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ABSTRACT

Recent theoretical studies, based on vortex Rossby wave (VRW) dynamics, have established the impor-
tance of the radial structure of the primary circulation in the response of tropical cyclone (TC)–like vortices
to ambient vertical wind shear. Linear VRW theory suggests, in particular, that the degree of broadness of
the primary circulation in the near-core region beyond the radius of maximum wind strongly influences
whether a tilted TC vortex will realign and resist vertical shear or tilt over and shear apart. Fully nonlinear
numerical simulations have verified that the vortex resiliency is indeed sensitive to the initial radial structure
of the idealized vortex. This raises the question of how well the “true” nature of a TC’s primary circulation
is represented by idealized vortices that are commonly used in some theoretical studies.

In this paper the swirling wind structure of TCs is reexamined by utilizing flight-level observations
collected from Atlantic and eastern Pacific storms during 1977–2001. Hundreds of radial profiles of azi-
muthal-mean tangential wind and relative vorticity are constructed from over 5000 radial flight leg segments
and compared with some standard idealized vortex profiles. This analysis reaffirms that real TC structure
in the near-core region is characterized by relatively slow tangential wind decay in conjunction with a skirt
of significant cyclonic relative vorticity possessing a negative radial gradient. This broadness of the primary
circulation is conspicuously absent in some idealized vortices used in theoretical studies of TC evolution in
vertical shear. The relationship of the current findings to the problem of TC resiliency is discussed.

1. Introduction

a. Motivation

The radial structure of the tropical cyclone (TC) pri-
mary circulation appears to be important in the predic-
tion of the TC vortex response to environmental verti-
cal wind shear. The importance of moist convective
processes in the intensification and maintenance of axi-
symmetric TCs is now well known and reasonably un-
derstood (e.g., Ooyama 1969; Rotunno and Emanuel

1987). Recent theoretical studies, however, have at-
tempted to elucidate the role that dry-adiabatic dynam-
ics play in the nonaxisymmetric vortex response to im-
pinging vertical shear. Using initially barotropic vorti-
ces, Jones (1995, hereafter J95) showed that an initially
tilted vortex tends to resist vertical shear by cyclonically
precessing upshear and tilting over slowly in compari-
son to the time scale of the differential advection. The
fact that most of the vortices in J95 eventually succumb
to weak vertical shear (4 m s�1 per 10 km) may be
misinterpreted that moist convective processes are es-
sential for maintaining upright TCs in realistic environ-
ments with impinging vertical shear. Although a cy-
clonic precession also occurred in the dry-adiabatic
vortex-in-shear simulations of Reasor et al. (2004,
hereafter RMG), in contrast to J95, the barotropic vor-
tices employed by RMG remained vertically coupled in
a nearly upright configuration. The results of RMG
suggest that even without moist processes TC-like vor-
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tices are more resilient to vertical shear than previously
believed. The source of the discrepancy between the
vortex simulations in J95 and RMG was the initial
specification of the primary circulation. Why, then, is
the radial structure of the primary circulation so impor-
tant in supporting vortex resiliency to vertical shear?

b. Review of vortex resiliency theory

Recent theoretical studies explain, from different
perspectives, the evolution of an initially tilted or ver-
tically sheared geophysical vortex using vortex Rossby
wave (VRW) theory (Reasor and Montgomery 2001;
Schecter et al. 2002; RMG; Schecter and Montgomery
2003, hereafter SM1; Schecter and Montgomery 2004,
hereafter SM2). In the linear VRW formalism, the pre-
cession of the vortex and its alignment can be repre-
sented as the propagation and amplitude decay of
VRW disturbances that propagate on the radial poten-
tial-vorticity-gradient waveguide of the azimuthal-
mean vortex. For simplicity, the initial vortex is as-
sumed to be barotropic. Depending on the mean vortex
Rossby number and the ratio of the horizontal scale of
the vortex to the far-field internal Rossby deformation
radius, the tilt decay for TC-like vortices occurs either
via outward-propagating sheared VRW disturbances or
resonance damping of a VRW quasi mode (see RMG
for further details).

