Figure 4.13: Visualizing ARCHER data by TC intensity (abscissa) and ARCHER ring size 

(ordinate). Figure (a) shows counts of all cases in the dataset; (b) displays the average percent 

coverage of data for the ARCHER analysis scene; (c) plots the percentage of cases in each bin 

that meet the ARCHER threshold criteria for recentering.  
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Counts of Cases that Meet ARCHER Threshold 

 
 

Figure 4.14: As in Figure 4.13 (a), except visualizing the counts of cases that only meet the 

ARCHER threshold criteria for recentering. 
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      (a) ARCHER Combo Score        (b) ARCHER Spiral Sharpness 

  
 

        (c) ARCHER Ring Score       (d) Distance ARCHER Moved 

           TC Center (km) 

  
 

Figure 4.15: As in Figure 4.14, except shading indicates: (a) Average ARCHER combo score; 

(b) Average ARCHER spiral sharpness; (c) Average ARCHER ring score; (d) Average distance 

from the interpolated TC best track center that ARCHER recentered.  
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Figure 4.16: Scatterplot of SSM/I cases that underwent recalibration to 89 GHz and Backus-

Gilbert optimal interpolation. The abscissa shows the ARCHER combo score difference between 

the original resolution recalibrated 89 GHz image and the original resolution 85GHz image 

(positive indicates higher combo score after recalibration). The ordinate shows the ARCHER 

combo score difference between the Backus-Gilbert optimally interpolated and recalibrated 89 

GHz image and the original resolution 85GHz image (positive indicates higher combo score after 

recalibration and Backus-Gilbert interpolation). Cases are shaded by their interpolated best track 

intensity. Note that the scales on each axis are different. 
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Figure 4.17: (a) As in Figure 4.16, except zoomed in to show equal axis ranges. (b) As in (a), 

except cases shaded by the ARCHER maximum ring score. Black dashed lines show no change 

in combo score; light gray dashed lines show a slope of 0.5 and 1.  
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(a)                                           (b) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.18: Axes as in Figure 4.13 (a), except showing combo score differences from SSM/I 

data standardization from Figure 4.16. (a) Average added value of recalibration compared to the 

original frequency for ARCHER combo score (positive indicates higher scores after 

recalibration). (b) As in (a), except showing the average added value of recalibration and 

Backus-Gilbert optimal interpolation. 
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CHAPTER FIVE 

 

DEVELOPING NEW STRUCTURAL DIAGNOSTICS 

 

5.1 Establishing a Scope and Research Methodology 

 

Given the full two-dimensional, multi-spectral observational capabilities afforded by the 

passive microwave imager dataset in the previous chapter, there are a myriad of TC structural 

research directions that may be explored. A bevy of these possibilities is further explored in the 

future work discussion in Section 6.3. For the purposes of this dissertation and due primarily to 

time constraints, the remaining analysis will consider how microwave data can emulate TC 

structure information that is similar to the operational aircraft reconnaissance. In particular, 

objective size and strength metrics of the eye and inner-core are developed from microwave data 

to provide pseudo-VDM-like information. Further, additional shape analysis is explored to tease 

the potential for informing theory and operations through newly possible methods afforded by 

the data.  

This chapter starts by describing and showing the methodology. Next, a case study 

visualization of microwave data as it is transformed to storm-relative polar coordinates is 

detailed. In particular, finding an accurate storm center at the time of the microwave pass is 

emphasized and paired with a discussion on a technique to objectively characterize the 

eye/eyewall shape. Finally, global composite results that relate to the spatially limited aircraft 

data in Chapter 3 are compared and contrasted. Through this analysis, a proof-of-concept of 

operationally available structural diagnostics from microwave data are suggested. 

 

5.1.1 Culling the Data 

Before simply running through every case in the microwave dataset presented in Chapter 

4, it seems prudent to limit the data based on several factors. The scope of this beta version of the 

dataset comprises about 2,500 global TCs through over 100,000 overpass images among 12 

satellites and 5 sensors from 1987-2012.  From a purely numerical and processing perspective, 

limiting these data to a smaller subset will allow a faster processing of structural definitions and 
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a likely more relevant and statistically robust analysis. Firstly, due to the satellites’ polar orbits 

and scanning geometries, a significant portion of these cases have incomplete coverage either at 

the TC periphery or into the storm itself. Since the primary objective of this analysis is to 

accurately measure the shape of inner-core structure, only cases that have 100% spatial coverage 

within 200 km of the TC center are considered. Secondly, the Backus-Gilbert optimal 

interpolation results in a relatively large grid which significantly slows processing. As such, only 

the recalibrated channels at the original native resolution are used. 

Additional filtering criteria serve to ensure that the considered cases have sufficient 

convective signal to warrant structural analysis. While there are various observed frequencies 

that leverage different microphysical aspects of the storm, the ice scattering channels by virtue of 

their wavelength offer the highest resolution picture of the TC. Thus, only 89 GHz data (whether 

as originally observed or recalibrated) are shown to maximize differentiation between cases. 

Since ARCHER explicitly considers organizational structure as part of its threshold to recenter a 

case, only cases that meet this threshold are used. Finally, as detailed in the background 

discussed in Chapter 2 and the operational analysis in Chapter 3, not all TCs have sufficient 

organization to warrant the formation of an eye. Per these theoretical and observational 

underpinnings, hurricane strength systems generally attain some form of an eye feature. An 

intensity threshold of 64 kts is also in place as a simple proxy to further ensure that the bulk of 

analyzed cases have sufficient structure to foster a stronger intensity. After all of the above 

culling of data, the remaining testing set is composed of about 12,000 images and 1,000 TCs 

(constituting about 12% or an eighth of all available microwave data). 

 

5.1.2 Analysis Methods: Proof of Concept through HURSAT 

The work performed thus far – shown in Chapters 3 and 4 – represents analyses from the 

most recent available best track, operational and microwave data through the end of 2012. 

Because efforts to complete a satellite-microwave climatology of TCs involves a significant 

amount of metadata creation and computer processing over a period of years, a large amount of 

previous preliminary work using the HURSAT dataset was performed for this dissertation. The 

following section will show some analysis with HURSAT to compare the operational structural 

metrics from ATCF to microwave data, in addition to exploring methods to create new objective 

TC structure quantities from microwave data. The HURSAT data – interpolated to a Cartesian 
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coordinate grid regularly spaced along latitude and longitude lines (about 8 km between points) – 

was analyzed using GrADS. The new dataset – preserved in the original grid based on observed 

scanning geometry – is analyzed using Matlab. Despite these differences, the graphical and 

numerical results produce comparable results and serve as evidence supporting the robustness of 

the analysis methods. Thus, the following section will describe the methodology for microwave 

TC structural analysis using output from the HURSAT data analysis for visual examples. Beyond 

that, the new microwave dataset will be explored. 

An example case will be used to demonstrate the initially proposed methods to 

objectively quantify structural features of TCs. Figure 5.1 displays a HURSAT SSM/I overpass 

of Hurricane Katrina (2005) near peak intensity. There are several notable features in this figure. 

Firstly, there are two marked centers (see inset): the ARCHER derived position (‘O’) and the 

interpolated best track (‘X’). In this case, the difference between these two estimates is 

minimized due to clarity of the eye scene and proximity to synoptic time (so that the best track 

interpolation error is also minimized). Concentric radial circles (white inside black lines) are 

marked by the distance (km) from the ARCHER center. Structurally, this case shows a well-

defined eye and inner-core ring, evidence of a secondary TB minimum near 100km to the 

northeast and southwest perhaps indicating a partial SEF, and several banding features that spiral 

outward; the majority of the TC’s 85GHz atmospheric signature is confined to within 300km of 

the center. 

Given the TC’s circular organization about its center, polar coordinate transformation of 

TCs can offer an advantage in diagnosing both eye shape and possible miscentering. As it relates 

to eye size and asymmetry, there has been some recent work on diagnosing eyewall asymmetry 

(e.g., Li et al. 2013) and relating it to instability caused by the primary circulation (Itano and 

Hosoya 2013). Both of these studies use higher resolution radar data to show complex eye 

shapes. While the microwave data currently cannot match the resolution found in these studies, 

some analysis of shape is still possible. Figure 5.2 provides diagrams for three sample eye 

representation cases. The top example (a) demonstrates a circular eye with a ‘correct’ center 

position in the middle of the circle. This is represented in polar coordinates as a straight line; that 

is, the eye size is one constant radius (the same distance from the center) for every azimuthal 

angle. When the center fix for a circular eye is displaced to the north in Figure 5.2 (b), a 

wavenumber 1 asymmetry is found in polar coordinates. Azimuthal averages and feature 
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measurements throughout the image would be off compared to the case (a). Knowing that a 

wavenumber 1 asymmetry occurs, a correction may be applied to the middle case of Figure 5.2 

to adjust closer to the correct center. By summing up the radius at two arbitrary antipodal angles 

(180
o
 apart), dividing by two, and applying that distance inward from the eye edge, an improved 

center estimate is obtained. While different angle pairs may yield varied distances, several 

iterations will converge to a more precise position. 

However, as Figure 5.2 (c) demonstrates, having different eye diameter estimates from 

various opposing angle pairs can represent actual eye shape as well. In this case, where there is 

an elliptical eye with a proper center position, the smallest eye diameter (0/180
o
) represents the 

minor semi-axis and the largest eye diameter (90/270
o
) represents the major semi-axis. In 

addition to objectively estimating the eye and eyewall position, size, and shape in this manner, 

the percentage of eye and eyewall completion can be similarly found using thresholds of 

satellite-observed Brightness Temperature (TB) along a radial path. This will entail additional 

testing to determine optimal empirical thresholds of eye size, shape, and completion that 

correspond to previous eye measurements (e.g., VDM data from Chapter 3) as well as physically 

meaningful boundaries (as discussed in Vigh 2010). 

