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ABSTRACT

Hurricane Dolly (2008) exhibited dramatic inner-core structural variability during a 6-h rapid in-

tensification and deepening event just prior to making landfall in southern Texas at 1800 UTC 23 July. In

particular, the eyewall was highly asymmetric from 0634–1243 UTC, with azimuthal wavenumber m 5 4–7

patterns in the eyewall radar reflectivity and prominent mesovortex and polygonal eyewall signatures. Evi-

dence is presented that the most likely cause of the high-wavenumber asymmetries is a convectively modified

form of barotropic instability of the thin eyewall potential vorticity ring. The rapid intensification and

deepening event occurred while Dolly was in a favorable environment with weak deep-layer vertical wind

shear and warm sea surface temperatures; however, the environmental conditions were becoming less fa-

vorable during the period of rapid intensification. Therefore, it is plausible that the internal vortex dynamics

were dominant contributors to the rapid intensification and deepening.

1. Introduction

One of the most important unsolved problems in

tropical meteorology today is tropical cyclone (TC) in-

tensity variability, including rapid intensification. It is

widely known that TC intensity change is caused by

environmental, oceanic, and internal dynamical factors

(Wang and Wu 2004). One such important internal pro-

cess is the dynamic instability of the eyewall potential

vorticity (PV) annulus, its breakdown, and subsequent eddy

flux of PV from the eyewall into the eye. This instability is

more common in hurricanes (i.e., TCs with maximum

sustained surface winds greater than 64 kt) because

the radial profile of PV typically has a maximum in the

eyewall region, where PV is continually produced by

diabatic heating. Thebarotropic or combinedbarotropic–

baroclinic instability of the eyewall and subsequent

mixing has been a topic ofmuch recent interest (Schubert

et al. 1999; Kossin and Schubert 2001; Kossin and Eastin

2001; Montgomery et al. 2002; Terwey and Montgomery

2002; Kossin et al. 2002; Nolan and Montgomery 2002;

Nolan and Grasso 2003; Kossin and Schubert 2004;

Kwon and Frank 2005; Rozoff et al. 2009; Hendricks

et al. 2009; Hendricks and Schubert 2010).

Detailed observations of the inner-core evolution of

TCs have been sparse because TCs generally exist over

the open oceans. However, on aircraft reconnaissance

missions, airborne radar data have shown that significant

variability can exist in the eyewall region (Marks et al.

1992; Reasor et al. 2000; Roux and Viltard 2004). Rarely

are land-based Doppler radars able to capture intricate
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structural details of organized eyewalls, because the hur-

ricane typically becomes disorganized as it approaches the

coast, and second because there is a relatively short

window of time prior to landfall that the storm is in radar

range. Such a rare event occurred in 2008, as Hurricane

Dolly approached the Texas coast. Unprecedented ob-

servations of the inner core ofDolly were taken from the

National Weather Service Weather Surveillance Radar-

1988 Doppler (WSR-88D) in Brownsville, Texas, prior

to landfall. The observations showed a dynamic eyewall

with significant azimuthal variability on short times

scales (30 min to 1 h) during a 6-h rapid intensification

and deepening period before it made landfall. The

purpose of this note is to document this dramatic

variability and to understand its role in the intensity

variability of Dolly prior to landfall. This note is orga-

nized as follows. A brief synoptic history of Dolly is

provided in section 2. An environmental analysis is

provided in section 3. Analysis of the observed inner-

core structural variability, along with numerical model

simulations, are given in section 4. A summary is pro-

vided in section 5.

2. Synoptic history

The synoptic history of Dolly is provided by Pasch

and Kimberlain(2011), and the track is given in Fig. 1.

Dolly’s origin can be traced to a tropical wave exiting

Africa on 11 July 2008; however, it did not form into

a tropical storm until 20 July, when it was in the western

Caribbean Sea. After crossing the Yucatan peninsula at

1200 UTC 21 July, it moved westward toward southern

Texas and slowed down. Dolly made landfall in South

Padre Island at 1800UTC23 July as a category-1 hurricane

with maximum winds of 75 kt (1 kt 5 0.5144 m s21). Af-

ter landfall, Dolly weakened and moved along the Texas

and Mexico border.

