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Abstract 
 

Kinematic Structure of Convective-scale Elements in the Rainbands of Hurricanes 
Katrina and Rita (2005) 

 
Chair of the Supervisory Committee: 

Professor Robert A. Houze, Jr. 
Department of Atmospheric Sciences 

 
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 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 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 above 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. 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 wavenumber convective-scale features can influence 

a low wavenumber feature such as the principal rainband, and through vortex Rossby 

wave dynamics subsequently influence the primary vortex.  
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SECTION 1 

INTRODUCTION 

A tropical cyclone typically contains rainbands that spiral in toward the eyewall of 

the storm. Willoughby et al. [1984b] described the different types of rainbands that tend 

to be persistent within a mature tropical cyclone (Fig.1). Typically one or two rainbands 

dominate the storm outside of the eyewall region. According to Willoughby et al. 

[1984b], these principal rainbands mark the boundary between the outer and vortex 

environments. These principal rainbands have an open spiral geometry in contrast to the 

quasi-circular eyewall geometry.  

 

 

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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The rainbands moreover tend to consist of more convective precipitation upwind and 

more stratiform precipitation downwind [e.g. Fig. 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.  

 

 

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 
(stippled area), and the aircraft track that indicates the vertical cross section conceptualized in (b). b) A conceptual 
model corresponding to a vertical cross section through a large principal rainband as indicated in (a). 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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Barnes et al. [1983, hereafter BZJM] hypothesized that the convective elements 

within a rainband consist of two circulations: a radially-outward leaning updraft that 

provides a partial barrier to the moist radial inflow, and a descending radial inflow that 

brings low-θe air to lower levels (Fig. 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., 1984b; 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 low temporal resolution. 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.  

In this study, I 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) 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 Fig. 2b have the potential to influence the 
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intensity of the tropical cyclone. First, they may weaken the cyclone in two ways: i) the 

updraft turns the low-level moist radial inflow up and away from the storm center before 

it reaches the eyewall area; and ii) 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  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.  

However, the rainbands also have the potential to have other feedbacks to storm 

structure and intensity. Potential vorticity (PV) generated by convective and stratiform 

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.  
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This upscale feedback may reside in the interaction between the small-scale 

convective circulations and the secondary horizontal wind maximum (SHWM) of a 

rainband, an interaction that has not been extensively investigated 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. Franklin et al. [2006] suggested that the cyclonic 

PV generated by stratiform processes leads to the creation of a mid-level 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 

shear-induced horizontal vorticity  into vertical vorticity  (Fig. 2c), but not in the 

context of a SHWM. Montgomery and Kallenbach [1997] found via a modeling study 

that a wavenumber-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 wavenumber-2 vortex Rossby waves. If a 

rainband is a manifestation of a low-wavenumber 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. 

This study uses ELDORA data to examine the convective-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 
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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. 

The objectives of this study are to: 

• Validate the existence of the convective-scale circulation features postulated by 

BZJM (Fig. 2). 

• Show how the structure of these features varied along the band, and 

• Determine how these features may have affected the structure of the principal 

rainband and the overall intensity of the hurricane. 

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 rainbands, as revealed by the ELDORA data, compare them to the 

BZJM model and suggest possible dynamic implications of the convective-scale 

circulation features identified by ELDORA. Section 13 will draw conclusions about these 

implications and suggest future research directions. 
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SECTION 2 

THE AIRCRAFT MISSIONS 

Houze et al. [2006] described the aircraft participating in RAINEX. The times and 

locations of the aircraft missions examined in this paper are indicated in Fig. 3. The 

NOAA 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 

requirements 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 

(NRL) joined the mission during 1845-2300 UTC. Its flight pattern concentrated on the 

mapping of what was considered on the basis of satellite and radar to be the principal 

rainband, which according to the visual criteria of Willoughby et al. [1984b, Fig. 1] was 

the largest and most dominant spiral rainband in evidence on radar. The NRL 

investigation occurred from 2026-2145 UTC. During the NRL 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. 

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 coordinated 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 



8 

 

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. 
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SECTION 3 

AIRCRAFT INSTRUMENTATION AND DATASETS 

N43 was 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.  

Doppler velocity data from eight ELDORA legs and eight N43 legs were edited using 

the NCAR Solo II software (Oye R., C. Mueller, and S. Smith: Software for radar data 

translation, visualization, editing, and interpolation, 27th Conf. on Radar Meteorology, 

Vail, CO, Amer. Meteor. Soc., 359 – 361, preprint, 1995) to eliminate noise, sea clutter, 

and other artifacts such as radar side-lobe echoes. Unfolding of velocities 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., 278 – 283, preprint, 1980) algorithm contained within Solo II. 

Platform motion was removed from both datasets using the techniques outlined in Testud 

et al. [1995, THL] and Bosart et al. [2002, BLW]. The BLW method was required to 
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account for the moving ocean surface as well as for changes to the drift and ground speed 

in each leg of radar data.  
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SECTION 4 

AIRBORNE DUAL-DOPPLER WIND FIELD RETRIEVAL AND ANALYSIS 

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 1.0 km in the vertical. The lowest grid level 

was 1.5 km. 

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 

Laboratory, 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 to be 

resolved within the ELDORA dataset, and wavelengths to be resolved within the 
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N43 dataset. The storm motion at 2100 UTC for both storms was assumed to be constant 

throughout the mission, and was removed from the wind field. 

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, 1995b] and vertical mass 

transport profiles [Yuter and Houze, 1995c] were also generated to assist in determining 

the distribution of reflectivity and other parameters throughout the volumes analyzed. 
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SECTION 5 

PRINCIPAL RAINBANDS OF KATRINA AND RITA 

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. 

The shaded box in Fig. 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  (145 kts), a central pressure 

of 902 hPa and was traveling towards the northwest (315°) at . 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 a Morphed Integrated Microwave 

Imagery at CIMSS (MIMIC) product, this image qualitatively represents the eyewall and 

rainband precipitation pattern at this time [Wimmers and Velden, 2007]. The brightest 

features (cyan, yellow, and red) occur where the ice scattering at upper levels is most 

pronounced and tend to correspond to the areas of heaviest precipitation within the storm. 

The narrow ring of bright elements around the storm center correspond to the eyewall 

precipitation surrounding the eye of the storm. The large spiral region of lower PCT  
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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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Figure 4  Morphed Integrated Microwave Imagery [MIMIC; Wimmers and Velden, 2007] horizontally polarized 
brightness temperatures for a) Hurricane Katrina on 28 August 2005 at 2030 UTC and b) Hurricane Rita on 21 
September 2005 at 1900 UTC. The red stars indicate the approximate location of NRL at the time of the image. 
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outside the eyewall region was a principal rainband of the type illustrated in Fig. 1. It 

extended more than one revolution around the storm. 