Given the benefits of objectively defining structure of a circular nature in polar 

coordinates, Figure 5.3 shows two transformations of Figure 5.1 into polar coordinates: one 

using the ARCHER center (Figure 5.3a; corresponding to the ‘O’ center) and one with the 

interpolated best track position (Figure 5.3b; corresponding to the ‘X’ center). The same features 

noted above in Figure 5.1 also appear in Figure 5.3, but now in relation to radial distance and 

earth relative azimuthal direction from the TC center. In particular, the profile of the eye and 

eyewall are much easier to discern in Figure 5.3’s polar coordinates and can be compared to the 

schematics in Figure 5.2. Even though the center differences in this case is reduced compared to 

the average case (e.g., Cecil and Zipser 1999; J Hawkins, personal communication, 2012), there 

is still a visible wavenumber 1 asymmetry in the interpolated best track position of Figure 5.2 

(b). This small, approximately 11 km difference in center position seen in the inset of Figure 5.1 

corresponds to a visible outward bend of the eyewall at around 255
o
. However, when the 

analyzed ARCHER center is used, the bend is not present. Instead, a wavenumber 2 asymmetry 

in brightness temperature becomes the prominent eyewall feature. This suggests a possible 
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elliptical eyewall shape with a minor axis along 105/285
o
, or roughly from east-southeast to 

west-northwest in Figure 5.1. 

Figure 5.4 (a) replicates and expands the image in Figure 5.3 (a) to provide a reference 

for the extension of other structural measures in Figures 5.4 (b-d). Specifically, Figures 5.4 (c/d) 

show efforts to reduce dependence on particular values of brightness temperature when 

determining eye size and shape. The remainder of this study will consider eye size as the radial 

distance from the center. For example, a threshold criterion of 260K (that is, the radius where 

TB=260K between the center and the eyewall minimum TB) will produce an eye size of 24km, 

while 240K is near 30km. Based on physical and technological factors described in Chapters 2 

and 3 (and further discussions available in Vigh 2010), defining the ‘actual’ eye size is an 

exercise that attempts to merge insight from physical eye-regulating processes with empirical 

observation. Unfortunately, there is an ill-defined discrete boundary between eye and no-eye, 

even under optimal circumstances. Thus, the complex physical interpretation and  resolution 

limitation of microwave data will alter the perception various eyes (e.g., a small eye versus a 

large eye), despite potentially similar physical delineations. 

  To this end, mathematically rigorous definitions that are based on shape and invariant of 

the actual satellite-sensed temperature are explored. In particular, an analysis of derivatives of 

the TB profiles fosters an ability to see transitions from high to low temperature regimes without 

a dependence on the magnitude of those values.  Choosing the inflection point between the eye 

(characterized in the ice-scattering channel by high TB) and eyewall (seen as low TB), 

Inflection Point(High → Low ��) = ���(
∂TB∂r )     (5.1) 

where � is along a radial (or represents the azimuthally averaged temperature) defines the 

boundary of the eye and eyewall as the location of maximum brightness temperature gradient 

between the two features. This is seen in Figure 5.4 (c, d) as the trough in the green line. For this 

Hurricane Katrina case, the inflection point supports an eye size of 28 km. While this signal 

shows up well, the inflection point may not be the best physical representation the eye boundary, 

given that the maximum gradient implies there is already significant scatter signal present in this 

microwave channel. An alternative analysis may use the change in concavity from the concave 

up signature of the eye to the concave down signature of the eyewall, 

Change in Concavity(Concave Up → Concave Down) = ���( 
∂2TB∂r2 )  (5.2) 
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as indicated by the minimum of the second derivative of TB with radius. Shown by the red line in 

Figure 5.4 (c/d), this metric suggests an eye radius of 20-24km. Unfortunately, even in this well-

defined case, this signature is weaker. For ease of analysis and comparison with other metrics, 

only the inflection point will be considered as an eye size metric for the remainder of this work. 

Furthermore, the size and strength of the eyewall may also be considered. In this case, the 

eyewall is represented by the global minimum in azimuthally averaged TB 

Eyewall (Convective Maximum) = ���(��)     (5.3) 

which can be seen as the lowest valley in the black line of Figure 5.4 (c, d),where this feature 

exists near 40km from the center. While the physical interpretation of an eyewall necessitates an 

eye, any convective ring or even convective maximum will be represented by this TB minimum. 

This feature serves as both an advantage and disadvantage; such a diagnostic allows any TC 

regardless of intensity or shape to be characterized, but as such, may not be always refer to an 

eyewall. In the case of Figure 5.4, however, it does represent an eyewall. A closer examination 

of the TB values at that radius – shown in Figure 5.4 (b) – reveals several features. A prominent 

wavenumber 2 structure (as inferred by the analysis of Figure 5.2) may be seen in the brightness 

temperature values at this radius. This profile relates both to inner-core strength at different 

azimuths as well as by the eye asymmetry, which extends further outward for a given TB where 

the eyewall is weaker. 

Unfortunately, a simple azimuthal average (as used to diagnose the above radial metrics) 

may be insufficient for identifying many specific structures of interest, particularly any of those 

with spiral or other asymmetric features. While local brightness temperature minima in tandem 

with a greater standard deviation at the outer storm radii can indicate the presence of multiple 

asymmetric structures (as implied by the purple shading in Figure 5.4d; e.g., banding), additional 

alternate diagnostic capabilities are explored better identify asymmetric features. Further 

investigations into the eye/eyewall boundary is performed using the new dataset by taking into 

account differences in TB thresholds, TB minima, and inflection points by azimuthal angle. The 

following represents the logical flow of analysis procedure (Note: currently only the innermost 

eyewall is considered): 

• The radial position for the above described eye/eyewall boundary features are 

calculated at every azimuth. 
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• Based on a k-means clustering (MacQueen 1967) of these points with respect to 

radius, the percentage completion of the inner eyewall is calculated. 

• Additional metrics such as perimeter, area, and ellipticity are explored from these 

eye size calculations. 

• The centroid of the bounded polygon formed by these points is calculated as an 

alternate method to center the TC. 

• A Fourier analysis is performed to determine the dominant wavenumber structure 

of the eye/eyewall boundary for each method and threshold TB.  

After various features of TC structure are objectively identified, comparisons can be 

made between systems as in Chapter 3. Composites or clusters of TCs with similar 

characteristics may be created to distinguish how different structures are related to each other 

and intensity. Figure 5.5 begins such an analysis by showing the unsmoothed frequency 

distribution of TCs based on its global minimum azimuthal brightness temperatures (eyewall 

metric; on the ordinate) and intensity (abscissa). Figure 5.5a uses only those cases where 

ARCHER criteria was met, while Figure 5.5b composites all HURSAT data regardless of 

whether or not ARCHER recentered. In particular, Figure 5.5a compares well with the eye sizes 

found in previous figures (e.g., Figures 3.4-3.6). ARCHER’s ability to discriminate cases with 

better defined structure is seen when compared to all HURSAT cases, where the full range of 

observed TCs better approximates the TC record (i.e. the best track). ARCHER’s tendency to 

accept only those weaker storms with strong convective signatures close to the center serves as a 

mirrored proxy for the tendency for aircraft VDMs to smaller eyes in weaker storms that have 

eyes. This possibly relates to the critical organizational threshold mentioned by Anthes (1982) 

that the presence of a TC eye suggests. When compared to all cases in Figure 5.5 (b), it is 

apparent that the majority of observed TCs do not fall into this category, instead tending to 

exhibit weak intensities with less organization. This analysis is expanded upon using the new 

data in the following section. 

To close out this section on prefatory TC structure analysis from microwave data, the 

relationship between the eye and inner-core size, the magnitude of the mean azimuthal brightness 

temperature itself at the inner-core radius, and intensity will be more closely examined. For 

example, Figure 5.6 is set up in the same variable space as Figure 5.5, except that the shading 

shows the averaged TB over the given azimuthally averaged TB minimum radius. Lower TB at 



114 

 

this radius would indicate more ice scattering and thus stronger convection at the core of the 

storm. Figure 5.6b appears to show TC convective strength as a strong function of intensity; that 

is, more intense storms exhibit lower TB. There is also a tendency for higher TB with a large 

inner-core diameter, all else equal. This may be due to the greater number of data points that 

compose larger radii, making it more likely for weaker, non-convective signals (which have a 

higher brightness temperature signature in 85GHz) to influence the azimuthal average. Thus, the 

amount of sampled data are amplified with greater radii as a function of perimeter (i.e., 2��). 

Moreover, it may simply be more difficult to attain low, axisymmetric brightness temperatures 

further away from the center (e.g., due to the presence of spiral bands that cover multiple radii). 