The National Hurricane Center (NHC) best-track

intensity estimates are shown in Fig. 2. These intensity

estimates are based in part upon multiple aircraft re-

connaissance missions that were conducted in Dolly

from both the National Oceanic and Atmospheric Ad-

ministration (NOAA) WP-3D and the U.S. Air Force

(USAF) Reserve 53rd Weather Reconnaissance Squad-

ron WC-130J aircraft. The vertically oriented solid black

line indicates the landfall time, and the gray-shaded area

indicates the period of significant eyewall asymmetries,

FIG. 1. The track ofHurricaneDolly. Each gray dot is 6 h apart. TheNHCbest-track intensity is

also given at a number of date–time groups.

FIG. 2. Intensity of HurricaneDolly by maximum sustained wind

and minimum central pressure. The landfall time is marked by the

solid black line and the gray-shaded area denotes the time period

with dramatic eyewall structural variability. Note the extra obser-

vation at 1400 UTC 23 Jul from the U.S. Air Force WC-130J re-

connaissance aircraft.
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which is the focus of this note. Prior to 1200 UTC 22 July,

Dolly had a steady intensity of approximately 40–45 kt.

From 1200 UTC 22 July until approximately 1400 UTC

23 July, Dolly experienced rapid intensification, during

which themaximum sustained wind increased from 45 to

85 kt, and the minimum pressure fell from 990 to 965 hPa.

A significant portion of this rapid intensification oc-

curred in the 6-h time frame between 0600 and 1200UTC

23 July (gray-shaded area). In this short time period the

maximum sustained winds increased from 70 to 85 kt,

and the pressure fell from 982 to 963 hPa. The rapid in-

tensification event occurred just prior to Dolly making

landfall in southern Texas.

3. Environmental analysis

To help understand the relative roles of the internal

and environmental processes in the rapid intensification

and deepening of Dolly prior to landfall, analysis of the

environmental conditions in the vicinity of Dolly are

presented here. Four critical environmental parameters

for tropical cyclone intensity change are the deep-layer

vertical wind shear, sea surface temperature (SST), low-

tomidlevel relative humidity, and upper-level divergence.

A brief review of how each of these factors modulates

TC intensity is discussed in section 2c of Hendricks et al.

(2010), and a more extensive review is provided byWang

and Wu (2004). These environmental parameters were

obtained from the Statistical Hurricane Intensity Pre-

diction System (SHIPS) database (DeMaria et al. 2005)

during the period just prior to landfall. The atmospheric

parameters are calculated using the Global Forecast

System (GFS) operational analysis. The SHIPS database

parameters used were (i) SHRD: magnitude of the deep-

layer 850–200-hPa shear vector averaged from r5 200 to

800 km, (ii) RSST: Reynolds analysis sea surface tem-

perature (Reynolds and Smith 1993), (iii) D200: 200-hPa

divergence averaged from r 5 0 to 1000 km, and

(iv) RHMD: 700–500-hPa relative humidity averaged

from r 5 200 to 800 km.

The deep-layer shear and SST are plotted in Fig. 3a

from 1200 UTC 22 July to 0000 UTC 24 July. The period

of eyewall asymmetries (and rapid intensification and

deepening) is shaded in light gray. It can be seen that

the shear was increasing prior to 0600 UTC 23 July,

reaching a value of 6 m s21 during the period of eyewall

asymmetries. The average sea surface temperature grad-

ually became cooler from 1200 UTC 22 July to 0000 UTC

24 July, decreasing from 29.28 to 27.98C. The upper-level

divergence and midlevel relative humidity are plotted in

Fig. 3b. As shown by Fig. 3b, from 0000 to 1200 UTC

23 July, the upper-level divergence decreased signifi-

cantly, from 4.7 3 1026 to 1.0 3 1026 s21. The average

low- tomidlevel relative humidity decreased from 0000 to

0600 UTC 23 July (from 67% to 62%), then increased

from 0600 to 1200 UTC 23 July (from 62% to 69%).

Synthesizing the above results, the environment was very

favorable for intensification between 1200 UTC 22 July

and 0000 UTC 23 July. The SSTs were greater than 298C,
the deep-layer shear was approximately 3 m s21, and

strong upper-level divergence existed. The environment

became less favorable from 0000 to 1200 UTC 23 July.

The SSTs decreased to 28.98C on average, the deep-layer

shear increased to 6 m s21, and the upper-level di-

vergence decreased significantly.

During the period of interest here (gray-shaded area of

Figs. 3a and 3b), when Dolly was rapidly intensifying and

deepening with prominent eyewall asymmetries, the envi-

ronmental conditions were generally becoming less favor-

able. From the four important environmental parameters

examined, all except the midlevel relative humidity were

becoming less favorable for intensification. Therefore, it is

possible that the rapid intensification and deepening event

may have been more strongly controlled by the vortex in-

ternal dynamics than the environmental conditions for this

case. This is explored in the next section.

