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ABSTRACT: Scale-dependent processes within the tropical cyclone (TC) eyewall and their contributions to intensi � ca-
tion are examined in an idealized simulation of a TC translating in uniform environmental � ow. The TC circulation is parti-
tioned into axisymmetric, low-wavenumber (m = 1–3), and high-wavenumber (m . 3) categories, and scale-dependent
contributions to the intensi � cation process are quanti� ed through the azimuthal-mean relative (vertical) vorticity and tan-
gential momentum budgets. To further account for the interdependent relationship between the axisymmetric vortex struc-
ture and eyewall asymmetries, the analyses are subdivided into three periods} early, middle, and late} that represent the
approximate quartiles of the full intensi � cation period prior to the TC attaining its maximum intensity. The asymmetries
become concentrated among lower azimuthal wavenumbers during the intensi� cation process and are persistently distrib-
uted among a broader range of azimuthal scales at higher altitudes. The scale-dependent budgets demonstrate that the axi-
symmetric and asymmetric processes generally oppose each other during TC intensi� cation. The axisymmetric processes
are mostly characterized by a radial spinup dipole pattern, with a tangential momentum spinup tendency concentrated
along the radius of maximum tangential winds (RMW) and a spindown tendency concentrated radially inward of the
RMW. The asymmetric processes are mostly characterized by an opposing spindown dipole pattern that is slightly weaker
in magnitude. The most salient exception occurs from high-wavenumber processes contributing to a relatively modest, net
spinup along the RMW between � 2- and 4-km altitude. Given that the maximum tangential winds persistently reside below
2-km altitude, eyewall asymmetries are primarily found to impede TC intensi� cation.

SIGNIFICANCE STATEMENT: The convection fueling a tropical cyclone progressively organizes into a compact
region called the eyewall where the strongest winds and rainfall occur. As the tropical cyclone intensi� es, convection in
the circular eyewall becomes more uniform, and the eyewall takes the appearance of a ring. We call this ring shape the
“ symmetric” part of the eyewall. As convection in the eyewall evolves and interacts, the eyewall becomes deformed
and develops wiggles. We call these wiggly shapes the“ asymmetric” parts of the eyewall. We demonstrate that the sym-
metric part of the eyewall helps intensi� cation. The asymmetric parts of the eyewall mostly hurt intensi� cation except
during the earlier stages. Our results indicate that a symmetric eyewall shape is preferable for tropical cyclone
intensi� cation.

KEYWORDS: Tropical cyclones; Hurricanes/typhoons; Mesoscale processes; Momentum; Vorticity; Mesoscale models;
Numerical analysis/modeling

1. Introduction

Early radar observations of convection within the tropical
cyclone (TC) eyewall depicted substantial deviations from ax-
ial symmetry in the re� ectivity � eld, and in many cases the TC
eyewall was observed to cycle between various polygonal
shapes with vertices connected by straight-line segments
(Lewis and Hawkins 1982; Muramatsu 1986). An expanding
record of observations indicates that the TC eyewall generally
comprises a continuum of asymmetries, ranging from turbu-
lent roll clouds, convective bursts, and misoscale vortices, to
polygonal eyewall shapes, mesovortices, and mesoscale con-
vective systems. Despite growing observational evidence sup-
porting the near ubiquity of TC eyewall asymmetries,
asymmetric contributions to the intensi� cation process remain
unclear. Do eyewall asymmetries facilitate or impede TC

intensi� cation? Or could the dichotomy be an oversimpli� ca-
tion, and might there be a variety of circumstances where
asymmetries could facilitate or impede TC intensi� cation?