The sheared route of tilt decay is analogous to the
familiar Thomson/Orr decay mechanism for sheared
disturbances (Thomson 1887; Orr 1907; Montgomery
and Kallenbach 1997; McWilliams et al. 2003). The
resonant-damping route of tilt decay (Briggs et al.
1970) can be demonstrated analytically for the particu-
lar case of a Rankine-with-skirt vortex (Fig. 1) in which
the nonzero “skirt” of vorticity outside the core repre-
sents a perturbation from a Rankine vortex in the sense
that the peripheral circulation is small compared to that
of the vortex core (Schecter et al. 2002; SM1). In the
resonant damping route the tilt decay rate is propor-
tional to the negative radial gradient of Rossby–Ertel
potential vorticity (PV) (Hoskins et al. 1985) at a criti-
cal radius beyond the radius of maximum azimuthal-
mean tangential wind (RMW), where the precession
frequency of the vortex tilt matches the rotation rate of
the mean azimuthal flow.

Linear VRW theory includes the possibility of a
growing tilt asymmetry. If the radial PV gradient is
positive at the critical radius then the VRW represent-
ing the tilt asymmetry will grow exponentially in time,
with an e-folding time scale that is comparable to the
advective time scale of the vortex core (Schecter et al.
2002; RMG; SM1; SM2; Gent and McWilliams 1986).
RMG demonstrated that this indeed occurred for the
“standard” vortex profile used in the J95 benchmark
simulation. This standard vortex, in addition to weaker
versions that retain the same nondimensional shape,
form a class of idealized vortex profiles based upon
Smith (1990, henceforth termed S90 vortices; see Fig. 1)

that were utilized in 9 out of 10 J95 simulations and 2 of
the 4 simulations in Jones (2000). Here, the positive
radial PV gradient at the critical radius of the S90 vor-
tex and consequent “tilt instability” originates from the
transition of cyclonic to anticyclonic relative vorticity
not far beyond the RMW. In contrast to J95, the tilted
vortices in RMG realigned because the family of vor-
tices considered there, including the Gaussian PV dis-
tribution (Fig. 1), possessed monotonically decreasing ra-
dial distributions of positive PV and consequently, suf-
ficiently negative radial PV gradients at the critical radius.

The tilt asymmetry can also grow in amplitude by a
vortex-Rossby/inertia–buoyancy (RIB) wave instabil-
ity. If the rotation rate of the core is sufficiently large
compared to the Coriolis frequency, and if the mean

FIG. 1. Idealized radial profiles of (a) tangential velocity and (b)
relative vorticity for the Rankine (solid), Rankine-with-skirt (dot-
ted), Gaussian (dashed), and S90 (dash–dot) vortices for Vmax �
40 m s�1 and RMW � 100 km. See appendix for the analytic
expressions. The critical radii (asterisk) for the Rankine and
Rankine-with-skirt vortices are calculated from analytic formula-
tions derived in SM1, and were estimated for Gaussian and S90
vortices in RMG.
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radial PV gradient at the critical radius is sufficiently
weak (or zero, as in the case of a pure Rankine vortex,
see Fig. 1), VRW-induced phase mixing centered at the
critical radius is insufficient to suppress a frequency
matching with an outward-propagating inertia–
buoyancy wave. The composite RIB disturbance yields
an exponentially growing core tilt asymmetry whose
e-folding time scale can again be comparable to the
advective time scale of the vortex core (SM2; cf.
Plougonven and Zeitlin 2002 and Ford 1994). A suffi-
ciently negative radial PV gradient at the critical radius,
however, can suppress this instability altogether (ac-
cording to linear theory), preserving asymmetric bal-
anced flow and maintaining a nearly erect vortex
(RMG; SM2).

Clearly, the stable or unstable vortex response to ver-
tical wind shear in these idealized (adiabatic) TC mod-
els is critically dependent on its radial structure. As a
side note, we believe it is worth pointing out that the
sheared TC problem shares some similarities with the
problem of two-dimensional disk stability in astrophysi-
cal hydrodynamics. In accretion disks, the sensitivity to
the radial structure of the vortex and the influence of
the mean radial PV gradient in suppressing radiative
(acoustic) instabilities has been known for some time
(Papaloizou and Pringle 1987; cf. Plougonven and Zeit-
lin 2002). For geophysical vortices the Mach numbers
are generally small compared to unity and acoustic cou-
pling is negligible on advective time scales of interest;
inertia–gravity waves are the pertinent “acoustic modes”
in this case. These ideas have recently been synthesized
using angular pseudomomentum concepts (SM2).

