DISSERTATION

INVESTIGATION OF RELATIONSHIPS BETWEEN TROPICAL CYCLONE STRUCTURE AND

INTENSITY CHANGE

Submitted by
Eleanor G. Casas

Department of Atmospheric Science

In partial fulfillment of the requirements
For the Degree of Doctor of Philosophy
Colorado State University
Fort Collins, Colorado

Summer 2022

Doctoral Committee:
Advisor: Michael M. Bell

David A. Randall
Eric D. Maloney
Subhas Karan Venayagamoorthy



Copyright by Eleanor G. Casas 2022

All Rights Reserved



ABSTRACT

INVESTIGATION OF RELATIONSHIPS BETWEEN TROPICAL CYCLONE STRUCTURE AND

INTENSITY CHANGE

Rapid intensification (RI) of a tropical cyclone (TC) remains one of the largest sources of
intensity forecast error, due in part to internal dynamics that are complex and less well under-
stood. Part of the difficulty in improving understanding of RI is due to complex interactions
across a wide range of TC intensities, shapes, and sizes. In this doctoral study, I investigate
these interactions by first simplifying the complexity and reducing the dimensionality of the
intensity and structure parameter space to distill the key aspects of variability from observa-
tions, and then re-introducing physical complexity back into the experimental design through
idealized modeling.

In Chapter 2, an Empirical Orthogonal Function (EOF) analysis is used to develop the intensity-
size framework that lays the foundation for the rest of this doctoral study. In addition to commonly-
used TC metrics, a new structural parameter is introduced that describes the decay of tangen-
tial wind outside the radius of maximum wind (RMW). The utility of this framework is demon-
strated for describing key TC evolutionary features with observations of Hurricanes Rita (2005)
and Charley (2004) and numerical simulations of Rita.

In Chapter 3, simplified TC analytic profiles are used to construct physically realistic wind
fields that can explore the intensity-size phase space. Results suggest that while there are sys-
tematic differences between the details of the reconstructed wind fields using different meth-
ods, they all are representative of observed variability in TC structure despite being derived
from a relatively small set of parameters derived from the EOFs.

In Chapter 4, these simplified TC wind profiles are used to investigate the tropical cyclone
boundary layer (TCBL) response across our intensity-size phase space using both height-averaged

(slab) and height-resolved TCBL numerical models. The results suggest that while there are
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some different dynamical ramifications of the specific analytic profiles used, the response de-
pends more on the location in the intensity and size phase space than on the differences be-
tween analytic wind formulations. The results indicate that (1) strong, big TC profiles produce
the strongest supergradient wind within the TCBL; (2) weak, big TCs have the largest RMW con-
traction as the TCBL adjusts; and (3) weak TCs regardless of size have TCBL responses that are
less conducive for intensification.

Finally, in Chapter 5, full-physics, axisymmetric models are used to test whether the one-
way TCBL responses found in Chapter 4.3 are consistent with two-way TCBL interactions with
influences from convection, and explore the dependencies of intensification rates on TC inter-
nal structure. The results suggest that small, strong TCs can achieve the highest rapid intensi-
fication rates. The findings suggest that while intensification rates do not systematically vary
with contraction rates of the RMW, both intensification and contraction rates do have some de-
pendence on different aspects of TC intensity and size across the phase space. When visualized
in the phase space, there is a relatively smooth transition between a “initially large mode” and
“initially small mode” of RI. The findings of this doctoral study provide new insights into the

role of TC intensity and size in the RI process.
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Chapter 1

Introduction

Tropical Cyclones (TCs) are extreme weather phenomena that can cause prolific damage in
their path, and accurately forecasting their intensity and size at long lead times is important for
protecting both lives and infrastructure. However, while great strides have been made towards
improving TC track forecasts, intensity forecasts have only begun to improve in the last decade
(Cangialosi et al. 2020). The largest source of intensity forecast error is due to rapid intensity
changes, either rapid weakening or intensification, and the sources of rapid intensity change
are due to a combination of environmental and internal sources of error (Cangialosi et al. 2020;
Trabing and Bell 2020). Therefore, to improve intensity forecasts, the representation and un-
derstanding of environmental and internal influences needs to be improved.

Researchers have long known that TCs are strongly influenced by aspects of their environ-
ment, such as effects from the sea surface temperature (SST), where warmer water is more con-
ducive for intensification; vertical wind shear, where low shear is most conducive for intensi-
fication; and mid-level humidity, where more humidity is more conducive for intensification
(Gray 1968). While there is still much to learn about the complex interactions between TCs and
their environment, a general rule of thumb is that as the environment becomes more “favor-
able,” TCs generally intensify faster and to higher peak intensities, and vice versa.

However, this general rule of thumb is not perfect, because favorable environments are also
associated with the largest forecast errors, and due in part to less well-understood internal ef-
fects on rapid intensification (Trabing and Bell 2020). For example, rapid intensification has
been linked to convective bursts within the inner core (Rogers et al. 2013), the overall degree of
axisymmetry (Miyamoto and Takemi 2015), and tropical cyclone boundary layer effects (Smith

and Montgomery 2015; Torgerson et al. 2022). Convective bursts are strong thunderstorms in



the inner core that quickly grow upscale, and while they will not be directly investigated in this
doctoral study, their uncertain role in TC intensification will be used to introduce much of the
complicated interplay between various internal processes that will be investigated.

Statistical analysis of radar observations has indicated that TCs that undergo RI have more
convective bursts located radially inward of the radius of maximum tangential wind (RMW), but
uncertainty remains as to whether they are a cause or symptom of rapid intensification (Rogers
etal. 2013). A reason to suggest that they may be a cause of rapid intensification stems from the
balanced vortex model (Eliassen 1951). In this model, a heat source located within the RMW
acts to spin up the vortex, and a heat source located further within the RMW is more efficient
at spinning up the vortex (Schubert and Hack 1982; Shapiro and Willoughby 1982; Pendergrass
and Willoughby 2009; Hendricks et al. 2014). Therefore, in this conceptual model, convective
bursts and their associated latent heat release and vertical motion within the RMW should be-
come increasingly favorable the further radially inward they are located.

However, reasons why convective bursts might be considered a symptom of rapid intensi-
fication instead of a direct cause relates to the uncertainty as to why convective bursts are lo-
cated further radially inward compared to slower intensifying TCs. For example, they might be
forming in association with enhanced frictional convergence in the TCBL inward of the RMW
(Kepert 2001, 2010), or they might be a symptom of reduced inertial stability in the outer core
that allows for a greater radial displacement (Rogers et al. 2013). Regarding the latter, a balance
between radial inflow and inertial stability has been proposed by Kepert (2017), who suggests
that this balance is responsible for the distance between the radius of the maximum updraft
and the RMW.

However, convective bursts may also play a critical role in stretching large amounts of vortic-
ity in the rotating convection paradigm (Montgomery and Smith 2014; Smith and Montgomery
2015).In the azimuthally-averaged component of this paradigm, angular momentum is con-

verged both above and within the TCBL to further spin up the general vortex.



Thus so far, internal processes related to rapid intensification already entail a range of com-
plex interactions between the location of convection and its associated dynamics and thermo-
dynamics within a broader vortex on time scales shorter than the lifetime of a TC.

Further complicating matters, recent research suggests that in addition to interactions on
shorter time scales, internal processes are also influenced by memory of initial conditions of
TC intensity and size, as well. For example, recent research suggests that the incipient vortex
size strongly influences future TC size and steady-state intensity (Martinez et al. 2020; Tao et al.
2020).

However, there are also many ways that intensity and size are defined, which can compli-
cate physical understanding. For example, size can also be defined as the radius of outermost
closed isobar (e.g. Merrill 1984), the radius of gale force wind (e.g. Knaff et al. 2016), or the ra-
dius of vanishing wind (e.g. Chavas and Emanuel 2010). While TC size and intensity are weakly
correlated overall (Merrill 1984; Chavas and Emanuel 2010; Chan and Chan 2012), there is both
theoretical (e.g. Hendricks et al. 2014) and anecdotal (e.g. Rogers et al. 2017) evidence to suggest
that size may play a role in intensification rates, such that small TCs are potentially capable of
undergoing faster RI and reaching higher intensities given a conducive environment.

However, since the parameter space to fully investigate the effects of TC intensity and size on
internal processes of rapid intensification is very large, studies typically perturb only a portion
of the possible parameter space to investigate these interactions, such as the RMW, or the decay
rate of tangential wind radially outward from the RMW (Stern et al. 2015; Williams Jr. 2015, e.g.).
Thus, while many pieces about internal processes and interactions have been studied over time,
a contextualized understanding of how these pieces fit together is missing.

Therefore, this doctoral study seeks to investigate internal processes of rapid intensification
in a more holistic approach, where the different dependencies on intensity and size become

readily apparent and are based on observed variability.



1.1 Dissertation Objectives and Outline

This dissertation presents four chapters that systematically investigate the interconnected
relationships between how the observed variability in TC intensity and structure can be most
simplified, the TCBL response to this variability, and how rapid intensification varies as a func-
tion of intensity and size.

In Chapter 2, we first investigate the observed variability of TC intensity and structure at
flight-level, near the top of the TCBL. An Empirical Orthogonal Function (EOF) analysis analysis
is used to identify the primary modes of variability, and results show that TC intensity explains
the most variance, while TC size explains the second most variance. The third mode of vari-
ability describes TC “maturity,” and is dominated by a new parameter that describes the rate of
decay of tangential wind speed outside the RMW. The first two principle components are then
used to define an orthogonal intensity-size phase space, and its utility is demonstrated through
both observations of Hurricanes Rita (2005) and Charley (2004) and numerical simulations of
Hurricane Rita.

In Chapter 3, we then investigate how to best reconstruct realistic idealized tangential wind
profiles from our intensity-size phase space, and we test three different methods. Results show
that while each method has its own strengths and weaknesses regarding fit to a defined set of
“anchor points,” all simplified profiles lie within observed variability. The vorticity shapes of the
three methods are all found to be quite different, which motivates further investigation in the
next chapter.

In Chapter 4, we then investigate the TCBL response to the simplified wind profiles using
a new TCBL model in both height-averaged and height-resolved configurations. Results show
that the TCBL response varies smoothly across the intensity-size phase space, such that the
strong, big TCBLs have the strongest supergradient winds and secondary circulations. The
weak, big TCBLs undergo the most contraction in response to a constant gradient wind forc-
ing. The small TCBLs are found to have relatively weak secondary circulations relative to larger

TCBLs at the same intensity, which may be related to why they experience less contraction.



In Chapter 5, we investigate how the rapid intensification varies as a function of TC inten-
sity and size in a set of axisymmetric, full-physics simulations. Results show that while strong,
small TCs have the fastest intensification rates, the strong, big TCs have the highest quasi-steady
intensities. Additionally, we find that rapid intensification and RMW contraction rates only
strongly vary together during the initial portion of RI for weak, big TCs. Weak, small TCs have
limited RMW contraction during the initial portion of RI, and strong TCs have little to no RMW
contraction throughout rapid intensification regardless of size.

In Chapter 6, we synthesize the findings of this dissertation, and discuss implications and

future work.



Chapter 2

An Intensity and Size Phase Space for Tropical Cyclone

Structure and Evolution!

2.1 Introduction

While all tropical cyclones (TCs) have differences in structure that ultimately make each one
unique, there are common characteristics that allow us to characterize TCs by various intensity
and size metrics. TC structure and intensity are also related to each other, which is demon-
strated by the ability to estimate TC intensity from observations of TC structure via satellite
imagery using techniques such as the Dvorak method (e.g. Velden et al. 2006, and references
therin). However, while structure and intensity are intimately related, the relationships can be
complex, and it has been known for several decades that there is a weak statistical relation-
ship between TC size and intensity Merrill (1984). This weak statistical relationship between TC
intensity and size is due in part to the fact that there is still considerable structural variability
across TCs with the same intensity Xu and Wang (2015). Additionally, the use of different met-
rics to describe intensity, structure, or size can yield different relationships and complicate our
physical understanding.

Variability in structure and intensity is also important since those metrics influence future
TC intensities and intensification rates. For example, recent research has suggested that the
initial TC structure strongly impacts evolution throughout the rest of the TC life cycle, such that
initially larger idealized TCs can achieve higher steady-state intensities when the environment
is constrained to yield TCs with the same maximum potential intensities Tao et al. (2020); Xu

and Wang (2018). Initial structural variability of the vortex skirt outside the radius of maximum

IThe results outlined in this chapter have been submitted for publication and are pending revision. Used and
adapted with permission.



wind was found to be more important for setting TC expansion rates than environmental mois-
ture in both 2D and 3D idealized CM1 simulations Martinez et al. (2020). Studies have shown
that assimilating TC observations such as dropsonde, flight-level and radar data can improve
TC structure and hence improve forecasts of rapid intensification Tao et al. (2022). Tao et al.
(2022) demonstrates the evolution pathway is also determined by TC structure in addition to
TC intensity. In this study, we seek to simplify the characterization of intensity and size through
an examination of observed variability in wind structure obtained from aircraft reconnaissance.

While the term “TC structure” can refer to a broad array of TC attributes, one of the most
commonly observed is TC size. However, there are many different ways to measure TC size
depending on the phenomenon of interest. For example, studies that focus on inner-core pro-
cesses may use the radius of maximum wind (RMW) or the absolute angular momentum at the
RMW (M;,4x). In contrast, studies that focus on outer-core processes or TC hazards may use
the radius of gale-force winds (R34) instead.

RMW is an important metric to measure because changes in RMW typically correspond with
changes in TC intensification. For example, many tropical storms start with a large RMW that
contracts as the TC intensifies, and this evolution is often likened to the “ice skater” angular
momentum analogy. However, recent research suggests that RMW contraction often ends be-
fore TC intensification is finished Stern et al. (2015). In addition, jumps in the magnitude of
RMW are associated with eyewall replacement cycles, which also modulate TC intensification
as the inner eyewall decays.

M4, contains both intensity and size information, and it is known to be related to a TC’s
maximum potential intensity (MPI) Tao et al. (2020). Since lines of constant angular momen-
tum are often assumed to not penetrate the tropopause, they exhibit a strong constraint on MPI.
In addition, since absolute angular momentum increases with increasing radius in an inertially
stable vortex, it can be used as a radial coordinate known as ‘potential radius’. In this case, M,
is related to a TC’s “dynamic size,” and tight radial gradients near M, are stretched to show

detail (e.g. Schubert and Hack 1983; Martinez et al. 2019).



R34 is also an important variable because it is used for forecasting potential hazards and
damage extents Knaff et al. (2016). In addition, the magnitude of Rs, is linked to changes in
structure, such as the likelihood of secondary eyewall formation or other inner-core structures
(e.g. Xu and Wang 2015; Musgrave et al. 2012; Rozoff et al. 2012) and the magnitude of R34 is also
related to future intensification rates Xu and Wang (2015).

However, while related, these three different size parameters do not necessarily co-vary to-
gether. Therefore, the concept of TC fullness has been proposed, which is defined as TCF =
1 — RMW/R34 Guo and Tan (2017). Fullness is highly correlated with intensity, and a rapidly
increasing fullness is also associated with rapid intensification.

