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[1] Airborne Doppler radar data collected during the Hurricane Rainband and Intensity
Change Experiment (RAINEX) show the convective-scale air motions embedded in the
principal rainbands of hurricanes Katrina and Rita. These embedded convective cells have
overturning updrafts and low-level downdrafts (originating at 2–4 km) that enter the
rainband on its radially outward side and cross over each other within the rainband as well
as a strong downdraft emanating from upper levels (6+ km) on the radially inward side.
These vertical motion structures repeat from one convective cell to another along each
rainband. The resulting net vertical mass transport is upward in the upwind portion of
the band and greatest in the middle sector of the principal rainband, where the updraft
motions contribute generally to an increase of potential vorticity below the 3–4 km
level. Because the convective cells in the middle sector are systematically located
radially just inside the secondary horizontal wind maximum (SHWM), the local increase
in vorticity implied by the convective mass transport is manifest locally as an increase in
the strength of the SHWM at midlevels (�4 km). The overturning updrafts of the
convective cells tilt, stretch, and vertically transport vorticity such that the convergence
of the vertical flux of vorticity strengthens the vorticity anomaly associated with the
SHWM. This process could strengthen the SHWM by several meters per second per
hour, and may explain how high wave number convective-scale features can influence a
low wave number feature such as the principal rainband, and subsequently influence the
primary vortex.
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1. Introduction

[2] A tropical cyclone typically contains rainbands that
spiral in toward the eyewall of the storm. Willoughby et al.
[1984] described the different types of rainbands that tend to
be persistent within a mature tropical cyclone (Figure 1).
Typically one or two rainbands dominate the storm outside
of the eyewall region. According to Willoughby et al.
[1984], these principal rainbands mark the boundary be-
tween the outer and vortex environments. These principal
rainbands have an open spiral geometry in contrast to the
quasi-circular eyewall geometry. The rainbands moreover
tend to consist of more convective precipitation upwind and
more stratiform precipitation downwind (e.g., Figure 2a)
[see also Atlas et al., 1963]. Theoretical and modeling
studies suggest that the pattern of mesoscale rainbands is at
least partly determined by vortex Rossby waves generated in
the negative potential vorticity (PV) gradient that extends
from the eyewall outward [Montgomery and Kallenbach,
1997;Chen and Yau, 2001; Chen et al., 2003]. However, the

rainbands are organized on a hierarchical scale, from the
mesoscale down to the convective scale [May, 1996], and
the modeling studies have generally not addressed the
details of air motions on the convective scale.
[3] Barnes et al. [1983, hereafter BZJM] noted that the

low-level radial inflow slowed in the rainband and sug-
gested from that observation that rainbands may provide a
‘‘partial barrier’’ to the moist inflow to the storm. From
collecting in situ flight level data at 1-s intervals and
multiple levels (150 m–6500 m), they further deduced that
the convective elements within a rainband consist of two
circulations: a radially outward leaning updraft, and a
descending radial inflow that brings low-qe air to lower
levels (Figure 2b). They and other previous investigators
relied heavily on radar reflectivity from ground-based and
airborne radars and, when available, ancillary information
from soundings and aircraft inertial navigation systems
[Atlas et al., 1963; Willoughby et al., 1984; Barnes et al.,
1991; Samsury and Zipser, 1995; May, 1996]. Multiple
Doppler radar observations have not been fully utilized to
infer the convective-scale circulations. Powell [1990a] and
Barnes et al. [1991] deduced aspects of the small-scale
circulations in a rainband using composites of pseudo-dual
Doppler data, obtained by flying past the target on two
different tracks to obtain two viewing angles [Jorgensen et
al., 1983], which introduces errors due to nonsimultaneity
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of the measured wind components. The convective-scale
overturning described by the BZJM conceptual model has
not, up to now, been fully validated by temporally well-
resolved dual-Doppler observations of the air motions in
individual convective cells in rainbands.
[4] In this study, we make use of a unique set of high-