Through a combination of sustained updraft mass� ux via
the overturning, transverse circulation and periodic bursts of
anomalous updraft mass� uxes varying in scale, convection
within the TC eyewall progressively concentrates potential
vorticity (PV) along its radially inward � ank, extending
throughout much of the troposphere. The emergent vortex
structure in the eyewall region thus resembles an annulus of
relatively high-PV air in the horizontal plane, a “ tower” of
high-PV air in the azimuthal-mean, radius–altitude plane
(Schubert et al. 1999), and a “ bowl” of high-PV air in three di-
mensions (Hausman et al. 2006). The radial PV gradients ac-
companying such an annulus of high-PV air produce
waveguides for vortex Rossby waves (VRWs; Guinn and
Schubert 1993; Montgomery and Kallenbach 1997), akin to
the meridional gradient of planetary vorticity producing a
waveguide for planetary Rossby waves.Schubert et al. (1999)Corresponding author: Jonathan Martinez, jmart@ucar.edu
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demonstrated that exponential instability can arise from the
mutual ampli � cation of counterpropagating VRWs orbiting
the TC eyewall, such that PV concentrated near the eyewall
region pools into mesovortices that constitute the vertices of
polygonal eyewall structures. Through continued mixing be-
tween the low-PV air in the eye region and high-PV air in the
eyewall, the inner-core vortex structure transitions to a PV
monopole; that is, PV is maximized near the axis of rotation
and monotonically decreases with radius. Several observa-
tional studies have documented the evolution of eyewall mes-
ovortices during various stages of the TC life cycle (e.g.,Kuo
et al. 1999; Kossin et al. 2002; Bell and Montgomery 2008;
Wurman and Kosiba 2018). In a few cases, polygonal eyewall
structures and mesovortices have been observed during peri-
ods of TC intensi� cation (Hendricks et al. 2012; Wurman and
Kosiba 2018; Cha et al. 2021), further stimulating questions
about the potential contributions from asymmetric processes
to TC intensi � cation.

Nondivergent, barotropic modeling studies have demon-
strated that PV mixing associated with barotropic instability
decreases the central pressure, but it also decreases the maxi-
mum azimuthal-mean tangential winds (Schubert et al. 1999;
Kossin and Schubert 2001; Hendricks et al. 2009). Although
nondivergent, barotropic simulations of PV mixing produce
an overall reduction in the vortex intensity, forced barotropic
simulations reveal a “ dual nature” to PV mixing. For exam-
ple, Rozoff et al. (2009) added an axisymmetric, logistically
limited vorticity source to the nondivergent, barotropic model
as an idealized representation of the sustained diabatic forcing
found in a TC eyewall. Rozoff et al. found that individual PV
mixing events induced by barotropic instability produce tran-
sient intensi� cation breaks as high-PV air is mixed from the
eyewall into the eye, but that successive PV mixing events can
produce a cumulative transport of high-PV air from the eye-
wall into the eye such that the vortex attains a higher intensity
than it would have otherwise. Hendricks et al. (2014) general-
ized the framework from Rozoff et al. (2009) to a forced, shal-
low water model and found that barotropic instability results
in the high-PV annulus rolling up into convective (diabatic)
mesovortices. In a simulation where the forcing was pre-
scribed as proportional to the relative vorticity, Hendricks
et al. demonstrated that convective mesovortices contributed
to simultaneously reducing the minimum pressure and in-
creasing the maximum tangential winds during the barotropic
instability process. The foregoing discussion illustrates a vari-
ety of end states arising from barotropic instability in the TC
eyewall, with nondivergent, barotropic models mostly indicat-
ing vortex weakening and with models of increasing complex-
ity indicating the potential for vortex intensi � cation.

An alternative framework to investigate how asymmetric
processes contribute to TC intensi� cation entails forcing an
axisymmetric vortex with asymmetric perturbations, such that
the vortex end state represents a cumulative adjustment solely
brought about by asymmetries. Möller and Montgomery
(2000) demonstrated that repetitive injections of asymmetric
PV into the TC eyewall could contribute to intensi � cation
through a transfer of energy from the asymmetries to the
basic-state vortex (i.e., axisymmetrization). Asymmetric PV