The case of Figure 5.6a is more difficult to explain, given that ARCHER already filters 

out weakly defined systems. TB tends to increase with large inner-core diameter, likely for the 

same previously mentioned reasons. In addition, for weaker systems with very small inner-core 

diameters (<30 km), a developed eye is likely not present (e.g., Vigh et al 2012). In these cases, 

low TB may represent intense convection near and/or over the TC center itself (perhaps hot 

towers, e.g., Simpson et al. 1998). However, it is interesting to note that the global lowest TB 

occurs for these weak systems instead of the strongest systems. It may be only weak storms with 

the strongest organizational signal (as represented by large TB gradients) meet ARCHER’s 

threshold criteria, biasing the sample to the crème de la crème of cases. Besides these cases, 

Figure 5.6 (a) appears to also exhibit a qualitative relationship between stronger intensities and 

lower TB. The most intense TCs have small inner-core diameters likely associated with the 

middle of the inner-eyewall and the strongest convection (lowest TB). Hurricanes with the largest 

azimuthal minimum in brightness temperature (especially > 100 km; storms near the top of the 

frequency distribution triangle) may represent cases during the last stages of SEF, where the 

outer eyewall becomes the dominant core feature (e.g., Sitkowski et al. 2011), annular cases 

(e.g., Knaff et al. 2008), or extratropical transitions (e.g., Jones et al. 2003). This may also 

explain the higher brightness temperatures, since the outer feature is relatively weak and may be 

undergoing strengthening. 

An alternate way to visualize these data are shown in Figure 5.7, where the mean 

intensity is shaded given a combination of inner-core radius and the average brightness 

temperature at that radius. Such a graph could be used to estimate intensity to first order, given 

the location and strength of the minimum azimuthal TB for a TC observed in real-time by a 
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microwave overpass. As with Figure 5.6 (b), Figure 5.7 (b), which shows all HURSAT cases, 

may be easier to interpret. TCs tend to exhibit higher intensities with smaller inner-core size and 

lower brightness temperatures. The exception to this is TCs with the smallest inner-core sizes (< 

20km) and the strongest brightness temperatures (< 170 K), which tends to be weaker storms 

with convective flare-up over/near the center. That this signal shows up for all cases (and not just 

those that pass ARCHER’s threshold) may indicate that the strongest ice scattering signal may be 

seen in those weak cases undergoing strengthening through extreme structural development. 

Figure 5.7 (a) only shows those cases that pass ARHCER’s acceptance threshold and exhibits the 

same behavior as Figure 5.7 (b), except in a more complex manner. The pattern in Figure 5.7 (a) 

may signify preferred convective signatures along the TC lifecycle; storms with a mean inner-

core brightness temperature of about 240 K tend to be weaker, especially when it occurs at a 

larger radius, potentially signaling the weakening phase of a secondary eyewall. An expanded 

analysis using the new microwave dataset shows similar signals, adding confidence to the idea 

that changes in the coding methodology and dataset parameters do not appreciably alter the 

derived physical understanding. TB signatures such as these – and many more that may be 

discovered – hint at potential future avenues of relating microphysical structure to dynamical 

circulation. 

 

5.2 Diagnostic Examination in a Case Study 

 

5.2.1 Testing Eye/Inner-Core Metrics 

To extend this analysis into the new dataset, the same case study used in the previous 

section is examined. Figure 5.8 replicates Figures 5.1 and 5.4a except altering a few 

methodological steps. First, these images (plotted with Matlab software) show the recalibrated 

native resolution data from the microwave dataset described in Chapter 4. The altered graphical 

presentation is due to the software change, while the TC signature itself is different in a few 

ways. The lower TB signature in the convective features is due to the recalibration (the color 

table remains the same) and the fact that horizontal polarization is seen instead of the 

polarization corrected temperature. Additionally, both figures show data regridded to a polar 

coordinate grid with a spacing of 1 km radials and 1 degree azimuths out to 500 km from the 

center. Since the abscissa in Figure 5.8b extends outward to 500 km (compared to 1000 km in 
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Figure 5.4a), structural features extend further rightward in the current plot. Note that the 

constant azimuthal angle with distance results in features near the center having a higher 

interpolated sampling than features further away near the edge.  

A similar azimuthally averaged profile to that seen in the previous section can be seen in 

Figure 5.9. Focusing on the inner core region (those areas on the left side of the graph at small 

radial distances from the center), axisymmetric metrics of eye and eyewall size and strength can 

be derived with the same methodology used with the HURSAT data. In particular, the inflection 

point (represented by the global minimum in the first derivative as in Equation 5.1; green line in 

Figure 5.9) is calculated as a proxy for the eye boundary (and size). The azimuthally averaged 

TB minimum (as in Equation 5.3; blue line in Figure 5.9) is found to represent core (eyewall) 

size and strength. An additional metric is explored to represent the strength of the indirect 

secondary circulation that contributes to the formation and maintenance of the eye. The “warm 

spot” is calculated as the highest TB pixel inside of the eyewall (as defined by the azimuthally 

averaged TB minimum). The radial distance from the center and earth relative azimuth of the 

warm spot is also found to infer the secondary circulation axisymmetry. 

To expand upon these axisymmetric structural diagnostics, the following analysis delves 

into characterization of the eye/eyewall boundary by quantifying the asymmetric representation. 

Figure 5.10 shows a zoomed in picture of Figure 5.8a to better illustrate these efforts. At every 1 

degree azimuth, the inflection point is calculated as formulated in Equation 5.1 and plotted at 

each azimuth as grayscale circles in Figure 5.10. In contrast to the simple formulation of the 

axisymmetric value, there are discontinuities and wave-like variations in the radial location of 

these inflection points about the eye/eyewall interface. Since the inflection point represents the 

maximum gradient between the eye and eyewall and since the nature of the eye center changes 

little with azimuth compared to the eyewall, such variations in inflection point magnitude and 

location seem to reflect changes in location and magnitude of inner-core convection with respect 

to angle from the center. In addition to quantifying a new eye size, these inflection points form a 

polygon whose centroid may be calculated as an alternate center definition. This point is 

depicted in comparison to the interpolated best track center and the ARCHER-derived center in 

Figure 5.10. Additional analyses of using this asymmetric eye size are calculated; however, for 

ease of interpretation and to show alternate eye size methods, these will be described with the 

threshold analysis next. 
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Because the presence of an eye in microwave data (as well as all remotely sense 

brightness temperature data, or radar data, etc.) is represented by a continuous field, there is no 

clear signal to denote that a region is in the eye versus in the eyewall. Likewise, the resolution of 

these microwave data likely results in some scenes being represented by an amalgam of signal 

from the eye and the eyewall along boundary areas. For particularly small eyes that lie entirely 

within an observed pixel footprint, the true TB magnitude of the eye may not be accurately 

represented due to mixed convective and non-convective signals within the footprint. Even so, it 

may be useful to describe the eye size as the boundary of a particular TB magnitude value. A 

similar threshold methodology is often used with radar data to determine eye size in VDMs 

(Vigh et al. 2012). 

To determine the utility of a threshold analysis of this microwave data, the eye size is 

tested as the first (inner-most) radial occurrence of a TB threshold. Every temperature value is 

tested at rounded 5 K increments between the lowest eyewall TB and the highest eye TB. An 

example of two such analyses using relatively low TB values is shown in Figure 5.11: the top 

image shows the location of the inner-most 190 K threshold with respect to radius (abscissa) and 

earth relative azimuth (ordinate), while the bottom figure shows the 210 K threshold. Note that 

there are fewer points seen in the 190 K figure, representing the fact that that threshold is never 

meet at some azimuths. These fewer observations result in a smaller azimuthal percentage 

completion of the eyewall at that TB compare to 210 K. Furthermore, note that there are some 

observations that are seen at much further radii – areas of the TC not associated with the inner-

core. To determine only those points that are part of this inner-eyewall, a k-means cluster 

analysis is performed on the data to separate out significant areas by radial groupings. Since the 

number of clusters must be specified a priori, three was chosen as a compromise between 

sufficient differentiation of convection regimes and over splitting of the data. Figure 5.11 

represents these clusters by different colored/shaped points, with the three radial cluster centroids 

represented by black marks at near the figure top. In the case of the 190 K threshold, the inner 

eyewall is correctly separated from the outer banding features. However, with the 210 K 

threshold, the inner eyewall is split into 2 clusters. A set of calculations based on empirical 

testing is performed to determine when it is appropriate to join clusters. This includes comparing 

the minima, mean, and maxima of radial distance of cluster points to determine whether they are 

neighboring. Further, the standard deviation of the cluster points must be sufficiently small to 
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rule out banding and comingled features. In the case of Figure 5.11 (a), none of the clusters is 

joined; in Figure 5.11 (b), clusters 1 and 2 are joined. 

Once the inner-most TB threshold eyewall is identified, a further screening step examines 

the percentage completion about the center. Previous work (Willoughby et al. 1982, Weatherford 

and Gray 1988a, and Vigh et al. 2012) necessitated at least 50 % completion in order to declare 

an eye as being present. Based on this consistent criterion in prior studies, a majority of azimuths 

must be covered by the inner eyewall in order to continue this asymmetric analysis. Thus, the 

190 K threshold in the Hurricane Katrina case shown in Figure 5.11 does not continue analysis 

(having less than 50% inner eyewall coverage), but analysis at the 210 K threshold qualities. 

Having established that an eye/eyewall threshold exists with at least 50% coverage, an 

analysis of the polygon’s shape is performed. Firstly, the wavenumber 0 structure (calculated as 

the mean radius of all the inner-eyewall azimuthal points) is calculated, preserved, and 

subtracted out. A Fourier analysis is then applied to the remaining deviation radius from the 

mean. Figure 5.12 (a) shows the power spectral density of wavenumbers 1 through 8 on the 210 

K inner-core threshold sheen in Figure 5.11 (b). Note that the wavenumber 2 is highest, followed 

by wavenumbers 3 and 1. As previously discussed in the schematic in Figure 5.2, such 

wavenumbers represent polygonal shape with respect to the analyzed center. In this case, there is 

an elliptical component to this threshold (in addition to smaller triangular and off-center 

elements). To quantify the degree to which these wavenumber structures fit the eye size 

threshold profile, a linear regression of a sine wave is fit on upon the highest wavenumber. 