Figure 5a combines the data from the radar on N43 with the ELDORA radar on the 

NRL aircraft to provide a nearly complete mapping of the radar echo of the principal 

rainband. The resolution of the mapping varies from aircraft to aircraft and with distance 

from the aircraft. The most detailed observations of convective-scale substructure were 

possible in the near vicinity of the track of the NRL aircraft, which was instrumented 

with ELDORA. Subsequent discussions in this paper will focus on regions K1-K4.  

Figure 3b shows the NHC best track data for Hurricane Rita [available online at 

http://www.nhc.noaa.gov/pdf/TCR-AL182005_Rita.pdf ]. This storm passed through the 

Florida Strait and entered the Gulf of Mexico as a Category 2 hurricane on 21 September 

2005. From 0000 UTC through 2100 UTC on 21 September 2005, Hurricane Rita rapidly 

intensified from Category 2 to 5. Rita reached its maximum intensity of  (150 

kts) and 897 hPa at 0300 UTC on 22 September 2005, six hours after the completion of 

the RAINEX mission for that day. Rita curved towards the northwest on 22 September 

2005 and underwent an eyewall replacement cycle [Houze et al., 2006, 2007]. The storm 

lost intensity as it became sheared on 23 September 2005. Rita made landfall east of 

Houston, Texas, on 24 September 2005. 

The shaded box in Fig. 3b highlights the aircraft investigation area for 21 September 

2005. At 2100 UTC 21 September 2005, Hurricane Rita had a maximum sustained wind 

speed of , a central pressure of 914 hPa, and was traveling towards the west 

(275°) at . The PCT (ice scattering) in the MIMIC product (Fig. 4b) suggests a 
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lesser degree of strong, active convection in the principal rainband than in Hurricane 

Katrina on 28 August 2005 (Fig. 4a). As in the case of Katrina, the principal rainband of 

Rita was spiraling completely around the storm, with its strongest portion on the east 

side. ELDORA radar data obtained in this region also indicate fewer active convective 

elements in Rita compared to Katrina (Figs. 5a and 5b). The striated appearance of the 

radar-echo in the principal rainband indicates that it had multiple sub-bands. The 

principal rainband of Rita was more tightly wound around the storm on this day than was 

the principal rainband of Katrina on 28 August 2005.  
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Figure 5  Composites of plan-views of radar reflectivities at 3.5 km MSL for hurricanes Katrina and Rita during the 
RAINEX sampling periods, a) for the ELDORA (NRL flight track shown in red) and N43 (N43 flight track shown in 
blue) radars on 28 August 2005, and b) for the ELDORA radar (NRL flight track shown in red) on 21 September 2005. 
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SECTION 6 

CONVECTIVE-SCALE UPDRAFTS WITHIN THE RAINBAND: VALIDATION 
OF THE BZJM CONCEPTUAL MODEL 

 
Figure 6 is a close-up view of a portion of the principal rainband of Katrina on 28 

August 2005 that lay to the east of the storm (region K2 in Fig. 5a). The plan view of the 

rainband at 3.5 km (Fig. 6a; all heights hereafter are mean sea level) shows a line of 

intense convective cells located along the inner edge of the rainband, with a sharp 

gradient of reflectivity defining the inner edge of the rainband and moderate reflectivities 

along the outer edge of the rainband associated with more stratiform precipitation. A 

vertical cross section was taken through a particularly intense convective cell. Figure 6b 

zooms in and shows the vertical velocities in this cell. The ELDORA data indicated that 

the updraft was . A weaker downdraft was located slightly upwind (southwest) 

of the cell. Figure 6c is a vertical cross section showing the reflectivity field along the 

line shown Figs. 6a and 6b. The convective cell's reflectivity core leaned radially outward 

with height. The wind vectors show the vertical structure of the strong updraft seen in 

Fig. 6b. The updraft extended from near the bottom of the analysis (0.5 km above the 

ocean surface) to about 8 km. The streamline in Fig. 6c shows how radially inward flow 

at lower levels (below 4 km) passes under the reflectivity cell and turns upward, rises, 

and flows back outward at about the 8-10 km level. On a small, local scale, this 

circulation mimics the in, up and out circulation behavior of an eyewall and produces the 

echo cell on radar, which slopes outward in a manner similar to a well-developed  
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Figure 6  Doppler analysis of the 2026-2036 NRL leg of Hurricane Katrina on 28 August 2005 (region K2 in Fig. 5a) 
with the flight path of NRL indicated in blue. a) Plan-view of reflectivity in dBZ at 3.5 km MSL overlaid by the [U,V] 
wind vectors. The black line indicates the cross section shown in c-f. b) Map of the vertical velocity in in the 
region surrounding the cross section in (a), overlaid by the [U,V] wind vectors. c) Corresponding vertical cross section 
of reflectivity in dBZ along the cross section in (a) with the [U,V,W] wind vectors. The white arrow indicates a 
streamline for the overturning updraft. d) Divergence in overlaid by vertical vorticity contoured every 

. The black contours are positive, white is negative, and gray is the zero contour. e) The vertical velocity 
in overlaid by contours of the vertical vorticity contoured every . f) The wind component normal 
to the cross section in overlaid by contours of the vertical vorticity contoured every . 
 

eyewall. The ELDORA data thus show a convective-scale updraft circulation embedded 

in the Katrina rainband that confirms the structure hypothesized by BZJM and Powell  

[1990a] (Figs. 2b and 2c). Moreover, ELDORA data for other cells along the principal 

rainband in Katrina (not shown) consistently show cellular circulations similar to that 

illustrated in Fig. 6c.  

20 
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In addition, the RAINEX ELDORA data in Hurricane Rita's principal rainband 

showed cellular structure similar to that seen in Katrina's principal rainband. Figure 7 is a 

close-up view of a convective-scale circulation that occurred within a portion of the 

principal rainband of Rita on 21 September 2005 (region R2 in Fig. 5b). The plan view of 

this rainband sector at 3.5 km (Fig. 7a), which may be compared to the similar view of 

Katrina in Fig. 6a, shows overall a lesser presence of active convection within Rita's 

principal rainband. The MIMIC imagery for this day indicates that more active 

convection was present within the rainband at earlier times (not shown). Nevertheless, 

those cells that were present at the analysis time were, as in Katrina, located on the inner 

edges of this particular sub-band of the principal rainband with stratiform precipitation 

extending towards the outer edge of the rainband. The close-up (Fig. 7b) of the vertical 

velocity field at the 3.5 km level in the convective region outlined by the box in Fig. 7a 

shows the updraft of the cell selected for vertical cross sectional analysis. The cross 

sections showing the streamlines and vertical velocity of the flow in the section (Figs. 7c 

and 7e) indicate that the vertical velocities were stronger above the 3.5 km level, and they 

show the in, up, and outward flow with an associated radially outward leaning reflectivity 

core. These features again exhibited an updraft structure of the type hypothesized by 

BZJM.  