perturbations were considered the end product of a rapid ad-
justment process resulting from convective heating sources,
and thus Möller and Montgomery proposed that convective
“ pulsing” could be an important asymmetric process contrib-
uting to TC intensi � cation. Nolan and Grasso (2003)further
investigated the response of an axisymmetric basic-state vor-
tex in thermal wind balance to asymmetric perturbations by
using a three-dimensional, nonhydrostatic model developed
from the linearized, anelastic equations of motion (Nolan and
Montgomery 2002). Rather than superposing asymmetric PV
perturbations onto an axisymmetric basic-state vortex, instan-
taneous asymmetric thermal perturbations were introduced to
represent the rapid latent heat release in convective updrafts.
Therefore, a more realistic evolution was captured by incor-
porating the full adjustment process of the basic-state axi-
symmetric vortex circulation to instantaneous, asymmetric
thermal forcing. Asymmetric PV perturbations generated
from the asymmetric thermal forcing � rst underwent a tran-
sient growth period prior to axisymmetrization. Nolan and
Grasso inferred that the transient growth period of the
asymmetric PV perturbations contributed to a net weaken-
ing of the vortex circulation when intensity is de � ned as the
azimuthal-mean surface tangential winds along the radius of
maximum tangential winds (RMW). Nolan et al. (2007) fur-
ther generalized the linear, three-dimensional model from
Nolan and Grasso (2003) to incorporate time varying heat
sources that evolve with the axisymmetric vortex circulation
and also found that asymmetric thermal forcing contributed
to a net weakening of the vortex circulation. Although the
comprehensive set of experiments investigated by Nolan
and Grasso and Nolan et al. primarily indicate that asymme-
tries contribute to a weakening of the axisymmetric vortex
circulation, it remains unclear to what extent the aggregate
� ndings from their linearized simulations can be generalized
to TCs that experience fully nonlinear processes in the pres-
ence of moist convection.

Simulations of TC intensi� cation that incorporate fully non-
linear, moist convective processes exhibit many of the asym-
metric structures that emerge in more simpli� ed modeling
frameworks, but further capture a coupling between eyewall
asymmetries and convection that may have implications for
the intensi� cation process.Yang et al. (2007) found that the
resolved asymmetries of a TC simulated in a quiescent envi-
ronment reduced the wind speed near the RMW by transport-
ing high momentum air from the TC eyewall into the eye, and
thus asymmetries were noted to reduce TC intensity.Nolan
et al. (2017) simulated a tornado-like vortex within a large-
eddy simulation framework. Although the vortex intensi � ca-
tion dynamics vary between TCs and tornadoes, Nolan et al.
found that the resolved asymmetries developing in the vortex
core tend to spin down the maximum azimuthal-mean tangen-
tial winds by transporting angular momentum inward and up-
ward relative to the RMW, similar to the � ndings from Yang
et al. (2007). Nguyen et al. (2011)and Hankinson et al. (2014)
found that the simulated intensi� cation of Hurricane Katrina
(2005) was characterized by“ vacillation cycles.” PV mixing
events were intermediated by periods of relatively slower
intensi� cation during the transition toward a monopole
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structure and periods of relatively quicker intensi � cation as
the PV annulus was restored near the eyewall.Hardy et al.
(2021) analyzed an ensemble simulation that captured the
rapid intensi� cation of Typhoon Nepartak (2016) and noted
similar vacillation cycles among 60% of their ensemble mem-
bers. Recent studies have emphasized the importance of
asymmetric convective processes within the TC eyewall in
ventilating mass converging within the boundary layer,
thereby inhibiting the frictional spindown tendency induced
by the boundary layer and contributing to a spinup of tangen-
tial winds above the boundary layer (e.g., see the discussion in
section 3.5 ofMontgomery and Smith 2017; Hardy et al. 2021;
Montgomery et al. 2021; Smith et al. 2021). Persing et al.
(2013) found that asymmetric processes can also exhibit up-
gradient characteristics during TC intensi� cation, contributing
both to a contraction of the RMW and a spinup of the maxi-
mum axisymmetric tangential winds. Bhalachandran et al.
(2020) found that the primary asymmetric growth and decay
processes in their simulation of TC Phalin (2013) occurred
largely independent from the axisymmetric vortex circulation,
leading the authors to cast doubt that “ eddies only grow at
the expense of the mean.” Collectively, simulations that incor-
porate fully nonlinear, moist convective processes illustrate vi-
able pathways for asymmetric processes to either facilitate or
impede TC intensi� cation, and such pathways may stem from
a coupling between eyewall asymmetries and convection that
is absent in more idealized simulations.

