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ABSTRACT

Multiplatform observations of Hurricane Rita (2005) were collected as part of the Hurricane Rainband and
Intensity Change Experiment (RAINEX) field campaign during a concentric eyewall stage of the storm’s life
cycle that occurred during 21-22 September. Satellite, aircraft, dropwindsonde, and Doppler radar data are
used here to examine the symmetric evolution of the hurricane as it underwent eyewall replacement.

During the approximately 1-day observation period, developing convection associated with the secondary
eyewall became more symmetric and contracted inward. Latent heating in the emergent secondary eyewall
led to the development of a distinct toroidal (overturning) circulation with inertially constrained radial inflow
above the boundary layer and compensating subsidence in the moat region, properties that are consistent
broadly with the balanced vortex response to an imposed ring of diabatic heating outside the primary eyewall.
The primary eyewall’s convection became more asymmetric during the observation period, but the primary
eyewall was still the dominant swirling wind and vorticity structure throughout the period.

The observed structure and evolution of Rita’s secondary eyewall suggest that spinup of the tangential
winds occurred both within and above the boundary layer, and that both balanced and unbalanced dynamical
processes played an important role. Although Rita’s core intensity decreased during the observation period,
the observations indicate a 125% increase in areal extent of hurricane-force winds and a 19% increase in
integrated kinetic energy resulting from the eyewall replacement.

Naval Postgraduate School, Monterey, California, and National Center for Atmospheric Research,* Boulder, Colorado

Naval Postgraduate School, Monterey, California, and NOAA/AOML Hurricane Research Division, Miami, Florida

1. Introduction

The eyewall of a mature tropical cyclone (TC) is a
nearly circular ring of convection containing heavy pre-
cipitation and the strongest wind speeds in the storm.
Observational evidence has long suggested that once a
TC has reached a sufficient intensity, it may form a sec-
ondary eyewall outside the primary one, resulting in one
or more concentric rings of convection and a weakening
of the primary vortex (Willoughby et al. 1982; Houze
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et al. 2007, and references therein). Because of an in-
complete understanding of the underlying dynamics and
thermodynamics of secondary eyewall formation and
evolution, forecasts of intensity change related to eyewall
replacement are still inadequate. Our incomplete under-
standing of the phenomenon is compounded by a lack of
detailed observations of the eyewall replacement process
and the exceptional timing and coordination of aircraft
flights that is required. One noteworthy example of suc-
cessful observations obtained from aircraft data is the case
of Hurricane Gilbert’s (1988) double eyewall structure
and kinematics (Black and Willoughby 1992; Dodge et al.
1999). These data were nonetheless limited in their abili-
ty to clearly discern the dominant mesoscale processes
controlling the eyewall replacement.

The Hurricane Rainband and Intensity Change Ex-
periment (RAINEX) flights in Hurricane Rita (2005)
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were the first to extensively observe an eyewall replace-
ment with the Electra Doppler radar (ELDORA; Houze
et al. 2006). Houze et al. (2007) and Didlake and Houze
(2011) presented the mesoscale structure of Rita’s con-
centric eyewalls derived from RAINEX data, and in this
work we more fully explore this dataset by examining
the time evolution of Rita’s eyewall replacement. As a
first step to understanding concentric eyewall evolution,
this study focuses on the collective effects of rotating deep
convective structures as represented by the azimuthal av-
erage of the observed three-dimensional state variables.
Although recent work indicates that the intensification
process is inherently three-dimensional (Nguyen et al.
2008), the axisymmetric ‘“‘mean-field” view still provides
a useful vantage point for understanding the system-scale
aspects of the intensification process (Montgomery and
Smith 2011, manuscript submitted to Quart. J. Roy. Me-
teor. Soc.) and eyewall replacement process in particular.

Building on Eliassen’s (1952) pioneering work ex-
amining the slow meridional circulation of the zonally
symmetric general circulation driven by heat and momen-
tum forcing, Willoughby (1979), Shapiro and Willoughby
(1982), and Schubert and Hack (1982, 1983) developed
an analogous mathematical framework for studying
the slow axisymmetric evolution of a circular hurricane
vortex in gradient and hydrostatic balance subject to
heat and tangential momentum forcing. To maintain a
state of gradient and hydrostatic balance, the theory
furnishes a diagnostic differential equation for the trans-
verse streamfunction in the radius-height plane. This
equation and its inversion for the streamfunction, along
with the corresponding tendency equations for tangential
momentum and potential temperature, will be referred
to here as the Eliassen balance model (EBM). The EBM
has proven useful for interpreting hurricane observations
(Willoughby et al. 1982) and cloud-representing numer-
ical simulations of tropical cyclogenesis (Hendricks et al.
2004; Montgomery et al. 2006b; Fudeyasu et al. 2010; Fang
and Zhang 2010) and intensification (Bui et al. 2009;
Fudeyasu and Wang 2011).

In the EBM, a tangential momentum sink (i.e., drag at
the sea surface) forces a streamfunction gyre with inflow
through the source and compensating outflow above it,
with upward motion radially inward of the momentum
sink. A heat source (i.e., condensational heating in a
convective ring) forces a mesoscale updraft through the
source, with compensating downdrafts radially inward
and outward. A ring of heating that is strongest at
middle levels will thus drive an inflow toward the ring at
low levels and away from the ring at upper levels. We
will suggest here that the observed evolution of the
axisymmetric secondary circulation derived from the
ELDORA radar data can be described to first order by
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the balanced response to changes in heating and vor-
ticity in two concentric rings.

A weak toroidal (overturning) circulation associated
with the incipient secondary eyewall will be shown to
develop into a strong toroidal circulation, which is dis-
tinct from that of the primary eyewall. An increase in the
depth of the radial inflow at the secondary eyewall is
argued to be associated with an increase in azimuthally
averaged heating as the convective ring becomes more
symmetric. The formation of an eyelike ‘““moat” has been
proposed to be the result of forced subsidence from both
eyewalls combined in a region of strong inertial stability
and rapid filamentation of convection (Rozoff et al. 2006).
Quad-Doppler radar analysis and flight-level data will
provide evidence for deep subsidence and strong radial
shear of the tangential wind in the moat region.

Ooyama (1982) argued that the mechanism of in-
tensification was in association with the thermally driven
radial inflow in a deep layer, in conjunction with con-
servation of absolute angular momentum M.' Smith
(1981), Schubert and Hack (1982), and Shapiro and
Willoughby (1982) developed the mechanism further,
deriving mathematical expressions for the contraction
and amplification of a tangential wind maximum by la-
tent heat release near the radius of maximum winds
(RMW). Smith et al. (2009) and Montgomery and Smith
(2011, manuscript submitted to Quart. J. Roy. Meteor.
Soc.) showed that thermally driven radial inflow is only
one of two axisymmetric mechanisms for spinning up the
mean vortex. In this paper we define the ““first mecha-
nism’’ as the radial convergence of M above the boundary
layer produced by the balanced secondary circulation in
response to the collective effects of diabatic heating in a
ring of rotating deep convection. This mechanism was
also proposed to explain how the mean vortex can ex-
pand in size. We define the “second mechanism” as an
additional spinup of the tangential winds within the
boundary layer in the inner-core region of the storm due
to unbalanced dynamics. The spinup is also associated
with radial convergence of M, but in the second mech-
anism the convergence occurs in the boundary layer
where M is not materially conserved because of fric-
tional torque. In the absence of diabatic heating (i.e., the
first mechanism) this torque leads to a spindown of the
boundary layer flow. Spinup of the boundary layer flow
can occur when the radial inflow is sufficiently large to
converge rings of air to small radii with minimal loss