Figure 5.12 (b) illustrates this process using the Figure 5.11 (b) 210 K eyewall and the 

wavenumber 2 shape found from Figure 5.12 (a). Note that Figure 5.12 (b) plots the eye size 

twice (to 720 degrees; blue line) for ease of visualization, with the best fit wavenumber 2 (red 

line) plotted on top. The direction and magnitude of this wave structure is recorded and 

subtracted from the azimuthal radius. Figure 5.13 shows the result of this analysis by displaying 

the mean radius (wavenumber 0 circle; dashed line) and the ellipse (wavenumbers 0 and 2; thin 

solid line) for the 210 K threshold. As seen in Figure 5.12 (b) and Figure 5.13, the elliptical 

eyewall nature extends outward about 3-4 km along an axis just clockwise of north to south. 

The remaining data are analyzed again for wavenumber structure using the power spectra 

analysis and additional wavenumbers are fitted and recorded. Figure 5.14 shows a similar 

analysis performed for the 230 K threshold. As in Figure 5.11, the polar coordinate 
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representation of the 230 K eye/eyewall boundary is seen in Figure 5.14 (a). Unlike the previous 

TB analyses, this 230 K is complete at all azimuths and all three cluster shown are joined 

together. After calculating the Fourier power spectra and performing regressions of the dominant 

wavenumbers on the profile, the eye shape analysis shown in Figure 5.14 (b) is found. The 

wavenumber 0 (bold dashed line), wavenumbers 0 and 2 (thin solid line), and wavenumbers 0-3 

(thin dotted line) 230 K eye/eyewall boundary shape is plotted. While the eye shape at this TB is 

close to circular, there are still wavenumber components that contribute to the shape. In addition 

to the importance of eye size (as demonstrated in Chapter 3), such wave structure shape analysis 

and their location within the storm may be used to relate to future changes in intensity and 

structure (e.g., Rogers et al. 2013). Further, the comparison between various these TB thresholds 

within a storm may allow a further analysis of “tilt,” as shown by the TB threshold centroids in 

Figure 5.15. While such centers do not physically represent tilt – the TB at this ice scattering 

channel are much more related to the integrated microphysical properties throughout the column 

– the degree to which these centers agree add dimensionality to the inner-core analysis. 

 

5.2.2 Application to Different Eye Sizes 

The application of this technique is also shown for two additional cases – one with a 

pinhole eye and one with an extremely large annular eye. Figure 5.16 depicts Hurricane Wilma 

as it finished rapid intensification and was measured to have a 2 nm diameter eye by aircraft 

reconnaissance (Pasch et al. 2006). Despite the fact that this eye size is much smaller than is able 

to be detected by any microwave sensor at current measuring resolutions, a small rise in TB can 

be seen near the center of the inner convective feature. When the TB threshold analysis is 

performed, a roughly 3 km radius eye is found using the 170 K threshold. Despite the fact that 

the gradient between the eye and eyewall is unresolved and the 170 K threshold does not 

represent a true physical boundary, it is possible to infer such small eyes even with current 

microwave data. The interpolation scheme uses the surrounding low TB to infer an eyewall 

gradient at the center of the footprint that encompasses the small eye. Similarly, Figure 5.17 

shows the complex details that may be observed for large eyes such as Hurricane Isabel 

displayed. While there is an even greater variability in location of the inflection point and 

wavenumber depiction compared to the Hurricane Katrina case, the technique robustly captures 

the general TC scale size and shape of the eye/eyewall interface. 
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5.3 Composite Results 

 

The following section describes the results of the inner-core analysis discussed above in a 

similar manner to Chapter 3. Many similarities are found to the aircraft observations, but the 

expanded dataset displays a broader observed intensity and structure space. For brevity, this 

analysis focuses on the eye size (as represented by the azimuthally averaged inflection point 

metric), the eyewall (as represented by the azimuthally averaged minimum TB), and the warm 

spot. The relationship to the ARCHER ring size describe in Chapter 4 will also be explicitly 

described. Through this comparative analysis, the foundation for the ability of microwave data to 

replicate basic operational structure metrics is solidified, facilitating the potential to expand the 

routine creation and use of TC structural diagnostics. 

To begin, histograms showing the distribution of the azimuthal minimum eyewall metric 

from Equation 5.3, the inflection point eye size metric from Equation 5.1, and the warm spot 

inside of the eyewall are shown in Figures 5.18 and 5.19. Overall, the qualitative distribution of 

having the warm spot with the highest TB and smallest radii and the eyewall with the lowest TB 

values and largest radii (with the inflection point in between) is consistent with what is 

physically expected for a TC. The skew and concentration of the TB distributions in Figure 5.18 

(a) are particularly interesting to note. While the azimuthal minimum features have a flat peak 

with a slightly positive skew, the inflection point distribution shows a more rounded peak with a 

light negative skew. The warm spot exhibits a marked peak around 280 K, with a wide 

negatively skewed tail. In the cases of the azimuthal minimum and inflection point, the relatively 

normal observed TB spread seems to reflect a natural variability of observed axisymmetric 

convective organization and strength. While there are some cases with extremely low TB 

(representing extreme convective signal) and high TB (realtively light convection), the majority 

of cases are characterized somewhere between. For the warm spot, however, the extreme 

preference for a narrow TB range may reflect a physical limitation of the secondary circulation. 

The TB range of about 270-290 K is also the “environmental” background signal that is observed 

around the TC. Since the TC is by its nature warmer than the environment at the core and since 

the indirect secondary circulation in the eye serves to dry out the atmosphere, the observed TB at 

this warm spot would be influenced chiefly by the surface signal. Thus, while the warm spot TB 
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may be an indication of the ability for the secondary circulation to “clear” the air, the large 

clustering around 280 K may more likely represent the background tropical surface due to the 

clarity of the atmospheric scene. 

Perhaps the easier graph to explain graph is Figure 5.18 (b), which shows the counts of 

these structures with respect to radial distance from the center. Whereas the azimuthal minimum 

shows a wide distribution at many radii, the warm spot tends to be clustered near the center. 

Unsurprisingly, given angular momentum considerations, each metric is positively skewed, 

indicating that only a minority of TCs have broad “inner-cores” with radii larger than 100 km. 

Perhaps the most noteworthy aspect of this graph is the more complicated structure of the 

azimuthal minimum distribution, which shows a significant number of observations at large radii 

(200+ km from the center) as well as near the center. The former case may be represented by 

broad weak convection or particularly strong banding, while the former case may simply be a 

function of a single convective burst at the center having a better ability to dominate an 

azimuthal average. Since the warm spot is not an azimuthal average, Figure 5.19 displays the 

azimuthal distribution of those points through all cases. Interestingly, there is an extreme 

homogeneity with respect to earth relative coordinates. The slight preference to the west-

northwest may be related to beta drift, but this deviation is not statistically significant. DeHart et 

al. (2014) show that there are large differences in TC kinematic structure when subjected to 

environmental shear. Additional work by Uhlhorn et al. (2014) shows that TC flow is altered by 

both the environmental shear and the storm relative motion. Taking into account these features 

may provide additional insight into the azimuthal preference for the warm spot location. 

 

5.3.1 Relationship with Aircraft Data 

To compare the microwave structural features with the aircraft derived features, Figure 

5.20 plots the spatial distribution of observed features. Compared to Figure 3.2, there are several 

differences. The coverage of the microwave data vastly improves upon limited spatial range of 

aircraft VDMs in Figure 3.2 (b), providing an unrestricted ability to observe TCs at any global 

location. Figure 5.20 compares well to the global best track in Figure 3.1 (b); the sampling 

density also bodes well, as inferred by the frequency of warm colors (representing the highest 

intensities, and plotted on top) between graphs. One notable difference is the slightly smaller 
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spatial extent (and lack of weak systems) in Figure 5.20, due to the fact that only hurricane 

intensities were analyzed. 

Figure 5.21 graphs the aggregated frequency distribution of the microwave data in a 

similar manner to the analyses performed in Chapter 3, providing the scaled aircraft counts for 

direct comparison. It is worth emphasizing that this provides among the first climatology 

comparisons of objective TC structure between aircraft and satellite microwave data. Also note 

that the microwave data uses interpolated best track intensities, while the aircraft data uses the 

best track intensity at the nearest previous synoptic time. While the overall frequencies and 

shapes between the two distributions are similar (and both continue to resemble previous work 

from Weatherford and Gray, 1988b shown in Figure 3.6), there are differences worth exploring. 

Primarily, the frequency distribution from satellite covers a much greater extent over the eye 

size/intensity phase space. While only TCs with intensities greater than 64 kts are analyzed, both 

profiles show a drop-off of counts at all radii for about 60-70 kt intensities. The broader profile 

of observed eye sizes – especially the much larger eyes in the 60-120 kt ranges – likely have a 

physical reason. TCs in the west Pacific tend to be much larger than those in the Atlantic (e.g., 

Merrill 1984), and could account for the larger observed eye sizes which have been subjectively 

seen via satellite (C. Velden, personal communication 2012). Further, while the VDMs may 

prefer inner-eyewalls, the minimum inflection point may switch to a secondary eyewall when the 

magnitude of that gradient becomes largest. Otherwise, the frequency maximum in both satellite 

and aircraft generally occurs in the 15-30 nm diameter (roughtly 15-35 km radius) range for 

storms with MSW between 70 and 120kts, fitting well with previous research on secondary 

eyewall cycles (e.g., W82) and observational studies (e.g., KM04). Note that the Atlantic VDM 

graph exhibits a secondary frequency maximum near 120 kts that is not present in the satellite 

data. This may indicate a sampling bias of stronger storms due to aircraft flights being generally 

limited to the Gulf of Mexico, Caribbean, and Atlantic waters near the Caribbean islands (C. 