Thus, the BZJM overturning updraft structure is seen in repeatedly, both within the 

principal rainband of a given storm and from one storm to another. The RAINEX 

ELDORA data verify via direct observation the existence of the convective-scale 

circulations suggested by BZJM and Powell [1990a].  
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Figure 7  As in Fig. 6, except for the Doppler analysis of the 1858-1907 NRL leg of Hurricane Rita on 21 September 
2005 (region R2 in Fig. 5b). 
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SECTION 7 

EXTENSION OF THE BZJM UPDRAFT MODEL 

 
Panels d-f of Figs. 6 and 7 allow us to extend the interpretation of the kinematic 

structure of the convective-scale overturning updraft cells in the principal rainband of 

Katrina by showing the divergence (Figs. 6d and 7d), vertical velocity (Figs. 6e and 7e), 

and cross section-normal (and since the cross sections are approximately storm-radial, 

thus approximately tangential) wind components (Figs. 6f and 7f) overlaid with contours 

of the vertical component of vorticity. Ideally I would like to analyze potential vorticity 

(PV), but I cannot calculate PV from only the wind components derived from ELDORA. 

However, outside the region of the eye and eyewall, the horizontal temperature gradient 

in a hurricane is sufficiently flat that the vorticity field behaves similarly to PV, and I can 

use vorticity as an analog to PV. Figure 6d shows a layer of strong convergence, which 

was shallowest and most intense at the base of the sloping reflectivity core (seen in panel 

c). The top of this convergent layer sloped upward with increasing radial distance from 

the storm center. A layer of divergence, which also sloped upward and radially outward, 

capped the low-level convergence in the region of the convective cell. As required by 

mass continuity, this pattern is consistent with Fig. 6e, which shows the outward sloping 

updraft lying just above the region of maximum convergence. Figure 6f shows the wind 

component normal to the cross section; since the cross section is approximately radial, 

relative to the eye of the storm, the velocity component in Fig. 6f is made up primarily of 

Katrina's tangential wind component. It may also be regarded as an approximation to the 

along-band component of the wind relative to the principal rainband. Associated with the 
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inner edge of the rainband (where the convective cell lies) was a SHWM that extended 

from about the 1 km level up to about 6 km, where the speed of the wind abruptly 

decreased. The maximum wind was at about 4 km. From the vertical vorticity contours 

overlaid on panels d-f of Fig. 6, it is evident that the maximum vorticity was associated 

with the SHWM, which had a vertical vorticity couplet straddling it. The positive 

vorticity center, lying radially inward of the jet at about the 4 km level, appears stronger 

than the negative center located radially outside the jet since the background positive 

vorticity of the storm has not been removed. The SHWM jet also had a strong horizontal 

velocity gradient on its inner side (at a horizontal distance of about 7 km in Fig. 6f). 

Thus, the region of positive vorticity associated with the SHWM coincided with the 

convective-scale updraft (Fig. 6e) and lay in a convergent region (Fig. 6d). 

Rita's principal rainband exhibited a similar pattern in the kinematic fields near the 

convective cell in Fig. 7, although the entire structure was somewhat elevated compared 

to the Katrina case. Figure 7d again shows an outward sloping divergence pattern aloft, 

centered around 7 km, with convergence at lower levels. This divergence/convergence 

pattern is associated with an outward sloping updraft (Fig. 7e), although in this case the 

updraft maximum was centered at mid-levels instead of closer to the surface. The SHWM 

in this rainband (Fig. 7f) was also situated at a somewhat higher level than in Katrina, 

extending from 4-6 km. The jet was capped by a very sharp vertical gradient of cross 

section-normal wind above 6 km. The change in wind speed on either side of the jet was 

not as abrupt as in Katrina. The positive vorticity associated with the SHWM was again 

directly situated over the updraft, and just below the layer of maximum divergence.  



25 

 

Thus, in the principal rainbands of both Katrina and Rita, the updraft maximum was 

collocated with the region of maximum positive vorticity associated with the secondary 

horizontal maximum of tangential wind located within the rainband and abruptly capped 

by a divergent layer.  
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SECTION 8 

EFFECTS OF RAINBAND CONVECTIVE UPDRAFTS ON THE SHWM 

 
Although BZJM and Powell [1990a] described the circulation associated with a 

convective cell in a rainband, including both a deep overturning updraft and a low-level 

downdraft circulation (Figs. 2b and 2c), the effects of the convective-scale updrafts in the 

rainbands have been largely ignored, other than to point out that they take up some of the 

boundary-layer radial inflow that would otherwise penetrate to the eyewall region. This 

process would represent a negative feedback to the eyewall circulation if it extracted 

energy from the boundary layer before it can be consumed by the secondary circulation in 

the eyewall region [Powell, 1990b]. In this section, I use the insight detailed in Section 7 

to point out a possible indirect feedback to the primary storm vortex by the convection in 

the principal rainband.  

The flow fields represented in Fig. 6c show that the low-level flow under the SHWM 

in this region was directed radially inward toward the base of the outward-leaning 

precipitation cell. If vectors in Fig. 6 suggest trajectories through the convective cell 

region, then it is possible to note that as the low-level air flowed radially inward under 

the SHWM it took on strong horizontal vorticity , which was subsequently tilted to form 

vertical vorticity where the flow turned upward at the inner edge of the convective cell 

(i.e. at about 5 km on the horizontal scale of the cross sections in Fig. 6). Figure 6d shows 

that at the point of turning upward, the flow was subjected to strong convergence at the 

base of the updraft. Thus, the newly tilted vortex tube was being stretched. In addition, 
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this vertical vorticity ζ was being advected upward, into the layer of the high positive 

member of the vorticity couplet associated with the SHWM. The layer of divergence just 

above the SHWM effectively confined the vertical flux of ζ to the layer of the jet. 

Through this process, the cellular updraft circulation would have contributed to the 

accumulation of positive vorticity in the layer containing the positive vorticity maximum 

on the inner side of the SHWM. By feeding positive vorticity into the layer of high 

positive vorticity on the radially-inward side of the jet, the convective-scale cellular 

overturning circulation was strengthening the SHWM associated with the principal 

rainband. 