4. Inner-core analysis

a. Observed eyewall evolution

The observed inner-core evolution of Dolly was cap-

tured by the National Weather Service Doppler radar

located in Brownsville, Texas (station identifier: KBRO).

In Fig. 4, the base radar reflectivity from KBRO is shown

from 0400 to 1400 UTC 23 July, which is during the rapid

intensification and deepening event. Radar images are

shown every 2 h, and a time series of best-track intensity

(red line) and central pressure (blue line) is plotted above

each panel, with the time corresponding to the radar

image denoted by a vertical green line. In Fig. 4a, Dolly is

just coming into viewof the radar. By 0600UTC (Fig. 4b),

some eyewall asymmetries can be seen in the reflec-

tivity, particularly on the northern portion of the eye-

wall. By 0800 UTC (Fig. 4c), there is a high azimuthal

wavenumber pattern in the eyewall (wavenumber 5 or

6). By 1000 UTC (Fig. 4d), the most prominent pattern

has been reduced to wavenumber 4 or 5. At 1200 UTC

(Fig. 4e), there is more variability on the southern part of

the eyewall. Finally, by 1400UTC (Fig. 4f), the inner-core

of Dolly becomes more axisymmetric. There now exists

a wavenumber-1 pattern in the reflectivity, with most of

the deep convection on the southern side of the eyewall.

As noted by Pasch andKimberlain (2011), the opening of

the eyewall on the northern semicircle at this time was

a factor causing Dolly to weaken just prior to landfall,

perhaps due to ingestion of drier air.
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A detailed view of Dolly’s inner-core evolution is

provided in Fig. 5. Here the evolution of Dolly’s eye-

wall is provided at approximately 30-min intervals,

from 0503 to 1433 UTC 23 July, during the rapid in-

tensification event. The diameter of the eyewall is ap-

proximately 45–50 km (inferred from the radar data).

Here structural variability on very short time scales can

be seen (30 min to 1 h), with the eyewall vacillating be-

tween wavenumber-4–6 patterns. At many instances, the

inner edge of the eyewall has small curved features (e.g.,

at 0900 UTC), resembling mesovortices. At other in-

stances, straight-line segments and polygonal eyewalls

can be seen. An interesting feature that can be seen in

Fig. 5 is the evolution of the eyewall asymmetries from

higher to lower azimuthal wavenumbers. From 0702 to

0943 UTC 23 July, the asymmetries are at azimuthal

wavenumbers m 5 6–7. Subsequently from 0934 to

1234 UTC, the asymmetries are observed to be at

lower azimuthal wavenumbers m 5 4–5. Finally, from

1234 to 1433 UTC, the eyewall is observed with a

wavenumber m 5 1 pattern with the highest radar

reflectivity on its southern portion. It is not known

whether the high-wavenumber asymmetries evolve into

lower-wavenumber asymmetries, or whether the high-

wavenumber asymmetries grow first, decay, and then are

followed by a slower-growing lower-wavenumber asym-

metry. This phenomenon is of scientific interest and

warrants further research.

FIG. 3. Evolution of the environmental conditions in the vicinity of Dolly. (a) 200–850-hPa

deep-layer wind shear magnitude and SST, and (b) 200-hPa divergence and 700–500-hPa rel-

ative humidity. The gray-shaded region denotes the period of eyewall asymmetries and rapid

intensification and deepening.
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FIG. 4. Structural variability of HurricaneDolly from the KBRO radar and associated intensity fromNHCbest-track data. The time of the

image is indicated by the vertical green line on the intensity and pressure plot.
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In Fig. 6, the vertical structure of the inner core is shown

at 1052 UTC 23 July. At this time, at low levels, there is

a prominent wavenumber-4 pattern. The wavenumber-4

pattern exists to a height of approximately 4200 m (al-

though it is not as pronounced as near the surface).

Moving to upper levels (9800 m), the eyewall is more

axisymmetric. This demonstrates that the asymmetries

in the eyewall are primarily confined to lower levels

during the instability. This observation is consistent with

the three-dimensional numerical modeling results of

Hendricks and Schubert (2010), who showed that un-

stable PVwaves growmost rapidly at lower levels where

FIG. 5. Detailed temporal evolution of the eyewall of HurricaneDolly. The first panel is at 0503 UTC 23 Jul, and each subsequent panel

is approximately 30 min after the previous panel. Panels increase in time in the horizontal. The last panel is at 1433 UTC 23 Jul. The

approximate diameter of the eyewall is 45–50 km.
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the radial shear of the tangential velocity is largest (cf.