resolution airborne Doppler radar data to examine the
convective-scale air motions in hurricane rainbands. These
data were obtained with the National Center for Atmospheric
Research (NCAR) Electra Doppler Radar (ELDORA),
aboard the Navy Research Laboratory P-3 aircraft (NRL),
in the 2005 Hurricane Rainband and Intensity Change
Experiment (RAINEX [Houze et al., 2006, 2007]). RAINEX
was aimed at understanding how the internal structure of a
tropical cyclone influences the storm’s intensity changes.
The convective-scale circulations schematized in Figure 2b
have the potential to influence the intensity of the tropical
cyclone. First, they may weaken the cyclone in two ways:
(1) the updraft turns the low-level moist radial inflow up and
away from the storm center before it reaches the eyewall
area; and (2) the downdraft reduces the moist static energy of
the low-level radial inflow [BZJM; Powell, 1990a, 1990b;
Samsury and Zipser, 1995]. Emanuel [1986] showed how
the inclusion of turbulent mixing out of the boundary layer
as well as the incorporation of saturated downdrafts within
regions outside of the radius of maximum winds (RMW) is
important to the qe budget of the boundary layer feeding the
eyewall. Powell [1990b] showed how the downdraft carries
low moist static energy air down into the boundary layer.

Given a large enough modification of the boundary layer,
these processes constitute negative feedbacks to the eyewall
intensity.
[5] However, the rainbands also have the potential to

have other feedbacks to storm structure and intensity.
Potential vorticity (PV) generated by convective and strat-
iform heating processes within rainbands may provide an
important source of potential vorticity for increasing the
intensity of the storm. May and Holland [1999] used
vertically pointing radar data to examine the effect of PV
generated in the stratiform regions on the storm vortex.
Franklin et al. [2006] extended May and Holland [1999]
via full-physics modeling, finding that PV generation within
the stratiform regions could affect the intensity of the
overall vortex. Convective-scale processes may also be
important. Chen and Yau [2001] found that convection in
model simulations generates PV anomalies in the middle
troposphere within the spiral rainbands, and that this PV
generation is critical to the intensification process of a
tropical cyclone.
[6] This upscale feedback may reside in the interaction

between the small-scale convective circulations and the
secondary horizontal wind maximum (SHWM) of a rain-
band, an interaction that has not been extensively investi-
gated observationally. Samsury and Zipser [1995] found
that a mesoscale reflectivity feature was often in close
proximity to a mesoscale SHWM, which indicates that there
are likely rainband processes that generate and maintain a
SHWM. Ryan et al. [1992] found a SHWM within a

Figure 1. Idealized schematic of the reflectivity structure of a tropical cyclone, illustrating the hierarchy
of rainbands as well as a primary and secondary eyewall. From Willoughby [1988].
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developing cyclone’s convectively active rainband. Barnes
and Stossmeister [1986] found that this SHWM dissipated
along with the convection within a decaying rainband.
Franklin et al. [2006] suggested that the cyclonic PV
generated by stratiform processes leads to the creation of
a midlevel jet (SHWM) as well as provides the vorticity
gradient necessary for the propagation of vortex Rossby
waves. Powell [1990a] suggested the potential role of the
convective-scale updrafts tilting radially oriented shear-
induced horizontal vorticity h into vertical vorticity z
(Figure 2c), but not in the context of a SHWM.Montgomery
and Kallenbach [1997] found via a modeling study that a
wave number-2-scale feature (similar in size and shape to a
principal rainband) can feed back to and strengthen the
vortex winds via vortex Rossby wave dynamics just inside
the waves’ ‘‘stagnation radius’’ for wave number-2 vortex
Rossby waves. If a rainband is a manifestation of a low-
wave number Rossby wave, it is possible that convection
embedded in the rainband could enhance the Rossby wave
and its interaction with the larger-scale vortex. It therefore
seems crucial to obtain and analyze direct observations of
the reflectivity and kinematic structure of the rainbands that
resolve the convective air motions that may be affecting the
intensity of the larger tropical cyclone.

[7] This study uses ELDORA data to examine the con-
vective-scale precipitation elements in a major rainband of
Hurricane Katrina on 28 August 2005 mission and in a
similar large rainband in Hurricane Rita on 21 September
2005. Both hurricanes were at Category 5 on the Saffir-
Simpson scale [Saffir, 2003] at the time of the observations.
During these missions, the NRL WP-3D aircraft performed
a coordinated mission with a NOAA P3, which provided
further Doppler radar coverage.
[8] The objectives of this study are the following:
[9] . Validate the existence of the convective-scale

circulation features postulated by BZJM (Figure 2).
[10] . Show how the structure of these features varied

along the band.
[11] . Determine how these features may have affected

the structure of the principal rainband and the overall
intensity of the hurricane.
[12] Sections 2–4 will provide an overview of the