The relationship of the overturning updraft circulation to the SHWM seen in Katrina 

was repeated in Rita. The cross sections in Figs. 7c-f show patterns consistent with those 

in Figs. 6c-f. On the cell's radially inward side, low-level air flowing radially inward 

under the sloping reflectivity core again turned upward beneath the cell (Fig. 7c). As the 

air turned upward, horizontal vorticity was tilted into the vertical. After turning upward, 

the vortex tube was stretched by low-level convergence (at ~4 km on the distance scale in 

Fig. 7d). The streamlines (Fig. 7c), vertical velocity pattern (Fig. 7e), and wind 

component into the cross section (Fig. 7f), combined with the vorticity field overlaid on 

the vorticity contours in panels e-f, again indicate that positive vorticity was 

accumulating radially inward of the jet. 
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SECTION 9 

DOWNDRAFTS 

 
I now turn to the downdraft component of the BZJM model, although in studies such 

as BZJM and Powell [1990a, 1990b; Figs. 2b and 2c] the lower-level downdrafts of the 

convective-scale circulations have received some attention regarding their ability to 

modify the moist static energy of the radial inflow, and hence the eyewall circulation. 

Viewed in a two-dimensional cross section like Fig. 2, the BZJM model indicates the 

low-level downdraft crossing the updraft. However, this is a two-dimensional projection 

of two separate features of a three-dimensional cellular circulation. The updraft and low-

level downdraft are intertwined, and both have strong components of flow into the cross 

section. For this reason, they are hard to identify completely in a single vertical cross 

section of data. Nevertheless, by examining numerous cross sections with the Zebra 

visualization tool, cross sections can be located that show the basic structure of the BZJM 

downdrafts. Figures 8 and 9 show examples of Zebra cross sections that capture the 

downdraft structures of cells in the principal rainbands of Katrina and Rita.  

Figure 8a displays the same Katrina convective cell as Fig. 6; however, this cross 

section is displaced slightly upwind of the cross section in Fig. 6. Comparing the b panels 

of Figs. 6 and 8 shows that the downdraft core at the 3.5 km level was a few km 

southwest of the updraft core examined in Sections 6 and 7. Figure 8c is a radial (relative 

to the storm center) cross section cutting across this downdraft cell. The cross section 

reveals two downdraft circulations, highlighted by white streamlines in Fig. 8c. A lower-

level downdraft enters from radially outside of the cell and subsides into the base of the 
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Figure 8  Doppler analysis of the 2026-2036 NRL leg of Hurricane Katrina on 28 August 2005 (region K2 in Fig. 5a) 
with the flight path of NRL shown in blue. a) A plan-view of reflectivity in dBZ at 2.0 km MSL overlaid by the [U,V] 
wind vectors. The black line indicates the cross section shown in (c). b) Horizontal view of the vertical velocity in 

 surrounding the cross section indicated in (a) overlaid by the [U,V] wind vectors. c) The vertical cross section of 
reflectivity in dBZ along the cross section indicated in a) with the [U,V,W] wind vectors. 
 

reflectivity core. This downdraft corresponds to the low-level downdraft circulation 

hypothesized by BZJM (cf. Fig. 2b). This circulation has the potential to lower the moist 

static energy of the flow within the boundary layer [BZJM; Powell, 1990a, 1990b]. 

Another downdraft extending from upper levels is seen radially inside the reflectivity 

cell, likely induced by heating from the convective-scale updraft. In subsequent 
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discussion, this downdraft will be referred to as an “upper-level downdraft”, since these 

downdrafts originate in the upper levels. BZJM hinted at this structure with the upper 

streamline in Fig. 2b.  

 

Figure 9  Doppler analysis of the 1858-1907 NRL leg of Hurricane Rita on 21 September 2005 (region R2 in Fig. 5b) 
with the flight path of NRL shown in blue. a) A plan-view of reflectivity in dBZ at 3.0 km MSL overlaid by the [U,V] 
wind vectors. The black line indicates the cross section shown in (c). b) Horizontal view of the vertical velocity in 

 surrounding the cross section indicated in (a) overlaid by the [U,V] wind vectors. c) The vertical cross section of 
reflectivity in dBZ along the cross section indicated in (a) overlaid with the [U,V,W] wind vectors. 
 

Both the upper-level and lower-level downdraft circulations also appeared in the 

convective cell in Hurricane Rita's principal rainband. Figure 9a shows the location of a 

cross section slightly displaced from the updraft cross section in Fig. 7. The lower-level 
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downdraft again entered from radially outside the sloping reflectivity cell, descended to 

the base of the cell and likely carried low moist static energy air in toward the center of 

the storm, as a negative feedback to storm intensity. The downdraft originating at upper 

levels again entered from radially inside the cell and descended. In this section, the 

upper-level downdraft did not extend below mid-levels as it did in the Katrina example. 

The upper-level downdraft is the likely reason that the inside edge of the principal 

rainband segments in Figs. 6a, 7a, 8a and 9a are marked by a sharp gradient of 

reflectivity with very weak echo immediately radially interior to the principal rainband. 

Thus this study verifies the presence of the downdrafts as detailed by BZJM, and infers 

the likely consequences of the presence of these structures from BZJM, Powell [1990a, 

1990b] and others. 
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SECTION 10 

STRUCTURE OF THE UPWIND AND DOWNWIND ENDS OF THE 
PRINICPAL RAINBANDS 

 
The vertical profile of latent heating generates PV and the structure of the vertical 

profile varies, depending on whether the heating occurs in convective cells or stratiform 

regions (which may be composed of decayed or weakened convection). Chen and Yau 

[2001] demonstrated that convective-scale heating can be important in the context of 

hurricane rainbands, and Franklin et al. [2006] suggested that the stratiform region 

heating can be important in strengthening a zone of maximum tangential wind. The 

principal rainband consists of a mixture of convective and stratiform structure. This 

mixture varies along the rainband, and since convective and stratiform regions typically 

have differing vertical profiles of heating [Houze, 1982, 1989, 1997], the exact mixture of 

convective and stratiform structure present determines the net heating profile. In the 

previous sections, I have examined the principal rainband's structure only in its middle 

sector. This section notes how the structure differs in the upwind and downwind ends of 

the principal rainbands in Katrina and Rita, as a prelude to examining the vertical mass 

transport profiles in each sector of the principal rainband. 

Convective-scale structures in the upwind portions of the principal rainbands of 

Katrina and Rita are shown in Fig. 10. These structures were located in region K1 of Fig. 