Landsea, personal communication, 2012) where such stronger storms occur most often in the 

Atlantic basin, thus undersampling the distribution of weaker storms far from land. 

As previously seen in the histogram comparisons in Figure 5.18 (b), Figure 5.22 shows 

the broader scope and radii of the azimuthal average TB minimum compared to the inflection 

point, but adding intensity as a further dimension. There are only a few other noteworthy 

changes between distributions. The presence of TB minima at the center is unsurprisingly seen 
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more often than the inflection point at small radii, but it is generally only seen at the lower 

hurricane intensities (around 60-100 kts). Such phenomena seem to imply that a limit on 

intensity, perhaps relating to the lack of an eye or the presence of a secondary eyewall that is not 

yet stronger in ice scattering signal. Additionally, the outer edge of the triangular shape increase 

much more steeply to higher radii with lower intensities. This seems to represent the core size 

maxima at the highest intensities will scale larger compared to the inflection point. Since the 

inflection point is represented by the maximum gradient, this comparison is not surprising. 

However, when compared to the aircraft data which do not extend nearly as far into large sizes, it 

further supports the bias of observing compact and/or inner eyes. 

 

5.3.2 Leveraging Microwave Brightness Temperatures 

The final analysis portion of this manuscript dives into more detail on the composite TC 

structure information derived from satellite microwave data. Because these structural metrics 

relate to the microphysical composition of the TC (as inferred from its radiative properties), it is 

useful in the interpretation of these structures to relate their meanings to the observed physical 

quantities. Thus, the remainder of this chapter will focus on how these composite structures are 

connected to their dependent microwave signatures. 

To better understand the relationship and interpretation of the microwave-based eye size 

(inflection point) and eyewall (azimuthally averaged minimum TB) metrics in Figure 5.22, the 

dimensionality of these metrics is combined Figure 5.23, which shades the average eye size 

radius as a function of the eyewall radius and intensity. There are many complex aspects of this 

plot that imply distinct physical relationships between TC eye and eyewall regions. The shading 

gradient from small to large radii of TB minima confirms the previously discussed observation 

that the rate of expansion for eyewall sizes is greater than that of the inflection point, likely 

owing to the relaxation of the maximum TB gradient between the center and convective 

maximum. At the medium to larger eyewall radii (greater than 60 km), there is also a dependence 

on intensity; stronger storms will tend to have inflection points nearer to the center. Since 

minimum TB is at the same radii and the maximum gradient appears at smaller radii, this 

suggests that stronger storms have higher TB values near the center in the eye, bolstering the idea 

that the indirect secondary circulation strength can be inferred from TB in the eye. This signal 

may also be indicative of stronger eyewall convective signal; however, the eyewall would also 
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have to be broader so that the maximum gradient does not lie closer to the TB minimum. The 

stark uniformity of inflection point distance with respect to TB minima for eyewall radii of 25-45 

km is another intriguing aspect of Figure 5.23. That intensity does not seem to module the 

composite distance between inflection point and eyewall TB minimum at these radii suggests a 

few points. Unlike the previous example with large radii, because the size metrics remain similar 

at these smaller distances, the enhancements in intensities may be regulated by strengthening 

convection and secondary circulation. Thus, the TB signal would become enhanced (lower in the 

convection, higher in the eye) in the stronger storms, thereby increasing the gradient but not the 

size. The invariance with intensity may also represent an additional physical preference for this 

core size (although the global frequency maximum in Figure 5.21 already suggests this fact as 

well). Finally, a curious feature is seen at the bottom of the figure, where those TCs with TB 

minimum at or near the center tend to have the greatest inflection point at 100+ km away. Since 

the microwave data measures no eye (or convolutes it as in the Hurricane Wilma case in Figure 

5.16), there would be a minimal inner gradient measured for these convective cells, if any. Thus, 

the inflection point radius seen at these small core radii reflects the transition to a secondary 

eyewall formation and/or banding regime. 

Figures 5.24 and 5.25 illustrate example cases of the above combinations of inflection 

point and TB minimum radii. Starting with the most commonly observed radii, cases 1 and 2 

respectively show a major and minor hurricane with TB minimum radii near 30 km. Note that the 

stronger case exhibits a well-defined eye and is fairly axisymmetrized, while the weaker case 

lacks a distinct eye feature and has a partial eyewall to the west. Similar comparisons are made at 

higher radii as well. Case 3 shows a major hurricane with a well-defined eye and a somewhat 

axisymmetric eyewall (with must stronger convection to the south and east) at a radius of 55 km 

from the center. In contrast, case 4 depicts a ragged eye-like features with a dominant 

asymmetric eyewall feature to the northwest and a minimum azimuthal TB radius around 75 km. 

Cases 5 and 6 show rarer broad cores for a major and minor hurricane case, respectively. Both 

exhibit large, dominant secondary eyewalls with relict inner cores at different stages of decay. 

The stronger case exhibits deeper convection (lower TB in the eyewall) as well as a stronger eye 

presence (and higher TB throughout the eye). However, both of these cases are fairly 

axisymmetric considering their broad nature. Finally, Figure 5.25 shows case 7 which is an 
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example of the azimuthally averaged TB minimum near the  center but with an inflection point 

further away (in this case, associated with a large spiral band). 

In order to better quantify the intensity-based relationship between eye and eyewall 

discussed above, Figure 5.26 (a) shades the radius of the warm spot with respect to the eyewall 

and radius intensity. Along a given eyewall radius on the ordinate, the radius of the warm spot 

decreases as TC intensity increases. This relationship is expected if the warm spot metric is 

indicative of the strength of axisymmetry of the secondary circulation. Similarly, storms with 

smaller cores will also exhibit smaller radii for the TB maximum. To illustrate this point, Figure 

5.26 (b) shows an example case of an approximately 100 kt intensity TC with a 60 km radius for 

TB minimum. According to Figure 5.26 (a), the average storm with this configuration exhibits a 

warm spot about 20 km from the center. The case shown typifies this expected result, with the 

warm spot displaced east of center, nearer to the strongest convection. Not only does this support 

the hypothesis that the indirect secondary circulation of the eye is bolstered by convective 

strength, but the fact that this is present in an asymmetric manner implies that the axisymmetric 

assumption of Sawyer-Eliassen may not accurately reflect observed TC intensification processes. 

However, an expanded dataset of four-dimensional dynamical flow would be needed to truly 

compare the effect of asymmetry on the time evolution of the secondary circulation and its 

relationship to microphysical structure. For now, this lies beyond the scope of the current study. 

However, even if axisymmetry is not completely correct, the fact that stronger storms tend to 

become azimuthally homogenized supports the idea that TCs tend to an axisymmetry framework 

and that it works to first order. 

Not only can the distances between these structures be significant, but visualizing the TB 

magnitudes (Figure 5.27) provides an alternate and added way to diagnose TC strength. As 

previously seen in the HURSAT data, Figure 5.27 (a) shows that both radial distance and TC 

intensity are important factors that modulate the average minimum TB; the strongest ice 

scattering signal (lowest TB) is seen in the highest intensity storms with small to medium core 

sizes (around 30 km), while the highest mean TB are found in the weakest and broadest eyewalls. 

Interestingly, the warm spot TB in Figure 5.27 (b) has a much larger relationship to radius; most 

TCs with eyewall sizes larger than 40 km exhibit a warm spot near 280 K. Smaller TCs show 

colder temperatures, though this may also be an artifact of microwave sensor resolutions. Only 

those cases with eyewall radii around 15-50 km exhibit a strong relationship with intensity as 
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well, where the strongest storms show the warmest TB. Between the two figures, the difference 

between these TB (not shown) provides an even clear metric of defining TC size and intensity 

space. Figure 5.28 replicates a similar analysis using the inflection point radius and TB, however 

the relationship is not significantly different from Figure 5.27 (a), perhaps since the inflection 

point gradient is dependent on the magnitude of the minimum TB. 

To conclude the analysis of microwave core structures, the analysis of ARCHER data 

from Chapter 4 is joined with the current analysis to compare and constrast their findings. Figure 

5.29 provides a similar analysis to Figures 5.23 and 5.27, except comparing the inflection point 

eye size metric on the ordinate to the ARCHER ring size (5.29a) and TB (5.29b). Overall, the 

ARCHER ring radii are smaller and TB and warmer than those of the inflection point, indicating 

that this metric provides a somewhat more conservative estimate of eye size (and is more similar 

to the change in concavity from Equation 5.2). The relationship between ARCHER ring radius 

and inflection point in Figure 5.29 (a) is fairly constant with intensity (as denoted by the constant 

shading along a horizontal axis), increasing confidence that the same structural phenomenon is 

being measured consistently. Otherwise, while the ARCHER ring and inflection point are fairly 

similar at radii less than 50 km, above that, the ARCHER ring increases at a slower rate as 

inflection point increases. Also note that ARCHER does not provide ring radii above 1.5 degrees 

(about 166 km), potentially introducing bias into the comparison. The ARCHER TB profile in 

Figure 5.29 (b) is similar to the previous TB analysis of the eyewall and warm spot, showing 

intensity to be large factor in average TB for larger radii, and the size itself being an important 

for smaller TCs. 
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Figure 5.1: 85GHz PCT image of Hurricane Katrina on August 28, 2005, 1244z. Retrieved from 

HURSAT and measured by the DMSP-F13 SSM/I. Inset in the upper right zooms in on the 

ARCHER derived position (‘O’) and the interpolated best track (‘X’), which are offset by 

roughly 1/10 of a degree (~11 km). 
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Figure 5.2: Schematic idealized representations of eye size in X-Y coordinates (left) and polar 

coordinates (right). The center is marked by an ‘X’ on the left and is represented by the ordinate 

axis position on the right, where 0
o
 (north) begins at the origin and moves up (clockwise). (a): 

Circular eye with ‘correct’ center location. (b): Circular eye with center location displaced to the 

north. (c): Elliptical eye with the minor (short) semi-axis lying along a meridian. 
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                                     (a)                              (b) 

 
 

Figure 5.3: Transformation of Figure 5.1 into polar coordinates, with figure (a) analyzed from 

the ARCHER derived center (‘O’) and figure (b) analyzed using the interpolated best track (‘X’). 