RAINEX missions analyzed here and describe the data and
methods of analysis. Section 5 identifies and describes the
principal rainbands within Katrina and Rita. Sections 6–12
will describe the convective-scale features within the rain-
bands, as revealed by the ELDORA data, compare them to
the BZJM model and suggest possible dynamic implica-
tions of the convective-scale circulation features identified

Figure 2. Conceptualized schematics of convective-scale kinematics embedded within a rainband.
(a) An idealized schematic of a plan view of reflectivity and the air motions from Barnes et al. [1983] that
indicates the rainband boundary (25 dBZ contour), the embedded convective cells (35 dBZ contours),
stratiform precipitation regions (shaded area), and the aircraft track that indicates the vertical cross section
conceptualized in Figure 2b. (b) A conceptual model corresponding to a vertical cross section through a
large principal rainband as indicated in Figure 2a. Shaded arrows show the convective-scale radial air
motions, and the unshaded arrows indicate the mesoscale radial flow. (c) A schematic from Powell
[1990a] of the planetary boundary layer’s (PBL) effect on the relative vertical vorticity component.
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by ELDORA. Section 13 will draw conclusions about these
implications and suggest future research directions.

2. Aircraft Missions

[13] Houze et al. [2006] described the aircraft participat-
ing in RAINEX. The times and locations of the aircraft
missions examined in this paper are indicated in Figure 3.
The National Oceanic and Atmospheric Administration 43
P-3 (N43) conducted a flight into Hurricane Katrina during
the period 1630-0000 UTC 28–29 August 2005. The N43

flight track was mostly restricted by operational require-
ments by the National Hurricane Center (NHC) tasked
mission. The N43 flight legs used for this study were
executed during the interval 1823–2141 UTC. The NRL
P-3 joined the mission during 1845–2300 UTC. Its flight
pattern concentrated on the mapping of what was consid-
ered on the basis of satellite and radar to be the principal
rainband, which according to the visual criteria ofWilloughby
et al. [1984, Figure 1] was the largest and most dominant
spiral rainband in evidence on radar. The NRL investi-
gation occurred from 2026–2145 UTC. During the NRL

Figure 3. (a) Best Track Data for Hurricane Katrina (http://www.nhc.noaa.gov/pdf/TCR-AL122005_
Katrina.pdf). The shaded rectangle indicates the invest area for 28 August 2005. (b) Best Track Data
for Hurricane Rita (http://www.nhc.noaa.gov/pdf/TCR-AL182005_Rita.pdf). The shaded rectangle
indicates the invest area for 21 September 2005.
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mission, N43 deviated slightly from its operational pattern
to fly a coordinated mission with NRL. ELDORA obtained
highly detailed observations of the middle portion of the
principal rainband, as well as observations of the stratiform
downwind portion of the band.
[14] N43 conducted a mission into Hurricane Rita from

about 1400–2100 UTC 21 September 2005, most of which
was unrestricted by operational constraints because the
storm was far from landfall. This flight was closely coor-
dinated with NRL in flying patterns targeted on rainbands.
NRL joined the mission from 1500–2140 UTC. The NRL
flight legs used for this study were obtained in the period
1845–1927 UTC. ELDORA again obtained highly detailed
observations of the upwind and middle portions of the
principal band as well as a portion of the stratiform
downwind section of the band.

3. Aircraft Instrumentation and Data Sets

[15] N43was equipped with an X-band dual-Doppler radar
system using a single antenna that rapidly alternated viewing
angles between 20� fore and 20� aft of the vector normal to
the ground track of the aircraft [Jorgensen et al., 1996].
ELDORA is an X-band dual-Doppler radar [Hildebrand et
al., 1996] that utilizes two antennas electronically fixed at
20� fore and 20� aft. The scanning techniques and other
design specifications of N43 and ELDORA allow along-
track resolutions of about 1.5 km and 0.5 km, respectively.
These resolutions allowed for horizontal wavelengths of
8 and 2 km to be detected, respectively [Houze et al.,
2006]. The substantially improved resolution of the
ELDORA allows for the determination of the convective
circulations described in this study.
[16] Doppler velocity data from eight ELDORA legs and

eight N43 legs were edited using the NCAR Solo II software
(R. Oye et al., Software for radar data translation, visuali-
zation, editing, and interpolation, 27th Conf. on Radar
Meteorology, Vail, CO, Amer. Meteor. Soc., pp. 359–361,
preprint, 1995) to eliminate noise, sea clutter, and other
artifacts such as radar sidelobe echoes. Unfolding of veloc-
ities exceeding the radars’ respective Nyquist velocities was
performed with the Bargen and Brown (Interactive radar
velocity unfolding, Proc. 19th Conf. on Radar Meteorology,
Miami, FL, Amer. Meteor, Soc., pp. 278–283, preprint, 1980)
algorithm contained within Solo II. Platform motion was
removed from both data sets using the techniques outlined by
Testud et al. [1995, THL] and Bosart et al. [2002, BLW]. The
BLW method was required to account for the moving ocean
surface as well as for changes to the drift and ground speed in
each leg of radar data.