When moist processes are included, the sheared TC
problem becomes more complicated. But RMG argue
(their section 1) that the tilt dynamics is still controlled
in a first approximation by dry adiabatic dynamics.
When a hurricane-strength barotropic vortex with a re-
alistic Rossby deformation radius is subject to a simple
tilt perturbation (azimuthal and vertical wavenumber-
one asymmetry, see Fig. 3 from Reasor and Montgom-
ery 2001), the critical radius is found to lie between one
and four RMW distances (SM1; RMG). Guided by ac-
cepted reasoning that moist processes in the eyewall
region give rise to a reduced effective static stability
(e.g., Emanuel et al. 1987; Montgomery and Farrell
1992; Shapiro and Montgomery 1993), the critical ra-
dius should reside radially inward from its dry estimate
(Reasor et al. 2000, their section 5). Since precise criti-
cal radii for various tilt perturbations have not yet been
determined for the moist convective problem, we adopt
here a conservative approach assuming that the moist
critical radius lies between 1–3 RMW distances for the
vertically averaged axisymmetric vortex.

c. Review of TC radial structure

The foregoing discussion naturally raises important
questions for the TC problem: In theoretical studies,
how realistic are the idealized vortex profiles used in

representing the radial structure of the TC primary cir-
culation? What is the true radial structure of the TC
primary circulation?

Keeping in mind that the preceding theoretical dis-
cussion concerns the resiliency of initially barotropic
TC-like vortices in a PV framework, we would ideally
prefer to estimate the radial distribution of the verti-
cally averaged axisymmetric PV from observations of
the full three-dimensional kinematic and thermody-
namic structure of TCs. In the most comprehensive
analyses of a single TC performed to date, Shapiro and
Franklin (1995) calculated PV for the vortex core and
environment of Hurricane Gloria (1985) from a multi-
tude of data sources, such as Omega dropwindsondes
(ODWs), Doppler radar, and various synoptic datasets.
The radial-height cross section of Gloria’s azimuthal-
mean PV structure (from Shapiro and Franklin 1995)
and tangential wind (from Franklin et al. 1993) are
shown in Fig. 2. Throughout the troposphere, positive
PV (Fig. 2a) decreases radially outward to approxi-
mately 250 km, except inward of the secondary PV
maximum located at midlevels near 100-km radius and
at the highest levels of the core region. Beyond the
250-km radius, the troposphere is characterized by
weak PV gradients (negative and positive). Since the
tangential wind maximum throughout the tropospheric
depth is located near the 20-km radii (Fig. 2b), the criti-
cal radius is likely to reside somewhere between 20–60
km, a region of negative PV gradient for the vertically
averaged vortex. On the basis of the foregoing discus-
sion, we would thus expect Hurricane Gloria to remain
resilient to vertical shear in weak to moderately
sheared environments.

Unfortunately, the kinematic and thermodynamic
data necessary for the calculation of PV throughout the
tropospheric depth is not widely available, Gloria
(1985) being the notable exception. There exists, how-
ever, a wealth of knowledge of TC structure based on
observations of the swirling circulation, prior to the
popularization of PV dynamics in TC studies.

Historically, the primary circulation has been a par-
ticular focus of many TC studies. Depperman (1947)
was apparently the first to apply the Rankine vortex to
approximate the TC primary circulation. The Rankine
vortex is characterized by solid-body rotation within
the RMW and conserved relative angular momentum
outside (i.e., Vr � constant) (e.g., Batchelor 1967). The
frictional loss of cyclonic relative angular momentum of
inward spiraling boundary layer air observed in TCs,
however, required a modification to the Rankine vor-
tex, Vr� � constant where the decay component � � 1
(Hughes 1952; Riehl 1954). Riehl (1963), and more re-
cently Pearce (1993), have argued theoretically that
with the typical specification of boundary layer fric-
tional drag, F � V2, the tangential wind speed (V) in
steady-state mature hurricanes must decrease with ra-
dial distance (r) as V � r�1/2. This was elegantly dem-
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onstrated by Pearce (1993), who showed that for a
steady-state axisymmetric vortex in gradient wind bal-
ance, the PV tendency equation in angular momentum
coordinates (Thorpe 1985) reveals that the radial gra-
dient of the frictional torque, �(rF)/�r, must vanish in
the convective inflow region.