The primary objective of the present study is to examine a
continuum of asymmetries evolving near the eyewall of an
idealized TC translating in uniform � ow, and to quantify
asymmetric contributions to the intensi� cation process. The
evolution of asymmetries within the TC circulation is interde-
pendent with the evolution of the axisymmetric vortex; that
is, the contributions from asymmetric processes to the axisym-
metric vortex depend on the axisymmetric vortex structure it-
self, and vice versa. Therefore, the analyses presented herein
will be divided into three periods during the intensi � cation
process to account for the structural evolution of the axi-
symmetric vortex. The following section will describe the
initial conditions for the idealized TC simulation, section 3
will discuss the numerical model simulation design and
analysis methods,section 4 will present results from three
periods during the intensi� cation process, section 5 will
comprehensively discuss the results from each time period
during the intensi� cation process, andsection 6 will pro-
vide concluding remarks and potential avenues for future
work.

2. Initial environment and vortex structure

The idealized TC simulation is initialized with a horizon-
tally homogeneous environment that is characteristic of the
climatological-mean atmospheric conditions observed in the
Caribbean and North Atlantic basin during the July –October
hurricane season (Dunion 2011). A weak, cyclonic vortex rep-
resenting a tropical depression is superposed on the initial en-
vironment to facilitate the development of a TC. Precursor
disturbances to cyclogenesis are often characterized by a

broad cyclonic circulation comprising a midlevel vortex (e.g.,
McBride and Zehr 1981; Bister and Emanuel 1997; Gray
1998; Raymond et al. 2011). The cyclonic PV anomaly that ac-
companies a midlevel vortex is balanced by a relatively warm
potential temperature anomaly above its circulation and a rel-
atively cool potential temperature anomaly below ( Raymond
and Jiang 1990; Raymond et al. 2014). Collectively, informa-
tion gathered from the aforementioned studies suggests that
an initial vortex representing a tropical depression should
possess a broad cyclonic circulation with maximum winds dis-
placed above the surface. Therefore, the initial radial vortex
structure is constructed from a modi� ed Rankine vortex of
the form

y0(r) �

ymax
r

rmax

� �
, 0 # r , rmax,

ymax
r

rmax

� � 2 a
, r $ rmax,

���������������
��������������

(1)

where ymax = 15 m s2 1 is the maximum tangential velocity,
r the radius, rmax = 135 km is the RMW, and a = 0.3 is the
decay of tangential velocity radially outward of the RMW.
Ritchie and Holland (1999) constructed a similar initial vor-
tex for their idealized simulations based on the composite
observations of tropical depressions from McBride and
Zehr (1981). Following Nolan (2007), a radial decay func-
tion is applied to the initial vortex structure radially out-
ward of the RMW, ensuring that the total circulation within
the doubly periodic model domain is zero. The radial decay
function is given by

y(r) � y0(r)exp 2
r
R

� � 6
� 	

, (2)

where y0(r) is the initial modi � ed Rankine vortex given by (1)
and R = 600 km.

The initial vortex is then extended in the vertical following
Nolan (2007), such that the initial axisymmetric vortex struc-
ture is given by

y(r, z) � y(r)exp 2
z 2 zmax



 

b

bL b
z

� �

, (3)

where y(r) is the initial modi � ed Rankine vortex after the ra-
dial decay function has been applied,z the altitude, zmax the
altitude of maximum tangential velocity, L z the depth of an
approximately barotropic region of the vortex, and b the
vertical decay of tangential velocity above and below the bar-
otropic region. To construct a tropical depression with maxi-
mum tangential velocity displaced above the surface,zmax is
set to 1.5 km,L z is set to 2.5 km abovezmax and 3.5 km below
zmax, and b is set to 1.8. The initial axisymmetric vortex is
characterized by a maximum surface tangential velocity of
� 12 m s2 1 with an � 3-K warm potential temperature anomaly
above 1.5-km altitude and an� 3-K cool potential temperature
anomaly below 1.5-km altitude, with both anomalies relative
to the environment.
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3. Simulation design and analysis methods