5a and R1 in Fig. 5b. The plan view of the upwind portions of both the Katrina and Rita 

principal rainbands (Fig. 10a and 10c, respectively) show that the convective cells were 

less well defined than nearer the midpoint of the rainbands, as exemplified by Figs. 6 and 
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Figure 10  Doppler analysis of the 1823-1837 N43 flight leg in Hurricane Katrina on 28 August 2005 (region K1 in 
Fig. 5a) and the 1845-1858 NRL leg of Hurricane Rita on 21 September 2005 (region R1 in Fig. 5b) with the flight 
paths of N43 and NRL indicated in blue. a) A plan-view of reflectivity in dBZ at 2.5 km MSL of the 1823-1837 N43 
flight leg in Hurricane Katrina overlaid by the [U,V] wind vectors. The black line indicates the cross section shown in 
(b). b) The vertical cross section of reflectivity in dBZ along the cross section indicated in a) overlaid with the [U,V,W] 
wind vectors. c) A plan-view of reflectivity in dBZ at 2.5 km MSL of the 1845-1858 NRL leg in Hurricane Rita 
overlaid by the [U,V] wind vectors. The black line indicates the cross section shown in (d). d) The vertical cross section 
of reflectivity in dBZ along the cross section indicated in c) overlaid with the [U,V,W] wind vectors. 
 
8. These cells instead exhibited a more individual presence, in contrast to the elongated, 

well-defined lines of convection shown in Figs. 6 and 7. In addition, these areas were 

observed by the lower-resolution radar on N43. Nonetheless, Figs. 10b and 10d indicate 

that the updrafts of the cells exhibited much the same behavior as the updrafts of the cells 

in the middle sections of both principal rainbands. A neighboring cross section to Fig. 

10d (not shown), and other cross sections taken in region R1, also exhibit the upper-level 
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downdraft features seen in Figs. 8c and 9c. Data coverage was insufficient to ascertain 

the existence or otherwise of upper-level downdrafts in region K1. 

 

Figure 11 Doppler analysis of the 2136-2144 NRL flight leg in Hurricane Katrina on 28 August 2005 (region K4 in 
Fig. 5a) and the 1909-1920 NRL leg of Hurricane Rita on 21 September 2005 (region R3 in Fig. 5b), with the flight 
path of NRL indicated in blue. a) A plan-view of reflectivity in dBZ at 2.5 km MSL of the 2136-2144 NRL flight leg in 
Hurricane Katrina overlaid by the [U,V] wind vectors. The black line indicates the cross section shown in (b). b) The 
vertical cross section of reflectivity in dBZ along the cross section indicated in a) overlaid with the [U,V,W] wind 
vectors. c) A plan-view of reflectivity in dBZ at 3.0 km MSL of the 1909-1920 NRL leg in Hurricane Rita overlaid by 
the [U,V] wind vectors. The black line indicates the cross section shown in (d). d) The vertical cross section of 
reflectivity in dBZ along the cross section indicated in (c) overlaid with the [U,V,W] wind vectors. 
 

The downwind portions of the principal rainbands in both Katrina and Rita (regions 

K4 and R3 of Fig. 5a and 5b, respectively) were dominated by collapsing convection. A 

few scattered shallow echo cores with weak vertical motion were found in these 
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downwind regions (e.g., near 37 km in Fig. 11b). Cells were frequently seen to have been 

collapsing into stratiform precipitation with bright bands becoming evident (e.g., near 12 

km in Fig. 11b). In the process discussed by Houze [1997], these collapsing cells 

evidently accumulated to form a broad region of stratiform precipitation in the downwind 

portion of the principal rainband (e.g., Fig. 11d). The momentum of the accelerated winds 

produced by the embedded convective cells upstream would have been advected into and 

accumulated in these downwind portions of the principal rainbands.  
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SECTION 11 

VERTICAL MASS TRANSPORTS IN THE UPWIND, MIDDLE, AND 
DOWNWIND REGIONS OF THE PRINCIPAL RAINBANDS 

 

11.1  The relevance and nature of vertical mass transports in the convective 

elements of the principal rainbands 

If convective elements embedded in the principal rainbands can influence the 

hurricane's development, it is because they act as local sources of PV. The vertical 

gradient of latent heating is proportional to the generation of PV, and is thus 

approximately proportional to the slopes of the vertical profiles of mass transport 

[Haynes and McIntyre, 1987]. In this section, I examine the distribution of vertical mass 

transport in the principal rainbands of Katrina. I make these calculations only for Katrina 

because although the Doppler analysis for Rita was sufficient for investigating 

convection in areas close to the flight track, the data quality (owing to flight-track 

geometry) was not sufficient to perform a summation of vertical velocity information 

over an entire representative volume of the rainband. It will be shown that convective up- 

and downdraft motions dominate this vertical transport, and that all three types of drafts: 

updrafts, lower-level downdrafts, and upper-level downdrafts (Sections 6-9) affect the net 

mass transport profile. I will further investigate how the impact of the convective-scale 

vertical mass transports may vary from the upwind end of the rainband, which is likely to 

contain convective cells in early stages of development, to the middle sector of the 

rainband, where the embedded convection is likely to be most fully developed, to the 



37 

 

downwind end of the rainbands, where the convection is often collapsing into a weaker, 

more stratiform structure.  

11.2  Calculation of vertical mass transport from Doppler radar data 

Analysis of flight-level in situ vertical velocity measurements by the inertial 

navigation system on the aircraft by both BZJM and Powell [1990a] indicated that ~60% 

of vertical drafts in rainbands were updrafts and ~40% were downdrafts. That is, the net 

vertical mass transport was composed of a small difference between numerous 

convective-scale updrafts and downdrafts. Analyzing ground-based dual-Doppler radar 

data at a horizontal resolution of  ~1 km, Yuter and Houze [1995c] found that the net 

vertical mass transport in a convective squall line was a small residual of numerous grid 

point values of positive and negative vertical velocity. They found, moreover, that the 

bulk of the mass transport was accomplished by the more numerous moderate intensity 

drafts as opposed to the extreme intensity drafts, which are outliers in the statistical sense.  