While fullness can be considered a measure of “TC shape,” it does not directly consider in-
tensity in its definition. The rate of decay of wind from the RMW to R34 also varies, and is
often approximated by a modified Rankine decay parameter Mallen et al. (2005). In this study,
we quantify this wind decay with respect to the slope of normalized angular momentum (M*)
Martinez et al. (2017). In this study, we introduce a new parameter denoted as ¢ that represents
this slope, and show that this parameter is related to TC maturity.

In addition to having multiple different TC size parameters, there are also multiple ways
to define TC intensity, such as the maximum wind speed or minimum central pressure. The
maximum wind speed (Vj,,4x) is a primary way of characterizing intensity, but there are several
variations in how it is defined depending on the wind-averaging period and altitude. In this
study, we define V},, 4, as the azimuthally averaged flight-level tangential velocity, and use “sur-
face intensity” to refer to the Best Track (BT) 1-minute sustained surface wind speed anywhere
in the storm as defined by the U.S. National Hurricane Center.

Intensity is also commonly quantified as the minimum central surface pressure (P,;,;,) of
the TC. Recent research suggests that P,,;, correlates better with TC size and total damage than
Vinax Klotzbach et al. (2020), and acts as a relatively good evaluation metric for TC structure
Tao et al. (2022). While most global estimates of P,;;, rely on the Dvorak technique, it can

be measured more accurately and easily than V,,,, or surface intensity, because it is a single



point that can be measured with a barometer, and it is not dependent on azimuthal averages or
extrapolations to the surface wind speed.

Since there are so many intensity and size metrics in use and they all co-vary to varying de-
grees, a central purpose of the article is to reduce the dimensionality of TC structure and inten-
sity characterization. We seek to find metrics such that size and intensity are more orthogonal
in order to better characterize the TC with as few parameters as possible. Finally, we also seek
to have the metrics represent the full range of variability of observed structure and apply the
new metrics to explain the existing findings.

To satisfy these objectives, we utilize aircraft TC observations and empirical orthogonal
functions (EOFs). EOFs have been successfully used for revealing useful information on many
atmospheric systems, such as determining the location and strength of the MJO (e.g. Wheeler
and Hendon 2004). By using the EOF on observational data, we are able to reduce the dimen-
sionality of TC intensity and structure into their primary modes of variability, as well as compare
past and future data to climatological averages and standard deviations in an orthogonal space.
We show further that the size and intensity phase space developed here can be used to validate
numerical weather prediction models.

In Section 2.2, we will define the new wind decay parameter in more detail, describe the
datasets used in this study, detail how we perform our EOE and describe numerical model se-
tups used to show an example of applications of this study. In Section 2.3, we will describe the
results of the EOF as well as demonstrate a useful application. We discuss and summarize the

key findings in Section 2.4.

2.2 Methods
2.2.1 Anew wind decay parameter

In this study we define a new wind decay parameter, denoted simply as ¢, as the angle with

respect to the y-axis in normalized r* and M* space that is defined as

tan¢ = 1/ (Mygpw — 1) 2.1)
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Figure 2.1: (a) Definition of ¢ as in Eq. 2.1, with an example M* profile from Rita at peak intensity
(red). The purple to yellow lines in (a) correspond with the bin boundaries of the histogram in (b). (b)
Histogram of all ¢ observations that were included in the final dataset. The solid orange line shows the
average ¢ in the final dataset, and the dashed and dotted lines represent 1- and 2- standard deviations of
¢, respectively.

where r* is radius normalized by the radius of maximum azimuthally averaged flight-level
tangential wind (RMW), M* is the absolute angular momentum normalized by its value at the
RMW, and M; ruyw 18 the absolute angular momentum at twice the RMW (2RMW) normalized
by the magnitude of the absolute angular momentum at the RMW. Note that the numerator in
Eq. 2.1 is 1 because we have defined ¢ as between 1-2 RMW to both sufficiently describe the TC
structure and also allow for quantification of this metric with observed flight-level winds.

Since the exact value of M, ,, can be noisy due to convection and turbulence at flight-
level, we use a best-fit line that is fixed at the point (1,1) to estimate MZ* ryw and therefore
¢. This decision to use a linear fit is justified by the quasi-linear shape of M™* profiles beyond
(1,1) in observed wind profiles. An example of a M* profile in Hurricane Rita (2005) near peak
intensity is shown in Fig. 2.1a. To calculate the linear best-fit line, an endpoint outside the
RMW needs to be specified. In this study, we chose an outer radii of 2RMW because flight-level

azimuthal averages often have limited coverage beyond 2RMW due to flight limitations such as

distance to land, finite fuel and flight hours, and mission objectives. The black line shows the
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best fit to the observed M™ profile, yielding the angle ¢ respect to the y-axis in normalized r*
and M* space.

The ¢ parameter can be related to the modified Rankine alpha parameter through the rela-
tionship

tang = (rr)l%al_l 2.2)
where r* is the normalized outer RMW of interest (which we define as 2RMW), and « is the
modified Rankine parameter (Fig. 2.1b). Through this relationship, we can see that the mini-
mum angle of ¢ is 45 degrees because that would correspond with an a of 0, and that a pure
Rankine vortex with an a of 1.0 would correspond with a ¢ of 90 degrees. Values greater than 90
degrees would imply an inertially unstable vortex.

A physical interpretation of ¢ is that a ¢ of 45 degrees would be a wind profile that has
constant V4, from 1- 2RMW, implying no wind decay. This is typically only possible in weak
or immature storms. As a TC matures, the wind decay and alpha typically increase Mallen et al.
(2005) and the angle of ¢ increases. If a TC were to intensify to a pure Rankine vortex with zero
vorticity outside the RMW, ¢ would increase to 90 degrees. However, observed TCs rarely, if
ever, reach this condition, and we are interested in discovering what a realistic upper-bound of
¢ is for observed TCs. We chose to estimate ¢ instead of trying to estimate a because ¢ is easier
to calculate and simple to interpret. Instead of trying to work with exponential fits, we are able
to simply use a linear best fit.

A histogram of ¢ angles calculated in the flights remaining after the quality control (QC)
conditions outlined in Section 2.2.3 are shown in Fig. 2.1b. The bin width is set to correspond
with increments of 4 degrees of ¢ to aid with physical interpretation, and corresponding values
of a that are shown on the right were calculated from Eq. 2.2. The mean angle of ¢ in our
dataset is 57.8 degrees, with a standard deviation of 6.6 degrees. There is also a right skew in the

histogram, indicating that most values of ¢ are associated with less mature TC structures.
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Figure 2.2: Visual depiction of variables used in this study, using the same example Rita (2005) flight data
at peak intensity (in red) as shown in Fig. 2.1. Dataset variables include V4 (red point), My, (blue
point), RMW (dark gray dash), R34 (light gray dotted), fullness (black arrow), ¢ (purple angle), and Py,
(not shown). Purple dashing shows the extent of the ¢ definition, which extends out to 2RMW (medium
gray dash-dot).

2.2.2 Observational Datasets

We used two observational datasets in this study to derive seven parameters that describe
intensity, size, or structure. The first dataset is the Flight Level Dataset (FLIGHT+), version 1.3
Vigh et al. (2020). We primarily used the binned flight-level tangential wind to compute az-
imuthal averages and obtain V,;,y, from which we derived RMW, M},,,., and ¢. We also used
the RMW from FLIGHT+ to compute fullness (as defined in Section 2.1), since RMW is not qual-
ity controlled in Best Track estimates prior to 2020 and is not reliably present in IBTrACs.

We also used two parameters from the International Best Track Archive for Climate Steward-
ship (IBTrACS; Knapp et al. 2010) dataset to supplement additional parameters of interest, P,,i,
and R3,4. In addition to being used as its own parameter, R34 was also used to calculate fullness,
which means that fullness is the only parameter that was derived from multiple datasets.

The seven parameters used in our EOF analysis (Pyin, Vinax, RMW, M4y, R3g, fullness, and
¢) and the distributions and data sources of each parameter are shown in Figs. 2.2-2.3. Fig.

2.2 shows the variables relative to the original FLIGHT+ azimuthally-averaged, flight-level tan-
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Figure 2.3: Histograms of the parameters used in this study. Orange and blue represent Hurricanes
Rita (2005) and Charley (2004), respectively, and the remaining data is color-coded to denote whether
the data source is interpolated from the Best Track (yellow), azimuthally-averaged flight-level data from
FLIGHT+ (blue), or derived from both datasets (green). Black lines denote each parameter’s average
(solid), the first standard deviation (dashed), or second standard deviation (dashed) as in Fig. 2.1. The
quantitative value of each average and first standard deviation are written on the right-hand side.

gential wind profile, with the exception of P,,;,, and demonstrates that the seven parameters
chosen in this study represent a broad range of attributes that describe both the inner- and
outer- core structure of the TC. Fig. 2.3a-b show the azimuthally-averaged flight-level V},,,, and
interpolated Best Track minimum surface pressure P,,;,, with an average P,;;, of 964 hPa and
an average V;,,x 0f 39.4 m s~ 1. The dataset encompasses a wide range of intensity values about
the mean values. Similarly, our three size parameters —RMW, M4, and R34, —show that the
average of TC observations have values of 48.6 km, 1.9 x 10 m? s2, and 212.7 km, respectively
(Fig. 2.3c-e). Finally, we can see that the mean fullness values are more skewed and have an
average of 0.8, and ¢ has a wider range and an average angle of 57.8 deg. as in 2.1b but is shown
with a finer bin interval here (Fig. 2.3f-g).

In Section 2.3.1, we will demonstrate the utility of our EOF analysis by highlighting two ex-
ample TCs within our dataset: Hurricane Rita (2005) and Hurricane Charley (2004). Figure 2.3
shows how our two example TCs compare to the distributions within the full dataset across their

lifetimes. Fig. 2.3a-b shows that Rita and Charley have observations at nearly the full range of
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Vinax and Pp,;,. Fig. 2.3c-e show that Rita and Charley were average sized and small, respec-
tively, compared to other storms. Fullness in Fig. 2.3f shows that Rita and Charley were close to
0.9 through much of their lifecycle, but did have some smaller values at times. Finally, Fig. 2.3g

shows that Rita and Charley encompassed a large range of ¢ within the dataset.

2.2.3 EOF Procedure

The seven variables from the observational datasets were quality-controlled before comput-
ing the EOF so that we were only using physically-relevant data. The quality control thresholds

are:

1. The TCs must have been officially been designated as at least a Tropical Storm (TS) for

more than three hours
2. The azimuthal average must contain at least 3 radial legs
3. Each flight time must have all 7 parameters
4. ¢ must be less than or equal to 90 deg.
5. Viax must be atleast 18 m/s (TS strength)
6. The M* profile must extend out to at least 2RMW

After quality-controlling the data, we had 649 observations from the Atlantic basin available
for analysis. We then standardized each parameter with their mean and standard deviation
before computing the EOE

Since some of the parameters contain redundant information, we tested many permuta-
tions of reduced parameter sets to try to create the best EOF that explained sufficient variance
and had good separation of the different principal components. We also tested including Inte-
grated Kinetic Energy as an additional parameter, but found it did not add enough value to war-
rant inclusion, especailly since it was the most difficult to calculate (requiring the entire wind

field). We found that using all of seven of the retained parameters produced the best results,
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since there were sufficient degrees of freedom to determine the primary modes of variance in

the observations.

2.2.4 Model Setups

In the results section we also demonstrate a useful application of the EOF by regressing
the structure of simulated TCs onto the first two principle components. Here we highlight two
variations of Rita (2005) simulations that are adapted from Foerster and Bell (2017). We chose to
highlight Rita as an example because it was well-sampled throughout its lifetime across a wide
range of the phase space, which facilitates comparisons between observations and simulations.

The model setup was adapted from Foerster and Bell (2017). We use WRF version V3.9.1.1
with three nested domains of 18-, 6-, and 2-km horizontal grid spacing and 43 vertical lev-
els. The three domains had 300, 250, and 250 square grid points respectively, and the two
inner domains were vortex-following. The simulations use the following physics parameteriza-
tions: Rapid Radiative Transfer Model (RRTM) longwave radiation Mlawer et al. (1997), Dudhia
shortwave radiation Dudhia (1989), the Noah land surface model Ek et al. (2003), the Yonsei
University boundary layer scheme Hong et al. (2006), Thompson aerosol-aware microphysics
Thompson and Eidhammer (2014), and modified surface fluxes for tropical cyclones (Garratt
formulation; Davis and Coauthors 2008). The outer two domains use the Kain-Fritsch cumulus
parameterization Kain and Fritsch (1990), and the inner domain is convective permitting. The
WREF simulations were run from 18 to 23 September 2005, and captured both the period of rapid
intensification and the secondary eyewall formation of Hurricane Rita.

We conducted two numerical simulations that were set up identical to each other besides
their initial bogus vortex conditions. In particular, we demonstrate the effects of an initially
smaller bogus vortex with an initial V;,,,, of 17 m s™! and an initial RMW of 150 km, and an
initially larger bogus vortex that had an initial V4, of 15 m s~ and RMW of 250 km. The model
output was smoothed with a Lanczos filter before regressing onto the EOF to make comparisons

easier to interpret.
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Figure 2.4: (a) Percent variance explained by each EOF mode, with error bars in black. (b-d) The struc-
tures of the first three EOF modes. Values indicate the length of the eigenvectors, and rainbow colors are
consistent with the arrows in Fig. 2.6

2.3 Results
2.3.1 EOF Results

Figure 2.4a shows the percent variance explained from the EOF analysis. Most of the vari-
ance is explained by the first two EOFs at nearly 80%. EOF1 primarily represents variability in
intensity since the eigenvectors most strongly on Vj,,4x and Py,;, (Fig. 2.4b). The variability in
wind and pressure is anti-correlated, with positive amplitudes of EOF1 are primarily associated
with higher V},,,, and lower P,,;,. In contrast, EOF2 primarily represents variability in size since
it most strongly depends on RMW, M., and R34 (Fig. 2.4c). EOF1 also has some sensitivity
to fullness, RMW, and R34, but there is almost no relationship to M,,,, while M,,, 4 is the most
dominant parameter in EOF2. Higher fullness, smaller RMW, and larger R34 are therefore all
correlated with higher intensity. A larger RMW, larger M,,,,, and larger R34 are all correlated
with larger size. The first two EOFs being associated with intensity and then size resulted for
every tested permutation of EOF analyses, as well as for stricter quality-control requirements

(not shown).
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Figure 2.5: Interpolated Best Track and azimuthally-averaged values for Rita (orange) and Charley (blue)
that are included within the EOF dataset. The parameters shown are: (a) All P,,;,, (hPa) values (pale
solid lines) and interpolated to flight times (circles), (b) All Best Track Surface Wind Speed estimates
(pale solid lines) and FLIGHT+ flight-level azimuthal averages (V},4x; m s~1; squares), (c) RMW (km), (d)
Mnax (x108 m? s?), (e) All R34 (km) values (pale solid lines) and interpolated to flight times (circles), (f)
Fullness, (g) ¢ (deg.). Circles indicate second-order accurate interpolations to the flight time from Best
Track data. Squares indicate azimuthally-averaged values at flight-level from FLIGHT+ data. Diamonds
indicate that parameters from both datasets were used.