Schubert et al. 1999). Another important feature to note

is that the phases of the asymmetries are approximately

the same from 1300 to 4200 m. There exists no apparent

upshear tilt of the asymmetries in the vertical, which

would signify that a baroclinic instability is occurring.

Therefore, barotropic instability appears to be the dom-

inant cause of the asymmetries in theDolly case, and the

entire hollow PV tower below 4200 m breaks down in

unison. The following supplemental materials are also

included to enhance the description of the eyewall evo-

lution of Hurricane Dolly in this section: (i) radar ani-

mation with intensity, (ii) close-up animation of the

eyewall, (iii) visible and infrared satellite animations,

and (iv) seven vertical scans of the eyewall at 1052 UTC

23 July.

b. Aircraft reconnaissance data

A U.S. Air Force WC-130J reconnaissance aircraft

completed a mission into Dolly from 0800 to 2016 UTC

23 July. During the period of interest here, the aircraft

completed three radial flight legs (from1040 to 1230UTC),

shown in Fig. 7a. The flight level was 700 hPa and the

data output was available every 10 s. The aircraft data

were obtained from the NOAA/Atlantic Oceanographic

and Meteorological Laboratory/Hurricane Research

Division in Miami, Florida (http://www.aoml.noaa.gov/

hrd/). The flight-level winds were used as a proxy to as-

certain azimuthal mean characteristics of the tangential

velocity and relative vorticity at lower levels (cf. Kossin

and Eastin 2001).

In computing the relative vorticity, it was assumed

that the winds measured on the flight legs were mostly

tangential since the aircraft flew above the boundary

layer directly through the vortex center. The data pro-

cessing procedure is as follows. First, the aircraft posi-

tion and measured wind speed were interpolated to a

radial grid with the origin at the location of theminimum

measured wind speed (the center of the eye). A five-

point smoothing filter was applied to the raw winds to

reduce high-frequency variability, effectively removing

variability with horizontal wavelengths less than 5 km.

FIG. 6. Inner-core of Dolly as seen by KBRO at different vertical heights at 1052 UTC 23 Jul: 1300, 2700, 4200, and 9800 m.
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For convenience of examining all legs in the same ref-

erence frame, while simplifying the inbound and out-

bound portion of each leg, increasing radii were set to

denote moving across the TC on a given leg from left to

right. Thus, for legs 1 and 2, increasing radii denotes

moving across the leg backward in time, while for leg 3,

the opposite is true. Next, the irregularly gridded flight-

level winds were interpolated to a regular grid with

spacing of dr 5 1 km, which is similar to the average

spacing of the irregular grid. Then, the relative vorticity

was calculated using centered differencing of the winds

on this regular grid [i.e., zi11/25 yi11/2/ri11/21 (yi112 yi)/

(ri11 2 ri), where ri11/2 5 (ri 1 ri11)/2, and yi11/2 5 (yi 1
yi11)/2]. Finally, a three-point smoothing filter was ap-

plied to the relative vorticity to further reduce high-

frequency variability, while retaining characteristics of

the azimuthal mean vorticity.

In Figs. 7b–d, both the flight-level winds and relative

vorticity are given in the inner region of each flight

leg. Examining the winds in leg 1 in Fig. 7b, the eye

diameter of Dolly is approximately 50 km. The relative

vorticity exhibits a thin and moderately hollow profile

(i.e., a thin vorticity ring with maximum vorticity in the

eyewall and some vorticity in the eye) to the northeast

of the center and more Rankine-like to the southwest.

Peak winds and vorticity at this time are approximately

40 m s21 and 0.005 s21, respectively. Moving to leg 2

(Fig. 7c), the relative vorticity exhibits a more hollow

profile to the southeast and more Rankine-like to the

northwest. Finally, by leg 3 (Fig. 4d), the winds have

increased to 45 m s21, and the relative vorticity has

a hollow profile across the eye, moving from north to

south. At this time, the eye diameter has decreased

slightly to 45 km.