4. Airborne Dual-Doppler Wind Field Retrieval
and Analysis

[17] The aircraft radar data were mapped onto a three-
dimensional Cartesian grid using the NCAR REORDER
software (Oye, D. and M. Case, Reorder: A program for
gridding radar data, NCAR Field Observing Facility,
Boulder, CO, 33 pp. Available online from http://www.eol.
ucar.edu/rsf/UserGuides/ELDORA/DataAnalysis/reorder/
unixreorder.ps., technical guide, 1994), with ELDORA data
being mapped onto a 0.5 km horizontal, 0.5 km vertical grid

with a Cressman [1959] filter radius of influence of 0.75 km
in the horizontal and 0.5 km in the vertical. The lowest grid
level was 0.5 km. N43 data were mapped onto a 1.5 km
horizontal, 1.0 km vertical grid with a Cressman filter radius
of influence of 2.25 km in the horizontal and 1 km in the
vertical. The lowest grid level was 0.5 km.
[18] These data were input into the Cartesian Editing and

Display of Radar Data under Interactive Control software
(CEDRIC [Mohr et al., 1986]). A one-pass three-dimensional
Leise (A multidimensional scale-telescoped filter and data
extension package, NOAA Tech. Memo. ERL/WPL-82,
20 pp. Available from Environmental Technology Labora-
tory, 325 Broadway, Boulder, CO 80303, unpublished
report, 1981) filter was applied to both the ELDORA and
N43 data. A three-pass two-dimensional Leise filter was
applied to the ELDORA data, and a two-pass two-
dimensional Leise filter was applied to the N43 data.
These choices of parameters allow for wavelengths >7 km to
be resolved within the ELDORA data set, and wavelengths
>10 km to be resolved within the N43 data set. The storm
motion at 2100 UTC for both storms was assumed to be
constant throughout the mission, and was removed from the
wind field.
[19] The primary tool for data analysis of the results of the

dual-Doppler synthesis was the NCAR Zebra analysis and
visualization software [Corbet et al., 1994], which allows for
horizontal and vertical overlays of multiple data parameters,
as well as the quick interactive creation of vertical slices.
This analysis tool allowed for the simultaneous analysis of
the reflectivity and kinematic structures throughout the flight
legs. Contoured Frequency by Altitude Diagrams (CFADS
[Yuter and Houze, 1995a]) and vertical mass transport
profiles [Yuter and Houze, 1995b] were also generated to
assist in determining the distribution of reflectivity and other
parameters throughout the volumes analyzed.

5. Principal Rainbands of Katrina and Rita

[20] Figure 3a shows the track of Hurricane Katrina, as
derived from the NHC ‘‘best track’’ dataset (available online
at http://www.nhc.noaa.gov/pdf/TCR-AL122005_Katrina.
pdf). Katrina made landfall in Miami, Florida, as a Category
1 hurricane on 25 August, tracked across south Florida on 26
August, rapidly intensified to Category 3 over the Gulf of
Mexico on the 27th, and further to Category 5 between 0300
UTC and 2100 UTC on 28 August. Katrina made a second
landfall east of New Orleans, Louisiana, on 29 August 2005
as a Category 3 hurricane.
[21] The shaded box in Figure 3a highlights the RAINEX

aircraft investigation area for 28 August 2005. Katrina
reached maximum intensity during this mission. At
2100 UTC, the hurricane had a maximum sustained wind
speed of 75 m s�1 (145 kts), a central pressure of 902 hPa and
was traveling toward the northwest (315�) at �6 m s�1.
Figure 4a shows the horizontal pattern of 85–92 GHz
polarization-corrected brightness temperature (PCT). This
quantity is lowest where ice scattering is strongest in the
upper levels of the storm [Kidder and Vonder Haar, 1995,
pp. 343–344]. As aMorphed Integrated Microwave Imagery
at CIMSS (MIMIC) product, this image qualitatively repre-
sents the eyewall and rainband precipitation pattern at this
time [Wimmers and Velden, 2007]. The brightest features
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