EOF 3 represents approximately 13% of our dataset’s variability, and it primarily represents
variability in ¢ after accounting for the differences in size and intensity that accounted in EOFs
1-2 (Fig. 2.4d). The fact that ¢» dominates EOF3 indicates that ¢ is a nearly orthogonal param-
eter to both intensity and size. EOF3 also shows that there is a weak relationship between ¢
and R34 and fullness, where TCs with smaller outer wind fields are more likely to have higher
¢ angles. EOFs 4-7 represent a combined variability of approximately 7%, and are not shown
because they are likely associated with noise.

However, while we interpret EOF1 as intensity, EOF2 as size, and EOF3 as “maturity,” we
note that each EOF contains some information on all three attributes, in accordance with the
direction of the eigenvectors. In particular, intensity and maturity seem to have some aspects
in common, since a component of ¢ points in the same direction as PC1. Similarly, PC1 also
incorporates some size information from RMW and R34, and PC2 incorporates some intensity
information from P,,;,. However, a benefit of this EOF analysis is that we show how each of the

seven metrics covary as TCs evolve.
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To more clearly show the relationship between the EOF analysis and physical metrics, Fig.
2.5 shows examples of the lifecycle of Hurricanes Rita (2005) and Charley (2004). These two
TCs were chosen to demonstrate how different intensities and sizes are represented in the EOF
analysis. Rita (2005) had sixteen flights that met the QC criteria, with intensities that ranged
from Categories 1-5 on the Saffir-Simpson scale and a medium size. In contrast, Charley (2004)
was small, intense TC sampled by six flights.

Figure 2.5a shows the central minimum surface pressure, which is interpolated from Best
Track data to the average flight time with second-order accuracy finite differencing. Note that
the y-axis has been reversed such that lower pressures are at the top for easier comparison. The
dates on the two x-axes have been aligned to show that Rita and Charley had a period of similar
intensification rates near the beginning of their observations. However, Rita was able to reach
much lower P,,;, values at peak intensity than Charley.

Figure 2.5b shows the FLIGHT+ azimuthal averages for Rita and Charley in orange and blue,
and compares them to the Best Track estimates of sustained 1-min average surface wind speeds.
Comparing the FLIGHT+ V,,,4 to the surface intensity, there is general agreement with the rate
of intensification for both Rita and Charley, but the flight-level tangential velocity averages are
consistently lower than the surface wind speed estimates. Comparing the FLIGHT+ V,;,4y to
the interpolated P,,;, evolutions, Rita appears to have a more similar intensity to Charley at
the midpoint of the observed periods, rather than the beginning. This could either be due to
limitations to azimuthal averages or be related to the very different sizes of Rita and Charley.

Figure 2.5c shows the RMW of the FLIGHT+ azimuthal averages. While some Best Track
estimates were available to compare, they occurred sporadically and are not quality controlled
in the official Best Track process. Thus, they were omitted from the figure. Rita’s RMW started
out quite large and contracted significantly throughout its intensification period. An eyewall
replacement is evident with larger RMW around 23 September. In contrast, Charley’s RMW
remained quite small throughout the observed intensification period. Figure 2.5d shows My, 4,

which is the value used to normalize M profiles to calculate phi. M, is obtained from V4,
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RMW, and Coriolis parameter, all of which are obtained from the FLIGHT+ dataset. The M,
magnitude was larger in Rita and decreased as the RMW contracted. Rita’s eyewall replacement
is also evident in the My, 4, evolution. In contrast, M,,, is small in Charley and increased over
the lifecycle as V},, 4, increased while RMW stayed roughly constant.

Figure 2.5e shows R34, which is also interpolated from Best Track estimates. Interestingly,
Rita’s R34 consistently increases during intensification while Charley’s decreases. Figure 2.5f
shows fullness, which is the only parameter that uses both FLIGHT+ and Best Track data sources.
Charley’s fullness remains consistently high during the observing period, while Rita’s gener-
ally increases throughout its intensification period. Both Rita and Charley have similar fullness
around 0.9 at peak observed intensity. Figure 2.5g shows ¢, which is calculated from FLIGHT+
parameters. While there is some noise apparent in this parameter, there is a clear trend towards
larger angles as both TCs intensify. Rita also shows a decrease in ¢ after peak intensity, unlike
fullness.

The seven parameter timeseries shows many aspects of the evolution of Rita and Charley,
including both intensity and size changes. Through the EOF analysis we can reduce the di-
mensionality to show these changes in the context of other TCs in a simple 2-D phase space
corresponding to the magnitude of the first two principal components (PCs). Figure 2.6 shows
the data distribution when we use PC1, which represents intensity, as the x-axis and PC2, which
represents size, as the y-axis. Since the parameters were normalized prior to computing the EOE
the point (0,0) represents average intensity and size of a TC in the quality-controlled dataset.
The upper-left quadrant represents weak, big TCs, and the lower-right quadrant represents
strong, small TCs. The upper-right and lower-left quadrants represent strong, big and weak,
small TCs, respectively.

In Fig. 2.6a, each dot represents a single observed axisymmetric TC structure. The dots are
shaded by the value of ¢, which can be thought of as a ‘vertical’ axis corresponding to PC3.
The arrows in the lower-left corner are an alternative way of viewing the first 2 EOFs displayed

in Fig. 2.4b-c, where the x-component is the magnitude of each parameter in PC1 shown in
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Figure 2.6: EOF dataset transformed into coordinates where PCl1 is the x-axis and PC2 is the y-axis. (a)
Scatter points of all observations area shaded by ¢ using the same colorbar in Fig. 2.1. Arrows show
how the points in Fig. 2.4b-c are represented in this phase space, where Fig. 2.4b are the x-components
and Fig. 2.4c are the y-components of each arrow. (b) Gray points represent the same points as in (a),
but the Rita and Charley points shown in Fig. 2.5 are highlighted in orange and blue, respectively. The
weakening phase of Rita is outlined with a paler orange to make it easier to see, and key lifecycle points
are outlined in a darker color and labeled. Additional text labels on the axes are included to help with
physical interpretation of both subplots.

Fig. 2.4b and the y-component is the magnitude of each parameter in PC2 shown in Fig. 2.4c.
The direction of each arrow corresponds with the gradient of each parameter from low to high
magnitudes. In this format, it’s also easier to see that V,;,, aligns most closely with the intensity
axis, and M, 4 aligns most closely with the size axis. P,;,;, is nearly opposite to V4, but has a
marginally larger component in the size direction. RMW also has a slightly larger component in
the size axis than R34, but both have a small component in the intensity axis. Fullness and ¢ are
primarily associated with intensity, but also increase in the negative PC2 direction (i.e. smaller
size). The fact that fullness has a larger PC1-component than both RMW and R34 corroborates
the findings of Guo and Tan (2017), in which fullness was found to be more correlated with Best
Track intensity than RMW or R34. While ¢ and fullness have very similar angles with respect to
PC1 and PC2, ¢ is primarily oriented in the vertical PC3 direction.

In Fig. 2.6b, the orange- and blue-outlined dots correspond with the observations of Rita
and Charley shown in Fig. 2.5, and their shading corresponds to ¢. Focusing on Rita first, we

can see that Rita initially started out in the weak, big quadrant for the first four flights, corre-
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sponding to low V4, and Pj,;, magnitudes and large RMW magnitude on the 19th and early
20th (Fig. 2.5a-c). As Rita continued to intensify and contract the structure ‘moves’ down and
towards the right in the phase space. There was some apparent weakening indicated between
the fifth and sixth flights during eyewall formation around 20 September. Rapid intensification
and Rita’s peak intensity follow as the TC moved further right with increasing PC1 values. Dur-
ing this time period (21 - 22 September), Rita had large changes in all parameters (Fig. 2.5).
However, RMW decreases and R34 increases such that their contributions yield little net change
in the PC2 direction. Just after peak intensity on the 22nd, there is some evidence of Rita’s eye-
wall replacement cycle. Finally, after the eyewall replacement cycle, Rita started interacting
with a synoptic-scale, upper-level trough, which sheared Rita and further increased Rita’s RMW
and R34 while weakening the TC (Fig. 2.5c¢, e).

In contrast, Charley’s structure has some of the smallest PC2 magnitudes in the dataset.
Charley was not sampled as extensively as Rita over its lifecycle, but we can see that Charley’s
evolution appears to increase in size for the first half of its observations. Interestingly, while
Pin and V45 appear to be reasonably similar in the first few flights of Charley and Rita (Fig.
2.5a,b), it becomes much clearer in the PC1 framework that Charley is much further along in its
lifecycle and more mature than Rita. We can also see that Charley’s peak intensity is also weaker
than Rita’s.

Overall, Fig. 2.6 shows a novel way to visualize TC structure and evolution in a phase space
where intensity and size are nearly orthogonal. The general maturation of a TC will tend to move
primarily from left to right in this phase space with a corresponding increase in ¢ and fullness.
However, individual storms can occupy different parts of the phase space and evolve differently
depending on their environmental conditions and internal processes. Structural changes such
as contraction, rapid intensification, and eyewall replacement cycles can be visualized simply
in this framework. The phase space also allows for easy comparison between different TCs and

their variability in terms of 2 standardized variables rather than 7 physical parameters.
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Figure 2.7: Comparison of the two simulations of Rita to the orange observations shown in Fig. 2.5.
Dark blue represent the big-bogus simulation, and light blue represents the small-bogus simulation. The
open circle represents the simulation initialization; dotted segment of the simulations represent when
Vinax < 18 m s71, because that portion of the simulation would not meet QC requirements; pale, thin
segments of simulations represent that the simulation V4 is larger than 18 m s™! but the timing is be-
fore Rita’s observing period; and bold segments represent the primary comparison time between models
and observations. Scatter point symbols for observations are consistent with Fig. 2.5, and equivalent
observation times are marked in simulations as well.

2.3.2 Modeling Application

To demonstrate the utility of having orthogonal axes for intensity and size, we show two
variations of a Rita simulation: one with a small bogus vortex initialization and one with a large
bogus vortex initialization to compare to Rita’s well-sampled observations within the dataset.

Figure 2.7 compares the smoothed output from each of the two example Rita simulations
to Rita’s best-track observations that were shown in Fig 2.5. Periods of simulation prior to Rita’s
observing period are denoted differently to represent V,,,,. less than 18 m s™! (dashed) or V4
greater than 18 m s™! but prior to Rita’s observations (pale, thin). The bold portions between
117 19 Sep 2005 and 05Z 21 Sep 2005 will be the primary focus of the comparison between
simulations and observations (hereafter the comparison period).

In each simulation, the evolutions of P,;;, and V,,,, show very similar behavior to each
other (Fig. 2.7a-b). Prior to the comparison period, both simulations intensify at nearly identi-

cal rates. At the beginning of the comparison period on 19 Sep 2005, there is also good agree-
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ment between both simulations and both the Best-Track P,,;, and FLIGHT+ V,,,,. However,
on 20 Sep 2005, the small-bogus simulation begins to intensify more rapidly than both the big-
bogus simulation and observations, and the small-bogus simulation remains most intense for
the remainder of the simulation time. However, the big-bogus also intensifies but shows signs
of an eyewall formation. After completing the eyewall formation, the big-bogus simulation in-
tensifies at a rate and intensity similar to observations with respect to P,;;5, but V4, becomes
much more intense than FLIGHT+ azimuthal average on 21 Sep 2005. Overall, the simulation
intensities appear to either be reasonably close to observations or an overestimate.

In terms of ¢ and fullness, the big- and small-bogus simulations exhibit similar behavior
but different magnitudes during the main comparison period (Fig. 2.7c-d). While both simu-
lations have smaller ¢ and fullness on 19 Sep 2005 than observations suggest, the small-bogus
simulation quickly develops a higher ¢. In contrast, the big-bogus simulation has a lower ¢ but
similar fullness. Both simulations show an interesting ¢ and fullness evolution that is similar
to the observations but with different magntitudes. RMW and M, also follow similar evolu-
tion at different magnitudes between the big- and small-bogus simulations (Fig. 2.7e-f). While
both simulations initially contract to an RMW that is too small, the big-bogus simulation mag-
nitudes of RMW and M, end up much closer to FLIGHT+ observations than the small-bogus
simulation. These results highlight the persistent impact of the initial TC size on TC evolution,
as shown in Tao et al. (2020); Martinez et al. (2020).

Finally, R34 for the big- and small-bogus simulations start out too small at the beginning of
the comparison period (Fig. 2.7g). However, the outer-core expansion in the big-bogus simula-
tion becomes similar to observations around the 20th, and then expands too quickly afterward.
The small-bogus simulation has too small of an outer wind field for the entire simulation, but
evolves to just under the observed magnitude around 10Z 21 Sep 2005. However, the rate of
expansion in the small-bogus simulation is quite fast compared to observations.

Overall, while neither of the simulations were a perfect representation of Rita’s evolution,

Fig. 2.7 shows that the big-bogus simulation is closer to observations. However, it is hard to sep-
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Figure 2.8: Projections of the big- and small-bogus simulations onto the coordinates shown in Fig. 2.6.
The big-bogus simulation is shown in dark blue and the small-bogus simulation is shown in light-blue.
Times prior to Rita’s observing period have been omitted, but the initial conditions for each simulation
are (-5.5, 1.0) for the small-bogus simulation and (-5.0, 2.1) for the big-bogus simulation. Day and hour of
first and last observation within the comparison period have been labeled. Small gray points are identical
to Fig. 2.6b.

arate redundant vs. important information in seven panels of comparisons. Figure 2.8 shows
how the two simulations project onto the same coordinates as originally shown in 2.6. In this
format, it becomes much easier to quickly distill the differences between the two simulations.
At a glance, we can see that the big-bogus simulation is larger PC2 at all times than the small-
bogus simulation during the comparison period, but the big-bogus simulation is fairly accurate
in terms of PC2 size. In addition, we see that the initially big storm remains big with PC2 size.
We can also see that the overall structure during the comparison period starts out too weak and

ends too intense.
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Both simulations show evidence of eyewall formation at the beginning of the comparison
period, with a pause in intensification and increase in size that is similar to observations but in
a different part of the phase space. The eyewall formation happens at a much weaker PC1 in-
tensity and smaller PC2 size than Rita’s observations would suggest. After that, both simulations
slowly contract as they rapidly intensify. Coincidentally, the small-bogus simulation appears to
be initialized at an appropriate size for a Charley simulation instead of a Rita simulation, and we
can see that the combination of initial conditions led to a small TC compared to observations
of Rita. By the end of the comparison period, we can see that the small-bogus simulation has
intensified far too quickly with respect to Rita’s observations, and that PC1 for 05Z 21 Sep 2005
in the small-bogus simulation is 2 standard deviations more intense than observations. While
the initial evolution of the big-bogus simulation is too weak and too small at 117 19 Sep 2005, it
is clear that the PC2 size after that adjustment then closely resembles Rita’s observations. How-
ever, the simulated storm intensifies too quickly and the PC1 intensity still winds up being 1
standard deviation larger than the observation at 05Z 21 Sep 2005.