a. Numerical model setup

The idealized TC is simulated with the nonhydrostatic, fully
compressible Cloud Model 1 (CM1) version 19.7 (Bryan and
Fritsch 2002). The horizontal grid is structured within a dou-
bly periodic domain comprising 1140 3 1140 grid points that
span 2670 km3 2670 km. The horizontal grid spacing is a uni-
form 1 km for the innermost 800 km 3 800 km and smoothly
transitions to 10-km spacing at the domain boundaries. The
vertical grid comprises 76 levels that span 26 km in altitude.
The vertical grid spacing is a uniform 100 m in the lowest
2-km altitude and smoothly transitions to 500-m spacing at
8-km altitude; above 8-km altitude, the vertical grid spacing is
a uniform 500 m. A Rayleigh damping layer is placed above
22-km altitude to mitigate the re � ection of internal gravity
waves.

The TC simulation is integrated for seven days on an
f plane corresponding to � 158N. Sea surface temperatures
are � xed at 288C and uniform throughout the simulation do-
main. To approximate clear-sky radiative processes, a simple
Newtonian cooling of 2 K day2 1 is applied throughout the
simulation that relaxes the domain-averaged temperature
pro� le toward its base state (Rotunno and Emanuel 1987).
The Morrison double-moment microphysics scheme is chosen
to parameterize microphysical processes with graupel se-
lected for the large ice category (Bryan and Morrison
2012). Subgrid-scale turbulence is parameterized with a
� rst-order, local closure scheme wherein the horizontal
eddy viscosity is determined from the horizontal � ow defor-
mation, and the vertical eddy viscosity is determined from
the vertical � ow deformation and the moist Brunt –Väisälä
frequency (e.g., Bryan et al. 2017). The horizontal and
vertical mixing lengths required for this subgrid-scale tur-
bulence parameterization are set aslh = 1000 m andly = 100 m,
respectively.

To approximate the � rst-order evolution of TCs observed
in nature and facilitate the development of eyewall asymme-
tries, a 5 m s2 1 uniform easterly � ow is gradually imposed
throughout the model domain. The details of the large-scale
wind acceleration and nudging methodology implemented in
CM1 can be found in the appendix of Alland et al. (2021).
Brie � y, the uniform easterly � ow is implemented in CM1
through the addition of acceleration terms to the governing
equations for horizontal momentum that approximate a
large-scale pressure gradient. The domain-averaged zonal
winds are nudged toward the prescribed, uniform easterly ref-
erence wind pro� le, and thus a net circulation is not intro-
duced into the model domain. The meridional temperature
gradient required to satisfy thermal wind balance is neglected
for simplicity given the doubly periodic model boundary con-
ditions. The uniform easterly � ow is introduced 12 h into the
simulation with a 6-h nudging time scale, permitting the incip-
ient vortex to develop deep, moist convection prior to initiat-
ing its translation. A time-varying translational domain is
created by tracking the minimum of a smoothed surface-
pressure � eld that represents the approximate vortex center
of circulation. The vortex center of circulation is further

re� ned to minimize errors from aliasing the axisymmetric vor-
tex circulation onto higher-order asymmetries (Ryglicki and
Hodyss 2016). For a given model level, the center of circula-
tion is determined from a simplex algorithm that iteratively
maximizes the tangential circulation within a 5-km annulus
centered on a� rst-guess RMW [see section 2 ofBell and Lee
(2012) and precise details in section 3.3 ofMartinez (2020)].
The center of circulation is layer averaged between the sur-
face and 3-km altitude and used to calculate time-varying,
storm-relative winds.

