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Abstract 

 

 

The Vertical Structure of Precipitation in Tropical Cyclones as seen by the TRMM 

Precipitation Radar 

 

 

 

Deanna Alicia Hence 

 

 

 

Chair of the Supervisory Committee: 

Professor Robert A. Houze, Jr. 

Department of Atmospheric Sciences 

 

 

Ten years of three-dimensional Tropical Rainfall Measurement Mission (TRMM) 

Precipitation Radar (PR) echoes reveal the typical vertical structure of precipitation features 

seen in tropical cyclones. Statistical analyses based on annular regions spaced evenly from 

the center of the cyclone indicate different vertical precipitation structures for the eyewall, 

the organized rainbands closest to the storm center, and the disorganized rainbands further 

afield. When a concentric eyewall forms outside of an existing eyewall, the vertical structure 

of the outer eyewall is a hybrid of typical eyewall and inner rainband structure. 

The eyewall contains high reflectivities and high echo-tops, with deeper and more intense 

but highly intermittent echo perturbations superimposed on the basic structure. The inner 

rainband echoes are intense but less deep and highly uniform at all levels, mostly containing 

stratiform precipitation with a limited amount of vertically-constrained convection. In 

tropical cyclones with concentric eyewalls, the upper-troposphere portions of the outer 

eyewalls are weak and uniform like the inner rainbands, but the lower-tropospheric portions 

are more intense and uniform than rainbands of single eyewall storms. The distant rainbands 

are weaker, sparse, highly convective and less vertically constrained.





The PR data are normalized by the maximum frequency of radar echo in each sample and 

examined radially and quadrant-by-quadrant relative to the direction of the environmental 

vertical wind shear. The changes in these normalized statistics indicate that the eyewall 

convection generates in the downshear-right quadrant, matures in the downshear-left, and 

dissipates in the upshear-left. In the rainbands, the convection initiates in the upshear-right 

quadrant of the distant rainbands, matures in the downshear right quadrant as it travels 

inwards, and dissipates in the downshear-left quadrant of the inner rainbands. These 

asymmetries increase with shear intensity.  

Variations in vertical wind shear also alter the distribution of upper-level ice particles. 

Variations in storm translation can modify this shear asymmetry somewhat, but shear 

dominates the asymmetric signal. Variations in storm intensity impact the intensity and 

location of eyewall, inner and distant rainband convection differently and also impact the 

distribution of low-level precipitation particles. Variations in sea surface temperature 

moderate the amount of buoyant convection evenly throughout the cyclone.  
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1.  INTRODUCTION 

 

The precipitation pattern of a tropical cyclone is characterized by one or more quasi-

circular eyewalls that surround the precipitation-free eye of the storm, while farther from the 

storm center spiral rainbands dominate (Houze 2010). The plan-view reflectivity pattern 

associated with these precipitation features was first conceptualized by Willoughby et al. 

(1984), based on the common reflectivity features seen within Atlantic-basin hurricanes. 

Widely accepted as the common structure of tropical cyclones, this plan-view model has 

neither been verified statistically nor has had the vertical component of this precipitation 

structure statistically connected to it. Chen et al. (2006) briefly examined composites of the 

full storm vertical reflectivity as a function of distance and relative to the environmental 

vertical wind shear, observing an asymmetry in how the precipitation is distributed. Black et 

al. (1996) and Cecil et al. (2002) examined the statistics of the overall vertical structure of the 

individual components of tropical cyclones over a large sample, but these vertical structures 

were not linked back to how these features vary throughout the storm.  