Overall, Fig. 2.8 shows the same conclusions as Fig. 2.5, but in a more concise way. We
can see that the big-bogus simulation structure resembles observations the closest, but it is too
intense at the end of the simulation. In addition, when combined with the scatter of observed
TC variability, we can gain historical context to the curves and quickly identify when there are
abnormal intensity-size relationships. While time is implicit in this phase space and must be
annotated separately, one can quickly see a holistic TC structural evolution in a single curve.
The EOF phase space allows TC researchers and forecasters to quickly identify specific features

and examine them in the context of observed variability.

2.4 Discussion and Conclusions

In this study we have used aircraft and best track observations to calculate an empirical
orthogonal function (EOF) analysis and create orthogonal axes for intensity and size. Through
the EOF analysis we have reduced a 7-parameter space into a simplified, orthogonal, 2D phase

space, where PC1 is primarily associated with intensity, and PC2 is primarily associated with
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size. We also defined a new parameter, ¢, which is a simple way to characterize vortex radial
wind decay. Since our new parameter ¢ primarily corresponds with PC3, we believe that it
provides additional information on TC structure and maturity.

However, while our principle components are primarily associated with either intensity,
size, or maturity, we note that each principle component incorporates some information from
the other two attributes. For example, PC1 and “maturity” are related through components of
¢ and fullness, and PC1 also incorporates some size information from RMW and R34. PC2 also
retains some intensity information from P,,;, and “maturity” information from ¢ and fullness,
as well. However, a benefit of this EOF analysis is that it shows how the seven metrics covary
together in such a way that the variability cleanly separates into ways that can be interpreted as
intensity and size.

To demonstrate our new intensity-size coordinates, we first compared the well-known storms
of Hurricanes Charley (2004) and Rita (2005) within our dataset. When examining individual
parameters, we can see noticeable differences in size, but only minimal differences in intensity
for the majority of both intensification periods. However, trying to comprehend the various re-
lationships between all seven parameters is challenging. But when plotting onto the EOF phase
space, it is more easily apparent that Charley was one of the smallest and more intense TCs in
the historical record, while Rita was an averaged size TC that traversed a wide range of PC1 and
PC2 values as it intensified, underwent an eyewall replacement, and ultimately weakened.

In addition to comparing observed structure and evolution, we have also demonstrated that
simulated structure can be regressed onto these axes for model validation. When comparing
two simulations of Rita with initially small and big bogus vortices with best track observations,
it is quickly apparent that Rita’s initial intensity is similar in both cases but the small-bogus
vortex simulation was too small. By increasing the initial RMW, the big-bogus simulation be-
came more in-line with the observed structure and evolution. Both simulations intensified too

quickly compared to observations however.

26



While we have only demonstrated the utility of this framework with deterministic models,
this framework could also help distill key structural differences in ensemble runs. The frame-
work could help forecasters more quickly assess deterministic or ensemble simulations, and
also allow the ability to quickly put new forecasts and observations into historical context. Re-
searchers can use this framework to diagnose key structural and intensity changes and run
more accurate case study simulations. Idealized structures can also be compared to real TCs
in this framework to determine their realism. For future work, this framework can also be used
to assess how internal structure variability affects contraction, intensification, and other struc-

tural evolution in TCs.
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Chapter 3

Variability in Analytic Tropical Cyclone Wind Profiles

3.1 Introduction

Analytic TC wind profiles are used in a wide variety of important applications, including as
an initialization for real-time storm surge forecasts from landfalling TCs (e.g. Peng et al. 2006),
engineering impact studies (e.g. Powell et al. 2005), historical TC reconstructions (e.g. Boose
2004), and as idealized model initializations that yield insight towards TC dynamics and physi-
cal processes (e.g. Kepert 2001; Williams Jr. 2015). In this study, analytic wind profiles are con-
structed using a reduced set of parameters derived from the EOF phase space in Chapter 2. The
essential variability derived from the principal components of observed wind fields is therefore
expanded back into physical space in order to further investigate the relationships between
structure and intensity change. While many different analytic profiles have been proposed over
the years and are optimized for different usages, two of the most commonly used “families”
of TC wind profile-fitting methods have been developed by Greg Holland (Holland 1980, 2008;
Holland et al. 2010) and Hugh Willoughby (Willoughby and Rahn 2004; Willoughby et al. 2006).
These methods can create realistic axisymmetric radial profiles of winds from a small set of pa-
rameters. A brief overview of key features, weaknesses, and differences of these methods will be
summarized below.

The original Holland method detailed in Holland (1980) was developed as a way to con-
struct simplified, physically-based vortices that better resembled aircraft observations when
compared to prior analytic formulations. The method has been steadily updated since original
publication to provide better fits to observed data (Holland 2008; Holland et al. 2010). A hall-

mark of this “family” of methods is that it contains a rectangular hyperbolic form of the radial
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pressure variation, first given by the form

rBln(pn_pc) A 3.1)

P—Pc
where A and B are scaling parameters, p, is the environmental pressure, p. is the minimum
central TC pressure, and p is the pressure at radius r. From this pressure variation, the wind
profile is derived from a combination of cyclostrophic balance from the eye to the tangential
wind maximum (V;,4y), and gradient wind balance radially outward. The cyclostrophic and
gradient wind regimes are connected such that 0V /0r = 0 at the RMW.

However, one drawback of this original 1980 formulation is that the radial vorticity gradient
radially inward from V,,,4, changes sign from positive to negative, which satisfies the condition
for barotropic instability in the eye. As aresult, simulations based on this vortex may experience
enhanced eye-eyewall mixing and vortex breakdown (Williams Jr. 2015). Another drawback is
that the Holland method tends to systematically (1) overestimate the width of the eyewall wind
maximum, and (2) force the wind to decrease too sharply both radially inward and outward
from V};,4, (Willoughby and Rahn 2004; Willoughby et al. 2006). As a result of these drawbacks,
the Holland profile method has been steadily improved over time to better represent observed
TC structure (Holland 2008; Holland et al. 2010). In this study, we will use the most recent 2010
formulation, which will be further described in Section 3.2.

Alternatively, the Willoughby “family” of profile-fitting methods propose a different solution
to the aforementioned drawbacks which removes the physical balance constraints in favor of a
set of piecewise functions that can more accurately fit aircraft observations (Willoughby and
Rahn 2004; Willoughby et al. 2006). With this approach, the increase in wind speed within the
eye is described by a power law function, the decay of wind with radius outside the RMW is
described by exponential decay, and a polynomial ramp function smoothly connects the two
regimes near V., (Willoughby et al. 2006). Additionally, the exponential decay outside the
RMW may be described by either a single exponential decay length scale or a weighted com-

bination of a short decay length scale near V,;,,, and a long decay length scale at further radii.
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The flexibility of this method allows for very accurate fits to full aircraft radial profiles of wind.
In this study, we will use a simplified version of the dual exponential decay Willoughby method,
which will be further introduced in Section 3.2.

While the Holland method produces a ring-like vorticity structure that satisfies the Rayleigh
condition for barotropic instability (Shapiro and Montgomery 1993), the Willoughby profile
produces a monotonic Gaussian shaped profile of vorticity in the eye that is stable to finite-
amplitude perturbations. However, the Willoughby profile can have different dynamical prob-
lems depending on the parameters used to construct the wind field. For example, the power law
portion within the eye produces a singularity at the TC center when the fitted exponent n < 1,
such that there is infinite vorticity and angular velocity at r = 0 km. Such a profile can poten-
tially cause numerical instabilities if used to initialize a numerical weather prediction model.

In contrast to the Holland and Willoughby methods that aim to accurately fit aircraft ob-
servations, alternative idealized vortices that are often used to initialize full-physics numerical
weather simulations sacrifice some realism in favor of stability. One of the most commonly
used initial “bogus” vortex in full-physics simulations is based on a modified Rankine vortex.
In a pure Rankine vortex, vorticity is constant from the center out to the RMW, and then irrota-
tional at larger radii. However, TC structure is generally not a purely Rankine vortex, so Rankine

profiles are typically modified with a decay parameter, such that

r r<ry,
V(r) = , (3.2)

Y% r>ry,
where a denotes the wind decay outside the RMW. An a of 1.0 results in a pure Rankine
vortex, and smaller values result in a slower wind decay. The a parameter is directly related to
the ¢ parameter introduced in Chapter 2, which defines the wind decay as an angle relative to
the change in normalized angular momentum. While a has been shown to vary with intensity

(Mallen et al. 2005), the value is often fixed in operational models in favor of varying V4 and
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RMW to describe the vortex. Due to the simplicity and numerical stability the modified Rankine
vortex is commonly used, but it is unclear whether these parameters can fully represent the
structural heterogeneity found in nature. The suitability of this vortex structure for simulating
observed wind profiles will be examined along with the methods developed by Holland and
Willoughby in this study.

In this study, we seek to answer the following science questions:

1. What are the strengths, weaknesses, and dynamical implications for the TCBL for differ-

ent analytic wind profiles?

2. Is the choice of a particular analytic TC profile more or less important than the location

in EOF phase space?

3.2 Wind Profile Construction

In this study, we first use the EOF framework developed in Chapter 2 to construct idealized
profiles that represent the majority of the intensity-size EOF phase space. We then assess the

boundary layer response to different wind profiles with a slab TCBL model.

3.2.1 Constructing Idealized Wind Profiles

To construct the idealized wind profiles, we first follow the same method of constructing the
first two principle components (PCs) from Ch. 2, which describe TC intensity and size. These
two PCs are then stratified into 0.5 x 0.5 bins from —1.5 < PC1 < 1.5 and —-1.5 < PC2 < 1.5, as
shown in Fig. 3.1. In our dataset, this range covers close to 80% of the aircraft observations. If
we assume a normal distribution and that the observed space is undersampled, this domain of
interest represents nearly 87% of the variability of the potential intensity-size phase space. We
note that Fig. 3.1a shows that no observations exist within the lowest-right bin. Therefore, that
lowest-right bin was excluded from further analysis due to a lack of data.

For clarity, we sequentially label the bins from left-to-right and top-to-bottom, as shown in
Fig. 3.1b. Note that bins containing 10 observations or less are color-coded with white text, and

bins with over 10 observations have black text. The shading denotes the number of observations
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within each bin that ranges from 2-34 flight passes. Finally, red-orange squares highlight the
bins numbered 7, 10, 25, and 28 because these bins will be highlighted as examples within each

quadrant throughout this chapter.

(a) Domain of Interest (b) Bin Labels

1.0

0.5

PC2 (Size)
o
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Figure 3.1: (a) As in 2.4, but showing the bins used in this analysis relative to the original observations.
(b) Bins with their numerical labels in text, and count of observations in shading. Note that the text color
is white for bins with less than or equal to 10 observations, and the text color is black for bins with over
10 observations. Red squares denote the bins that are shown as detailed examples in subsequent figures.

To construct the profiles, we first compute the average of each of the seven EOF parameters
within each bin (Fig. 3.2). The computed averages within each bin show a smooth gradient from
low to high values, with a slight exception of ¢, since that parameter projects most strongly onto
PC3 and is therefore more orthogonal to intensity and size than the rest of the parameters. We
note that the gradients align with the eigenvectors shown in 2.6 by construction of the EOF
analysis.

To get a sense of how much each bin mean is representative of the distribution present
within its respective bin, the standard deviations within each bin have also been computed
(Fig. 3.3). In general, standard deviations are low, but Bin 7 has more variability than the others
in terms of size and maturity metrics (Fig. 3.3c-d). We can also see that TCs with positive PC2

values have slightly greater variability in terms of M,,,, and R34, and TCs with negative PC1
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Figure 3.2: Means of observations within the bins described in 3.1, for (a) Vj;4x (m s, (b) P,uin (hPa),
(c) RMW (km), (d) Myyqx (x 108 m? s72), (e) R34 (km), (f) Fullness, and (g) ¢ (deg.).

values have greater variability in terms of fullness. However, the standard deviations are low

enough that we believe the mean values are generally representative of each bin.
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Figure 3.3: As in 3.2, but for the standard deviations within each bin.

The next step in constructing the idealized wind profiles is to use the bin averages to de-
termine the most salient features of profiles within each bin. The four key parameters that are

considered to define the mean profile that is being fitted are:
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1. The tangential wind speed at the TC center, which is assumed to always be zero (V (r =

0) =0m S_l))
2. The bin-average Vi, 4x,

3. The tangential wind at 2RMW, which is derived from the definition of ¢ and the bin-

average RMW, M,,, ., and ¢ values (Eq. 2.1),

4. The Best Track R34, which is assumed to be apply to flight-level such that the axisym-
metric flight-level tangential wind speed of 34 kts occurs at the same radius as the radius

where the Best Track sustained surface wind speed is 34 kts,

From these four “anchor” points, we then use three different methods of curve-fitting: the
Holland method (Holland et al. 2010), the Willoughby method (Willoughby et al. 2006), and a
new method that is based on our definition of ¢ from Ch. 2. Both the Holland and Willoughby
methods are commonly used in hazard impact forecasts and modeling studies, and our new
method is closer to a modified Rankine vortex. It will be shown that all three methods can
produce wind profiles that are within the envelope of observed profiles in each bin (c.f. Fig.

3.5). The equations that define each wind profile fitting method follow.

Holland Method

The 2010 Holland method is defined as the set of equations:

X

b.
100bsApy (Dums )™
vg = s Prs( hrs ) , where (3.3)
peel )
()’
Ps=Pcs+Apse \ 7 ), (3.4)
2
v e
s = M’ and (3.5)
100(pyns — Pes)
0.5 r<ry,
x= ) (3.6)
05+ (r— rm)—r’;"__rov'5 r>ry,
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where vy is the tangential wind, p; is the pressure, and b and x are scaling parameters. (finish
describing)
In this study, we assume that p,s = 1010 hPa, and we minimize the absolute error at the four

anchor points to determine the optimal value of x;,.

Willoughby Method

In the study, we use the dual-exponential form of the Willoughby method, which is defined

as
Vi:Vmax(RWrmx)nr 0<r<R;
V() =3 Vil - w) + Vyw, Risr=R (3.7)
Vo = Vinax (l—A)exp(—%;’m)ﬂ-Aexp(—%Zm)], Ry<r

where V; represents the inner tangential velocity profile, V, represents the outer tangential ve-
locity profile, and w is a weighting factor that blends the two curves together in an intermediate
zone around the RMW. In V,,, A is another weight that blends the two exponential decay lengths
(X7 and X») together.

In this study, we have assumed that the shorter exponential decay length is the RMW, and
the longer decay length is R34. The exponent n determines the profile shape in the eye, and n,

w, and A are optimized by minimizing the error to the four “anchor” points.

Angular Momentum Method

Our new method of fitting winds (hereafter the Angular Momentum method) is defined in
the same axes as our definition of ¢, in terms of normalized radius and normalized absolute

angular momentum, such that
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where M denotes absolute angular momentum, r denotes radius, asterisks denote normaliza-
tion by a variable’s respective values at V;,4, and the f denotes the bin-average Coriolis pa-
rameter. In this phase space, angular momentum profiles are assumed to vary linearly from the
RMW at point (1,1) to the normalized angular momentum at Rs4.

The profiles are then converted to tangential wind using the definition of absolute angular
momentum and the Coriolis parameter derived from each profile’s V,;,,, RMW, and M, 4, and
averaged within each bin.