The nature of the inflow layer underneath a TC sup-
ports the many observational studies showing that the
tangential winds in TCs approximately decrease similar
to a modified Rankine vortex, although the decay ex-
ponent has been shown to vary. Many studies of mature
storms were found to have decay exponent values be-
tween 0.5 and 0.7 (Hughes 1952; Malkus and Riehl
1960; Riehl 1963; Miller 1967; Sheets 1980; Anthes
1982; Franklin et al. 1993). Shapiro and Montgomery
(1993), however, indicate that smaller values (� � 0.5)

are evident in the weaker storms studied by Riehl
(1963) and Willoughby (1990a). This apparent variabil-
ity was confirmed in the multistorm statistical studies of
Gray and Shea (1973) and Samsury and Zipser (1995),
where mean values found for � (0.5 and 0.4, respec-
tively) were close to the expected theoretical value, but
with relatively large standard deviations (0.3 and 0.2,
respectively). It is believed that the stage of TC life
cycle accounts for much of the variability in the tan-
gential wind profile shape (e.g., Weatherford 1989).
Many of the studies discussed, however, do not clearly
specify the radial region used for the estimation of the
modified Rankine decay exponent. Indeed, Petrova
(1995) demonstrated that � increased for radial inter-
vals farther away from the center of western North Pa-
cific typhoons. This is in agreement with the large val-
ues evident at large radii in the composite Atlantic
storm of Merrill (1984), as pointed out by Shapiro and
Montgomery (1993).

The preceding discussion is based primarily on re-
sults from observational studies of low- and midlevel
tangential winds obtained from aircraft missions into
TCs of the Atlantic and North Pacific basins. Though
scarce, observations at upper levels have indicated
larger rates of tangential wind decay than at low and
middle levels. The radial structure of tangential wind
for Hurricane Gloria (Fig. 2a) illustrates this, in agree-
ment with the results of Shea and Gray (1973) and
Frank (1977, his Fig. 9). Nevertheless, the tangential
wind decay in the near-core region for this particular
case is still less than that of a pure Rankine vortex and,
more importantly, the mean tropospheric layer primary
circulation beyond the RMW likely possesses the ap-
proximate radial structure of a modified Rankine vor-
tex.

d. Objectives of current work

Ideally, we would like to compare the radial PV
structure of real TCs with idealized profiles. As already
discussed, this is not currently practical or possible for
a large number of storms. However, vertical relative
vorticity may serve as a proxy for PV at single vertical
levels, as in the recent flight-level observational study
of the hurricane eye and eyewall region performed by
Kossin and Eastin (2001). We follow suit in this study
by comparing flight-level observations of tangential
wind and relative vorticity, which are more widely
available, with their equivalent idealized radial profiles.

Prior studies indicate that the modified Rankine vor-
tex is a more realistic depiction of the tangential wind
structure than pure Rankine vortices. The question re-
mains as to how realistic are other ideal vortex profiles
used in theoretical studies. In particular, how realistic
are the family of vortices used in J95 and RMG that
give contrasting results for the vortex in shear prob-
lem? How realistic is the rapid tangential wind de-
crease of the S90 vortex? Is the location of anticyclonic
relative vorticity too close to the RMW? These particu-

FIG. 2. Radial–height cross sections of Hurricane Gloria’s
(1985) azimuthal-mean (top) Rossby Ertel potential vorticity
(10�7 m2 s�1 K kg�1) (Shapiro and Franklin 1995) and (bottom)
tangential wind (m s�1) (Franklin et al. 1993). Note the different
horizontal scales in the top and bottom panels.
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lar vortex features, and the associated positive radial
vorticity gradient, clearly differentiate the S90 vortex
from the other idealizations shown in Fig. 1.

To our knowledge the current reexamination of the
radial structure of TC primary circulation is one of the
most comprehensive ever undertaken using flight-level
observations. For reasons discussed earlier, we specifi-
cally focus on the near-core region between 1–3 RMW
distances and apply the modified Rankine vortex in a
consistent manner to estimate the radial TC structure.
This particular vortex region has not been specifically
emphasized in prior studies of the primary circulation.
In one respect, we confirm the relative broadness ob-
served in the radial structure of the tangential wind in
the earlier studies discussed. What distinguishes this
study, however, is the additional emphasis on the asso-
ciated skirt of cyclonic relative vorticity observed in all
TCs in the near-core region beyond the RMW. The
current evidence of RMG and SM1,2 suggest that this
region is of critical importance in supporting the resil-
iency of TCs subject to hostile vertically sheared envi-
ronments. These important structural characteristics in-
trinsic to all TCs, are shown to be deficient in some
analytical vortex profiles commonly used in theoretical
studies of TC evolution. This study will thus, in effect,
establish some “ground truth” for the idealization of
radial structure of the TC primary circulation.