I use the method of Yuter and Houze [1995c] to calculate the vertical mass transports 

by the population of up- and downdrafts observed by the ELDORA radar in the principal 

rainband of Hurricane Katrina on 28 August 2005 (Fig. 12). The air density used for the 

calculation is from the Jordan [1958] standard tropical Atlantic atmosphere profile for 

the hurricane season. Figure 12 shows the vertical mass transport for the upwind (K1, top 

panels), middle (K2 and K3, middle panels), and downwind (K4—NRL and K4—N43, 

bottom panels) portions of the bands. The left panels show the positive, negative, and net 

vertical mass transport profiles, normalized to the maximum positive vertical mass 

transport value of that volume. The right panels show the vertical mass transport-
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weighted CFADS [Yuter and Houze, 1995c]. These panels indicate the fraction of the 

total mass transport accomplished by updrafts and downdrafts within different vertical 

velocity ranges. Similar to Yuter and Houze [1995c], the median of these distributions 

indicates that moderate draft speeds account for the most mass transport, both upward 

and downward. 

 

 

Figure 12  a) Positive (dashed), negative (dot-dash), and net (dotted) vertical mass transport profile for region K1 (see 
Fig. 5a), normalized to the maximum positive vertical mass transport value. b) Vertical mass transport-weighted 
vertical velocity CFAD for region K1, contoured every  and binned every . c) Same as (a), 
but for region K2. d) Same as (b), but for region K2. e) Same as (a), but for region K3. f) Same as b), but for region K3. 
g) Same as (a), but for region K4 sampled by NRL. h) Same as (b), but for region K4 sampled by NRL. i) Same as (a), 
but for region K4 sampled by N43. j) Same as (b), but for region K4 sampled by N43. 
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11.3  Updrafts, lower-level downdrafts and downdrafts originating at upper levels 

The profiles of vertical mass transport in Fig. 12 all extend through the full depth of 

the layer of radar echo. Both the updraft and downdraft net mass transport profiles are of 

comparable magnitude at all altitudes, with the overall net transport being a relatively 

small residual of all the up- and downdrafts at any given level in the principal rainband. 

This result highlights in particular the importance of the upper-level downdrafts. Yuter 

and Houze [1995b, 1995c] found upper-level downdrafts in squall-line convection; those 

drafts were likely a response to the buoyant updrafts, and the net mass flux by those 

upper-level downdrafts was considerably less in magnitude than the net mass flux in 

updrafts at the same levels [e.g. Fig. 3 of Yuter and Houze, 1995c]. As noted in Section 9, 

the upper-level downdrafts observed in the principal rainbands are likely induced by the 

heating within the convective cells. They strongly affect the net vertical mass transport at 

upper levels in the vicinity of the principal rainband. The heating profile, and associated 

PV increases and decreases produced aloft in the vicinity of the principal rainband are 

influenced by the three distinct types of drafts I have discussed in Sections 6-9.  

11.4  Upwind region 

I now investigate how the vertical mass transports in the principal rainband vary in 

the along-band direction. Region K1 (captured by N43) was in the farthest upwind 

portion of the band sampled by airborne radar. The net vertical mass transport (middle 

curve of Fig. 12a) was small but upward, peaking at a relatively high level (~6 km). It is a 

small residual between large amounts of net updraft and downdraft vertical mass 
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transport (outer curves of Fig. 12a). In this particular upwind region, the downdrafts 

nearly canceled the updrafts at the lowest levels, so that the maximum net upward 

vertical mass transport was in mid-levels. Since the vertical mass transport is proportional 

to latent heating rate, this profile is consistent with the convective heating profiles 

generally seen in mesoscale convective systems [Houze, 1982, 1989, 1997]—net positive 

through the troposphere with a maximum value in middle levels. The net transport, 

however, is relatively small, with the up- and downdrafts tending to cancel. I do not know 

if this structure is a sampling fluctuation associated with this particular region (there were 

relatively few convective cells in the region) or if the midlevel maximum and low-level 

near-zero net transport are typical of upwind regions. This conclusion awaits further data 

or modeling results.  

The mass transport-weighted vertical velocity CFAD (Fig. 12b) shows that in this 

upwind region, the overall distribution has some outliers of vertical velocities , 

but the bulk of the mass transport is concentrated in vertical velocities with magnitudes 

. 

11.5  Middle region 

Figure 12c shows that the middle section of the principal band, represented by region 

K2 in Fig. 5a, had a net vertical mass transport profile that was more strongly positive 

and extended through a deeper layer (up to 14 km, in contrast to 12 km in the upwind 

region). In addition, Fig. 12d shows a broader distribution of updraft strength. The net 

upward vertical mass transport is even stronger within region K3 (Fig. 12e), with a still 
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broader and more vertically extensive distribution of positive vertical velocities (Fig. 12f) 

that overall significantly outmatch the negative velocities in both strength and vertical 

extent. The updraft vertical velocities in region K3 frequently reached , while the 

most bulk of the mass flux was accounted for by updrafts . Downdrafts were 

most commonly , with extreme values of . Despite having a fairly 

significant amount of stratiform precipitation in these regions, the profiles still exhibit a 

classic convective profile in the sense that the net vertical mass transport is positive at all 

levels. However, in regions K2 and K3, the maximum net transport occurs at relatively 

low levels, around 3-4 km.  

The updraft mass transport profile in Figs. 12c and e relate to the updraft structures 

identified in Figs. 6 and 7. The net additive effect of these overturning updrafts is the 

right-hand, dashed curves in Figs. 12c and e. In terms of PV generation, the change in 

slope of these mass transport profiles at ~3-4 km implies that the drafts are producing a 

net increase of PV below this level, and a decrease above. To the extent that vorticity and 

PV behave similarly within the hurricane context, this result is consistent with the 

interpretation offered in Section 8, that the overturning convective updraft circulation of 

cells in the middle sector of the principal rainband tends to concentrate positive vorticity 

in the lower troposphere via stretching. This effect of the updrafts on PV or vorticity is 

mitigated by the downdrafts, which partially offset the updrafts, but the net mass 

transport profiles are the same shape as the updraft profiles, implying that the sign of the 

net PV changes are determined by the updrafts. 
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11.6  Downwind region 

The vertical mass transports by convective cells are noticeably weaker in the 

downwind section of the principal rainband, where the cells tend to be in a collapsed and 

more stratiform state (Section 10, Fig. 11). The NRL and N43 aircraft flew in two 

different parts of the downwind region K4 outlined in Fig. 5a, and each plane captured 

different aspects of this broad region, though neither could capture it in its entirety. The 

line of strong convective echoes on the innermost edge of this region (see Fig. 5a) did not 

seem to us to be part of the principal rainband, but rather a secondary band (Fig. 1), so I 

excluded that band from the data in these plots so that just the profile of the downwind 

region of the principal rainband could be investigated.  