An example of the angular momentum profiles fit through the four anchor points is shown
in Fig. 3.4. In the example bins of 7, 10, 25, and 28, the fit is nearly exact for weaker TCs. The
2RMW anchor point is slightly above the line in the stronger vortices, but the overall correspon-
dence to the anchor points is good despite the simplification to a linear profile.

One benefit of this simple method is that it can potentially be derived solely from data that
are preserved in the extended Best Track dataset: the Best Track intensity, the RMW, the R34, and
the latitude. A user only needs to assume a scaling parameter between the Best Track surface
intensity and the flight-level tangential wind speed. In the current case, we use the flight level
Vinax and RMW along with the Best Track R34. Future work will investigate the uncertainty of

solely deriving idealized profiles from Best Track data.

3.3 Wind Profile Comparisons

The resulting reconstructed profiles for all three methods in each example bin are compared
to their respective anchor points and original azimuthally-averaged profiles in Fig. 3.5. Results
show that both the anchor points and idealized profiles lie within the envelope of variability,

which indicates that they are all potentially representative of the observed profiles within each
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(a) (Weak, Big) Example #7 (b) (Strong, Big) Example #10
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Figure 3.4: Examples of how the Angular Momentum method is constructed for the bins highlighted in
red in Fig 3.1. The x-axis is the radius normalized by the RMW, and the y-axis is the absolute angular
momentum normalized by its value at the RMW. Color shading refers to the PC2-size, and color hue
refers to the PC1-intensity, and is consistent with subsequent figures.
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bin. The differences between the three methods retain some of the observed variability within
the bin, especially for the smaller storms with negative values of PC2 (Fig. 3.5c-d). Figure 3.5
also indicates that each method appears to be better suited for different quadrants of the EOF
phase space. When comparing the simplified profiles to observations, the Angular Momentum
method appears to be the best fit for weak, small storms; the Holland method appears to be the
best fit for weak, big storms; and the Willoughby method appears to be the best fit for strong,
big storms. However, we note that the simplifications made to the Holland and Willoughby
methods may not represent the most ideal fits these methods can produce. In particular, using
R34 as the longer exponential decay length in the Willoughby method does not appear to be
ideal for very weak and small TCs.

Calculating the root mean square error (RMSE) of each simplified profile to the four anchor
points confirms the indication from Fig. 3.5 that each method has different strengths and weak-
nesses for a given TC structure (Fig 3.6). Results show that the Angular Momentum method has
the lowest RMSE for weak, small TCs, and highest RMSE for strong, big TCs (Fig 3.6a). In con-
trast, the Holland method has the lowest RMSE for weak, average size TCs, and highest RMSE
for strong, small TCs (Fig 3.6b). Finally, the Willoughby method has the lowest RMSE for strong,
average size TCs and highest RMSE for weak, small TCs (Fig 3.6c). Again, we note that both the
Holland and Willoughby methods are designed to be used with the full azimuthal averages, so
the deficiencies of each method can potentially be mitigated with additional parameter tuning.
However, while each method has slightly better fits for different regions in the EOF phase space,
the RMSE is low enough that all profiles are generally representative of the TC structure that is
being reconstructed.

While all three methods fit reasonably well to the anchor points and full azimuthally-averaged
profiles, there are considerable dynamical ramifications of each method. In particular, the vor-
ticity for each method within the example bins is shown in Fig. 3.7. The Angular Momentum
method most closely represents a “Rankine-like” structure. The Holland method represents a

“ring-like” structure, and the Willoughby method represents a “Gaussian-like” structure. As de-
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Figure 3.5: Comparison of the three methods of idealized profiles of flight-level tangential wind to their
anchor points and all of the complete azimuthally-averaged tangential wind profiles (gray) within each
example bin. The Angular Momentum method is shown in red, the Holland method is shown in blue,
and the Willoughby method is shown in green.
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Figure 3.6: Root mean square error (RMSE) of each method to the “anchor” scatter points shown in Fig.
3.5 for (a) the Angular Momentum method tangential wind (m s~!), (b) the Holland method tangential
wind (m s™1), and (c) the Willoughby method tangential wind (m s™1).
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scribed in Section 3.1, the vorticity profiles indicate that the Holland method is susceptible to
barotropic instability, the Willoughby method is susceptible to numerical instability in simula-

tions, and the Angular Momentum method is not susceptible to instabilities.
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Figure 3.7: Profiles of relative vorticity (x 103 s71) for each method within each example bin.

3.4 Discussion and Conclusions

In this study, we sought to first assess the strengths and weaknesses of the Angular Momen-
tum, Holland, and Willoughby methods for a wide variety of TC structures. The Angular Mo-
mentum method proposed in this study has the benefit that it is very simple and can be solely

derived from commonly observed variables in the Best Track dataset. In addition, the vortic-
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ity profile is most “well-behaved” in numerical simulations when compared to the Holland and
Willoughby methods. This study finds that the Angular Momentum method is particularly well-
suited for weak, small TCs, and least suited for strong, big TCs.

The Holland method has the benefit that it relates pressure and wind together in a physically-
based framework, and it is the most commonly used method. In this study, we find that it is best
suited for average, small TCs, and least suited for strong, small TCs.

The Willoughby method has the benefit that it is the most tunable, and can most accu-
rately reproduce aircraft observations. However, with the simplifications used in this study,
the Willoughby method is best suited for strong, big TCs and least suited for weak, small TCs.

However, while all three tested methods have different strengths and weaknesses, they all
generally lie within observed variability. Therefore, all three are valid representations of an ide-

alized wind field that will continue to be be explored in Ch. 4-5.
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Chapter 4

Boundary Layer Response to Analytic Tropical Cyclone Wind

Profiles

4.1 Introduction

TCBL structure is important for TC intensification, due in part to its ability to enhance radial
inflow and angular momentum convergence, constrain the location of the maximum updraft
within the radius of maximum tangential wind (RMW), and more generally spin up the sec-
ondary circulation through frictional effects (Kepert 2001). Additionally, the TCBL is also able
to directly interact with its environment through fluxes of surface drag and enthalpy, which
may either act to spin up or spin down a TC (Bell et al. 2012; Montgomery et al. 2010; Smith
etal. 2014).

While many TCBL processes are important, the location of the updraft is particularly impor-
tant for future intensification, because latent heat release within the convective updraft can be
more efficiently converted to kinetic energy when released within the RMW in the balanced vor-
tex model (Eliassen 1951; Schubert and Hack 1982; Shapiro and Willoughby 1982; Pendergrass
and Willoughby 2009).

However, there are different mechanisms within the TCBL that may play a role in constrain-
ing the location of the maximum updraft. First, Kepert (2017) proposes that the magnitude of
the displacement of the updraft radially inward from the RMW is determined by the term u/1,
which describes a trade-off between the strength of the radial inflow and the inertial stability. In
this term, if either the radial inflow is stronger or the inertial stability is weaker, then parcels that
are being advected radially inward within the TCBL inflow are able to penetrate further inward

before ascending into the updraft.
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An additional TCBL process that may constrain the location of maximum updraft is the
possible existence of shock-like structures within the TCBL that constrain the location of the
maximum updraft (Williams et al. 2013), but vertical advection may play an important role in
diffusing the shock-like structures (Williams Jr. 2015). Therefore, the importance of vertical ad-
vection to TCBL dynamics suggests that height-resolved models are important to compare to
the more interpretable slab models.

While latent heat release within the updraft of convection is important from an efficiency
point of view, within the context of the rotating convection paradigm, enhanced radial inflow
due to friction within the TCBL can also act to spin up the vortex if the angular momentum is
converged at a rate that is faster than the rate at which angular momentum is destroyed through
friction (Montgomery and Smith 2014; Smith and Montgomery 2015).

However, while spinning up the secondary circulation through friction has some positive
effects for intensification, there is debate as to whether the positive effects of enhanced radial
inflow outweigh the direct spindown from surface drag (Stern et al. 2015). When diagnosed in a
linear model, the negative direct effects from friction outweigh the positive effects (Stern et al.
2015). In addition, not only are there direct spindown effects from friction, but unbalanced su-
pergradient tangential flow can produce an outflow jet above the TCBL that can also act to spin
down the vortex by advecting absolute angular momentum outward (Torgerson et al. 2022).
However, depending on the strength of the outflow jet, it could also simply act to restore the
inward “overshoot” of radial inflow back to the radius of the updraft (Montgomery et al. 2014),
or be more of a passive adjustment to rapid changes in inflow (Kepert and Nolan 2014).

Despite the many uncertainties that exist regarding internal processes within the TCBL, sim-
plified TCBL models have been shown to be able to generally reproduce full-physics wind struc-
ture (Kilroy et al. 2016; Kepert 2013). Therefore, there is a suggestion that the TCBL places a
strong constraint on the overlying vortex.

However, an unknown question remains as to how the TCBL responds as a function of TC

intensity and size, and whether a TC’s size and intensity affect the location of the updraft relative
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to the RMW. While Williams Jr. (2015) shows a comparison of how slab and height-resolved
simulations respond to three stationary, initial vortices, the initial vortices all have a V,;,;, = 55
m s~ and an RMW = 40 km, and only a modified Rankine parameter (which is similar to ¢) is
varied. That said, Williams Jr. (2015) shows that as initial TCs become more mature, then the
secondary circulation becomes enhanced.

In particular, this study seeks to investigate the sensitivity of the boundary layer response to
analytic wind profiles that vary in terms of gradient wind forcing in the free troposphere. The
gradient wind forcing drives frictional convergence within the tropical cyclone boundary layer
(TCBL) that determines the location of the updraft (Kepert 2017). It is now well established that
updrafts that are further radially inward from the RMW are more conducive to intensification
(Rogers et al. 2013) through efficient heat conversion to kinetic energy due to increased inertial
stability (Schubert and Hack 1982; Pendergrass and Willoughby 2009) and increased advection
of angular momentum (Montgomery et al. 2015).

In this study, we seek to investigate the following science questions:
1. How does the TCBL secondary circulation adjust to variations in TC intensity and size?

2. Do the different simplified profiles in Ch. 3 result in highly different TCBL responses, or

is the general intensity and size more important?

3. Do certain aspects of TC intensity and size appear to induce a more favorable TCBL re-

sponse for future intensification?

4.2 Experimental Design
4.2.1 Slab Boundary Layer Response

To test the idealized wind profiles, we use a new tropical cyclone boundary layer (TCBL)
model based on the equation set from Williams et al. (2013). In this chapter, the model is set
up as an axisymmetric, 1-dimensional model with a single, constant height level, which is com-

monly referred to as a “slab” TCBL model.
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The slab model solves the set of equations used in Williams et al. (2013), which are

ou ou _(u vVt Vgr u 0 (0(ru)
ou__ %% _ (4 — Vo) = cpU—+ K— : 4.1
ot “or 7Y (h)+(f+ r )(U gr) CDUh+K0r( ror ) -1
ov  _(VUgr—V o(rv) v 0 (0(rv)
ot Y ( h ) (f+ ror )u CDUh+K0r( ror )’ 4.2)
w:ha(ru)’ (43)
ror
(4.4)

where u is the radial wind, v is tangential wind in the boundary layer, v, is the gradient wind
above the boundary layer, and w is vertical wind. The 10-m wind speed used to calculate sur-

face fluxes is
U =0.78 (12 + 1?)""* (4.5)

and

w =s(wl-w (4.6)
is the rectified Ekman suction.

For simplicity, we use a constant cp drag coefficient of 2.4 x 1073 following Bell et al. (2012).
The horizontal diffusion K is set to 1500.0 m? s—1 and Coriolis parameter f is set to 5.0 x 107°.
The height of the slab layer is set to a constant 1000.0 meters. Additional details on the equation
set can be found in Williams et al. (2013).

The model uses the cubic spline transform method following Ooyama (2002) to integrate the
model equations. The cubic spline nodal spacing is 500 m from the origin (0 km) out to 1000
km radius, with 3 Gaussian ‘mish’ points between each node representing the physical grid.

The physical tendencies are calculated on the grid, then transformed to spectral amplitudes for

time integration similar to the spectral transform method (Orszag 1970). The integration closely
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follows Ooyama (2002), including the use of a spline cutoff filter to control numerical noise.
The primary difference with Ooyama (2002) is the use of a 3rd order Adams-Bashforth time
integrator which provides better numerical stability and numerical accuracy than the second
order method (Durran and Blossey 2012). A time step of 1 second is used for the integration.

One advantage of the cubic spine transform over pure spectral methods is the ease of im-
posing non-periodic boundary conditions. The boundary conditions enforces a Dirichelet zero
wind condition at the origin for u, v, and w, and a Neumann zero first derivative at the outer
boundary.

Given the minimal computational expense of the 1-D model, we ran every profile calculated
in every bin shown in Fig. 3.1: 35 Angular Momentum profiles, 35 Holland profiles, and 35

Willoughby profiles, for a total of 105 slab TCBL simulations.

4.2.2 Height-resolved TCBL model Model Setup

Instead of solving the set of partial differential equations found within Williams et al. (2013),
the height-resolved TCBL model adds a vertical dimension and solves the equations from Kepert

(2017):

ou ou ou _ AN Vgr 0 ou

R T B R R A L e
@+u@+w@+u(f+f)_i(l<@)”< li(r@)_ﬂ 4.8)
ot or 0z r)0z\"Voz)" "M|raz\'ar) rz|’ '

where u, 7, and w are the radial, azimuthal, and vertical wind components, respectively; vg; is
the gradient wind, and K} and K, are the horizontal and vertical turbulent diffusivities, respec-
tively. The height-resolved TCBL model retains the same splines in spectral space in the radial
direction. In the vertical, a discretation based on Chebyshev polynomials is used. The Cheby-
shev polynomials are closely related to Fourier series, and represent a cosine transform of the
evenly spaced interval from 0 to 7 to an uneven interval spanning -1.0 to 1.0 in z. The -1.0 to 1.0

interval in physical space is then transformed from the surface to the top of the boundary layer
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using a simple linear scaling. Representation of variables through a Chebyshev series provides
high numerical accuracy of a field and its vertical derivative through a spectral representation
that allows for non-periodic boundary conditions. Additional details on Chebyshev methods
can be found in Boyd (2001).

One advantage of the Chebyshev series is rapid convergence of the function with increas-
ing polynomial order compared to finite difference methods. One disadvantage for numerical
weather prediction is the non-uniform spatial resolution that can put a severe constraint on the
time step required for time integration. The spatial resolution is finest near the boundaries and
coarser in the middle of the domain. In the current application we use this feature as an advan-
tage to increase the resolved flow near the surface and near the top of the TCBL. The following
simulations use 25 vertical levels on the Lobatto points (extrema plus endpoints) from 0.0 to
2350 meters, such that the second height level is at 10.0 meters altitude for use in the bulk aero-
dynamic formula for surface drag. No vertical boundary condition is imposed at the surface
winds, and a Neumann zero first derivative is enforced at the top of the domain.

The radial boundary conditions are identical to the slab boundary layer model. Due to more
computational expense, the radial nodal spacing was reduced to 1 km with an outer boundary
of 400 km. Three Gaussian quadrature points were used in between each node for the cubic

spline transform similarly to the slab model.

4.3 Results
4.3.1 Slab TCBL Model Results

To test the dynamical implications and boundary layer response for each wind profile de-
rived in Ch. 3, the analytic profiles were used as a gradient wind forcing at the top of the slab
TCBL, and the model was run out to 3 hours to calculate the quasi-steady TCBL response to the
gradient wind forcing. Longer time integrations were tested and did not change the results.