Note the wavenumber 1 feature in eyewall brightness temperature (convex outward bend 

centered near 240 degrees) in figure (b) due to the slight off-centering, and the more prominent 

wavenumber 2 elliptical features (e.g., concave inward bulges near 105 and 285 degrees) in 

figure (a) after the center position is better resolved. 
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Figure 5.4: Further diagnostic analysis of Figure 5.1. Image (a) displays the same information as 

Figure 5.3 (a). To the right, graph (b) shows the azimuthal profile of brightness temperature at 40 

km from the center of Figure 5.4 (a) [also at the radius of global average minimum in Figure 5.4 

(c)/(d)]. Plot (c) shows the azimuthal average brightness temperature of Figure 5.4 (a) in black, 

with the standard deviation shaded about the line in purple. The first (green) and second (red) 

derivatives of the azimuthal average are shown below that. Figure 5.4 (d) is a zoomed in view of 

(c). 
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Figure 5.5: Frequency distribution of intensity (kts; abscissa) and inner-core diameter (km; 

ordinate), which is defined as the azimuthally averaged minimum in brightness temperature (as 

in Figure 5.4 (b). Figure (a) uses ARCHER derived eye sizes for HURSAT cases, while (b) 

shows all cases including those that did not meet ARCHER criteria for recentering. Note that the 

color scales are different between figures (a) and (b). 
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Figure 5.6: As in Figure 5.5, except that the shading represents the azimuthal mean 85 GHz PCT 

brightness temperatures (K). Note that the color scales are equal and directly comparable 

between figures. 
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Figure 5.7: Average TC intensity (kts; shaded), based on a given inner-core radius (km; abscissa) 

and the azimuthally averaged brightness temperature at that radius (K; ordinate). Note that the 

color scales are different between figures (a) and (b).  
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Figure 5.8: (a) as in Figure 5.1 and (b) as in Figure 5.4 (a), except using the new dataset 

developed in Chapter 4. Figures are recalibrated to 89GHz, recentered using ARCHER, and 

interpolated to 1 km radials and 1 degree azimuths out to 500 km from the ARCHER center. 
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Figure 5.9: Similar to Figure 5.4 (d), except using the image data from Figure 5.8. Plot shows the 

azimuthally averaged temperature (blue line; left ordinate) and the first derivative of that line 

(green line; right ordinate) as a function of radial distance from the center (abscissa). 
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Figure 5.10: Zoomed in picture of Figure 5.8(a), except showing centering efforts. The green 

plus sign shows the interpolated best track position; the yellow plus sign indicates the ARCHER-

derived center; the red plus sign shows a center position derived from the centroid of minimum 

TB first derivative (i.e. inflection point) at each azimuth, which are depicted as the circles 

progressing from black to white clockwise from north. 
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Figure 5.11: Analysis of the inner-most radial occurrence of a TB threshold at each azimuth. 

Figure (a) shows TB at 190 K; (b) shows 210 K. Points are colored by k-means clustering into 

three clusters whose centroids are plotted at the top of the graph. Statistical comparison of 

standard deviation, minima/maxima, and mean relationships are used to test cluster aggregation. 
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Figure 5.12: Fourier analysis of the 210 K eye threshold from Figure 5.11 (b), where the green 

and red lines from that figure were joined together. After subtracting out the mean eye size 

(wavenumber 0), (a) shows the power spectral density of the next eight wavenumbers. (b) depicts 

the 210 K radial deviation from the wavenumber 0 mean (blue line) and the best fit wave using 

the dominant wavenumber 2 from Figure (a). 
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Figure 5.13: As in Figure 5.10, except showing the result of the eye size analysis in Figures 5.11 

and 5.12. Dashed bold black circle indicates the mean eye size (wavenumber 0) at the 210 K 

threshold. Thin dotted/solid line shows the addition of the wavenumber 2 asymmetry as 

calculated from in Figure 5.12 (b).  
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Figure 5.14: (a) As in Figure 5.11, except at the 230 K threshold. Note that all clusters are united 

best on statistical analysis. (b) As in Figure 5.13, except at the 230 K threshold. . Dashed bold 

black circle indicates the mean eye size (wavenumber 0) at the 210 K threshold. Thin solid line 

shows the addition of the wavenumber 2 asymmetry. Thin dotted line shows the addition of 

wavenumbers 1, 2, and 3.  
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Figure 5.15: As in Figure 5.10, except showing additional center analyses. The white plus sign 

indicates the interpolated best track center; the black plus sign shows the ARCHER center; the 

red plus sign shows the centroid of the inflection point at each azimuth. The smaller bold X 

symbols denote the centroid of eye analyses at different TB thresholds, as indicated by the colors 

which match the color scale. 
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Figure 5.16: (a) As in Figure 5.8 (a), except showing Hurricane Wilma as depicted by AMSR-E 

on October 19, 2005 at 710z. (b) As in Figure 5.13, except using the Wilma case in Figure (a) 

and analyzing the eye size at the 170 K threshold.  
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Figure 5.17: (a) As in Figure 5.10, except showing Hurricane Isabel as imaged by AMSR-E on 

September 13, 2003 at 1709z. (b) As in Figure 5.14 (b), except using the Isabel case in Figure (a) 

and analyzing the eye size at the 240 K threshold. 
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Figure 5.18: Distribution of inner-core parameters derived from the culled microwave data. (a) 

shows the histogram of TB for the azimuthal average minimum, inflection point, and warm spot. 

(b) As in (a), except showing the histogram of the radius from the center. 
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Figure 5.19: Distribution of the warm spot through all cases as a function of earth relative 

azimuthal angle, as denoted by the compass direction on the abscissa. 
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Figure 5.20: Spatial distribution of the inflection point data from Figure 5.18, where the shaded 

colors indicate intensity and the size of the dot scales with the radius of the inflection point. 
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(a) TB Inflection Point Counts    (b) Counts of VDM Eye Size       

 
 

Figure 5.21: (a) As in Figure 3.4 (b), except the ordinate plots the radius of the inflection point 

from the culled microwave dataset. (b) reproduces Figure 3.4 (b) except scaled to approximately 

match the ordinate axis of (a). 
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 (a) TB Inflection Point Counts    (b) Counts of TB Minimum       

 
 

 

Figure 5.22: As in Figure 3.4 (b), except the ordinate plots core size metrics from the culled 

microwave dataset. (a) shows the radius of the inflection point, while (b) shows  the radius of the 

TB minimum. Note that color scales are the equivalent. 
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Figure 5.23: Graph dimensionality as in Figure 5.22 (b), except the shading depicts the radius of 

the inflection point (as used in the Figure 5.22 (a) ordinate axis). Numbers refer to example cases 

shown in the following two figures. Note that this figure is unsmoothed. 
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Figure 5.24: Example cases that reflect position on the core size/intensity phase diagram in 

Figure 5.23. Numbers in the left corner of the image refers to the position in Figure 5.23 with the 

same number. 
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Figure 5.25: As in Figure 5.24, except showing a case of azimuthal average minimum TB at the 

storm center. 
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Figure 5.26: (a) As in Figure 5.23, except depicting the radius of the warm spot relative to the 

center. (b) An example case at position ‘X’ in Figure (a), showing the warm spot displaced to the 

west of center, closer to the strongest convection (low temperatures). 
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Figure 5.27: As in Figure 5.22 (b), except showing average TB at (a) the radius of aximuthal 

average TB minimum and (b) at the point of the warm spot. Note that color bars are not similar, 

with Figure (b) showing a non-linear color scale. 
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Average TB at Inflection Point Radius 

 
 

 

Figure 5.28: As in Figure 5.27 (a), except the ordinate (shading) reflects the radius (TB) of the 

inflection point. Color scale is also comparable to Figure 5.27 (a). 
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Figure 5.29: Axis dimensionality as in Figure 5.28, except shading shows data based on 

ARCHER analysis. (a) shows the ARCHER ring radius (in km), while (b) shows the average TB 

at the radius of the ARCHER ring. 
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CHAPTER SIX 

DISCUSSION 

 

6.1 Summary 

 

The sum of the work in this dissertation aims to demonstrate the importance of analyzing 

TC structure to better understanding TC physics, diagnosing the evolutionary state of the TC, as 

well as informing intensity regimes and prediction. Considering such goals, a three-pronged 

effort was undertaken. Firstly, a climatology of operationally estimated inner-core structure 

measurements from aircraft reconnaissance was gathered and analyzed with respect to the TC 

life-cycle to quantify the existential boundaries of some basic intensity/structure combinations. 