! The azimuthally averaged absolute angular momentum in cy-
lindrical coordinates is given by M = rv + fr?/2, where r denotes the
radius from the system center, f denotes the Coriolis parameter,
and v denotes the azimuthally averaged tangential velocity.
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of M. Supergradient winds that exceed the tangential
velocity at the top of the boundary layer produce an
agradient force that decelerates the radial inflow at the
eyewall and can support deep convection and further
intensification via the first mechanism. Both intensifi-
cation mechanisms were originally presented in the context
of the spinup of the primary vortex, but Huang et al.
(2012) showed that these concepts are also applicable to
the spinup of the secondary eyewall in a numerical sim-
ulation of Typhoon Sinlaku (2008). The RAINEX anal-
yses presented herein will be shown to be consistent with
this new interpretation, providing observational evidence
that these two axisymmetric mechanisms provide a useful
framework for understanding concentric eyewall evolution.
An outline of the remaining paper is as follows. An
overview of observing systems employed in the RAINEX
experiment, analysis techniques, and general storm in-
formation is presented in section 2. Satellite, in situ, and
Doppler radar analyses are combined in section 3 to il-
lustrate the concentric eyewall evolution over the 1-day
intensive observing period (IOP). Section 4 uses the
dropsonde data to examine the kinematics and thermo-
dynamic structure of the boundary layer. A discussion of
these results and open questions are detailed in section 5.
A summary of the main findings is given in section 6.

2. RAINEX observations
a. Observing systems

The RAINEX field campaign was conducted from
Tampa and Miami, Florida, during August and September
2005 to study the dynamics and interactions of the eye,
eyewall, and rainbands [see Houze et al. (2006) for
a detailed summary of scientific objectives]. Research
and operational aircraft missions were conducted with
National Oceanic and Atmospheric Administration
WP-3D (NOAA P-3), Naval Research Laboratory WP-
3D (NRL P-3), and U.S. Air Force (USAF) C-130 tur-
boprop aircraft. Axisymmetric kinematic quantities
were obtained by azimuthally averaging data from two
primary flight patterns. The “figure-four” pattern con-
sists of straight-line segments through the TC center in
the four storm quadrants and a connecting pass that
gives the pattern a resemblance to the numeral 4. The
figure-four pattern provided direct in situ measurements
along radial lines from the center. The “‘circumnaviga-
tion” pattern, where the aircraft flew azimuthally around
the eyewall, provided in situ data along an outer radius.
Both patterns provided remotely sensed radar data in
the inner core.

All aircraft were equipped with flight-level tempera-
ture, humidity, and pressure sensors, and global position-
ing system (GPS) dropwindsondes (hereafter dropsondes;
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Hock and Franklin 1999). Flight-level and dropsonde data
were inspected and quality-controlled to remove noise
and other instrument errors. Pseudoequivalent potential
temperature 6, was calculated following the empirical
formula in Bolton (1980). The Zipser et al. (1981) cor-
rection for minor wetting errors was applied to supersat-
urated observations in the in situ data. This correction was
shown by Eastin et al. (2002) to reduce the majority of
significant instrument wetting errors but not remove them
completely, resulting in an average 6, error of 2-3 K.

Dropsonde data were the only observations available
for documenting the kinematic and thermodynamic
structure of the boundary layer. In this paper, a dynam-
ically apt definition of the boundary layer and its top are
employed as suggested by Smith and Montgomery (2010)
and Zhang et al. (2011). The boundary layer is defined as
the layer of strong radial inflow that is significantly out of
gradient wind balance; the top of the boundary layer is
defined as the height at which the mean radial inflow
diminishes to a small fraction (e.g., 10% ) of the maximum
inflow near the surface. The boundary layer height is
found to be at approximately 1-km altitude at both the
primary and secondary eyewall on both analysis days.

Each of the P-3 aircraft had Doppler X-band (~3 cm)
tail radars (Hildebrand et al. 1996; Jorgensen et al. 1996),
and the NOAA P-3 had an additional C-band (~5 cm)
lower-fuselage (LF) radar. Doppler syntheses were lim-
ited in range and time to minimize degradation of highly
resolved, short-range radar data that was also observed
at long range at different times in a flight pattern. Tra-
ditionally, airborne Doppler radar data are collected
with the aircraft flying a straight line pattern, yielding an
approximate 30° separation of two radar beams from the
antennas that point *15° from normal to the ground
track of the aircraft (Hildebrand et al. 1996). One result
of flying curved tracks in a circumnavigation flight pattern
is that there is a decrease in wind uncertainty toward the
center of the tropical cyclone, with a corresponding in-
crease in uncertainty radially outward as radar beams
fan apart due to the change in dual-Doppler geometry.
A minimum angle separation between Doppler radials
of 15° was therefore enforced.

The figure-four and circumnavigation flight patterns
provide complementary radar observations; the best-
resolved wind components from the Doppler synthesis
are reversed in the two flight patterns, with the lowest
velocity uncertainty in the cross-track direction (e.g.,
tangential velocity in the figure four, and radial velocity
in the circumnavigation). When available, Doppler data
from multiple aircraft flying these two patterns together
provide the best geometry for synthesis. This combined
analysis is referred to as “‘quad-Doppler” (Jorgensen
et al. 1996), and this method is used in section 3b below.
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FIG. 1. Hurricane Rita (2005) track, intensity, and SST. (a),(c) National Hurricane Center best-track intensity,
measured by (a) central surface pressure and (c) maximum sustained 1-min surface wind speed, with the bracketed

line indicating times shown in (d). (b) Best-track position,

with the open hurricane symbol denoting tropical storm

strength, the closed symbol denoting hurricane strength, and L denoting a remnant low. The dashed box indicates
the area shown in (d). (d) The detailed analysis track along with the best track, and 3-day averaged SST ending on
21 September derived from the Tropical Rainfall Measuring Mission (TRMM) Microwave Imager (TMI).

Airborne radar data were edited using the National
Center for Atmospheric Research (NCAR) Solo soft-
ware to correct navigation errors and remove noise and
ocean returns (Oye et al. 1995; Bosart et al. 2002). The
synthesized data from the fore and aft pointing radar
beams provided three-dimensional precipitation and
kinematic structures. Cartesian wind syntheses were
obtained from multiple Doppler velocities using a vari-
ational approach (Gao et al. 1999; Reasor et al. 2009;
Houze et al. 2009). The wind fields were synthesized at
600-m grid spacing for ELDORA only and at 1.5 km for
quad-Doppler ELDORA/NOAA analysis. The wind
fields were then smoothed with a low-pass filter to yield
resolvable horizontal wavelengths of 2.4 and 6 km, re-
spectively, to remove grid-scale noise prior to the cal-
culation of vertical vorticity.

b. Hurricane Rita

Figure 1 shows the National Hurricane Center (NHC)
best-track and analysis track detail for Hurricane Rita.
The TC was named as a tropical storm at 1800 UTC
18 September near the Bahamas, and intensified to a cat-
egory 5 hurricane in the Gulf of Mexico during the next

3 days (Beven et al. 2008). The peak intensity of 80 m s~

(defined as the maximum 1-min sustained surface wind) is
estimated to have occurred between aircraft missions at
0300 UTC 22 September (Fig. 1b), with an 895-hPa cen-
tral pressure (Fig. 1a). RAINEX missions on 19, 21, 22,
and 23 September captured much of the mature storm
phase, including a concentric eyewall event on 21—
22 September. Additional data were collected by oper-
ational reconnaissance flights because of the hurricane’s
threat to land. This paper focuses on the roughly 24-h
period beginning at about 1800 UTC 21 September
highlighted in Fig. 1. During this period, a secondary
eyewall formed as the storm peaked in intensity. Figure
1d shows the detailed analysis track used for azimuthally
averaging the RAINEX dataset. The analysis track was
determined by a cubic spline fit to circulation centers
that maximize the tangential wind in a 3-km annulus
centered at the RMW when radar data were available
(Marks et al. 1992) or from aircraft center fixes when
radar data were not available. The estimated center er-
ror of the analyzed track is less than 3 km.