Figure 12g contains the vertical mass transport profile for the region observed by 

ELDORA. This region was mostly along the inner edge of the downwind portion of the 

band, which contained both active and collapsing convective cells as well as some other 

stratiform precipitation. As such, the profile appears at first glance to be a vertically-

limited version of Fig. 12c and e. However, the relative amount of downdraft transport is 

greater than it was upwind. The net negative mass transport almost balances the updraft 

mass transport and has a nearly zero residual net mass transport. This balance implies that 

there is almost no net heating by this part of the downwind portion of the principal 

rainband. Comparing the CFADs in Fig. 12h and Fig. 12f, I note that median updraft 

mass transport has dropped from  in the middle sector of the principal 

rainband to  in this downstream sector even though the collapsing cells still have 

some outlier updraft speeds . The CFAD in Fig. 12h shows enhanced downdraft 
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activity compared to the upstream region. The downdrafts were stronger in this region 

than in any of the other regions sampled in the principal rainband (compare all right-hand 

panels in Fig. 12). The distribution of positive and negative vertical velocities in this 

region nearly matched each other in strength to produce the nearly zero net mass 

transport in this region.  

The downwind sector sampled by the radar on N43, radially outside the sector 

sampled by the ELDORA radar on NRL, was the most stratiform of all the volumes 

sampled by aircraft in Katrina's principal rainband. Figure 12i exhibits a more classic 

stratiform structure. At low levels, downdrafts outweighed updrafts to give a slightly 

negative (but near zero) mass transport. At upper levels the updrafts outweighed 

downdrafts to produce a net positive mass transport. This structure is expected in areas of 

stratiform precipitation [Houze, 1982, 1989], especially if the stratiform precipitation has 

been formed by collapsing and weakening convection [Houze, 1997]. This CFAD for this 

region (Fig. 12j) shows the most narrow distributions of both updraft and downdraft 

vertical mass transports. The median velocity magnitudes are  for both the up- 

and downdrafts. The narrow distribution with low median velocity magnitudes indicates a 

generally weak but relative uniform structure within this stratiform zone in the downwind 

end of the principal rainband. 
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SECTION 12 

CONCEPTUAL MODEL OF CONVECTION IN THE PRINCIPAL RAINBAND 

Figure 13 summarizes key aspects of the convection in the principal rainband of a 

hurricane, as deduced from Doppler radar observations in Hurricanes Katrina and Rita. 

The plan view in Fig. 13a indicates the principal rainband spiraling towards the eyewall 

with convective cells embedded along its inner edge, radially inward of the SHWM. The 

convective cells at the upwind end of the band (south-southwest to south of the eye) are 

shown smaller, implying that they are probably newer convection. The cells in this region 

combine to exhibit the type of mass transport profiles seen in Fig. 12a-d. 

The cells in the middle portion of the principal rainband are sketched in Fig. 13a as 

wider to indicate that they are more mature. These cells display the up- and downdraft 

features described in Sections 6-9. They tend to be located on the inner side of the 

SHWM, where they are optimally located to strengthen the SHWM by depositing 

positive vorticity in mid-levels, as discussed in Section 8. These cells combine to produce 

the robust mass transport profiles seen in Figs. 12c-f. Figure 13b is a conceptual model of 

the air-motion structure along the cross section line in Fig. 13a. This airflow structure is 

consistent with Sections 6-9. The SHWM, marked as a J (for jet) in the illustration, is 

centered at a height of about 4 km with a vertical extent from about . As 

discussed in Section 8, a positive vorticity anomaly is present on the radially inward 

portion of the SHWM. The low-level radial flow feeding the updraft illustrated in Fig. 

13b passes under the jet maximum of flow into the cross section. In the presence of an 

existing SHWM, shear associated with the jet is relatively large, so  is enhanced  
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Figure 13  a) Plan-view schematic of the principal band within a mature, single-eyewall hurricane, with the SHWM 
(labeled as “jet”) illustrated in relation to the convective elements within the rainband. The 25 dBZ region is indicated 
by light shading, and 40 dBZ region is indicated by darker shading. The cross section conceptualized in (b) is indicated 
by a line through the middle portion of the rainband. The size of the convective cells indicates the level of maturity, 
with the dashed border indicating collapsing cells. b) Schematic of the vertical convective motions within rainband 
along the cross section indicated in (a). The reflectivity contours are consistent with (a). The clear arrow indicates the 
in, up, and out convective circulation conceptualized by BZJM, passing through a low-level convergence, vertical 
convergence of vorticity flux, and mid-level divergence regions indicated. The circled region labeled 'J' indicates the 
same rainband tangential wind jet, with the associated low-level shear. Dashed arrows in the background indicate the 
low-level downdraft conceptualized by BZJM and the upper-level downdraft as a part of the three-dimensional flow. 
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beneath the jet. After the low-level radial flow passes under the center of the SHWM, it 

approaches the convective-scale updraft region. There the low-level convergence of the 

radial wind stretches the vorticity, and the updraft located inward of the jet will tilt the 

vortex tube and convert  into . This vertical vorticity is further stretched as it is 

advected upwards, since the updraft accelerates until it reaches its maximum at mid-

levels. Above 5 km, the updraft slows down (possibly as it encounters divergence 

associated with the upper-level downdraft), so that there is a strong vertical convergence 

of the vertical flux of positive  at mid-levels. As noted in Section 11d, this vertical 

convergence of cyclonic vorticity occurs above the layer where the mass transport 

profiles in Figs. 12c-e imply that the vertical gradient of latent heating is generating PV 

(or concentrating vorticity by stretching). Divergence not only marks the upper extent of 

the updraft but also negatively stretches vorticity that has been transported upward, thus 

accounting for the sharply defined upper extent of the jet and its associated vorticity 

couplet. Above the jet layer, the negative stretching spreads the vorticity transported 

upward laterally, as it is absorbed into the larger tropical cyclone circulation.  

It is important to note that the cells, as depicted in Fig. 13a, were on the inner edge of 

the principal rainband, radially inward of the center of the SHWM. If the cells were 

located radially outside the core of the jet, the updraft would interact with the region of 

negative vorticity on the other side of the SHWM and would transport positive vorticity 

upward and weaken the negative vorticity anomaly, decreasing the strength of the 

SHWM. 
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For the values of  and w seen in Fig. 6, Δζ owing to  (see Appendix) by the 

updraft in the 2–6 km layer (centered at x = 8.25 km in 6c-f) was  over one 

hour, which would lead to an approximately  increase in the jet over that period 

of time for the portion of the jet adjacent to the cell. If the updrafts of the convective cells 

within this section covered perhaps 30% of the area alongside the SHWM, this 

accumulation of vorticity in this layer would lead to an increase of approximately  

per hour for the SHWM. Since principal rainbands tend to be persistent features over the 

span of many hours, this process could potentially lead to a substantial increase in the 

strength of the SHWM jet over the lifetime of the rainband. The strengthened portion of 

the jet would then be advected downwind and axisymmetrized over time.  