b. Spectral binning and Reynolds averaging

An arbitrary scalar or vector c can be partitioned into com-
ponents representing axial symmetry and deviations from ax-
ial symmetry (asymmetries) by representing its azimuthal
dimension f as a Fourier series given by

cm(r, z, t) �

J2 1

j� 0

c(r, j, z, t)e2 i2pmj/J; for m � 0, 1, 2,…, 180,

(4)

where c(r, j, z, t) is the arbitrary quantity of interest in cylin-
drical coordinates, m the azimuthal wavenumber, r the radius,
j an integer representing the azimuthal angle increment (j = 0,
1, 2, … , J = 360), z the altitude, and t the time. Thus, the axi-
symmetric component is given by the Fourier coef� cient c0

and the full spectrum of asymmetries is given by the Fourier
coef� cientscm for m = 1, 2, 3, … , 180.

Asymmetries are partitioned into low and high azimuthal
wavenumbers for all scalar and vector quantities, representing
relatively large and small azimuthal scales, respectively. As
will be shown later, the distribution of spectral power among
azimuthal wavenumbers in the vortex circulation exhibits var-
iance as a function of altitude and time. Therefore, spectral
binning into categories of low and high wavenumbers is some-
what arbitrary, and no precise de� nition exists in the litera-
ture. Herein, low-wavenumber asymmetric structures are
de� ned by azimuthal wavenumbers m = 1–3 and high-
wavenumber asymmetric structures by azimuthal wavenum-
bers m = 4–180.1 Despite the aforementioned limitations, the
low- and high-wavenumber categorization provides a useful
conceptual framework to distinguish scale-dependent contri-
butions from asymmetries to TC intensi� cation. The low-
wavenumber category falls in between them = 1–2 de� nition
from Bhalachandran et al. (2020)and the m = 1–4 de� nition
from Reasor et al. (2009). In applying the spectral binning, c
is now given by

c(r, f , z, t) � c (r, z, t) 1 c �
l (r, f , z, t) 1 c �

h(r, f , z, t), (5)

where the overbar denotes the axisymmetric component,
primes denote the asymmetric components, and the subscripts
l and h further denote the low- and high-wavenumber

1 The azimuthal dimension is defined for the interval [0, 2p) in
increments of p/180, givingJ = 360 azimuthal grid points. Therefore,
m = 180 is the Nyquist wavenumber.
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categories, respectively. In accordance with Reynolds averag-
ing, the average product of two partitioned quantities c1 and
c2 is given by

c1c2 � (c 1 1 c �
1,l 1 c �

1,h)(c 2 1 c �
2,l 1 c �

2,h)

� c 1c 2 1 c �
1,lc

�
2,l 1 c �

1,hc �
2,h : (6)

c. The vorticity equation

The evolution of relative (vertical) vorticity is given in � ux
form by

� z
� t

� 2 = · (zU 2 wf 1 k̂ 3 F), (7)

where U is the three-dimensional velocity vector comprising
the radial u, azimuthal y, and vertical w velocity components;
z the three-dimensional relative vorticity vector comprising
the radial j , azimuthal, and vertical z vorticity components; k̂
the unit vector oriented along the vertical axis; F the three-
dimensional diffusive tendency of momentum comprising
the subgrid-scale turbulence parameterization described in
section 3a; and = the two-dimensional divergence operator
in the horizontal plane.

To formulate the � ux form of the azimuthal-mean relative
vorticity equation, the azimuthal wavenumber partitioning
and Reynolds averaging from the previous section are applied
to (7), such that

� z
� t

� 2
� (ruz)

r� r
2

� (ru�
l z

�
l )

r� r
2

� (ru�
hz�

h )
r� r

1
� (rwj )

r� r
1

� (rw�
l j

�
l )

r� r

1
� (rw�

hj �
h )

r� r
1

� (rF f )

r� r
: (8)

The � rst three terms in Eq. (8) represent contributions to the
azimuthal-mean relative vorticity z tendency arising from the
radial divergence of 1) radial � uxes of axisymmetric relative
vorticity, 2) radial � uxes of low-wavenumber relative vortic-
ity, and 3) radial � uxes high-wavenumber relative vorticity;
the following three terms represent contributions to the z
tendency arising from the radial divergence of 4) tilting axi-
symmetric radial vorticity, 5) tilting low-wavenumber radial
vorticity, and 6) tilting high-wavenumber radial vorticity; and
the last term represents contributions to the z tendency aris-
ing from the radial divergence of diffusive processes that op-
pose the tangential circulation.