The environment during this period was favorable for
intensification, with warm sea surface temperatures (SSTs)
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FIG. 2. Brightness temperatures from (a),(d) TRMM/TMI (at 85 GHz) and (b),(c) Aqua/ AMSR-E (at 89 GHz) polar-
orbiting microwave satellites at four consecutive times. Color scales on left and right correspond to TRMM and AMSR-E
temperatures, respectively. White tick marks are every 1° with solid white lines every 2° of latitude and longitude.

near 30°C (Fig. 1d) and low to moderate vertical shear.
The estimated average magnitude of the vector differ-
ence between the winds at 200 and 850 hPa was about
5 m s ! from 214° using European Centre for Medium-
Range Weather Forecasting (ECMWF) analyses and
the method described by Corbosiero and Molinari (2002),
but it increased near the end of the period.

3. Concentric eyewall evolution

a. Convective characteristics

Changes in precipitation structure have been one of
the primary indicators of eyewall replacement, partly
due to the relatively frequent availability of satellite
imagery (Hawkins and Helveston 2008). The scattering

of high microwave frequencies (85-89 GHz) by large or
numerous ice particles lofted to high altitude by deep
convection in the eyewall region produces low bright-
ness temperatures detected by spaceborne passive re-
mote sensors (Fig. 2). Four consecutive passes by the
Tropical Rainfall Measuring Mission (TRMM) Micro-
wave Imager (TMI) and Advanced Microwave Scanning
Radiometer—Earth Observing System (AMSR-E) sat-
ellites illustrate the evolution from a single to concentric
eyewall. In Fig. 2a, the two prominent features are the
circular eyewall and large primary rainband extending
outward from the center. The structure of this primary
rainband was described by Hence and Houze (2008).
Figure 2b shows that the convection in the primary rain-
band had weakened about 3.5 h later, but the primary
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FIG. 3. Radar reflectivity from ELDORA X-band at 3-km altitude during (a) 19362003 UTC 21 September and
(b) 1838-1915 UTC 22 September, and (c) axisymmetric reflectivity from NOAA C-band at ~3 km at four con-

secutive times shown in inset.

eyewall remained intense and symmetric. The origins of
the secondary eyewall are nonetheless evident in Fig. 2b,
with low brightness temperatures in the northeast quad-
rant of the storm. By 0726 UTC the next day (Fig. 2c),
both eyewalls were well developed and approximately
concentric, but both convective rings were open to the
southwestern side. This image was taken only a few hours
after Rita reached maximum intensity. Seven hours later
(Fig. 2d), the original eyewall had begun to deteriorate
while its replacement had intensified.

The 85-GHz passive microwave satellite imagery
provides valuable snapshots of the storm structure at
about 5-km pixel resolution, but airborne precipitation

radars reveal an even higher-resolution depiction of this
structure at a 600-m grid resolution through active re-
mote sensing at close range. The radar reflectivities at
3-km altitude from the beginning and end of the analysis
period are shown in Figs. 3a,b. The roughly 23-h sepa-
ration between the analyses reveals significant changes
in Rita’s convective characteristics. Three primary areas
of high echo intensity are evident at 1936 UTC 21
September (Fig. 3a): the primary circular eyewall; an in-
tense spiral band located about 40 km east and southeast
of the storm center that becomes tangent to the eyewall
north of the storm center; and a broad quasi-circular
rainband at 75-km radius. The cellular, streaklike nature
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of the rainband at 75-km radius is evident in the higher
spatial resolution airborne radar observations compared
to the satellite imagery.

Data obtained from a circumnavigation around the
secondary eyewall at 1838 UTC 22 September are shown
in Fig. 3b. In contrast to the previous day, the radar echo
was characterized by sharp radial delineations between
azimuthally contiguous convective elements and low-
reflectivity regions. During this period, the secondary
eyewall was the dominant feature in the reflectivity field,
with an almost continuous band of reflectivity exceeding
40 dBZ. The primary eyewall appears to have deteriorated
on its southwestern side, although some of the apparent
structure is due to attenuation and convective evolution
that occurred during the circumnavigation flight pattern.
The moat region of low reflectivity between the two
eyewalls indicates a dipole pattern of ascent and sub-
sidence. A more detailed dynamical interpretation for
this dipole pattern is discussed in section 3b.

Attenuation at X band can be substantial in heavy
precipitation, limiting the returned power on the far side
of a hurricane rainband. Analysis of a previous time
period where the NRL P-3 flew in the moat region (cf.
Houze et al. 2007; Didlake and Houze 2011) suggests that
the primary eyewall reflectivity is attenuated in both
Figs. 3a and 3b. Independent reflectivity measurements
obtained by the NOAA P-3 LF C-band radar were used
to improve the estimate of the axisymmetric reflectivity.
The 5-cm wavelength data complement the 3-cm radar
analysis with increased range and less attenuation, but
the larger 4.1° vertical beamwidth (vs. 1.8°) and fixed
elevation angle still limit the quantitative information at
longer range. To composite the best estimate of the re-
flectivity, the maximum values at polar grid points with
1-km radial and 0.5° azimuthal resolution were used in
an azimuthal average (Marks 1985). Data were limited
to a 30-min window around the aircraft’s closest point of
approach to the center to minimize range issues.

Axisymmetric reflectivity from the lower fuselage
radar near 3-km altitude at several key times is shown
in Fig. 3c. The figure illustrates that the reflectivity in
the secondary eyewall increased in magnitude and con-
tracted radially inward, while the reflectivity in the pri-
mary eyewall gradually decreased. Three maxima at
similar radii to those described in Fig. 3a are found at
1943 UTC 21 September (blue curve), near the time of
the ELDORA circumnavigation. The weak maximum
near 80 km appears to underestimate the reflectivity due
to beam spreading and elevation. By 1749 UTC the next
day when a NOAA P-3 returned to Rita, the outer max-
imum near 80-km radius appears to have contracted about
30 km and intensified (green curve). A continued con-
traction occurred at a rate of about 1.5 km h™' as the
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secondary reflectivity maximum equaled, and then sur-
passed, the primary ring after 1749 UTC (black and red
curves). The moat region gradually became rain-free,
consistent with the ELDORA reflectivity shown in Fig.
3b. It is not possible to track reflectivity over the long
period between radar coverage, but the estimated con-
traction rate deduced from the consecutive passes on 22
September (green, black, and red curves) suggests tem-
poral continuity of the reflectivity maxima at 80 km (blue
curve, Figs. 3a and 6a) and 30 km (black curve, Figs. 3b
and 6b). While the exact magnitude of the precipitation
changes is uncertain due to radar attenuation and beam
spreading, the ELDORA and the NOAA LF radar re-
flectivities are consistent in their depiction of the devel-
oping convection-free moat and the increasing azimuthal
symmetry of the outer convective ring.