Many remote sensing investigations of tropical cyclone precipitation use two-

dimensional proxies for convective activity, which, although useful, do not provide 

information on vertical structure (e.g. Molinari et al. 1999; Corbosiero and Molinari 2002, 

2003; Kuo et al. 2009; Abarca et al. 2011). How and where tropical cyclones generate 

precipitation can be important indicators of changes in the dynamic, thermodynamic, and 

kinematic structure. The presence of intense convective cores within the eye and eyewall can 

indicate the presence of buoyant instability superimposed on the eyewall’s circulation. These 

cores can themselves have impacts upon storm intensification (Kelley et al. 2004,2005), be a 

sign of vorticity instability (Schubert et al. 1999) or vortex-tilt induced by shear (e.g. Frank 

and Ritchie 2001; Braun et al. 2006; Braun and Wu 2007). Convective cores may also arise 

from the eyewall circulation being disrupted by terrain (Black et al. 1994; Geerts et al. 2000).  

The formation of concentric eyewalls further alters the basic structure of tropical 

cyclones (Willoughby et al. 1982). Didlake and Houze (2011) detailed how the structure of 
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the concentric eyewall of Hurricane Rita (2005) differed from that of its primary eyewall. 

Kossin et al (2000) examined the interaction between an eyewall’s vorticity maximum and a 

secondary maximum placed outside of it. Rozoff et al. (2006) showed that the region outside 

the radius of maximum winds of intense storms develops a rapid filamentation zone that may 

suppress convection and form the light precipitation or precipitation-free lane commonly 

known as the moat. Since the eyewall replacement cycle is an important modulator of the 

intensity of intense cyclones, better understanding the critical differences between a single, 

primary, and a concentric eyewall would support further efforts to forecast tropical cyclone 

intensity changes. 

Although several studies have examined the potential impact the rainbands have upon the 

storm circulation, many questions remain as to the rainbands’ presence, persistence, and full 

impact upon the storm circulation. Montgomery and Kallenbach (1997) found that rainbands 

may be a result of the propagation of vortex Rossby waves, which may feed vorticity back 

into the vortex (Chen and Yau 2001). Large, well-organized principal rainbands often exhibit 

low-level secondary horizontal wind maxima (Samsury and Zipser 1995; Hence and Houze 

2008), which is likely a result of the tilting and stretching of vorticity within the rainband 

convection (Powell 1990a; Hence and Houze 2008; Didlake and Houze 2009). The 

accumulated effect of potential vorticity generation within the convective cells (Hence and 

Houze 2008) and the stratiform regions (May and Holland 1999; Franklin et al. 2006) also 

likely work to impact the storm circulation at the large rainband radii (Moon and Nolan 

2010). These positive influences may be outweighed by the rainbands’ potential negative 

impacts. Rainband downdrafts bring low equivalent potential temperature (θe) air into the 

surface inflow of the secondary circulation (Barnes et al. 1983; Powell 1990b). Rainband 

convection, within the right radius from the eye and under the right circumstances, may also 

contribute to secondary eyewall formation (Judt and Chen 2010; Qiu et al. 2010).  

Better understanding the behavior and structure of these tropical cyclone features is 

critical to better understanding tropical cyclone behavior, evolution, and intensity changes. 

Thus a climatology of the typical three-dimensional precipitation structure of tropical 

cyclones is needed for basic understanding of tropical cyclone behavior as well as model 

verification. Using ten years of Tropical Rainfall Measurement Mission (TRMM) 

Precipitation Radar (PR) data, this dissertation provides the needed vertical component of the 
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basic precipitation structure of tropical cyclones. My objective is to examine how the vertical 

structure of the eyewall and rainbands commonly varies with distance from the storm center 

as well as around the storm, and how concentric eyewall formation alters these basic features. 

I also diagnose the impact of varying storm and environmental conditions, such as storm 

intensity, sea surface temperature (SST), environmental vertical wind shear, and storm 

translation, upon these basic features common to tropical cyclone structure.  

This dissertation includes work drawn from three articles that are either published or have 

been submitted for publication. Further introductory material pertinent to the eyewall 

(Chapter 5), concentric eyewalls (Chapter 6), and rainbands (Chapter 7) is thus included in 

the relevant chapter relating to their respective articles. Chapters 2 and 3 introduce the 

methodology of the dissertation: the TRMM data, the statistical methods used to analyze the 

data, and the methods used to partition the dataset. These methods were used for all three 

articles; any modifications to this basic methodology are discussed in the relevant chapter. 