However, such analysis was inadequate in several respects, mostly due to the limited available 

structural metrics. As such, a new climatology of TCs as observed by multiple passive 

microwave imagers was gathered and standardized to facilitate a more thorough structural 

investigation. Using this data, structural metrics similar to those observed by aircraft were 

calculated and composited to directly compare and contrast the ability for microwave data to 

replicate aircraft structural measures. Further inner-core analysis leveraging the two-dimensional 

field provided by the microwave overpass was explored to derive shape asymmetry information 

of the inner-core. From this foundational research, the utility of real-time basic structure 

measurements is proved, fomenting the ability to investigate more complex and potentially 

useful metrics of structure to diagnose TC evolution. 

Starting with previously created structural metrics, a climatology of TC eye sizes and 

RMWs were collected from operational forecasting sources, such as the NHC aircraft 

reconnaissance VDM archives, NHC CARQ initialization files, and JTWC best track files. The 

determination of these real-time core size estimates vary from more objective determinations 

from radar (e.g., the 31 dbz surface for aircraft reconnaissance, from Vigh et al. 2012) to 

subjective estimates based on satellite or other available data (J. Franklin, personal 

communication, 2014). Starting the techniques used by previous research (e.g., Piech 2007 and 

Murray 2009), cases were composited by their core size, intensity, and time evolution to 
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determine patterns of structure and the possible predictability of structural changes. Based on the 

useful diagnostics derived from such simple metrics, further structure analysis may be beneficial. 

To achieve this goal, satellite data are determined to be the most ubiquitous medium to 

observe the full spatial extent of TCs without regional limitation. In particular, microwave 

frequencies provide the ability to “see through” the TC cirrus canopy and glean the convective 

microphysical structure that regulates the TC energy budget through atmospheric particle 

scattering and emission that separates its signal from the surface. However, since there are 

differences in the scanning properties of different microwave sensors, several steps were taken to 

standardize the dataset. Firstly, the ice scattering channels of 85, 89, and 91 GHz were 

recalibrated to 89 GHz using empirically derived coefficients by Yang et al. (2014). Further, 

SSM/I and SSMIS data were optimally interpolated using the Backus-Gilbert (1967) technique. 

Finally, TCs were analyzed and recentered with the ARCHER technique, using the 

organizational properties of the TC in the image itself. An analysis of ARCHER’s diagnostics 

was shown to better understand the scope of the dataset and the results of ARCHER itself.  

An analysis of TC inner-core structures using this microwave data were shown in the 

third act of this work. Several objectives were achieved during this phase of the research. From a 

basic analysis standpoint, the techniques used seem to be robust, given that they were performed 

on two different datasets (HURSAT and the newly created one in Chapter 4) using two different 

software packages (GrADS and Matlab). When examining a case study, the axisymmetric 

visualization of data showed advantages and disadvantages for analysis. While it allowed direct 

comparison to the basic aircraft data, the breadth of TC structures has a much greater variability 

than can be accounted for in this framework. To this end, a shape analysis of the eye/eyewall 

boundary based on examining successive TB thresholds demonstrates both the difficulty in 

choosing one objective metric as well as the ability to test a wide variety of possible useful 

metrics. When such shape analyses are composited over a large sample of cases (over 1,000 TCs 

over 26 years), a similar but expanded few of the TC core structure-intensity is seen, implying 

deficiencies in the current axisymmetric framework and suggesting a more asymmetric 

approaching using the two-dimensional microwave fields. 
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6.2 Physical Implications 

 

The TC microwave data shows many features that are not sufficiently captured in an 

axisymmetric framework. For example, in the Hurricane Katrina case in Figures 5.1/5.3/5.4/5.8, 

many linear and discrete structures make up the TC outside of the inner eyewall radius. Notably, 

several spiral banding features converge near the 80km radius, which forms the secondary 

azimuthal average minimum (and corresponds to previous observations noted by Willoughby 

1995). Likewise, moating features are seen to spiral into the 60km radius local TB maximum. In 

both cases, it may be useful to fit a modified logarithmic spiral (Senn et al. 1957). Such patterns 

may be indicative of current or future eyewall replacement cycles. Analysis of the eye is only the 

beginning of possible TC structure diagnostic from microwave data. Relying upon cues of shape, 

rather than brightness temperature, for TC structure is also advantageous for analysis of TCs that 

do not correspond to the classic picture of a hurricane. In cases of tropical storms or minor 

hurricanes without a pronounced eye signature, deepening of convective features can be seen by 

steeper gradients and sharper derivatives, as well as curved banding or shear patterns. Likewise, 

hurricanes eyes that are smaller than the satellite resolution (e.g., the ~4km eye of peak intensity 

Wilma, 2005, seen in Figure 5.16) can still be inferred by inner-eyewall gradient analysis. 

However, even in an axisymmetric perspective, there remains potential to derive further 

diagnostics of TC evolution. The lifetime of HURSAT microwave images for Hurricane Isabel is 

used to show axisymmetric evolution of the storm through time in Figure 6.1. The irregularity of 

microwave overpasses of TCs (due to TC movement and the satellites’ polar orbits) is visibly 

displayed in Figure 6.1 (b), which stretches the azimuthal averages to show the latest overpass as 

of the time on the ordinate axis. While this method smooths over a great deal of information and 

the relatively low resolution of HURSAT SSM/I data are unable to resolve mesoscale features, 

the life cycle of the inner core is still well resolved. Weak brightness temperatures just over 100 

km from the center strengthen and wrap closer to the center, indicating intensification. As time 

goes on, a secondary eyewall formation occurs and the eyewall contracts. During a gap in inner 

core data, the TC becomes annular and the eyewall begins to enlarge. A growing core and 

warming brightness temperatures indicate intensity weakening until its life as a TC ends. This 

case is not particularly illuminating in hindsight by itself. However, there may be a handful of 

evolutions that occur throughout the global climatology of data. Perhaps clustering the entirety of 
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azimuthally averaged TC evolutions over the new 26 year microwave dataset would constrain 

the conditions and situations that particular structural changes (and intensities) occur. 

Even though the overall composite graphs of the axisymmetric microwave structural 

metrics compare well with the aircraft climatologies, there are still notable differences that affect 

the physical interpretation of the results. While both datasets show proxy values for the eye size, 

the observing scales of the microwave data versus the operational aircraft radar estimates are 

different. The resolution of the microwave data limits the strength of signal for an eye at small 

sizes, but can be more accurate for large eyes. In contrast, the aircraft data are prone to rounding 

due to subjective estimates and order of magnitude rounding. This fact results in pinhole eyes 

being measured to 1 nm accuracy, while annular eyes are rounded to the nearest 5 or 10 nm. 

Scatter between the aircraft and microwave eye estimates may not only be indicative of different 

varying physical thresholds, but scaling and procedure. That these quantities are able to be 

compared favorably suggests that a robust physical structural signal is being measured. 

Furthermore, the new insights derived from understanding these basic structures serves as a 

prelude to the potential to leverage much more information from structural analysis. 

 

6.3 Future Work 

 

The techniques and analysis shown in Chapters 3-5 represent some preliminary steps for 

objectively defining, identifying, and comparing aspects of TC structure. While it is not currently 

feasible to catalogue all convective scale features given technological limitations, this basic 

climatology of inner-core signals shows that it is possible to describe the TC through additional 

structural metrics. Such an analysis allows the internal evolution of the TC to be considered, 

inter-compared, and related to specific events in individual storms. Based on both the case study 

and compositing of tens of thousands of satellite overpasses, it appears there is utility in 

cataloguing structural markers of TCs to differentiate between intensity and structure regimes. 

These structural traits can further be used to discern patterns of TC life-cycle evolution, with 

potential applications in diagnosing and forecasting intensity. 

Therefore, given the currently known physics that regulate TCs and the research 

performed up to now on TC structure, the following short-list of questions is proposed (and will 
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be discussed) to guide the future forays into new structural diagnostics using this newly available 

passive microwave dataset: 

1. What kind of structural information can be extracted from TCs in an objective manner – 

especially metrics that have yet to be considered and may be derived from passive 

microwave imager overpasses? 

2. What is the extent to which those structural features are observed – do they vary 

regionally, temporally, by TC intensity, or given the presence of other TC structures? 

3. How do such objectively defined structures and their lifecycles confirm or refine the 

existing understanding of TC formation, intensification, maturity, and decay as well as 

the physical processes that govern and modulate that evolution? 

4. Can these TC structure metrics be applied in real-time to diagnose a TC’s current state 

and forecast future TC structure and intensity? 

Now that there is a sufficient climatology as well as real-time temporal and spatial 

observational capability of TCs from microwave imagery, the first research question must 

attempt to address the scope of possible specific structural metrics. In particular, size quantities 

have been the most analyzed structural metrics and are implicit in many NHC products, such as 

wind speed probabilities and storm surge forecasts (Rappaport et al. 2009). It may be useful to 

spend more time expanding upon azimuthally-averaged sizes as well as researching asymmetric 

convective and wind fields to add an independent measure and add value to existing size 

measures. Furthermore, relating regions of convective maxima may inform RMW calculations, 

while integrated convective signatures may provide proxies for energy output (similar to IKE; 

Powell and Reinhold, 2007) through both primary and secondary circulations. Going beyond 

currently available metrics, asymmetric and banding features could be objectively quantified and 

inter-compared for the first time. As described in Section 2.2.4, it may be useful to objectively fit 

curved features to arcing equations (e.g., logarithmic spirals) and quantify the size and length of 

such banding. Figure 6.3 (a) shows an example logarithmic spiral from Senn and Hiser (1959) 

that may fit to a TC. Additional asymmetric convective features may be identified via 

hierarchical threshold segmentation, where the boundaries of significant regions are defined 

based on a tree of varying thresholds (Peak and Tag 1994).  Such an analysis would be the first 

thorough quantification of the climatology of number, magnitude, and spread of convective 
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asymmetrical features in a TC. Finally, the time tendency of all of these features, including 

accounting for diurnal cycles, may demonstrate linear or cyclical growth or decay. 