4. Structural evolution during the intensification period

a. Vortex intensification and symmetricity

The initiation of rapid intensi � cation (RI) is de � ned for the
simulated TC following the approximate 95th percentile of
24-h overwater TC intensi� cation rates in the North Atlantic
basin, corresponding to a 24-h intensi� cation of 15.4 m s2 1

(Kaplan et al. 2010), and is further re� ned by requiring each
consecutive 6-h intensi� cation within the 24-h time window to
exceed 3.8 m s2 1. Given the two criteria listed above, the

initiation of RI is calculated from a smoothed time series of
the maximum wind speed 10 m above the ocean surface (see
the thin, light-red line in Fig. 1a). The time period of interest
for this study occurs between the initiation of RI and maximum
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FIG . 1. Time series of the vortex evolution are shown during the
intensi� cation period (t = 76–143 h). (a) The maximum wind speed
10 m above the ocean surface (light red) and the minimum sea
level pressure (black) are shown with 1-min model output. (b) The
azimuthal-mean radius of maximum tangential winds (RMW) is
shown at the lowest model level (z = 50 m) with 1-h model output.
(c) The inner-core potential vorticity (PV) symmetricity is shown
for each of the following vertical layers in the vortex circulation:
the low layer (z = 0–3 km), midlayer (z = 3–6 km), and high layer
(z = 6–9 km). The dark red line in each panel denotes the low-
layer-averaged, azimuthal-mean tangential winds with 1-h model
output. The vertical, colored lines represent the three time win-
dows analyzed during the intensi� cation period: early rapid intensi-
� cation (RI; blue; t = 90–93 h), mid-RI (green; t = 108–111 h), and
late RI (orange; t = 126–129 h).
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intensity, henceforth de� ned as the intensi� cation period.
During the 67-h intensi� cation period, the TC intensi � es
70 m s2 1, deepens 100 hPa, and the RMW contracts approx-
imately 30 km (Fig. 1).

To assess the bulk evolution of asymmetric structures dur-
ing the intensi� cation period, the magnitude of inner-core
asymmetries is� rst compared to the magnitude of the axisym-
metric vortex. The magnitude of symmetry, often referred to
as the “ symmetricity,” can be quanti� ed for an arbitrary sca-
lar or vector c as

Sc �
c


 



c


 

 1

1
2p

� 2p

0
c �| |� f

: (9)

Thus, Sc represents the absolute deviation from axial symme-
try, similar to the squared deviation described in previous
studies (Miyamoto and Takemi 2013; Miyamoto and Nolan
2018). Sc is de� ned between 0 and 1 with 0 denoting an en-
tirely asymmetric structure and 1 denoting an entirely axisym-
metric structure. The variability of asymmetric structures as a
function of altitude is assessed by considering the following
three layers in the vortex circulation: 0–3-km altitude (low
layer), 3–6-km altitude (middle layer), and 6–9-km altitude
(high layer). The inner-core region of the vortex circulation is
approximated by the area between the axis of rotation and
1.5 3 RMW, where the RMW is averaged over each respec-
tive layer. Symmetricity is computed for the mass-weighted,
layer-averaged PV between each respective layer and then
area averaged over the inner-core region.

Figure 1c shows time series of the inner-core symmetricity
during the intensi� cation period for each layer in the vortex
circulation. Throughout the intensi � cation period, the azi-
muthal distribution of inner-core PV for each layer generally
� uctuates between� 60% and 80% symmetricity and the vor-
tex gradually becomes increasingly axisymmetric; however,
axisymmetry is never attained during the intensi� cation pe-
riod. Instead, the inner-core circulation remains nearly 10%
asymmetric at its peak symmetricity, occurring near the end
of the intensi� cation period. There is a relative slowdown in
the overall evolution of the vortex circulation that occurs near
the approximate midway point of the intensi � cation period
(t = 108 h), denoted by a diminishing rate of intensi� cation,
contraction, and symmetrization (Figs. 1a–c).