Chapter 4 provides a conceptual roadmap for the investigation into the vertical structure 

of the eyewall and concentric eyewalls discussed in Chapters 5 and 6. These conceptual 

models are a synthesis of the results of Hence and Houze (2011a,b). The basic eyewall 

structure, its quadrant-by-quadrant variations, and its response to storm and environmental 

factors are described in Chapter 5. The discussion of how this basic eyewall structure 

changes with the formation of concentric eyewalls is in Chapter 6.  

Chapter 7 addresses the basic structure of tropical cyclone rainbands, how their structure 

varies along the lengths of the rainbands, and how their structure varies around the storm. 

This chapter also includes conceptual schematics of tropical cyclone rainbands and 

discussion of how storm and environmental conditions impact rainband structure. 

The conclusions of the individual papers are included in their individual chapters. The 

final chapter is a synthesis of all of the results and conclusions of the three papers. Chapter 8 

thus provides a complete view around the tropical cyclone and how storm and environmental 

conditions influence the storm as a unit. 
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2.  THE TRMM PRECIPITATION RADAR AND CONTOURED FREQUENCY BY 

ALTITUDE DIAGRAMS
1
 

 

The TRMM PR Version 6 2A25 dBZ data (TSDIS 2007) is used to obtain a three-

dimensional view of reflectivity structure. The ~250 m vertical resolution (at nadir) of the PR 

makes it ideal for evaluating changes in the vertical distribution of precipitation. The 

~215/247 km swath width (before/after the boost in orbital altitude that occurred in August 

2001) and the roughly twice daily sampling (for a given location) provide numerous 

overpasses of tropical cyclones. The horizontal resolution is 4.3/5 km (pre/post-boost). Since 

the focus of this study is on the vertical structure of precipitation, the change in horizontal 

resolution does not affect the results significantly; however, the larger swath width 

advantageously provides a somewhat more complete view of any individual storm. 

Following Houze et al. (2007a), I remapped the PR reflectivity data onto a Cartesian grid 

after applying small corrections to the geolocation of the upper-level data. Cartesian gridding 

allows for visualization in the National Center for Atmospheric Research Zebra software 

(Corbet et al. 1994; James et al. 2000) and facilitates computation of Contoured Frequency 

by Altitude Diagrams (CFADs, Yuter and Houze 1995). The data were also subdivided into 

convective or stratiform categories according to the TRMM Version 6 2A23 product (TSDIS 

2007; Awaka et al. 2009). Note that ―convective‖ and ―stratiform‖ precipitation carry 

specific definitions (Houze 1997), both of which do not apply well to convection within 

tropical cyclones. However, these terms are used to identify spatial variations in the 

characteristics of the radar echo, especially in the rainbands where the algorithm performs 

better.  

CFADs are joint probability distributions that illustrate how the likelihood of a particular 

variable varies as a function of height. In these studies, the frequencies of occurrence of 

different reflectivity and height combinations are calculated for each individual overpasses,  

                                                 

1
 These methods are published in Hence and Houze (2011a), © Copyright 2011 AMS. This chapter 

describes the methods for all three studies included in this dissertation. Modifications to this technique are 

described in the relevant chapter. 
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However, this technique also allows for the accumulation of data from numerous overpasses 

in a single plot while taking advantage of the PR’s high resolution in the vertical. The use of 

CFADs thus allows for the examination of many samples of radar data, irrespective of time 

or spatial continuity. 

To generate the CFADs, reflectivity values in the Cartesian grid were counted in 1 dB 

bins every 0.25 km in height, using only reflectivity data above the minimal detection 

threshold of the radar (~17-18 dBZ). The mean, standard deviation, skewness and excess 

kurtosis (kurtosis–3; see DeCarlo 1997) are calculated at every altitude on these raw CFADs. 