After determining the appropriate metrics to define from the microwave imager data, the 

next logical research step would be to determine the breadth and distribution of such observed 

structures amongst the TC climatology. What kinds of eye sizes, radii of convective minima, 

convective extents, banding features, and asymmetric features exist? What are the observed 

limits of such features worldwide and regionally over the past few decades? Are there trends in 

such structures, either through time, space, or given the existence of other features? There are 

likely structures that only appear given the prior appearance another structure. At this step, it 

may also be useful to inter-compare these microwave-derived structures with other TC datasets, 

including the ATCF best track, fix files, and the SHIPS developmental dataset of environmental 

parameters. Some more relevant questions during this comparison would surely arise. What 

kinds of environmental conditions facilitate certain structures? Does a specific storm’s location 

in a distribution (e.g., near the mean, skewed, etc.) constrain its future? Are features and 

conditions easily relatable (e.g., via linear, exponential, or power laws)? A principal components 

analysis of all available may be able to reduce these data to a few relevant parameters. 

Such statistical comparisons can facilitate the next step – relating these objectively 

defined structural parameters and their observed existences to the dynamical and physical 

mechanisms that are currently said to regulate TC behavior. When the observed distributions of 

TC structures are sufficiently mapped out, they can be used to answer a few fundamental 

questions. How are the above results expected (or not) based on current theories? Perhaps the 

aggregated occurrence of specific structural features can provide evaluation of the physicality of 

maintenance and circulation theories. The appearance of liquid water emission in a specific 

region relative to the center could signify that TC development occurs in a preferred manner. 

Maybe rapid intensification is usually preceded by a specific feature (e.g., consolidating long 

banding feature), and a time derivative of inward propagating convection can be used to confirm 

or deny eyewall formation theory. 

There are specific tests that may be performed to confirm or question different theoretical 

TC evolution frameworks. The magnitude of the convective ring signature and its percentage 

completion may be related to Sawyer-Eliassen balance and W82, and then used to extend SEF 

theories to a three-dimensional framework. The addition of other observations such as by aircraft 
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reconnaissance can provide an enhanced ability to probe the Sawyer-Eliaseen parameters (such 

as inertial stability and baroclinicity) and determine where departures from theory may occur. 

Although the data record does not extend as far back, scatterometry data (especially QuikSCAT) 

can be compared to the microwave data. Calculations of surface vorticity, convergence and 

divergence, and deformation can be related to concurrent and past/future microwave imagery to 

derive a first order estimate of the secondary circulation and its relation to convective rings and 

banding features. Beyond that, reanalysis data may be used to make further physical connections 

where observations are deficient. At the cost of relying on approximations and parameterizations 

by numerical modeling, a full three-dimensional budget of TC thermodynamic and dynamic 

tendencies can be compared to microwave structural features, with the microwave imagery used 

as a proxy for a specific TC’s energy output. Moreover, the database of TC structural features 

can not only define the observed spectra of TC structures, but suggest similar evaluation 

techniques for model outputs. Such data can serve as verification for model-produced results by 

providing additional metrics with which to judge the accuracy and deficiencies of numerical 

weather prediction of TCs, providing a launching point to improve these forecasts. 

Once TC structural features are defined, examined, and compared to theory, their 

application for improving operational forecasting can then be explored. As shown in Section 3.2, 

Murray (2009) has already demonstrated that eye size by itself (as measured by aircraft VDMs) 

can be a useful variable with which to base a climatological intensity forecast. He also showed 

that other transforms and combinations of other structural information add value to currently 

existing statistical prediction of TC intensity. The first step for an operational implementation of 

structural metrics would be to prove their diagnostic and prognostic power. Time lag 

relationships of these structural variables amongst themselves and with intensity can help 

demonstrate their potential forecasting utility. Additionally, testing of structural information as 

predictors in multiple linear regression (both with and without other climatological and 

environmental information) can be used to test important relationships with intensity and 

establish viability as a robust predictive tool. There are also more complex regression techniques 

(e.g., non-linear relationships, or a logistical growth model as in DeMaria 2009). Finally, such 

information has the potential to be integrated into a wide range of current products to augment 

current products (e.g., intensity estimation, wind speed probabilities, storm surge forecasts, etc.). 
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There are innumerable directions that may be considered with this TC structure project. 

The two greatest limits will be time and imagination. Indeed, while there are many increasingly 

complex methods for morphometric analysis pioneered by biological and geophysical fields 

(e.g., landmark methods, Bookstein 1997; outline analysis of shape, Ferson et al. 1985), the most 

difficult initial challenge will be to develop concise and physically meaningful quantities. 

Perhaps an elliptical Fourier analysis of shape outlines, as in Figure 6.3 (b), may be used to find 

principal components of TC shape variability. Afterwards, the truly time-intensive rigor will 

involve the statistical and physical relationships of such structures and how they can inform the 

known paradigm of the TC lifecycle. Through such work, enhanced methods for classifying and 

predicting TCs by using their observed structures may be attainable. 
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Figure 6.1: Hovmöller-type diagram of the azimuthal average HURSAT SSM/I 85GHz PCT for 

the lifetime of Hurricane Isabel (2003). Abscissa shows radius from the center; ordinate depicts 

storm age. (a) shades the radial evolution with each successive SSM/I pass, while (b) scales the 

microwave overpasses by true linear passage of time. Color scale as Figure 5.1. 
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Figure 6.2: Time series evolution of Hurricane Ivan (2004). The red circles indicate the radius of 

minimum azimuthal average 89GHz TB for every overpass in the microwave dataset; 

corresponds to the left ordinate axis. The black line indicates the 6-hourly best track intensity; 

corresponds to the right ordinate axis. 
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Figure 6.3: Sample morphometric analyses that may be used for climatological TC analysis. (a) 

Figure 9 from Senn and Hiser (1959) showing a modified logarithmic spiral. (b) Figure 3 from 

Ferson et al. (1985) demonstrating elliptical Fourier analysis of Mussel shell shape outlines. 
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APPENDIX A 

LIST OF ACRONYMS 

Meteorological Terms 

Acronym Meaning 

CAPE Convective Available Potential Energy 

CISK Convective Instability of the Second Kind 

ITCZ Inter-Tropical Convergence Zone 

MJO Madden-Julian Oscillation 

MSLP Minimum Sea Level Pressure 

OCS Outer Core Strength 

RMW Radius of Maximum Winds 

SAL Saharan Air Layer 

SEF Secondary Eyewall Formation 

SPCZ South-Pacific Convergence Zone 

TC Tropical Cyclone 

VRW Vortex Rossby Wave 

WISHE Wind-Induced Surface Heat Exchange 

 

 

Organizational & Operational Terms 

Acronym Meaning 

CIMSS Cooperative Institute for Meteorological 

Satellite Studies 

CPHC Central Pacific Hurricane Center 

CSU Colorado State University 

JHT Joint Hurricane Testbed 

JTWC Joint Typhoon Warning Center 

NASA National Aeronautics and Space 

Administration 

NHC National Hurricane Center 

NRL Naval Research Laboratory 

RSMC Regional Specialized Meteorological Center 

 

 

Reference Abbreviations 

Acronym Meaning 

KM04 Kimball and Mulekar, 2004 

P07 Piech 2007 

V06 Velden et al. 2006 

W82 Willoughby et al. 1982 
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Satellite Terms 

Acronym Meaning 

AMSU Advanced Microwave Sounding Unit 

AMSR-E Advanced Microwave Scanning Radiometer - 

Earth observing system 

H Horizontal Polarization 

PCT Polarization Corrected Temperature 

SAR Synthetic Aperture Radar 

SATCON Satellite Consensus intensity estimate 

SSM/I Special Satellite Microwave/Imager 

SSMIS Special Satellite Microwave Imager and 

Sounder 

TB Brightness Temperature 

TMI TRMM Microwave Imager 

TRMM Tropical Rainfall Measurement Mission 

V Vertical Polarization 

WINDSAT Navy Satellite Wind sensor 

 

 

Technological Terms 

Acronym Meaning 

ADT Automated Dvorak Technique 

ARCHER Automated Rotational Center Hurricane Eye 

Retrieval program 

ATCF Automated TC Forecasting system 

CARQ Combined Automated Response Query 

(information field in ATCF) 

CLIPER Climatology and Persistence forecast 

FCDR Fundamental Climate Data Record 

FORTRAN Formula Translation program language 

H*WIND Hurricane Wind analysis program 

HURDAT Hurricane Data archive 

HURSAT Hurricane Satellite archive 

IBTrACS International Best Track Archive for Climate 

Stewardship 

IDL Interactive Data programing Language 

MIMIC Morphed Integrated Microwave Imagery at 

CIMSS 

SHIFOR Statistical Hurricane Intensity Forecast by 

climatology/persistence 

SHIPS Statistical Hurricane Intensity Prediction 

System 

VDM Vortex Data Message 
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