To further investigate the asymmetric vortex structure
during the intensi� cation period, the azimuthal scales of
inner-core PV asymmetries are analyzed by constructing a
mass-weighted PV power spectrum for each layer in the vortex
circulation. As in the symmetricity analysis, the mass-weighted
PV power spectra are area averaged over the inner-core re-
gion. Figure 2 shows the normalized power spectra and corre-
sponding cumulative normalized power spectra for each layer
as a function of azimuthal wavenumberm and time during the
intensi� cation period.

Although the PV symmetricity for each layer in the vortex
circulation is nearly equivalent throughout the intensi � cation
period (Fig. 1c), Fig. 2 demonstrates that the inner-core asym-
metric PV is distributed among a broader range of azimuthal

scales at higher altitudes. Furthermore, the temporal variabil-
ity in the azimuthal distribution of asymmetric PV increases
as a function of altitude in the vortex circulation, denoted by
relatively larger oscillations in the 90% cumulative normal-
ized power contour (cyan in Figs. 2d–f). In general, the vortex
progresses toward a more compact, axisymmetric circulation
while the inner-core asymmetric PV distribution progresses
toward lower azimuthal wavenumbers (i.e., larger azimuthal
scales) throughout the intensi� cation period. However, the
slowdown in the evolution of the vortex circulation noted
above is also evident in the asymmetric PV evolution; the
approximate midway point of the intensi � cation period is
characterized by a diminishing rate of asymmetric PV concen-
tration among lower azimuthal wavenumbers. Results up to
this point have demonstrated that the inner-core distribution
of PV is never fully axisymmetric during the intensi � cation
period and that PV asymmetries are dynamic, possessing
structural and temporal variability throughout the vortex
circulation.

b. General vortex structure

Axisymmetric and asymmetric components of the
vortex structure are examined for three time slices during
the intensi� cation period: early RI ( t = 90 h), middle (mid)
RI ( t = 108 h), and late RI (t = 126 h). The time slices repre-
sent the approximate intensi� cation period quartiles prior to
the TC attaining its maximum intensity (i.e., the 25th, 50th,
and 75th percentiles for the intensi� cation time period; see
the vertical colored lines in Fig. 1 and horizontal lines in Fig. 2
for reference). Snapshots of the horizontal vortex structure
are created for each time slice and shown inFig. 3, where the
radar re� ectivity, asymmetric wind vectors, and dry PV are
averaged over each of the three layers described insection 4a.

During the early RI time slice, the TC is characterized by
an asymmetric distribution of cyclonic PV anomalies located
radially inward of re � ectivity maxima in the nascent eyewall
region. The asymmetric wind circulation depicts pathways for
air to be exchanged between the nascent eyewall and develop-
ing vortex eye, primarily in regions of relatively weaker con-
vection. Transitioning 18 h later to the mid-RI time slice, the
azimuthal distributions of PV and re � ectivity have become in-
creasingly axisymmetric and the TC is characterized by a
high-PV annulus at each layer in its circulation; however,
there remains a predominantm = 3 asymmetry in the low and
middle layers of the vortex, characterized by convective max-
ima collocated with the vertices of the polygonal eyewall
structure. Furthermore, asymmetric wind circulations associ-
ated with PV maxima embedded in the vertices of the polygo-
nal eyewall continue to depict pathways for air to be
exchanged between the eye and eyewall. Transitioning 18 h
later to the late RI time slice, the azimuthal distributions of
PV and convection have become concentrated in a highly
asymmetric, elliptical eyewall structure extending throughout
the depth of the vortex circulation. The low- and middle-layer
asymmetric wind circulations depict a strong deformation
zone within the inner-core region of the vortex; there is an
axis of dilatation oriented azimuthally upwind of the ellipse
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