The paper is organized as follows. In section 2, the
flight-level dataset is described. The methodology used
for estimating the radial structure of the axisymmetric
tangential wind and relative vorticity for both indi-
vidual storms and multistorm composites is presented
in section 3. For different TC intensity classes, section 4
compares the estimates of the radial structure of the
primary circulation with idealized vortex profiles
(Rankine, Rankine-with-skirt, Gaussian, and S90 vorti-
ces), whose analytical expressions for relative vorticity
and tangential wind are given in appendix A. The im-
plications for the vortex resiliency problem are dis-
cussed in section 5. In section 6, we summarize our
findings and discuss future work.

2. Flight-level data

The data utilized for this study are extracted from the
National Oceanic and Atmospheric Administration
(NOAA) Hurricane Research Division (HRD) archive
consisting of flight-level aircraft observations of Atlan-
tic and eastern Pacific tropical cyclones between 1977
and 2001. During flight missions performed at standard
pressure levels,1 NOAA WP-3D and United States Air
Force (USAF) WC-130 aircraft collect kinematic and
thermodynamic measurements at the respective fre-

quencies of 0.1 and 1.0 Hz. Radial “legs” of data are
obtained as the aircraft perform repeated penetrations
and exits of the TC core through the storm center. The
radial legs of data are usually well distributed in the
various storm quadrants, since they are typically ob-
tained from one or more complete or partial “figure-
four” flight patterns, most often in the N–S–E–W or
NW–SE–NE–SW direction. Although the number of
radial legs sampled and the duration of the flight mis-
sion may vary, the average flight mission typically lasts
6 h and results in eight radial legs of data.

The data processing for the HRD archive requires
two key procedures. First, the original raw wind data is
recomputed in a cylindrical-polar coordinate system
moving with the cyclone center, in which the storm
motion vector is subtracted from the wind velocity. The
storm center location required for this coordinate trans-
formation is estimated for each radial pass using the
algorithm of Willoughby and Chelmow (1982), which
was found to be accurate to within 3 km for intense
hurricanes. Second, the resultant storm-relative data
are smoothed and interpolated to a 300-point radial
grid with nominal 0.5-km grid spacing using a Bartlett
filter. Due to instrumentation failures and tape changes
(Willoughby et al. 1982) the data bins are sometimes
empty, resulting in gaps of missing data in radial flight
legs. Further detailed discussion of aircraft instrumen-
tation and data processing can be found in Jorgensen
(1984), Willoughby et al. (1982), and Samsury and
Zipser (1995).

The resulting HRD database (1977–2001), organized
by storm and flight mission, is comprised of radial data
arrays representing the kinematic and thermodynamic
variables from the storm center to a maximum 150-km
radial extent at 0.5-km intervals.2 A total of 5124 radial
legs of data were obtained from 644 missions into 72
storms during this period. The vast majority of flight
missions occur between 900 and 600 mb, with the 700-
and 850-mb levels sampled most often. Relatively few
aircraft penetrations were performed at or above 500 mb.

Since the radial structure of the primary circulation is
the focus of our study, the tangential component of the
wind velocity is the only meteorological variable
needed. Due to the precision of the modern inertial
navigation (INE) system, greatly improved over the
Doppler aircraft navigation used prior to the mid-1970s
(Willoughby 1990b), the raw horizontal wind measure-
ments are accurate to within 1.0 and 2.0 m s�1 for the
NOAA WP-3D and USAF WC-130 aircraft, respec-
tively (OFCM 1993; Kossin and Eastin 2001). However,
additional error is likely introduced into the storm-

1 Most flight missions were performed at the standard pressure
levels of 900, 850, 700, 600, 500, and 400 mb. A few flight missions,
however, were undertaken at 950, 800, 750, 650, and 550 mb.

2 There exist several flight missions where the maximum radial
extent of the data is either 300 km (Arthur 1984; Gloria 1985) or
75 km (Emily 1987). Since the number of data points in the radial
array is fixed (300) in the HRD database, the nominal 0.5-km grid
spacing is effectively doubled (1.0 km) or halved (0.25 km).
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relative winds due to the uncertainty in the storm cen-
ter location (Samsury and Zipser 1995).