Examples of the gradient forcing and TCBL response are shown in Fig. 4.1, which shows that
stronger and larger TCs have a stronger response to the initial gradient wind forcing. In addi-

tion, the Holland method appears to force the strongest supergradient winds within a given part
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of the EOF phase space. Interestingly, the weak, big example TC shows the greatest variability in
terms of quasi-steady RMW and radius of maximum vertical motion (RMWW), despite having
the most similar gradient wind profiles outside the initial RMW.

Fig. 4.2 shows that the above example TCBL responses are representative of the responses
within the entire EOF phase space of interest. In Fig. 4.2a-c, the adjusted TCBL maximum
tangential wind speed (V;;,4y) is the largest for the strong, big TCs and smallest for the weak,
small TCs for all three methods. Similarly, Fig. 4.2d-f shows that the strongest radial inflow
(Unmin) also occurs for the strong, big TCs, and Fig. 4.2g-i shows that the largest maximum
updraft speed (W), ,x) also occurs in the strong, big TCs for all three profile methods.

The locations of the wind maxima are described in Fig. 4.3. While the strongest V4 0Oc-
curred in the strong, big quadrant, Fig. 4.3a-c shows that the most radially outward RMW
of those maxima occurred in the weak, big quadrant, and the smallest RMW occurred in the
strong, small quadrant.

The radius of maximum inflow (RMWU) is described as distance from the RMW in Fig. 4.3d-
f, which shows that the distance of RMWU is furthest radially outward from the RMW for strong,
small storms. The distance of RMWU from the RMW is not a smooth gradient, and there is a
sharp cutoff between the furthest apart RMW and RMWU in the strong, small quadrant and
the closest together RMW and RMWU in the strong, big quadrant for the Angular Momentum
method (Fig. 4.3d). In the Holland method, there is a generally smooth gradient where the weak,
big storms have a larger distance between RMW and RMWU to most of the strong, small TCs
having a narrower distance between RMW and RMWU, with and exception of Bin 34 having the
largest distance overall (Fig. 4.3e). Finally, the Willoughby method response is in between the
other two methods, where the pattern more closely resembles the Angular Momentum method,
but the magnitudes in the Big PC2 quadrants more closely resemble the Holland method (Fig.
4.3f).

The radius of maximum updraft (RMWW) is also shown as distance from the RMW in Fig.

4.3g-i, where red indicates further radially inward from the RMW. All three profile methods are
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Figure 4.1: Radial profiles of tangential wind speed (m s~!) at 0 hr (dashed, medium shades) and 3 hr
(solid, medium shades), radial inflow (m s~!; light shades), and vertical wind speed (x5 m s~!; dark
shades) for each method within each example bin. Red indicates the Angular Momentum method, blue
represents the Holland method, and green represents the Willoughby method.
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Figure 4.2: Resulting (a-c) maximum tangential wind (V};,45), (d-f) minimum radial wind (U,,i,), and
(g-1) maximum vertical wind (W,,4x) from each slab TCBL model simulation in m s~!. Columns denote
the wind profile method, where the first column (a,d,g) represents the Angular Momentum method, the
second column (b,e,h) represents the Holland method, and the third column (c,f,i) represents the dual-
exponential Willoughby method.
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in agreement that the furthest distance between RMWW and RMW occur for weak, big storms,
and the two radii become closer together as TCs become either stronger or smaller. However,
the strongest, smallest TCs have a secondary updraft maximum outside the RMW, which may

suggest that these TCs are favorable for secondary eyewall formations.
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Figure 4.3: As in 4.2, but for (a-c) the radius of maximum tangential wind (RMW), (d-f) the departure of
the radius of minimum radial wind from the RMW (RMWU - RMW), and (g-i) the departure of the radius
of maximum vertical wind from the RMW (RMW - RMWW) from each slab TCBL simulation in km.
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Fig. 4.4 shows how much V4 and its RMW changed from the original gradient wind forc-
ing. Fig. 4.4a-c shows that the largest changes of V},,, occurred for the strong, big TCs, and
somewhat for the weak, small TCs. In contrast, the largest contraction of RMW from the orig-
inal gradient wind forcing occur for the weak, big and some strong, big TCs. Interestingly, the
strong, small TCs show either no change or an expansion from the original gradient wind forc-

ing depending on the profile method (Fig. 4.4d-f).
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Figure 4.4: As in 4.2, but for the differences between (a-c) the V4 (m s™1) and (d-f) the RMW (km)
changed from their initial gradient forcing magnitudes in each slab TCBL simulation.

Fig. 4.5 shows the stretching vorticity term of the vorticity budget with respect to u/I at the
location of maximum updraft (RMWW). As introduced in Section 4.1, u/I represents a balance
between the radial inflow and inertial stability, such that either stronger inflow or weaker iner-
tial stability increases u/I and allows parcels to travel radially closer to the center, where con-

vective heating can become more efficient. Therefore, a TC with a large u/1I ratio and large vor-
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ticity generation is expected to be most efficient at intensifying. However, while Kepert (2017)
chose the radius of maximum negative vorticity gradient, we chose the RMWW as a proxy since
the RMWW was very close and the Willoughby method has the steepest vorticity gradient at the
eye.

Focusing on the x-axis first, Fig. 4.5 shows that the weakest TCs (purples and blues) have the
largest u/I magnitudes for all three methods, which may indicate a greater inward displace-
ment of the RMWW from the RMW, and therefore more efficient heating. In contrast, the most
intense TCs (reds and oranges) have the smallest u/ I, and may have less efficient heating. There
is also a general pattern that for TCs with the same PC1 intensity, smaller TCs have a smaller u/ 1.

However, when focusing on the y-axis, the strong, big TCs also produce the most stretching.
Interestingly, there is a nonlinear relationship between increasing PC2 size for a given PC1 in-
tensity, such that there is little to no relationship between PC2 size and vorticity stretching for
the blues and purples, but there is a mostly direct relationship between PC2 size and vorticity
for greens to reds. When combined with the u/I patterns, this suggests that there may be a
“Goldilocks structure” where there is optimal heating efficiency and vorticity stretching.

However, when also considering radial vorticity advection at the same RMWW location,
many of the strong, big TCs also have a more negative advection term, such that the vortic-
ity generation is partially offset locally (Fig. 4.6). In contrast, simulations that did not have
large stretching also did not have a large advective term, such that the sum remained relatively

unchanged.

4.3.2 Height-Resolved TCBL Model Results

While slab TCBL models are easiest to interpret, they are not capable of fully representing
TCBL structure, such as the decrease in TCBL height with decreasing radius. Therefore, the
Angular Momentum profiles were re-run in a height-resolved TCBL model to confirm whether
the slab TCBL models were representative of a more complete TCBL response to a gradient wind

forcing.
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Consistent with the slab TCBL model results, height-resolved TCBL model also shows that
the strong, big TCs also have the strongest secondary circulation, while the weak, small TCs
have the weakest secondary circulation (Fig. 4.7). Similarly, the weak, big TC has the largest
distance between the RMWW and RMWW, and the strong, small TC has the smallest distance
between the two. Interestingly, the updrafts are asymmetric in terms of width, such that the
portion of the updraft that is radially outward of the RMWW is wider than the portion radially
inward from the RMWW.

Interestingly, while Williams Jr. (2015) suggests that the strong, small TCs should have the
largest distance between the RMWU and the RMW, our results do not indicate that. Instead, the
radius of Uy, is very close to the RMW, and may be a result of the sharp peak of gradient wind
forcing at Vj;,4x. The height of U,,;,, also appears to have a relationship with both intensity and
size, such that U,;;, occurs at a higher altitude for weaker and larger TCs. However, the total
depth of the inflow layer only appears to vary with TC size, such that larger TCs have a deeper
inflow layer.

The height of V,;,, appears to have a relationship such that larger TCs have a higher V,;,4,
but stronger TCs have a lower V4, such that the weak, big TCs have the highest V;;,,, altitude,
and the strong, small TCs have the lowest V;,, 4 altitude. In addition, the strong, small TCs also
have the most peaked tangential wind outside the tangential wind, consistent with the high
angles of ¢ in that part of the phase space.

The full suite of height-resolved TCBL model simulations, shows that the patterns observed
in Fig. 4.7 are consistent and smoothly vary across the phase space (Fig. 4.8). In addition,
Fig. 4.8 shows broadly similar results to the slab TCBL model results in Fig. 4.2-4.3a,d,g, except
that the maximum wind speeds are slightly weaker for all wind components due to the vertical
advection possible with resolving height.

Additionally, while V4, is slightly weaker, its RMW tends to be located slightly more radially
outward than in slab TCBL model. However, the RMWW tends to be relatively more radially

inward from the RMW, but the difference is on the order of 5 km. In contrast, the RMWU tends
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Figure 4.7: Quasi-steady TCBL response after 24 hr for the four example bins, where the contour intervals
for each variable are ever:y 5 m s~! for V (shading), every 2 m s! for U (black contours), and every 0.25
m s~! for W (white to blue contours).
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to be much closer to the RMW in height-resolved TCBL model, with the exceptions of the two
weakest and smallest bins (No. 30-31). The small difference between RMW and RMWU may be
due to the sharp point at V;;,,, and bins 30-31 may be forming a secondary wind maxima.

Fig 4.9 shows the changes from initial gradient wind forcing to the quasi-steady TCBL re-
sponse after 24 hr, and shows that the changes in magnitude for V,;,,, and RMW are much less
dramatic than in slab TCBL model (Fig. 4.4a,d). However, the general pattern is still consistent
that the strong, big TCs have the largest increase in V,;,,x and therefore the largest supergradi-
ent winds. Similarly, the weak, big TCs also still have the largest decrease in RMW. Interestingly,
the differences between the weak, big and strong, big quadrants are much less pronounced in
height-resolved TCBL model where height is resolved than in slab TCBL model. Another inter-
esting result of Fig 4.9 is that the TCBL response appears to be less conducive for intensification,
due to the slight broadening of the RMW in the steady-state TCBL response, and the most in-
tense Bin 34 shows a slight weakening from the gradient wind forcing.

Overall, results from height-resolved TCBL model indicate that the TCBL structure may be
most favorable for future intensification in strong, big TCs, due to having the strongest sec-
ondary circulation. Strong inflow is present to converge angular momentum and increase sen-
sible and latent heat fluxes. Additionally, the frictional updraft is the strongest and located rel-
atively far inward from V,,,4x, which is conducive for more efficient conversion from heat to
kinetic energy.

Similarly, height-resolved TCBL model results also indicate that the weak, big TCs are most
likely to contract in terms of RMW, due to having a moderately strong radial inflow and furthest
radially inward updraft location. However, the updraft magnitude is not as strong, which may
not be as favorable for intensification.

Interestingly, while the strong, small TCs have a strong updraft, the radial inflow is not as
strong as in TCs with the same PCl-Intensity but larger PC2. This may indicate that strong,

small TCs are less likely to undergo RMW contraction, and not change in size as much.
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Figure 4.9: Changes in V4, (m s~1) and RMW (km) from 0 to 24 hr, as in Fig. 4.4a,d.

4.4 Discussion and Conclusion

In this chapter, we sought to determine what the dynamical implications of the profiles from
Ch. 3 were, and whether the analytic method for idealized profile construction or the EOF phase
space location had a bigger impact on TCBL responses to gradient wind forcing. For this, a new
slab TCBL model was used, and results indicate that while there were systematic differences
between the methods on how the TCBL adjusted to gradient wind forcing, the general loca-
tion in the EOF phase space was more important for TCBL responses than the details of the
analytic profile. For example, we systematically saw that the strongest, largest TCs induced
the strongest secondary circulation, regardless of which profile was used. We also saw that the
weakest, largest TCs systematically also had the largest contraction of the RMW.

We then sought to begin laying a foundation for whether certain regions of the EOF phase
space are more conducive for intensification based on the TCBL response to gradient wind forc-
ing. Slab boundary layer model results indicated that weak TCs (PC1 < —0.5) regardless of size
may be more favorable for heating efficiency and contraction given their high u/I values. How-
ever, these TCs produced little vorticity stretching within the TCBL. In contrast, the strong, big
TCs produced large vorticity stretching, which could be favorable for intensification. However,

the addition of the radial advection term decreased the net vorticity generation the most in the
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strong, big TCs. Combined with the lower u/ I values, the strong, big TCs may not be as efficient
for intensification. Overall, results suggest that there may be a “Goldilocks zone” where average
TCs may have an optimal balance between u/I and vorticity stretching, and the possibility of
this zone was then investigated in a height-resolved TCBL model.

In the height-resolved TCBL model, we saw that results were qualitatively consistent with
the slab TCBL model. We again saw that the strongest, largest TCs produced the strongest sec-
ondary circulation, such that the stronger radial inflow and updraft speeds allow a TC to better
converge angular momentum and increase surface thermodynamic fluxes that can further aide
in intensification when moist convection is present.

Additionally, we saw that the weakest, largest TCs had the largest inward displacement of
the maximum updraft location, which is more conducive for the contraction of the RMW. Ad-
dtionally, the weak, large TCs had a stronger secondary circulation than weak, small TCs, which
may be favorable for intensification, but the secondary circulation was not as strong as in in-
tense TCs. Small TCs had a relatively weaker secondary circulation, as well as smaller changes
in RMW as the boundary layers adjusted to gradient wind forcing.

All together, we saw qualitatively similar results between the slab and height-resolved bound-
ary layer models, but the height resolved TCBLs tended to have slightly larger RMWs and weaker
Vinax- Additionally, the height-resolved TCBLs experienced much smaller changes in response
to a constant gradient forcing. In Ch. 5, we will investigate the two-way interaction between

axisymmetric TCBLs and the overlying TCs.
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Chapter 5

Relationships between Tropical Cyclone Wind Structure and

Intensification

5.1 Introduction

Rapid intensification (RI) is associated with the largest forecast errors, due in part to their
dependence on internal processes that are not fully understood (Trabing and Bell 2020). In
particular, the onset Rl is especially difficult to forecast (DeMaria et al. 2021), and better char-
acterising the TC intensity, size, and structure could potentially lead to earlier recognition that
RI onset may have recently occurred in a TC.

While relationships between RI and TC intensity and size are not well understood, previous
studies have shown that: strong TCs typically undergo RI at least once in their lifetimes (Kaplan
and DeMaria 2003); they have longer lifetimes, during which they grow from smaller than to
larger than non-RI TCs (Fudeyasu et al. 2018); and that greater axisymmetry is favorable for RI
(Miyamoto and Takemi 2015). Together, these studies suggest that strong TCs are more likely to
undergo RI. Additionally, TCs with larger Rossby numbers are associated with earlier RI onset
(Miyamoto and Takemi 2015), and shallow water models indicate that smaller TCs may be able
to intensify faster and to stronger intensities (Hendricks et al. 2014). However, an open question
remains as to how RI characteristics vary as a function of both intensity and size simultaneously.