b. Kinematic evolution
1) 700-HPA IN SITU ANALYSIS

In situ data from consecutive C-130 and NOAA P-3
figure-four flight patterns were azimuthally averaged to
deduce the kinematic structure at 700 hPa (~3 km). The
data were averaged on a 1.5-km radial grid over the
roughly 3-h duration of each figure four. The radial pro-
files of storm-relative tangential wind were smoothed
after averaging with a one-dimensional low-pass filter
(Leise 1982) that removed wavelengths less than 12 km
and associated noise in order to focus on mesoscale
evolution. The azimuthal mean absolute angular momen-
tum M and vertical vorticity were then calculated from
the smoothed mean wind fields. In symmetric polar coor-
dinates, the absolute vertical vorticity is equal to one over
radius times the radial gradient of the absolute angular
momentum. The azimuthal mean absolute vertical vorticity
can be partitioned into three terms as 7 = v/r + dv/or + f,
where 7 denotes the absolute vertical vorticity, v/r denotes
the curvature vorticity, dv/dr denotes the shear vorticity,
and f denotes the (assumed constant) Coriolis parameter,
or planetary vorticity. The overbar represents an azimuthal
average. A figure-four flight track and tangential winds
from a representative flight pattern centered at about 0630
UTC are shown in Fig. 4. The scale-filtered tangential
winds (black line) are smoother than the direct azimuthal
average (red line) of the noisier raw data (dots). The fil-
tering reduces the local vorticity amplitude but retains
coherent mesoscale kinematic structures. Six consecu-
tive estimates of the mesoscale axisymmetric wind struc-
ture similar to that shown in Fig. 4 were obtained over a
24-h period, with a 5-h gap from 0000 to 0500 UTC. The
resulting profiles were then linearly interpolated in
time to produce a time series plot of vertical vorticity
(color), tangential wind (thin white contours), and M
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FIG. 4. U.S. Air Force flight track and tangential wind from 0501 to 0750 UTC 22 Sep. (a) The storm-relative
“figure four” flight track used to compute the azimuthal mean structure. (b) The tangential wind V7 (m s~ ') from the
raw in situ data (dots), azimuthal mean (red line), and scale filtered mean (black line).

(thick yellow contours) from 1830 UTC 21 September
to 1830 UTC 22 September shown in Fig. 5.

The kinematic time series at 700-hPa altitude shows a
contraction and peak in intensity of the primary eyewall,
the development and contraction of the concentric eye-
wall, and an expansion of the tangential wind field. The
mesoscale-filtered primary tangential wind maximum
increased to about 70 m s~ ' and the RMW contracted to
about 22 km during the first 12 h. The primary tangen-
tial wind maximum gradually weakened without further
contraction for the remainder of the period. The weak-
ening in the latter period is consistent with the convective

700 hPa Flight Level T+f (color), VT (thin white, m s1), and ¥ (thick yellow, 10°m?s-)
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evolution inferred from Figs. 2 and 3, with a deterioration
of the primary eyewall convection after 0700 UTC.
However, the primary eyewall remains the dominant ki-
nematic feature throughout the period, with a distinct
ring of vertical vorticity on the inner edge of the RMW
that is more than 4 times greater than the secondary
eyewall even at the end of the period. The intense pri-
mary vortex sheet exceeded 8 X 10™% s~ ! at its peak, and
weakened only slightly in the latter half of the time series.

In Fig. 5, the secondary eyewall appears to have emerged
from the region near 80-km radius, suggesting that the
rainband evident in this region was the nascent secondary
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FI1G. 5. Radial time series of mesoscale-filtered axisymmetric absolute vertical vorticity
(color, 10™* s 1) and tangential wind (contour, m s~ ') at 700-hPa flight level from 1830 UTC
21 Sep to 1830 UTC 22 Sep. Aircraft passes corresponding to analysis times are shown on the
right ordinate. Dashed contours indicate linearly interpolated data between aircraft missions.



2422

eyewall. The region near 80-km radius is characterized
by a relatively weak radial gradient of tangential wind
that results in a ““tangential-wind plateau,” where cur-
vature vorticity dominates over the negative shear vor-
ticity. Building off of a body of work recognizing the
importance of the axisymmetrization process in intense
geophysical vortices (e.g., Melander et al. 1987; Shapiro
and Montgomery 1993), Rozoff et al. (2006) suggested
that convective air parcels and their associated vertical
vorticity anomalies would be deformed into filaments by
stretching and shearing deformations in strain-dominated
regions. They argued that the persistence of convection
would be more likely where the ““filamentation time” 74,
is greater than a convective time scale of approximately
30 min. Estimates of this parameter indicate g is less
than 30 min inside of 60-km radius but is greater than 2 h
near 80-km radius (not shown). Dropsonde soundings
indicate that the atmosphere in this region was condi-
tionally unstable and thermodynamically favorable for
convection (see Fig. 9d).

Unfortunately, the data gap between 0000 and 0500
UTC indicated by the dashed contours precludes direct
tracking of the initial secondary vorticity and wind speed
maxima through the period identified by the National
Hurricane Center as maximum intensity (~0300 UTC).
Stronger maxima in the primary eyewall and/or initia-
tion of new secondary maxima may be missing from the
time series during this gap. A velocity inflection point
and local wind speed maximum were apparent near 60-km
radius at 0500 UTC when the aircraft returned after the
5-h data gap. The wind speed increased at the secondary
radius of maximum winds (SRMW) to nearly 51 m s~ !
at the end of the analysis period. The SRMW had an av-
erage contraction rate of about 1 km h™ !, with a maxi-
mum rate of 2.5 km h™!, which is broadly consistent with
the reflectivity contraction shown in Fig. 3. The time series
also indicates that the vertical vorticity following the
SRMW increased throughout the period, with an average
rate of about 5 X 10> s~ ' h™'. While the quantitative
rates of change are admittedly crude given the filtering
and temporal interpolation, the end result was an ap-
proximate 30-km contraction of the SRMW and tripling
of the maximum vorticity following the SRMW over 24 h.

The enhancement of vorticity at the SRMW can also
be discerned from the radial displacement of the M
surfaces, with convergence of the 2 and 3 X 10° m? s !
contours near 50-km radius. The time series indicates
that the M surfaces near the developing secondary eye-
wall were becoming more tightly packed over time,
sharpening the radial momentum gradient in an analogous
manner to thermodynamic frontogenesis (Emanuel 1997).
All M surfaces with values larger than 3 X 10° m* s~
moved radially inward over the analysis period. Radial
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velocities at this altitude were on the order of a few
meters per second (not shown), suggesting the vortex
was nearly in gradient balance at 700 hPa and implying
that balance dynamics is an appropriate zero-order frame-
work for interpreting the results above the boundary layer
(Shapiro and Willoughby 1982). We hypothesize that the
radial convergence of the M surfaces was largely due to the
balanced response to increased diabatic heating in the
secondary eyewall. The reversal of the radial movement
from inward to outward of the 2 X 10° m* s~ ! surface at
2130 UTC, followed by a weaker reversal of the 1 X
10° m? s~ ! surface at 0930 UTC, is consistent with this
hypothesis.