3. Methodology

The HRD flight-level data archive is well suited for
investigating the axisymmetric TC structure (Wil-
loughby and Rahn 2004). For individual flight missions,
the procedure for estimating the azimuthal-mean radial
structure of tangential wind and relative vorticity is first
discussed. These azimuthal-mean estimates for indi-
vidual storm cases are then utilized to construct a mul-
tistorm composite representation of the axisymmetric
vortex structure. Both methods enable comparison with
idealized vortex profiles that have been used to repre-
sent the axisymmetric primary circulation in theoretical
studies.

a. Individual storm estimates of the axisymmetric
primary circulation

The procedure described here involves the estima-
tion of the radial distribution of the azimuthal-mean
tangential velocity by utilizing the available radial legs
of data obtained during a single flight mission. From
this estimate, the azimuthal-mean relative vorticity is
easily derived. Despite the limited azimuthal resolution
of the flight-level data, the persistence that is commonly
observed in the radial structure of the tangential veloc-
ity from profile to profile enables a reasonably accurate
estimate of the slowly evolving axisymmetric compo-
nent. This persistence is demonstrated by tangential
wind asymmetry estimates.

1) TANGENTIAL VELOCITY

In previous flight-level studies, linear least squares
fits to the time-dependent data allowed the estimation
of the axisymmetric tangential wind and geopotential
height evolution during the time period of the data
sampling (Willoughby et al. 1982; Willoughby 1990a,b).
Only a “snapshot” of the axisymmetric tangential wind,
however, is desired here. An azimuthal-mean estimate
is obtained from N radial legs using an arithmetic mean
at each radius ri,

Vi �
1
N �

j�1

N

Vij , �1	

with the subscripts i, j denoting the radial and azimuthal
bin locations, respectively. The estimated azimuthal-
mean radial profiles of tangential wind are then
smoothed with a 5-km (nine point) Bartlett filter for the
desired effect of reducing transient peaks and removing
the smallest scale filamentary structure. The resultant V
profile estimate is representative of the axisymmetric
component at the midpoint time of the sampling period
and is in close agreement with estimates obtained using
the least squares methods of Willoughby et al. (1982).

The averaging procedure often requires the choice of
an optimal subset of the available radial legs that maxi-
mizes the radial extent of the azimuthal-mean estimate
both within and outside the RMW, while retaining uni-
formity in the radial leg distribution. The removal of
some radial legs from the averaging process is often
necessary when the radial extent of the flight leg data is
limited or large gaps (
10 km) are present, since their
inclusion in the averaging procedure would result in a
truncated or discontinuous azimuthal-mean radial pro-
file. Approximately 80% of the flight missions qualify
for the azimuthal-averaging procedure, resulting in 526
estimated azimuthal-mean radial profiles of tangential
wind and relative vorticity. The flight missions in which
data were absent in one or more storm quadrants did
not qualify for azimuthal averaging. This situation is
often a consequence of the prohibition from flying over
land for an approaching storm, in which the data sam-
pling is limited in the storm quadrants nearest landfall
(Willoughby 1990a).

2) RELATIVE VORTICITY

The radial profiles of azimuthal-mean relative verti-
cal vorticity are most easily estimated from the
smoothed azimuthal-mean tangential wind profiles (V)
described above. The symmetric vertical component of
relative vorticity � is related to the symmetric tangential
wind V by the equation �(r) � V/r � dV/dr. The shear
term in the relative vorticity is approximated by cen-
tered differencing, resulting in �(ri) � Vi /ri � (Vi�1 �
Vi�1)/(ri�1 � ri�1).

3) ASYMMETRY

To supplement the axisymmetric radial TC structure
we additionally provide estimates of the asymmetry in
the tangential wind field. This enables an assessment of
the accuracy of our azimuthal-mean estimate and dem-
onstrates the degree of persistence exhibited by the tan-
gential wind data in the various storm quadrants. Here,
the magnitude of the total asymmetry at each radius,
V
i , is estimated from the rms deviation from the azi-
muthal-mean tangential wind V and is given by

V �i �
1
N��

j�1

N

�Vij � Vj	
2. �2	

Note that this estimate of the tangential wind asymme-
try magnitude may have contributions that arise from
both the evolution of the axisymmetric component dur-
ing the sampling time period and the error induced by
the imprecise determination of the TC center.