While the maximum intensity and maximum size of a TC have a weak correlation in observa-
tions (Merrill 1984), recent research has revealed that there are complex relationships between
the two attributes over time, even in identical, favorable environments for intensification. In
particular, the initial characterization of intensity and size appears to be important at all future

times. For example, in idealized, axisymmetric TCs, Tao et al. (2020) shows that even in environ-
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ments that yield TCs with the same maximum potential intensity (MPI), initially larger TCs end
up having higher steady-state intensities than initially smaller TCs at the same initial intensity.
In more realistic 3D simulations, Tao et al. (2022) shows that the forecast error in an ensemble
of Hurricane Patricia (2015) simulations is strongly related to the initial structure and intensity,
such that a more accurate initial structure yields a more accurate intensity forecast at all times.

Initial conditions of TC intensity and size also matter for future TC size, as well. For exam-
ple, Tao et al. (2020) also shows in the ensemble of axisymmetric simulations that initially larger
TCs remain larger at all times. In fact, not only do initially larger TCs remain larger at all times,
Martinez et al. (2020) show that the difference in size between initially large and small TCs actu-
ally increases over time, even in different environmental humidities in both 2D and 3D idealized
simulations. Together, these and additional recent findings suggest that TCs have memory of
their initial conditions of intensity and size throughout their lifecycles. Therefore, correctly rep-
resenting these initial conditions is important for improving future forecasts of intensity, size,
and intensification and contraction rates.

Additionally, while initial TC size and intensity are important, there are also many different
ways that current intensity and size may influence future TC intensity and size. For example,
in real environments, vortex size is associated with vortex “resiliency,” such that large TCs ap-
pear to be more resistant to the negative effects of vertical wind shear than smaller TCs and are
therefore better able to maintain their intensities over time (Reasor et al. 2004). In addition,
TCs with a broadening outer wind field, which are therefore increasing in size, are associated
with secondary eyewall formation (Rozoff et al. 2012), and the subsequent eyewall replacement
cycles are associated with intensity and size changes near V,;,,. Finally, small TCs may also
be associated with faster intensification rates, and examples of very small TCs that support this
hypothesis include Hurricane Charley (2004), which was introduced in Ch. 2, and Hurricane
Patricia (2015), which currently holds the record for fastest change in intensity over 24 hours

(Rogers et al. 2017).
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However, while there are many more ways that intensity and size influence TCs, a central
focus of this study regards the effects of intensity and size on the change in RMW throughout
the period of TC intensification. Current TC intensity is associated with future contraction rates,
such that weaker TCs appear to contract more than stronger TCs in observations (Stern et al.
2015). This relationship may be indirect since Stern et al. (2015) also show that the contraction

of the RMW must satisfy the condition

ORMW B (0/or)(ov/or)
ot B (GZV/GI’Z) RMW’

(5.1)

where the contraction rate of the RMW depends on the radial gradient of the tangential wind
tendency over the curvature or "peakedness" of the tangential wind at the RMW at a given point
in time. In other words, the RMW depends in part on the angle of ¢ (Eq. 2.1), and lower angles
of ¢ appear to be more favorable for RMW contraction at a single point in time. However, this
condition does not inform how the RMW contracts over the entire TC lifecycle, and Stern et al.
(2015) acknowledge that “[it] is unclear how typical it is for the RMW to reach a steady state
prior to peak intensity, as opposed to following the existing paradigm, where peak intensity is
coincident with the end of contraction.”

However, while Eq. 5.1 does not explain the dynamics of how and why the RMW contracts,
other research has shown that effects from the TCBL play a large role in setting the location
of the RMW. In particular, the location of the maximum updraft with respect to the vorticity
gradient is important. If the updraft is located on a steep vorticity gradient near the RMW, then
the significant vorticity stretching that is produced will act to amplify the existing tangential
wind and further spin up the storm (Kepert 2017). However, if the vorticity stretching produced
in the updraft is located sufficiently far inward from the RMW, then the tangential wind will be
spun up radially inward from V};,4,, and the RMW will contract.

Since there are many complexities and interactions that stem from differences in initial and
current TC intensity and size, we first seek to clarify the relative contributions from each aspect

on future TC intensity and size. Additionally, we also seek to examine how the contraction of
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the RMW is dependant on intensity and size and how its relationship to intensification rates

evolves during TC intensification, with a special emphasis on rapid intensification.

5.2 Experimental Design

In this study, we increase complexity and realism from the slab and height-resolved TCBL
models of Ch. 4 by introducing an additional set of numerical simulations in which we allow
the TCBL to be coupled with the overlying vortex in the axisymmetric mode of Cloud Model 1
(CM1; Bryan and Fritsch 2002).

As in height-resolved TCBL model, we use all 35 Angular Momentum profiles developed in
Ch. 3. CM1 uses the same Angular Momentum profiles as height-resolved TCBL model with
the same 1 km radial grid spacing, but the domain extends much further radially outward. In
addition, the axisymmetric version of CM1 retains the 1km grid spacing, and has 59 vertical grid
levels.

Rather than a linear decay with height from the surface to 15 km as is the default setup, CM1
has been modified to have a constant initial vortex from 0—3.5 km, and then a linear decay to 15
km to improve the wind-pressure relationship such that P,,;, was lower and more consistent
with the bin-average profiles. However, while Angular Momentum profiles are optimized for
several of the original EOF parameters, there are still some departures from the bin means (Fig.
5.1). In particular, pressure is adjusted by CM1, and profiles may depart from the bin-average
P,in by as much as 40 hPa for the strong, big TCs. However, while P,,;, skews to be initially
too weak for those storms, they also tend to have larger ¢ angles that skew them towards being
more intense. This departure in ¢ angles is consistent with the RMSE discussed in Ch. 3, and is

because the method fits between the RMW and R34, not between 1-2RMW.

5.3 Results

Fig. 5.2 shows the developing TCBL structure just after model spinup, which is defined as the
first 5 hr of each simulation in this study. Fig. 5.2b-d is also at the onset of rapid intensification

(hereafter RI Onset), which is defined as the operational definition of an increase in V;;,, of 30

65



5(a) Init. Vimax - Vmax Avg. (m s1) (b) Init. Pmin - Pmin Avg. (hPa) (c) Init. RMW - RMW Avg. (km) (d) Init. Mmax - Mmax Avg. (x106 m? s2)
2.0 1.00 0.

.15
40
10 15 ] | 0.75 0.10
os 1.0 20 0.50 008
T 05 T T 025 g ’
N N N N
2 00 0.0 £ 0 2 0.00 £ 0.00
8] 8] O O
£ s -05 & | g | -0.25 & | 005
-1.0 -20 -0.50
-1.0 4 15 _0.75 -0.10
-40
15 | -2.0 . ! ) ! -1.00 -0.15
PC1 (Intensity) PC1 (Intensity) PC1 (Intensity) PC1 (Intensity)
(e) Init. R34 - R34 Avg. (km) (f) Init. Full. - Full. Avg. (g) Init. Phi - Phi Avg. (deg.)
15 30 15
0.04
1.0 20 10
_ 054 10 A- 0.02 5
[} [ [}
N N N
2 0.0 o £ 0.00 £ 0
~ ~ ~
4 4 4
-0.5 10 T4 —0.02 1 -5
-1.0 A -20 -10
—-0.04
-1.5 T T -30 r T =15
-1 0 1 -1 0 1
PC1 (Intensity) PC1 (Intensity) PC1 (Intensity)

Figure 5.1: Initial CM1 vortex departure from the average within each bin shown in Fig. 3.2 for each of
the seven EOF parameters.

kt within 24 hr. Fig. 5.2ais 5 hr prior to RI Onset. The CM1 TCBL structure is much noisier than
the steady-state TCBL structure in Fig. 4.7, but the general structure has similarities. First, in
the weak examples at this time, the maximum updraft lies just radially inward of V},,,,. Second,
in the strong examples at this time, U,,;, and V4« are nearly vertically aligned, with an updraft
bottom nearly reaching to the location of U,,;,. Finally, the radial inflow within the TCBL and
radial outflow above it is strongest in the strong, big example, and weakest in the weak, small
example.

However, there are differences between the height-resolved TCBL model structure and the
CM1 structure at this time as well. First, the maximum updraft does not necessarily occur
within the RMW, since isolated convection may have stronger updrafts at this time (Fig. 5.2d).
Second, the radial outflow above the TCBL also appears to be slightly stronger.

Fig. 5.3 shows the evolution of the seven EOF parameters over the first 72 hr, and several
patterns emerge. First, the initial model spinup is more pronounced for the strongest initial
vortices, but a similar duration for all simulations. Interestingly, V;,,,, ends the initial weaken-
ing slightly earlier than the initial R34 contraction during this model spinup period. After the

model spinup period, Fig. 5.3a shows that the most initially intense simulations appear to have
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the fastest intensification rates, but for the shortest period of time. Similarly, the initially weak-
est simulations in purple take longest to reach rapid intensification rates, and the peak rates do
not appear to be as rapid as the initially strongest simulations.

5.3b shows P,,;,, which generally shows the same patterns as V;;,,x. However, since the
pressure field is computed by CM1, there is not enough initial spread in values, and simulations
with the same initial PC1-Intensity have the same initial P,,;, regardless of size.

Interestingly, there are nonlinear relationships between RMW and intensification rates (Fig.
5.3c). For the initially weakest TCs in purples and blues regardless of size, the RMW initially
remains a nearly steady size until shortly after V},,, starts to accelerate, when it starts to sharply
contract. However, as TCs are initialized more intense in greens and warmer colors, there is
less of a relationship between RMW and Vj,,,,. Rather, the RMW immediately contracts for
the initially larger TCs or immediately starts to slowly expand for the smallest TCs. Overall,
the spread of RMW values becomes nearly steady after ¢ = 40 hr, and Fig. 5.3c shows that the
initially largest RMWs generally remain the largest throughout their lifecycles.

M4 shows broadly similar trends to RMW, where the initially largest simulations gener-
ally still have the largest M,,,, by 72 hr (Fig. 5.3d). Interestingly R34 exhibits very different
evolutions from RMW, where there is a sharp decrease in R34 during model spinup, but a slow
expansion with time after model spinup (Fig. 5.3e). There is also not a large difference in rates
of expansion across all simulations either.

Fullness also appears to have a broadly similar pattern to RMW, where the initially weak TCs
regardless of size have a nearly steady period of fullness until shortly after model spinup until a
rapid increase at approximately 20 hr, and the initially strong TCs remain at high fullness values
(Fig. 5.3f).

While phi shows the largest noise, there is a general increase with time throughout the entire
72 hr shown (Fig. 5.3g). Since phi is most closely aligned with PC3 and roughly describes TC
maturity, the general increase in phi indicates that while V},,,, may be steady after ¢ = 40 hr for

the majority of simulations, the simulations are still becoming more mature and Rankine-like.
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Figure 5.3: All CM1 time series of EOF parameters from 0-72 hr. Colors are consistent with the color key
in Fig. 4.5-4.6, where hues from purple to red represent negative to positive PC1-Intensity, and shades
from light to dark represent negative to positive PC2-Size. A gray, dashed line at ¢t = 6 hr denotes the end
of the model spinup period.

Fig. 5.4 shows the time series of V},, relative to RI Onset and stratified by PC1-Intensity
and PC2-Size quadrants. The slope of each curve represents the instantaneous intensification
rate, and results show that the strong TCs regardless of size have quite high intensification rates
within the first 12 hours after RI onset. In particular, the strong, small TCs seem to have the
fastest RI, both in terms of instantaneous intensification rate and when the TCs reach their
maximum potential intensities. Interestingly, the larger TCs also achieve a higher steady-state,
consistent with Tao et al. (2020).

However, while the strong TCs have the fastest intensification rates, they have much more
modest contraction rates (Fig. 5.5). Instead, the weak, big TCs have the fastest instantaneous
contraction rates, followed by the weak, small. There is also a dependence on TC size, with
larger TCs contracting more than their smaller TCs at similar intensities.

Fig. 5.6 shows the intensification rates stratified by either the initial quadrant the simulation
started in (Fig. 5.6a), or the location of the instantaneous intensification rate (Fig. 5.6b). Results

show that while there is a slight dependence of the fastest intensification rates such that the
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Figure 5.4: All CM1 time series of V,;, 45 from 0-72 hr after R Onset in m s~1. Colored outlines are consis-
tent with the color key in Fig. 4.5-4.6, and shading represents the slope or instantaneous intensification
rate (m s~2). Gray, dashed vertical lines denote ¢ = 12,24 hr after RI Onset for reference.
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initially strong, small TCs have a larger tail in the fastest intensification rates, there is a much

clearer difference in rates between the quadrants based on the current quadrant.

(a) Initial Quadrant PDFs (0--24 hr after RI Onset) (b) Current Quadrant PDFs (0--24 hr after Rl Onset)
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Figure 5.6: Probability density functions of instantaneous intensification rates 0-24hr after RI Onset,
but stratified by (a) quadrant location in which each simulation was initialized and (b) current quadrant
location at each time.

However, the opposite pattern is true for contraction rates (Fig. 5.7). Instead, instantaneous
contraction rates appear to depend more strongly on the initial size rather than the current
size, since the PDFs have a pronounced negative skew in Fig. 5.7a and are nearly overlapping
in Fig. 5.7b. Additionally, the weak, big TCs have the most negative skew of contraction rates,
indicating that they contract the most. In contrast, the small, strong TCs have a quite large peak
near zero, indicating that they do not change size much at all.

Fig. 5.6-Fig. 5.7 together suggest that there is a short-lived relationship between intensi-
fication rates and contraction rates such that fast contraction decreases intensification rates;
however, there is a very weak correlation on instantaneous time scales across all simulations

from 0-24 hr after RI Onset.

72



(a) Initial Quadrant PDFs (0--24 hr after Rl Onset) (b) Current Quadrant PDFs (0--24 hr after Rl Onset)
0.7

—— (Weak, Big)
—— (Strong, Big)

= (Weak, Small)
14 (Strong, Small)
0.6 1

0.5

04 N

Density

0.3

0.2
0.4

0.2 0.1

0.0 \ 0.0 =

-100  -75 5.0 -25 0.0 25 5.0 75 10.0 -100  -75 5.0 -2.5 0.0 25 5.0 75 10.0
RUW (ki hr-1) RUW (ki hr-1)

Figure 5.7: As in Fig. 5.6, but for contraction rates 0-24hr after RI Onset in km hr™!.

Fig. 5.8 shows the shading and time period from 0-24 hr after RI Onset as in Fig. 5.4, but
regressed onto the PC1-Intensity and PC2-Size phase space. In this framework, it is much easier
to see that the initial PC2-Size strongly constrains the future size, such that the initially big
TCs in 5.4a-b remain larger throughout the simulation when compared to the initially smaller
TCs. There is also a suggestion that TCs are mostly done with contracting in terms of PC2-Size
by about the time they reach a PCl-Intensity of roughly -1, but this could be specific to the
experimental design.

When comparing simulations in terms of PC1-Intensity, 5.8 shows that the weaker TCs un-
dergo a larger 24-hr intensity change than the stronger TCs in terms of PCl-Intensity, since
their trajectories are longer. However, TCs in the strong, small quadrant clearly have the dark-
est shading, which indicates the highest intensification rates. Finally, for simulations with an RI
Onset at a PC1-Intensity less than -1, simulations generally appear to reach their peak instan-
taneous intensification rates after surpassing a PC1-Intensity of -1.