FIG. 7. (a) Radial flight legs from the U.S. Air Force WC-130J reconnaissance aircraft on 23 Jul. (b) Flight-level winds and relative

vorticity from inner region of leg 1. (c) As in (b), but for leg 2. (d) As in (c), but for leg 3. Legs are centered on the recordedminimumwind

speed by the WC-130J aircraft, and radii increase outward from the center.
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During this reconnaissance mission, Dolly was under-

going dramatic inner-core structural variability, as shown

by Fig. 5. The time period of leg 1 corresponds to the

1030 UTC image, the time period of leg 2 corresponds to

the 1132/1200 UTC images, and the time period of leg 3

corresponds to the 1200/1234 UTC images. Overall, the

reconnaissance data indicated that the relative vorticity

exhibited variation from moderately hollow to Rankine-

like radial profiles. Since the Rayleigh necessary con-

dition for barotropic instability was satisfied on some

portions of the radial legs (i.e., the radial vorticity gra-

dient changes sign), and considering the morphology

of the radar reflectivity depicted in Figs. 4 and 5, it is

very likely that the cause of the asymmetries in Dolly

was dynamic instability of its thin vorticity ring. This is

explored through numerical simulations in section 4c.

c. Numerical simulations

To confirm that the origin of the Dolly asymmetries

was dynamic instability of the eyewall, numerical sim-

ulations were conducted with a shallow-water model.

Although the shallow-water model is an oversimplifica-

tion of the real atmosphere, it is a useful starting point to

understand barotropic instability and advective dynamics.

The numerical model is based on the vorticity-divergence

formulation of the shallow-water equations:

›d

›t
1$ � f(f 1 z)k3ug1=2

�
gh1

1

2
u � u

�
5 0, (1)

›z

›t
1$ � f(f 1 z)ug5 0, (2)

›h

›t
1$ � f(h1 h)ug5 0, (3)

where u is the horizontal velocity vector, f is the constant

Coriolis parameter, k is the vertical unit vector, z 5 k �
$3 u is the relative vorticity, d5 $ � u is the divergence,

g is the acceleration of gravity, and h is the deviation of

the free surface height from the constant mean value

h 5 6371m.

The solutions presented here were obtained with a

double Fourier pseudospectral discretization, using a

600 km 3 600 km domain with 512 3 512 points. After

dealiasing of the quadratic advection terms, 170 Fourier

modes were kept, yielding an effective resolution of

3.52 km. To control spectral blocking, ordinary =2 dif-

fusion terms were included on the right-hand sides of the

prognostic equations (1)–(3). The numerical diffusion

coefficient was set to 25 m2 s21. Time differencing was

accomplished using a third-order explicit scheme with

a time step of 4 s. The constants in (1)–(3) were chosen

to be f 5 3.7 3 1025 s21 and (gh)1/2 5 250m s21.

An initial condition of a thin vorticity ring was con-

structed in accordance with the flight-level vorticity of

leg 1 from r 5 0 to 30 km. The initial condition was

defined mathematically by

z(r, 0)5

8>>>>>>>>>>>>>><
>>>>>>>>>>>>>>:

z1 0# r# r1

z1S

�
r2 r1
r22 r1

�
1 z2S

�
r22 r

r22 r1

�
r1# r# r2

z2 r2# r# r3 ,

z2S

�
r2 r3
r42 r3

�
1 z3S

�
r42 r

r42 r3

�
r3# r# r4

z3 r4# r,‘

(4)

where z1, z2, z3, r1, r2, r3, and r4 are constants, and S(s)5
1 2 3s2 1 2s3 is a cubic Hermite shape function that

provides smooth transition zones. The eyewall is defined

as the region between r2 and r3, and the transition zones

are defined as the regions between r1 and r2, and r3 and

r4. Here z1 5 2.0 3 1023 s21, z2 5 5.0 3 1023 s21, r1 5
15 km, r2 5 19 km, r3 5 23 km, and r4 5 27 km. Here z3
was set to a small negative number so the circulation is

zero at the boundaries. The ring was constructed such

that the maximum tangential velocity was set to 40 m s21

(77 kt), consistent with the Dolly observations during

its structural variability phase. To initiate the instability

process, a broadband perturbation was added to the

basic-state vorticity. The initial h field was determined

by solving the nonlinear balance equation, and the initial

d field was set to zero. Schubert et al. (1999) used two

parameters to define hurricane-like vorticity rings: the

hollowness parameter g5 z1/zav (where zav5 0.0036 s21

is the average inner-core vorticity) and the thickness

parameter, denoted here as a5 (r1 1 r2)/(r3 1 r4). For

this ring g 5 0.72 and a 5 0.67, which according to

barotropic theory and idealized simulations is most un-

stable to azimuthal wavenumbers 5–6 (Schubert et al.