The strengthening of the mid-level jet is significant both locally for the rainband and 

for the intensity of the larger-scale hurricane vortex. The local effect is to strengthen the 

winds within the rainband, simply making the principal rainband a more robust feature of 

the storm. The broader implication is based on the ideas of Montgomery and Kallenbach 

[1997], whose results imply that through vortex Rossby wave dynamics the strengthened 

wavenumber-2 feature could act to strengthen the mean flow of the larger hurricane 

vortex in the vicinity of the feature. By increasing the strength of the SHWM, the 

convective cells in the middle portion of the principal rainband increase the amplitude of 

the wavenumber-2 vortex Rossby wave disturbance, which is apparently manifested by 

the principal rainband. If the principal rainband should ultimately coalesce or 

axisymmetrize with other storm features, could become eventually part of a secondary 

eyewall in an eyewall replacement event [Willoughby et al., 1982; Houze et al., 2007]. In 
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that case, the maintenance and strengthening of the principal rainband via the convective 

feedback I have described would be a step toward producing a strong secondary eyewall. 

Thus, there are several possible pathways by which the convective feedback to the 

principal rainband could affect the ultimate structure and intensity of a tropical cyclone.  

Cells in the downwind portion of the principal rainband depicted in Fig. 13a have a 

dashed border, indicating that they are collapsing into stratiform structures [Houze, 

1997]. This distribution of cell structure along the principal rainband is consistent with 

the discussions in Sections 6-9 and with the example cross sections in Fig. 11. As shown 

statistically in Fig. 12, the cells reach their maximum strength within the middle portion 

of the band, and thus likely exert the most influence upon the SHWM in this region. The 

vertical profiles of vertical mass transport in Figs. 12g-j show relatively weak net vertical 

mass transport. If such profiles are typical of principal rainbands, then the primary 

feedback of the principal rainband to the larger-scale tropical cyclone vortex is in the 

middle, highly convective portion of the principal rainband. However, the determination 

of whether this is a general conclusion or only a characteristic of the examples provided 

by Hurricanes Katrina and Rita awaits further research.  
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SECTION 13 

CONCLUSIONS 

High-resolution reflectivity and velocity data collected with the NCAR ELDORA 

system on the NRL P3 in RAINEX in the principal rainbands of hurricanes Katrina and 

Rita confirm the existence of the convective-scale up- and downdraft structures of the 

type hypothesized by BZJM and Powell [1990a]. These observations further indicate how 

these small-scale features may affect the larger storm circulation. The long held view that 

the convective circulations have potentially detrimental impacts upon the eyewall 

intensity via their downdraft transport of low static energy air into the boundary layer is 

not in question. I have further shown that the convective updrafts in the principal 

rainbands have net mass convergence below 3-4 km (Fig. 12), and that as a result they 

may strengthen the secondary horizontal wind maximum (SHWM) associated with the 

principal rainband. If the strengthened principal rainband is indeed a wavenumber-2 

vortex Rossby wave, the increased strength of the SHWM represents an increase of the 

wave’s amplitude. The greater wave amplitude, in turn, could then more strongly increase 

the magnitude of the vortex winds at radii just inward of the principal rainband and, in 

some cases, help to form a secondary eyewall [Montgomery and Kallenbach, 1997].  

The well developed convective-scale updrafts in the middle portion of the principal 

rainband, as opposed to the upwind developing-convection end or downwind stratiform 

end of the principal rainband, appear to have the strongest feedback to the larger-scale 

circulation. The behavior of the convective cells in the middle part of the rainband has 

been summarized in Fig. 13. The Doppler radar data obtained in the middle portions of 
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the principal rainbands of Katrina and Rita show that the circulation not only exhibits the 

overturning updraft and low-level downdraft shown by BZJM approaching from radially 

outside the rainband and crossing within the rainband zone, but also that the radially 

inward edge of the rainband was bounded by a strong downdraft originating in upper 

levels, likely in response to the heating in the convective cells. The inner edge of 

principal rainband exhibited a sharp gradient reflectivity, apparently in response to this 

robust sinking motion. BZJM hinted at this upper-level downdraft, but the data from 

Katrina and Rita shown that it is a profound feature that strongly affects the overall 

vertical mass transport in the vicinity of the principal rainband (all panels of Fig. 12), and 

has the potential to ultimately impact the eyewall replacement process in the manner 

described by Houze et al. [2007].  

The ELDORA data collected by the NRL aircraft in Hurricanes Katrina and Rita 

show that these circulation structures occur repeatedly all along the principal rainband in 

both storms. The Doppler observations provide three-dimensional kinematic fields from 

which it was determined (Fig. 13b) that, within the overturning updraft, horizontal 

vorticity below the SHWM is tilted into vertical vorticity, then stretched by the low-level 

convergence corresponding to the updraft. This concentrated vorticity is then advected 

upwards to mid-levels, strengthening the existing vorticity anomaly adjacent to the 

SHWM. This process is capped by a layer of divergence in mid-levels, likely associated 

with the upper-level downdraft. Simple calculations based on the radar observations 

indicate that this vorticity transport by convective cells lying just radially inward of the 
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SHWM can substantially increase the intensity of the SHWM over the course of several 

hours.  

Future studies should test the hypothesis visualized in and suggested by Fig. 13b by 

idealized and/or full-physics modeling. In addition, the possible roles of the upwind, 

more vertical convection and the downwind stratiform-stage convection indicated in Fig. 

13a need further investigation regarding their role in the overall dynamics of the principal 

rainband and primary storm circulation.  
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APPENDIX 

Calculation of Convergence of Vertical Flux of Vorticity 

To approximate the vertical convergence of the vertical vorticity flux, I calculate the 

second term of the vorticity equation, 

 

 . (A1) 

For a given layer, I take an approximate value of the vorticity and vertical velocity at the 

top and bottom of the layer at a given x within the Zebra-generated vertical cross section 

and compute 

 

 . (A2) 

 

This expression gives the change in vorticity owing to the vertical convergence of 

vertical flux of vorticity per unit time. If I assume that the vorticity is dominated by the 

cross-band shear of the horizontal wind, then if I integrate over time  (e.g.,  one 

hour) and a representative cross-band horizontal distance (e.g. 3400 m, or the 

approximate width of the SHWM maximum), I obtain the hourly change in the along-

band wind speed in the center of the SHWM. 