Fig. 5.9 shows the same trajectories as in 5.2 but shaded by instantaneous contraction rate.

Here, we can very clearly see that that weak, big TCs contract simultaneously in terms of PC2-
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Figure 5.8: All CM1 time series regressed onto PC1-Intensity and PC2-Size for 0-24 hr after RI onset, and

shaded by instantaneous intensification rate of V4 in m s72.
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Size and RMW. Additionally, we can also see that the RMW contraction accounts for the modest
decrease in PC2-Size in the weak, small TCs, but the slight RMW contraction in the strong, big
TCs does not result in an appreciable change in PC2-Size. Finally, we can see that there is no
appreciable change in RMW for the strong, small TCs, but there is a suggestion of eyewall re-

placement cycles after PC1-Intensity increases.
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Figure 5.9: As in Fig. 5.8, but instead shaded by instantaneous contraction rate of RMW (km hr™!).

Fig 5.10 shows an alternative way of viewing intensification and contraction rates as a func-

tion of PC1-Intensity and PC2-Size from 0-24 hr after RI Onset. Here, we can very clearly see
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that intensification rates clearly depend more on PC1-Intensity than PC2-Size, and that the re-
lationship is nonlinear (Fig. 5.10a-b). Very weak TCs from —3 < PCl-Intensity < —1 start out
intensifying at a very slow rate, but accelerate as TCs become average intensity. The initially
very strong, small TCs can keep accelerating beyond average intensity, but after a PC1-Intensity
of 1 and above, TCs start to reach their steady-state intensities and start to decelerate.

In terms of PC2-Size, instantaneous intensification rate only weakly depend on size, where
the largest TCs do not reach as high intensification rates, but small TCs have very variable in-
tensification rates. This suggests that if predicting future intensification rates, then current in-
tensity should be given much more weight than size.

However, RMW contraction rates depend on both PC1-Intensity and PC2-Size (Fig. 5.7c-d).
Stratifying by PC1-Intensity shows that the very weak TCs have the largest spread in contraction
rates, and can reach the fastest rates as well. In contrast, as TCs intensify to PC1-Intensity > 1,
then TCs start to expand.

With respect to PC2-Size, contraction rates are fastest for the biggest TCs, and smallest for
the smallest TCs. However, the largest TCs also appear to have the largest spread in contraction
rates, as well.

Extending the time out to 0-72 hr after RI Onset and binning by increments of 1, Fig. 5.11
shows that the relationships remain consistent. Here, it is easier to see distributions at each PC
bin, and that there is the most variability in intensification rates for a PC1-Intensity of 1-2. In
terms of PC2-Size, the relationship between intensification rates and PC2-Size appears to be a
bit more robust, such that smaller TCs have a larger fraction of higher intensification rates.

In terms of contraction rates, there are more brief positive contraction rates for above-
average TCs, which imply eyewall replacement cycles. Interestingly, the relationship between
contraction rates and PC2 is nearly flat with wide tails. However, more of the simulations
reached steady-state by 72 hr after RI Onset, which is washing out the signal.

Fig. 5.12 summarizes the 12-hr and 24-hr intensity change from the location of RI Onset in

PC1-Intensity/PC2-Size. Results suggest a linear relationship of the increase in V};,,, based on
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Figure 5.10: Instantaneous intensification rates (m s~2) from 0-24 hr after RI Onset as a function of (a)
current PC1-Intensity and (b) current PC2-Size, and instantaneous contraction rates (km hr~! from 0-24
hr after RI Onset as a function of (c) current PC1-Intensity and (d) current PC2-Size. Colors are consistent
and sizes are proportional to the color key in Figs. 4.5-4.6
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Figure 5.11: As in Fig. 5.10, but extending the time from 0-72 hr after RI Onset, and converted to violin
plots that are binned every 1 PC. Blue tickmarks indicate the means, medians, and extrema within each
bin.

78



the the initial PC1-Intensity within the first 12-hr of RI. Strikingly, TCs that begin RI at an above-
average intensity are capable of exceeding a 24-hr RI threshold within 12 hours (Fig. 5.12a).
However, TCs that begin RI at average or slightly below average intensities are capable of having
the largest increase in V};, 4, by 24 hr, since they have a longer duration of Rl rates (Fig. 5.12b).
Finally, TCs that begin RI at a PC1-Intensity below -1 barely reach RI thresholds by 24 hours.
However, these TCs are still undergoing RI after 24 hr, and have the largest overall change in
Vinax by the time they are done.

There is much less of a relationship between change in V4 and PC2-Size at RI Onset. In
fact, the R? value decreases from 0.18 to 0.119 as time increases. Additionally, Fig. 5.13 shows
how much the RMW contracts both 12- and 24-hr after RI Onset, and results show that RMW
contracts at a nonlinear rate. Weak, big TCs beginning RI contract quickly and for a long du-
ration, but weak, small TCs mostly contract after 12-hr. RMW also has a stronger relationship

with PC2-Size.

5.4 Discussion and Conclusion

In Chapter 4, we hypothesized that based on the slab and height-resolved TCBL model re-
sults, there could be a “goldilocks zone” in which large TCs with near-average intensities may
have an optimal balance of u/I setting the updraft sufficiently far inward from the RMW and
enhanced vorticity stretching in the TCBL. However, with the addition of resolving height in
height-resolved TCBL model, we saw that strong, large TCs had the strongest secondary circu-
lation, which is conducive for future intensification.

To test these findings, we then tested the same initial profiles with a full-physics, axisym-
metric model and allowed the TCBL effects to interact with the full vortex and moist convection.
Results showed that the strong, big TCs had the largest steady-state intensities, and the weak,
big TCs did indeed contract the most. Within the context of RI, we also find that the relation-
ship between intensity at RI Onset and intensity 12 hours later is surprisingly linear, with only a

weak dependence on TC size at RI Onset.
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(a) Change in V after 12 hr from Rl Onset PC1
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Figure 5.12: Scatter plot of the change in V,;,,, at 12 hr after RI Onset as a function of (a) PC1-Intensity
and (b) PC2-Size. (c-d) As in (a-b), but for 24 hr after RI Onset. Color key is identical to the one shown in

Figs. 4.5-4.6.
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(a) Change in RMW after 12 hr from Rl Onset PC1
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Figure 5.13: As in Fig. 5.12, but for the change in RMW at (a-b) 12 hr after RI Onset and (c-d) 24 hr after

RI Onset.
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Focusing on instantaneous intensification rates, we find that contrary to expectations from
the height-resolved TCBL model results, the initially strong, small TCs intensified the fastest
during RI. However, these TCs did not intensify much faster than large TCs with similar inten-
sities, which again suggests that intensification rates are much more strongly dependent on
current intensity than size. Interestingly, this also suggests that TC intensification is not entirely
logistic, because the TCs that were closest to their “carrying capacities” or steady-state inten-
sities at RI onset had the fastest intensification rates. If intensification was purely logistic, the
fastest rates would have occurred at exactly 0.5 x Vizeqdy—srare regardless of initial intensity.

Looking at contraction rates, we find that RMW contraction has more memory of initial
conditions than intensification, and while contraction rates depend on both initial intensity
and structure, the initial intensity is more important. In particular, the initially weak, big TCs
continued to contract faster than those that were initialized in other quadrants when compar-
ing only the segments of TC evolution within the strong, small quadrant. Contraction rates also
evolve nonlinearly, and even though there is a consistent, nearly linear trend by 24 hours after
RI Onset, the weakest TCs mostly contracted 12 hours after RI Onset.

Combined, we start to see a picture that significant RMW contraction is associated with
slower intensification rates during RI. However, the relationship is nonlinear, and has a very
weak correlation on an instantaneous time scale because contraction rates depend on initial
conditions more strongly than intensification rates. Therefore, individual TCs have different
relative rates at which they transfer from a “contraction-dominant mode” to an “amplification-
dominant mode.” Overall, this study indicates that there is a smooth transition between two
general patterns of RI: (1) a smooth transition from primarily contracting to primarily ampli-
fying in initially large TCs, and (2) minimal size change and primarily amplifying in initially
small TCs (Fig. 5.14). These general patterns of RI are generally determined by the initial size of
the TC, and as the initial TC size increases, the maximum RMW contraction rates generally in-
crease, as well. However, as TCs begin to approach near-average intensities, RMW contraction

rates slow down and intensification rates ramp up. In this study, we find that a PC1-Intensity of
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roughly -1 could be transition point, but acknowledge that this rough threshold could be spe-
cific to the axisymmetric simulations used in this study. As RI continues, Fig. 5.14 also shows
that the initially large TCs can reach the highest quasi-steady intensities, but the initially small
TCs can reach the fastest intensification rates. However, a key finding of this study is that inten-
sification rates depend more on current intensity than size, so the difference in intensification

rates for strong TCs is small across sizes.

PC2 (Size)

Big TC RI Evolution PC1 (Intensity)

Small TC RI Evolution

Figure 5.14: Summary schematic of the new PC1-Intensity and PC2-Size space, where blues represent
contraction rates, reds represent intensification rates, yellows represent steady-state intensities, and
greens represent RI Onset. The two “modes” of RI are represented by white arrows, where initially large
TCs smoothly transition from primarily contracting to primarily intensifying, and initially small TCs do
not experience an appreciable size change as they undergo RI.
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Future work will continue to explore to what extent 3-Dimensional full-physics and observa-
tions confirm or modify the axisymmetric results from this study in both constant and variable

environments.
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Chapter 6

Conclusions

In this doctoral study, I sought to systematically investigate the interconnected relationships
between how the observed variability in TC intensity and structure can be most simplified while
retaining realism, how the TCBL responds to this observed variability within the context of rapid
intensification, and how rapid intensification varies as a function of intensity and size.

In Ch. 2, TC structure and intensity were characterized in a way that reduced the dimen-
sionality into a 2D phase space that retained as much variance as possible. To accomplish this
goal, a new parameter ¢ was introduced that describes the tangential wind decay outside of the
radius of maximum wind (RMW). By using this new parameter ¢ and six additional, commonly-
observed quantities, an Empirical Orthogonal Function (EOF) analysis was computed to iden-
tify the primary modes of variability between TC intensity and structure. The dominant mode
of variability is associated with TC intensity, and TC size explains the second most variance.
Together, these two principal components explain nearly 80% of observed variance, and the
third principal component, which is associated with the parameter ¢ and describes TC ma-
turity, explains approximately an additional 10% of observed variance, and by virtue of being
orthogonal, provides additional information on characterizing TC structure.

The first two principal components represent a new, simplified intensity-size phase space.
In addition to showcasing example useful applications with both observations of Hurricanes
Rita (2005) and Charley (2004) and numerical simulations of Hurricane Rita, this new intensity-
size phase space lays the foundation for the rest of this doctoral study and yields significant new
scientific insight.

In Ch. 3, the new intensity-size phase space was used to investigate characteristics of how

TC intensity and size vary within the phase space, how to appropriately represent this variabil-
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ity with simplified tangential wind profiles, and what some of the implications of these new
simplified profiles are. By binning the EOF parameters into bins of PC1-2 with size 0.5 x 0.5,
“anchor points” were defined and used to construct three different profile methods within each
bin: the Holland method, the Willoughby method, and a new method referred to as the Angular
Momentum method. These profiles were then found to better represent bin averages in dif-
ferent parts of the intensity-size phase space, but all generally were representative of observed
variability when compared to the original aircraft observations. The profiles developed in this
chapter continued to lay the foundation for the rest of this doctoral study, and were used to
yield additional new scientific insight, as well.

In Ch. 4, the TCBL response to the realistic, simplified tangential wind forcings developed in
Ch. 3 was investigated. In particular, how the TCBL dynamical response to a constant gradient
wind forcing varies across TC intensity and size was examined, as well as whether the specific
profile method used had a larger or smaller impact on the TCBL response than the general in-
tensity and size. Results showed that while there were differences across profile methods that
may matter for specific applications, the general patterns across the intensity-size phase space
revealed a consistent TCBL response across the methods within the slab model. In particular,
the general TCBL response to variations of TC intensity and size are that while strong, big TCs
produced large vorticity stretching, they had a smaller u/I term, which indicates that the fric-
tionally forced updraft is closer to the RMW, and therefore likely to further radially outward and
less efficient from a balanced vortex model perspective. In contrast, weak TCs regardless of size
had the largest u/1 term and therefore possibly more efficient heating, but they also produced
the least vorticity stretching, which is not as favorable for intensification. Strong, small TCBLs
experienced RMW expansion as they adjusted, which is also not as favorable for intensification.

The Angular Momentum profiles were then compared to the height-resolved TCBL model
results, and results suggest that while there are differences in the details between the height-
averaged and height-resolved simulations, the general patterns remain qualitatively similar,

where the weak, big simulations experienced the most RMW contraction, the strong, big TCs
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experienced the largest supergradient adjustment, and the very small TCs experienced RMW
expansion. However, in the height-resolved simulations, TCBL adjustments were much weaker
for the Angular Momentum method.

Finally, in Ch. 5, the relationships between TC intensity and size to rapid intensification
within full-physics, axisymmetric models was investigated. In particular, the relationship be-
tween RMW contraction rates and rapid intensification rates with respect to both initial and
current states of TC intensity and size was investigated. Findings suggest that intensification
rates depend more on the current intensity of a TC, rather than either initial intensity or size
at any time. In contrast, RMW contraction rates depend most on initial conditions of size and
initial intensity to a lesser extent. Together, the relationships between intensity, size, and inten-
sification rates indicate a smooth transition between two general patterns of RI: (1) a smooth
transition from primarily contracting to primarily amplifying in initially large TCs, and (2) min-
imal size change and primarily amplifying in initially small TCs (Fig. 5.14).

In conclusion, this doctoral study indicates that there are systematic relationships between
the TC initial conditions of TC intensity and size, the current conditions of TC intensify and
size, the dynamic TCBL response to these conditions, and rapid intensification rates. These
patterns are revealed in the context of a new intensity-size phase space, and through analysis
of simplified profiles in both TCBL models and full-physics, axisymmetric models, I show that
the TCBL is able to reproduce many of the features seen in the full-physics simulations, such as
that strong, big TCs produce the largest intensities; weak, big TCs exhibit the strongest contrac-
tion rates; and small TCs regardless of intensity have the smallest RMW changes. However, the
strong, small TCs are able to produce the highest peak intensification rates. I also find that in-
tensification rates depend much more on intensity than size. Finally, while intensification rates
and RMW contraction rates are weakly correlated overall, I find that there are relationships be-
tween them during RI, but that these relationships depend on initial size. Hurricane Rita (2005)
is a prime example of the “large mode of RI” because it was a TC that was initially weak and

big, and Rita experienced large contraction in the beginning portion of RI until it contracted
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to near average-size in the dataset and maintained that size for the duration of RI. In contrast,
Hurricane Charley (2004) is a prime example of the “small mode” of RI, in which significant RI
occurred without appreciable size changes.

The findings of the doctoral study suggest that RI prediction could potentially be improved
if the relationships between TC size and intensity investigated in this study are further explored
and exploited. Future work will continue to explore to what extent 3-Dimensional, full-physics
simulations and observations confirm or modify the axisymmetric results presented herein, in

both quiescent and sheared environments.
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