The radial convergence of M resulted also in an ex-
pansion of the area of damaging surface winds. Using
an 85% surface reduction factor (Franklin et al. 2003),
we see that the azimuthally averaged radius of hurricane-
force winds (33 m s~ ' at the surface, ~39 ms ' at
700 hPa) increased from 60 to 90 km, resulting in a 125%
increase in area of hurricane-force winds. The radius of
gale force winds (25.7 m s~ ! at the surface, ~30.6 m s~
at 700 hPa) increased from 160 to beyond 180 km, but
limited data beyond this range prohibit sufficient aver-
aging. This indicates an areal increase of at least 25%.
This relatively rapid expansion of the outer wind field has
a significant impact for maritime activities, including
military operations (Elsberry and Stenger 2008) and
commercial shipping, as well as increased damage po-
tential at landfall. One can also quantify the effect of the
outer wind increase by integrating the kinetic energy
[lp(?+v*)2]rdrdA from the center to the edge of the
domain on the 700-hPa surface, yielding a 19% increase
over these 24 h. Despite the reduction in intensity as
defined by the maximum sustained 1-min surface wind,
Rita increased in size and strength over this period
(Powell and Reinhold 2007; Maclay et al. 2008).

2) ELDORA ANALYSIS

The azimuthally averaged kinematic fields from the
ELDORA analysis at 1936 UTC 21 September are shown
in Fig. 6a. Sea clutter and lack of scatterers prevent
analysis in the lowest levels and in the eye. The kine-
matics are dominated by the primary eyewall with mean
tangential wind velocities exceeding 75 m s~ ! and radial
outflow in most of the middle and lower troposphere.
The intense vortex sheet at the primary eyewall slopes
outward and is coupled to the convection in the eyewall
(see Fig. 3a) with a central updraft of § m s, and a ring
of vorticity exceeding 8 X 10™% s~ ! that is consistent
with calculations from the in situ data. The outflow
layer in the upper troposphere is collocated with weakly
anticyclonic vorticity due to the nearly horizontal an-
gular momentum surfaces. It is unclear whether this
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indicate a negative change of tangential wind and absolute angular momentum, thick contours
indicate zero change, and solid contours indicate positive change. Vorticity change in (c) is

indicated by the numbers on the bottom of the color bar.

is representative of inertial instability or uncertainty in
the wind analysis. The transverse circulation generally
follows the angular momentum surfaces, suggesting that
M is approximately conserved throughout most of the
domain.

Two additional regions of enhanced vertical vorticity
are found slightly radially inward of the convective re-
gions shown previously in Fig. 3a. The outermost vorticity
maximum near 70-km radius exceeds 6 X 10~ * s~ !, ap-
proximately one order of magnitude greater than the
Coriolis parameter at this latitude. Low-level conver-
gence is evident at this radius, associated with two
counterrotating secondary circulations on the inner and
outer sides of the vorticity maximum. The updraft in this
region is much shallower than the one found in the pri-
mary eyewall. Evidence of the tangential-wind plateau is
seen in this region, with perhaps an outward tilt with
height. The low-level vertical vorticity maximum near
40 km is slightly weaker than the vorticity maximum at
70-km radius and does not appear to have a distinct

secondary circulation associated with it. The azimuth-
ally averaged reflectivity in the band at 45 km is also
weaker than the band at 75 km (not shown).

The lack of available ELDORA data in the southwest
quadrant at this time suggests that the azimuthally av-
eraged tangential wind speeds are an overestimate, es-
pecially in the primary eyewall. The in situ and dropsonde
data suggest that the maximum azimuthally averaged
tangential wind speed was closer to 70 m s~ ' at the top
of the boundary layer. It is doubtful, however, that in-
clusion of data from the left rear quadrant would fun-
damentally change our conclusions about the origin of
the secondary eyewall. The radar analysis is generally
consistent with the in situ analysis at this time and pro-
vides some additional evidence that the outer rainband
was the precursor to the secondary eyewall.

By 1838 UTC the next day, about 23 h later, the sec-
ondary eyewall has matured (Fig. 6b). The primary eyewall
is still the dominant dynamical feature, but a concentric ring

of vorticity at about 45 km now exceeds 2.5 X 107 % s~ L.
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The transverse circulation now shows two distinct out-
flow channels originating near the top of the storm, with
downward motion between the two eyewalls in the moat
region. The 2 X 10° m? s~ M contour has moved ra-
dially outward and has a radially inward bulge near the
base of the secondary eyewall at the leading edge of a
comma-shaped vorticity maximum. The inward bulge of
M and enhanced low-level radial outflow at the sec-
ondary eyewall are believed to be associated with su-
pergradient winds in the boundary layer. Smith et al.
(2008, 2009) argued that an intrinsic gradient wind im-
balance in the boundary layer produces an overshoot/
adjustment region on the innermost edge of an eyewall.
If the winds are supergradient as they rise upward out of
the boundary layer, they must flow radially outward as
they adjust toward gradient wind balance. The Doppler
wind analyses in Fig. 6b are consistent with the Smith
et al. (2008, 2009) hypothesis, and are further supported
by the dropsonde analyses in the boundary layer pre-
sented in section 4.

The shallow toroidal secondary circulation associated
with the rainband at 75-km radius on the previous day
now extends throughout the depth of the troposphere,
with an outwardly tilted axis of toroidal rotation that
approximately parallels the 2 X 10° m? s~' M contour.
A tilted column of convergence exceeding 5 X 10 % s !
up to 10-km altitude is found along the radially outward
side of this axis (not shown). This convergence was in-
creasing vertical vorticity in a deep column at the leading
edge of the convection through vortex tube stretching.
Tilting of horizontal vorticity associated with vertical
shear of the tangential wind is a maximum near the inner
edge of the band near 40-km radius in the middle tro-
posphere where the vertical velocity changes sign, which
may also have contributed to the “comma’ shape of the
vorticity maximum.

The depth of the inflow into the secondary eyewall
extends to nearly 9-km altitude at 70-km radius. This is
accompanied by a significant change in the position of
the 3 X 10° m? s™' M contour throughout the low to
midtroposphere. A region of enhanced vorticity is ap-
parent in the midtroposphere near 65-km radius asso-
ciated with the convergence of M at this level. The
azimuthally averaged kinematic structure derived from
the ELDORA circumnavigation outside the secondary
eyewall at 1838 UTC described here is very similar to the
structure derived from the circumnavigation inside the
moat at 1801 UTC described by Houze et al. (2007) and
Didlake and Houze (2011). This provides confidence
that the derived structure is not overly sensitive to the
specifics of the flight track.

The changes in the kinematic structure from Figs. 6a to
6b associated with the eyewall replacement over about
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23 h are shown in Fig. 6¢c. A contraction and weakening
of the primary eyewall is evident in a vorticity increment
dipole at about 20 km, while the remainder of the do-
main shows increased vorticity that is maximized at the
secondary eyewall. The change in transverse circulation
shows two tilted gyres centered on the secondary vor-
ticity maximum. If one interprets the vector difference
field in Fig. 6c as the secondary circulation induced
by the developing secondary eyewall, the response is
qualitatively consistent with the EBM. The outward tilt
of the gyres is determined by the baroclinity of the
vortex. The width of the gyres is dependent on the local
Rossby radius of deformation, defined by the ratio of
the horizontal gravity wave speed to inertial stability,
L, = NH/\/n& where N is the Brunt-Viisila frequency,
H is the convective scale height, n is the absolute vor-
ticity, and ¢ is the modified Coriolis parameter f + 2v/r.
This dynamical length scale determines the radial scale
of the compensating subsidence region induced by con-
vective overturning, as well as the approximate width of
the transverse streamfunction gyre. If we assume the
gravity wave speed NH ~ 60 m s~ ', associated with deep
convective motions (Gill 1980), then the observed 2.4 X
1072 s~ ! inertial frequency at the secondary eyewall
yields an Ly of about 25-km, similar to the width of the
moat region and apparent gyre induced by the second-
ary eyewall. The corresponding inertial frequency for
the primary eyewall is 7.2 X 1073 s, yielding an L of
about 9 km. These radii are quantitatively consistent
with the locations of the eye and moat, where one would
expect dynamically constrained subsidence resulting
from the superposition of the secondary circulations
induced by the two eyewalls. Large radial gradients of
tangential wind also contribute to rapid filamentation in
these regions, which may contribute further to the lack
of convection (Rozoff et al. 2006).