1999; Hendricks et al. 2009).

The evolution of the potential vorticity P 5 h(f 1 z)/h

for the experiment is given in Fig. 8. By t 5 2.5 h, the

most unstable mode of azimuthal wavenumber 5 begins

to become visible and grows by t5 3.75 h. Finally, by t5
5.0 h and t5 6.25 h, the wavenumber-5 pattern becomes

more prominent. The numerical simulation confirms

that barotropic instability of a vortex with Dolly’s ob-

served radial vorticity profile (from the WC-130J air-

craft) can produce the high azimuthal wavenumber

asymmetric variability of similar structure and on simi-

lar time scales that were observed (Fig. 4). Therefore, it

is most plausible that the asymmetries depicted in Dolly
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were a result of barotropic instability of its thin potential

vorticity ring.

d. Discussion

We have documented significant inner-core struc-

tural variability observed in Hurricane Dolly during

a rapid intensification and deepening event from 0600

to 1200 UTC 23 July 2008. It has been shown that the

most likely cause of the high-wavenumber asymmetries

is a convectively modified form of dynamic instability of

a thin potential vorticity ring. In the context of balanced

dynamics, previous idealized modeling work has shown

that when dry unstable barotropic vortices break down,

both the minimum pressure and maximum sustained

wind simulaneously decrease (Schubert et al. 1999; Kossin

and Schubert 2001; Hendricks et al. 2009; Hendricks and

Schubert 2010). The reduction in pressure occurs because

the asymmetric mixing of high PV air from the eyewall

FIG. 8. Evolution of the PV ring matching Dolly’s radial vorticity profile for leg 1 in the shallow-water model. Only

the inner 100 km 3 100 km of the 600 km 3 600 km domain is shown.
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into the eye increases the centrifugal term in the gradi-

ent wind balance equation, while the reduction in tan-

gential velocity happens because the PV is fluxed from

the eyewall into the eye, reducing the winds in the eye-

wall. While the dry barotropic-balanced dynamics ex-

plains a portion of the reduction in minimum surface

pressure in Dolly, the increase in low-level winds cannot

be explained by this mechanism. It is possible that dia-

batic effects could have combined with the dry dynamics

to create an increase in low level PV (and therefore the

low-level winds) for this case. However, there are many

more complicating factors of how this process proceeds

in the real atmosphere. For example, in full-physics nu-

merical simulations, Yang et al. (2007) found that the net

effect of the asymmetries was to reduce the maximum

intensity of the cyclone (cf. an axisymmetric simulation)

through a thermodynamic mechanism where downdraft

cooling and drying effects were limited, leading to re-

duced surface fluxes underneath the eyewall. In contrast

to this, Chen andYau (2001) found that inward PVmixing

caused intensification of the hurricane. Clearly, the in-

teraction of convective and dynamic instabilities as well

as their relationship to tropical intensity variability, de-

serve further research in a hierarchy of numerical mod-

eling frameworks.

5. Summary

Hurricane Dolly (2008) exhibited dramatic inner-core

structural variability in a 6-h rapid intensification and

deepening event, from 0600 to 1200 UTC 23 July, prior

to making landfall in southern Texas. Doppler radar

data from the National Weather Service in Brownsville,

Texas, indicated a dynamically active, highly asymmet-

ric eyewall during this period. Prominent mesovortex

and polygonal eyewall features were observed at azi-

muthal wavenumbers m 5 4–7 from 0634 to 1234 UTC,

and these features subsequently were observed to be at

lower wavenumbers from 1307 to 1433 UTC. It has been

shown here that the eyewall structural variability and

a portion of the rapid deepening event (982–963 hPa)

was most likely caused by barotropic instability of the

eyewall PV ring and the ensuing PV mixing event, con-

sistent with idealized dry, adiabatic and quasi-inviscid

two-dimensional and three-dimensional modeling work.

The rapid intensification event (70–85 kt) that occurred

was not consistent with this idealized work, and may

have resulted from a complicated nonlinear interaction

between the dynamic instability (and subsequent PV

advection) and diabatic/frictional effects in three di-

mensions. Further research on the modification of dry

dynamic instability by diabatic and frictional effects

appears warranted for the hurricane case. Overall, the

results presented here indicate that internal vortex dy-

namics can be very important for rapid variability in

tropical cyclone intensity.
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