4) AN ILLUSTRATIVE EXAMPLE

An example of the procedure employed here is dis-
cussed for a particular flight mission into Hurricane
Floyd (1999). The radial profiles of tangential wind and
associated individual radial legs are displayed in Fig. 3,
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in addition to estimates of the azimuthal-mean (V) and
magnitude of the total asymmetry (V
). The choice of
the first 8 of the 10 available radial legs of data sampled
was sufficient for obtaining reasonable V estimates ex-
tending from approximately 10–140-km radius. The
particular case chosen here exhibited a large variation
in the radius of the local tangential wind maxima asso-
ciated with the individual radial legs. This is reflected in
the maximum of V
 inside the azimuthal-mean RMW,
which may arise from a combination of real core asym-
metries, symmetric vortex contraction associated with
intensification (or expansion) during the sampling pe-
riod, or from error in the storm center determination.
Since Floyd was rapidly intensifying during this particu-
lar flight mission (Mallen 2004), all three factors likely
contributed to the peak in V
. Outside the RMW, the
relatively small and approximately constant values of
V
 are indicative of the slow coherent decay of tangen-
tial wind in all storm quadrants. Overall, the degree of
asymmetry is small and the azimuthal-mean estimate V
in Fig. 3 is representative of the axisymmetric structure

of Floyd at the midpoint time of the flight mission. The
structural features of Floyd discussed here were also
observed in the storms studied by Willoughby et al.
(1982) and, as discussed in section 4c, are persistent
in TCs.

b. Multistorm composites of the primary circulation

Multistorm composite approaches in some previous
flight-level studies of the mean tangential wind field
have utilized a method that combines all of the indi-
vidual radial legs from one or more storms by averaging
with respect to radial distance from the local radius of
maximum wind. By aligning the peaks of the individual
radial legs, this approach has the advantage of separat-
ing profile features inside and outside of the RMW
(Shea and Gray 1973), and has proven useful for un-
derstanding eye–eyewall dynamics (Kossin and Eastin
2001) and secondary maxima associated with outer con-
vective bands (Samsury and Zipser 1995). This averag-
ing method, however, is not appropriate for estimating
the axisymmetric TC structure. According to Wil-
loughby (1991), an overestimated supergradient maxi-
mum is produced in which the often sharply peaked
transient local maxima of the individual radial leg pro-
files are preserved.

A novel composite method is introduced here to ob-
tain the average normalized radial structure of tangen-
tial wind and relative vorticity from a group of indi-
vidual storm cases represented by their V and � radial
profile estimates. As discussed previously, the esti-
mated azimuthal-mean V profiles for individual storm
flight missions are first obtained by appropriately aver-
aging the individual radial legs at fixed radii [Eq. (1)],
thereby enabling the proper estimation of the axisym-
metric tangential wind maximum (Vmax) and the cor-
responding RMW. The radial profiles of V for each
storm case are then scaled so that the resultant profile
possesses a unit maximum located at unit radius. A
nondimensional composite tangential wind may then
be obtained by averaging3 together the normalized azi-
muthal-mean estimates (V/Vmax) with respect to a nor-
malized radius (r/RMW). To assess the mean asymme-
try in the tangential wind field for a group of storm
cases, this method is also applied to the radial profiles
of V
. The only difference in estimating the composite
structure for the azimuthal-mean relative vorticity is
the normalization of the radial profiles of � by the value
at the RMW, �max � Vmax/RMW, which is consistent
with the scaling used to normalize V.

3 Since the constant radial grid spacing (�r � 0.5 km) of the
flight-level data will vary from case to case after radial scaling by
the differing RMW (�r
 � �r/RMW), the normalized data are
interpolated to a common nondimensional radial grid for the pur-
pose of composite averaging. To preserve the data resolution of
all the individual cases, the common grid spacing associated with
the case possessing the largest RMW is chosen (�r
min � �r/
RMWmax).

FIG. 3. (bottom) Radial flight leg segments, numbered in the
order of data sampling, are plotted relative to the center of Hur-
ricane Floyd (1999). Here, X denotes exclusion of the indicated
radial leg from azimuthal averaging. (top) Radial leg profiles of
tangential velocity (thin curves) overlaid with the azimuthal-mean
estimate V (thick curve) representing the midpoint time of the
flight mission. The magnitude of the total asymmetry V
 is esti-
mated by the rms deviation from the azimuthal-mean tangential
velocity V (dotted curve).
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