Changes in tangential wind velocity and M in Fig. 6¢
are centered also at the secondary eyewall, with the zero
tendency line near the inner edge of the secondary vor-
ticity maximum. The collocated changes in sign of the
vertical, radial, and tangential velocities are closely cou-
pled to the location of the secondary vortex sheet. The
tangential wind and M decreased the most near 11-km
altitude just outside the RMW. They increased the most
from 4- to 10-km altitudes outside the SRMW where
substantial midlevel inflow has developed (cf. Fudeyasu
and Wang 2011). An integration of the kinetic energy
over this domain shows an increase of 19%, similar to
that obtained from the 700-hPa in situ data.

Favorable dynamical conditions for sustained convec-
tion at 80-km radius, temporal continuity of the 700-hPa
kinematic fields, and similarities between the secondary
circulation in the outer rainband and secondary eyewall
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all support the hypothesis that the vorticity-rich rain-
band on 21 September was the precursor that developed
into the mature secondary eyewall. Ultimately, the dis-
crete observational sampling only allows us to subjectively
conclude the temporal continuity of these features, but
an unobserved catalyst for the secondary eyewall seems
unlikely. Numerical simulations of Rita are consistent
also with the interpretation that the secondary eyewall
formed near 80-km radius (Judt and Chen 2010; Abarca
and Corbosiero 2011).

3) QUAD-DOPPLER ANALYSIS

To examine the flow pattern in more detail, a quad-
Doppler analysis was also performed for the period
1801-1820 UTC, just prior to the analysis in Fig. 6b,
combining radar data from N42 flying an outbound ra-
dial leg at 1.5-km altitude and ELDORA circumnavigat-
ing in the moat at 3.6 km. Analysis at this time using
ELDORA data only was presented in Houze et al. (2007)
and Didlake and Houze (2011). A coarser horizontal
grid resolution of 1.5 km was used in the quad-Doppler
analysis because of the lower sampling rate of the
NOAA tail radar. The flight tracks from this time are
shown in Fig. 7, overlaid on the 1.2-km-altitude reflec-
tivity. As described in section 2, the quad-Doppler highly
resolved wind field has a reduced uncertainty compared
to the dual Doppler analysis due to the nearly orthog-
onal flight tracks and increased number of independent
Doppler velocity measurements. In addition, the low-level
in situ data from the N42 radial penetration can be
compared to provide additional measurements of the
kinematics and augment the analysis with thermody-
namic data. The north—south cross section is shown in
Fig. 8.2 Note that this is an individual cross section, not
an azimuthal mean, but the good agreement with the
kinematic fields and LF radar composite presented ear-
lier suggests a consistent structure that is similar to the
azimuthal mean.

The quad-Doppler-derived secondary circulation is
quantitatively consistent with Fig. 6b, with an upper-
level updraft maximum of about 8 m s~ in the primary
eyewall associated with deep convection and a midlevel
updraft maximum in the secondary eyewall of about
6 m s~ ! near the melting level of shallower convection.
The moat downdraft is strongest at upper levels (<—2
m s~ ') with upper-level convergence, lower-level di-
vergence, and low reflectivity throughout the moat region.

2 The specific layout of this figure was designed to mimic Fig. 3 of
Marks et al. (2008). We believe this is a very useful way to display
radial hurricane penetration data that allows for intercomparison
with other intense tropical cyclones.
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FIG. 7. Quad-Doppler flight tracks during 1801-1821 UTC
22 Sep. The NRL P-3 track is at 3.6 km (blue line) and the N42 P-3
track is at 1.5 km (red line). Reflectivity at 1.2-km altitude is
combined from both aircraft.

A portion of the winds at the upper levels along the inner
edge of the primary eyewall is also directed into the eye,
consistent with the EBM. Outflow is found throughout
most of the domain, except at low levels radially outward
of the secondary eyewall where there is inflow up to 5-km
altitude.

Selected in situ measurements are displayed in Fig. 8b,
showing the horizontal wind speed, surface pressure,
pseudoequivalent potential temperature, and vertical
velocity at 1.5 km. This height is approximately near the
top of the boundary layer. The radii bracketing re-
flectivities greater than 35 dBZ are marked to highlight
the agreement between in situ updrafts and downdrafts
and the two eyewalls. Seven updrafts exceeded 3 m s~ !
in these regions. Updrafts along the inner edge of the
primary eyewall are consistent with the radar analysis
showing the strongest vertical motion in this narrow band
as well, similar to findings from other intense storms (cf.
Marks and Houze 1987; Marks et al. 2008). A downdraft
in the moat less than —1 m s~ ! is marked by an asterisk,
indicating that the subsidence extends to the lower tro-
posphere (cf. Wang 2008). Histograms of vertical ve-
locity from ELDORA flight-level data in the moat are
also consistent with the radar-derived magnitudes (not
shown). The tangential wind speed in the secondary
eyewall is only about 5 m s~ ! lower than in the primary
eyewall at 1.5-km altitude, resulting in a broad region
of very high winds. The strong tangential winds are ac-
companied by a roughly 60-hPa pressure decrease over
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FIG. 8. North-south vertical cross section of

quad-Doppler radar analysis from N42 and

ELDORA and in situ flight level data at 1.5 km from N42. (a) Radar reflectivity (color),
vertical velocity (contour, m s~ !), and secondary circulation (vector); (b) wind speed, vertical
velocity, surface pressure, and pseudoequivalent potential temperature. Note that axes are

reversed to indicate a north-south vertical cross

60 km to a central pressure of 914 hPa. There is good
agreement between the kinematic structures derived
from the ELDORA, quad-Doppler, and flight-level data
at 700 hPa (~3 km) and 1.5-km altitudes.

The in situ data indicate that the moist entropy was
very high in the eye, with pseudoequivalent potential
temperature exceeding 380 K. An additional mechanism
for intensity change that has been explored recently with
numerical modeling (Persing and Montgomery 2003; Cram
et al. 2007) and observations (Montgomery et al. 2006a;
Bell and Montgomery 2008) concerns the role of the
low-level thermodynamics in the eye. Transport of higher
entropy air from the eye to the primary eyewall could
provide a beneficial heat and buoyancy source (Eastin
et al. 2005) for maintaining or increasing convection,
although the role of thermodynamic mixing between the
eye and eyewall is still under some debate (Bryan and
Rotunno 2009; Wang and Xu 2010; Xu and Wang 2010;
Barnes and Fuentes 2010). There is a strong moist en-
tropy gradient across the primary eyewall, with a weaker
entropy gradient across the secondary eyewall. This is
consistent with the view that the lower-tropospheric
eyewall exhibits frontal-like characteristics in both 6,
and M (Emanuel 1997).

4. Boundary layer structure

Dropsonde data below 1-km altitude were azimuthally
averaged over 10-km annuli centered on the primary and

section, not an axisymmetric mean.

secondary eyewall radii to examine the evolution of the
axisymmetric boundary layer. Dropsonde data from each
entire [OP (1500-2300 UTC on each day) were included
in the averaging to improve the sample size and spatial
resolution of the data, with a corresponding loss in tem-
poral resolution. The dropsonde locations and center radii
used for averaging are shown in Fig. 9a, and the azimuth-
ally averaged dropsonde data are shown in Figs. 9b—d. The
strongest radial inflow is found near the surface at all
times, with peak values near hurricane force found at the
primary eyewall on 21 September (Fig. 9b). The inflow
at 80-km radius is weaker throughout the depth of the
boundary layer on this day. On 22 September, the inflow
at the primary eyewall has decreased, and the inflow at
the secondary ring has increased. Both eyewalls have
similar surface inflow of 17 m s~ !, but the secondary
eyewall at 40 km has a stronger inflow through a deeper
layer.

The vertical profiles of tangential winds (Fig. 9c) in-
dicate that the strongest wind velocities are found within
the boundary layer in both the primary and secondary
eyewalls (cf. Kepert and Wang 2001; Zhang et al. 2001).
A weak tangential wind maximum is found below 1-km
altitude at 80-km radius in the early period, and in-
creases to a distinct peak at 600-m altitude in the later
period. This maximum is at approximately the same
altitude as the peak velocity in the primary eyewall on
the first day. A decreased peak velocity is evident at 400-m
altitude on the second day in the primary eyewall. The
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FIG. 9. (a) Storm-relative dropsonde distribution, with red circles indicating sonde locations on 21 Sep and blue
diamonds on 22 Sep. Central radii used for azimuthal averaging in 10-km annulus are highlighted and labeled. (b)
Azimuthal mean radial wind, (c) mean tangential wind, and (d) mean equivalent potential temperature in each
annulus. Red solid line is primary eyewall on 21 Sep, blue dashed line is primary eyewall on 22 Sep, green dash-dotted
line is secondary eyewall on 21 Sep, and black dotted line is secondary eyewall on 22 Sep.

decreased intensity of the maximum tangential winds in
the primary eyewall is consistent with the decrease in
radial inflow and a reduction in the low-level convergence
of M. Likewise, the changes in radial and tangential wind
are reversed as the secondary eyewall spins up.

The moist entropy structure evolved over this period
also (see Fig. 9d). The changes in the magnitude of 0, are
believed to be primarily due to the radial movement of
the eyewalls, but the changes in slope of the vertical pro-
files of 0, are believed to indicate changes in conditional
instability. The vertical profile of 6, in the primary eye-
wall evolved from nearly constant with height above the
surface layer to a negative slope. In contrast, the secon-
dary eyewall evolved from a negative slope toward a

constant with height. This suggests a transition from a
conditionally unstable profile toward moist neutrality in
the secondary eyewall, and vice versa for the primary
eyewall. However, the conditional instability along an-
gular momentum surfaces cannot be directly assessed
with these profiles because of the limited altitude sam-
pling and outward tilt of the eyewalls.

The radial structure of the boundary layer is illustrated
in Fig. 10a by using a Barnes analysis (Barnes 1973) at
1.5-km horizontal resolution following the methodology
described in Montgomery et al. (2006a) and Bell and
Montgomery (2008). The composite analysis shows the
azimuthal mean 6., radial wind, divergence, and agra-
dient acceleration resulting from the radial advection of
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u at 150-m altitude on 22 September. The radial struc-
ture of the azimuthally averaged 6, derived from the
dropsonde measurements is consistent with the in situ
data obtained just above the boundary layer, with high
values in the eye and the strongest radial gradient at the
primary eyewall (cf. Fig. 8). Similar to Fig. 9, the strongest
inflow is found at the secondary eyewall, and is reduced
toward the primary eyewall, turning to outflow in the eye.
Alternating regions of divergence and convergence cor-
respond well to the observed vertical velocity pattern.
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The strongest convergence is found a few kilometers
radially inwards of the RMW and SRMW, where the
radial flow is rapidly decelerated. The deceleration of
the radial wind is consistent with an agradient force
associated with supergradient winds in both eyewalls.
Smaller areas of radial acceleration are apparent in the
eye, moat, and outside the secondary eyewall where
subgradient winds might be expected. Following the
methodology outlined in Bell and Montgomery (2008),
Didlake and Houze (2011) calculated the departure from
gradient balance at the secondary eyewall using drop-
sonde data. Their results are reproduced in Fig. 10b,
suggesting that the boundary layer tangential winds at
500-m altitude were supergradient in the primary and
secondary eyewalls, and subgradient outside the eye-
walls. These results are consistent with the radial wind
accelerations shown in Fig. 10a.

5. Discussion

The analysis presented provides evidence of an ex-
panding tangential wind field corresponding to the radial
convergence of M above the boundary layer throughout
the observation period. These observations are consistent
with the EBM and the first intensification mechanism,
reaffirming their usefulness as a zero-order description of
the eyewall intensification process. However, unbalanced
dynamics are not captured by the EBM. In contrast to
the first mechanism that assumes gradient wind balance,
the agradient force associated with supergradient winds
in the second mechanism will tend to rapidly deceler-
ate a portion of the inflow in the boundary layer. The
deceleration of the radial wind implies increased low-
level convergence that, in conjunction with conditional
instability, supports deep convection in the secondary
eyewall. This deep convection will lead to further in-
tensification by the first mechanism. The strong con-
vergence at 150-m altitude evident in the dropsonde
analyses, just radially inward of both eyewalls, supports
the foregoing interpretation. The gradient balance re-
siduals at 500 m calculated by Didlake and Houze (2011)
and the maximum azimuthally averaged tangential wind
speeds near 600-m altitude in both the primary and sec-
ondary eyewalls provide further evidence to corroborate
this interpretation.

Bui et al. (2009) concluded that the EBM captured a
large fraction of the secondary circulation in an ideal-
ized three-dimensional hurricane simulation, but also
that the EBM underestimated the intensification rate,
especially in the boundary layer. Huang et al. (2012)
demonstrated that a progressive control by the bound-
ary layer dynamics was an important aspect of second-
ary eyewall formation in their numerical simulation of
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Typhoon Sinlaku. The current analysis does not permit a
definitive statement on the relative importance of the two
spinup mechanisms, but our results are not inconsistent
with Bui et al.’s (2009) or Huang et al.’s (2012) inter-
pretations. Further analysis of the quantitative degree of
super- and subgradient winds depends on careful anal-
ysis of the pressure field, vertical advection of the radial
wind, and assumptions about unresolved turbulent fluxes.
A more detailed attribution of the spinup process from
the balanced and unbalanced processes requires several
additional assumptions about missing data in the eye
and boundary layer, frictional forces, diabatic heating
fields, and thermodynamic gradients that go far beyond
the scope of the current study.

The two axisymmetric spinup mechanisms described
herein do not specifically address the decay of the pri-
mary eyewall, nor do they address where and when a
secondary eyewall will form. It is difficult to distinguish
eyewall formation, maturation, and decay with the
temporal resolution of the RAINEX observations.’
However, this analysis suggests that the main reason for
the decay of the inner eyewall is a reduction in the inflow
to the primary eyewall as opposed to the direct effects of
forced subsidence (Rozoff et al. 2008; Zhou and Wang
2011). Deep subsidence is observed in the moat where
the downward branches of the independent secondary
circulations coincide, but the radar analysis suggests that
forced subsidence from the secondary eyewall is not
strong enough to significantly suppress deep convection
at the primary eyewall. The primary eyewall updraft is
weaker and more asymmetric on the second analysis
day, but it is still deeper and more vigorous than the
secondary eyewall updraft. The boundary layer inflow
and low-level convergence increased at the secondary
eyewall as it matured, while the inflow at the primary
eyewall decreased. At 700 hPa the inward movement of
the M surfaces just outside the primary eyewall was re-
versed. This led to a spindown of the primary eyewall
both within and above the boundary layer, but it re-
mained the dominant eyewall throughout the analysis
period.

The precursor to Rita’s secondary eyewall formation
was estimated to be a vorticity-rich rainband near 80-km
radius on 21 September. Reduced radial shear of the
tangential velocity in this region is consistent with long
filamentation times and an increased likelihood for
sustained convection (Rozoff et al. 2006). Limitations of
the dataset do not preclude the idea that the secondary
eyewall originated even earlier and/or radially outward

3 Ultimately, there is a continuum of evolving states in the TC
life cycle and such a distinction may not be all that meaningful.
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of this location, but satellite imagery (Fig. 2a) does not
suggest that there were any significant convective struc-
tures prior to this time other than the principal rainband.
Satellite and radar imagery suggest that the principal
rainband had propagated radially outward from this
location and was decaying at this time. The precursor
rainband identified in this study appeared to be a distinct
feature, suggesting that the primary rainband itself did
not directly transform into the secondary eyewall. How-
ever, the location of the primary rainband near the pre-
cursor region suggests that it may have played a role in
preconditioning and/or determining the location of sec-
ondary eyewall formation and bears further study. Ad-
ditional observations at an earlier stage of secondary
eyewall formation are recommended.

The enhanced vorticity in the precursor rainband is
compatible with the concept of a vortex Rossby wave
(VRW) that propagates on the mean radial potential
vorticity gradient, analogous to planetary Rossby waves on
the meridional beta plane (Montgomery and Kallenbach
1997; Chen and Yau 2001; Wang 2002a,b; Corbosiero et al.
2006). Recent interpretations of numerical simulations
are varied on the importance and role of VRW activity
in secondary eyewall formation and evolution (Terwey
and Montgomery 2008; Wang 2009; Martinez et al. 2010;
Qiu et al. 2010; Judt and Chen 2010; Abarca and Corbosiero
2011; Huang et al. 2012). Whether the primary effect of
VRWs is to contribute primarily to the azimuthally av-
eraged latent heating, spinup or spindown of the vortex
through eddy-vorticity and eddy-heat fluxes, or providing
a favored location for secondary eyewall formation re-
mains an important open question. Didlake and Houze
(2011) demonstrated that vorticity tendencies in Rita’s
secondary eyewall due to the perturbation terms were
nonnegligible, and bear further study. A more thorough
analysis of VRWs and asymmetric processes with the
RAINEX dataset is recommended for future work.

Additionally, the role of eyewall replacement in a
tropical cyclone’s life cycle is still not fully understood.
After the analysis period documented in this study, Rita
weakened to category 3 intensity and underwent an ad-
ditional eyewall replacement cycle in an environment
with moderate vertical shear and high ocean-heat con-
tent. This contrasts with the life cycle of Hurricane Isabel
(2003), which displayed an expanding eyewall that stayed
at or near category 5 intensity for three consecutive days
(Bell and Montgomery 2008) in a low vertical shear, low
ocean heat content environment (Mainelli et al. 2008).
The reasons for these different evolutions are not cur-
rently well understood but may include differences in
environmental influences (Nong and Emanuel 2003) or
microphysical processes (Zhou and Wang 2011; Zhou
et al. 2011).
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6. Summary

Multiplatform analyses of observations from RAINEX
have provided a unique look at Hurricane Rita’s con-
centric eyewall evolution. The expansion of the tan-
gential wind field is believed to have contributed to a
region possessing a relatively large filamentation time
that was dynamically favorable for deep convection near
80-km radius. A vorticity-rich rainband near this region
intensified and contracted over the 24-h analysis period
to form the secondary eyewall. The results presented
herein indicate that the maturing secondary eyewall ex-
hibited increasing tangential wind speeds, an intensi-
fying and deepening secondary circulation, and a more
symmetric convective ring over the analysis period. The
low-level radial gradients of absolute angular momen-
tum and moist entropy were sharpened also over this
time.

The secondary eyewall took on these intensifying
characteristics as the primary eyewall deteriorated and
was eventually replaced. However, the primary eyewall
was still very intense and was the dominant swirling
wind and vorticity structure at the end of the analysis
period. The moat region in between the two eyewalls
developed characteristics of a hurricane eye (Houze et al.
2007), with radially constrained subsidence that appears
to be the result of a combined forcing from both eye-
walls. The width of observed secondary circulation gyres
is consistent with the local Rossby radius of deforma-
tion estimated from the dual- and quad-Doppler radar
analysis. The qualitative agreement between the theo-
retical predictions of the Eliassen balance model and the
analyses presented herein suggests that this framework
provides a useful description of the slowly evolving
secondary circulation above the boundary layer.

The axisymmetric spinup of the secondary eyewall is
associated with radial convergence of absolute angular
momentum above and within the boundary layer. Above
the boundary layer, M is approximately conserved ma-
terially as it is advected toward the developing eyewall
in the low to midtroposphere by a deep layer of weak
radial inflow that is argued to be a result of diabatic
heating in the intensifying convective ring. Inflow above
the boundary layer is evident in the radar observations,
and the analysis presented here indicates that Rita’s
hurricane-force winds increased in area by 125% and the
integrated kinetic energy increased by 19% after peak
intensity. This result is qualitatively consistent with the
theoretical predictions of axisymmetric balance theory.

Although M is not materially conserved in the boundary
layer due to the azimuthal torque associated with sur-
face friction, spinup of the boundary layer tangential
wind that may exceed interior values can occur if the

JOURNAL OF THE ATMOSPHERIC SCIENCES

VOLUME 69

radial inflow is sufficiently large to converge rings of air
to small radii with minimal loss of M. The generation of
supergradient winds leads to a rapid deceleration of
inflow in the boundary layer that, in conjunction with
conditional instability, supports deep convection in the
secondary eyewall and further intensification. The
analyses presented indicate that strong convergence,
gradient wind imbalance, and a maximum in tangential
winds were found in the boundary layer, accompanied
by an eruption of air and low-level radial outflow above
the boundary layer. An increase in frictional inflow and
associated low-level convergence over the analysis period
suggests that unbalanced boundary layer dynamics may
have become progressively important as the secondary
eyewall matured. Although a detailed separation of the
contributions from balanced and unbalanced processes is
beyond the scope of the present study, the observations
presented herein suggest that both balanced and un-
balanced intensification mechanisms were important in
Rita’s eyewall replacement. The analyses support the
two axisymmetric mechanisms proposed by Smith et al.
(2009) and Montgomery and Smith (2011, manuscript
submitted to Quart. J. Roy. Meteor. Soc.) as a useful
framework for understanding concentric eyewall evolution.

The analyses here provide new evidence that changes in
heating, moist entropy, toroidal and vertical vorticity, and
ultimately wind speed are concurrent and highly coupled
in a developing secondary eyewall. While the axisymmet-
ric view has been shown to be quite useful for gaining
insight into the processes responsible for these changes,
the observations suggest also that nonaxisymmetric con-
tributions must be included for a complete understanding
of eyewall evolution. Additional observations and further
basic research on the topic of secondary eyewall forma-
tion and evolution are advocated to improve our under-
standing and forecasts of the phenomenon and related
size expansions of intense tropical cyclones.
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