These moments on the mean provide information on the shape of the individual CFAD and 

simplify direct comparisons between the different distributions. CFADs were then plotted 

either to indicate total counts or were normalized by the maximum frequency in the sample 

(Houze et al. 2007a).  

The total-count CFADs represent the probability of occurrence of radar echo as a 

function of altitude and intensity (i.e., they emphasize the bulk amount of echo in a given 

portion of a storm). The CFADs for different quadrants then provide information regarding 

the net amount of precipitation at different locations around the storm. Horizontal variations 

of the bulk rainfall around the eye are well known to be related to variations of the dynamics 

of the vortex, owing to variations in shear, storm motion, or other factors affecting the vortex 

as a whole. 

In contrast, the normalized CFADs represent a conditional probability obtained by 

normalizing by that varying amount of precipitation. Dividing all the bins by the maximum 

frequency in the distribution removes the effect of the bulk amount of radar echo in a given 

subset of the data, such as that from a quadrant or other subregion of the storm. However, 

this normalization technique has an additional advantage. Stratiform precipitation, which is 

usually widespread and horizontally uniform, has a frequency distribution that concentrates 

most of the pixels into a few reflectivity bins, resulting in a highly peaked profile. 

Convective precipitation, in contrast, has echoes that tend to have a more diverse distribution 

because the higher reflectivities are concentrated in small cores that are surrounded by lower 

reflectivities. The bins in these more diverse distributions, including the peaks, thus tend to 

have significantly lower frequencies than their stratiform counterparts. Normalizing by the 

maximum frequency brings the maxima in the profile to the same magnitude, allowing every 
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profile to be plotted on the same scale. This normalization technique thus allows for direct 

comparisons between different regions as well as different types of precipitation.  

The normalized CFADs for storm quadrants emphasize the variation of the vertical 

structure of radar echoes between different sectors of the storm. These differences are, in 

turn, related to differences in convective-scale dynamics and microphysics from one quadrant 

to another. Other subsets of the data, such as all storms reaching a certain intensity category, 

storm motion, environmental shear, and SST can be similarly normalized. I used these CFAD 

subsets to indicate how these factors influence the vertical structure of the precipitation, and 

by implication how these factors affect the dynamical and microphysical nature of the 

convective processes in the storm. 
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3.  STORM GROUPING, RADIAL, AND QUADRANT-BY-QUADRANT ANALYSIS
2
 

 

Individual overpass CFADs were sorted and accumulated into the groupings shown in 

Table 3.1. To make these data subsets, I used the storm center, intensity, track direction, 

storm-translation speed, and eye diameter (when available) from the National Hurricane 

Center (NHC) best-track data (http://www.nhc.noaa.gov/pastall.shtml#hurdat) and the 

International Best Track Archive for Climate Stewardship (Knapp et al. 2010). For this study, 

I focused on storms within the Atlantic and NW Pacific basins between 1997-2007 that 

reached Category 4 (59-69 m s-1; Saffir 2003) or 5 (> 69 m s-1) sometime during their 

lifetimes, to emphasize the evolution of storms that reach full maturity and intensity. The 

analyses included TRMM overpasses occurring when the storm intensity was at least 

Category 1 (maximum sustained wind > 32 m s-1). SST data are from the National Oceanic 

and Atmospheric Administration (NOAA) Comprehensive Large Array-data Stewardship 

System (CLASS), which are global SST data gridded at 50 km resolution twice weekly from 

8 km global infrared satellite SST observations. The SST data are averaged within a 3° radius 

from the storm center, which is too coarse to resolve finescale features such as a tropical 

cyclone wake, but is sufficient to examine the broader impact of SST. 

 I estimated conditions and storm position at TRMM overpass times via linear 

interpolation between observations bracketing the time of overpass. The overpass samples 

are sorted into the groups in Table 3.1 by the status of the storm at the time of the overpass. 

All of the overpasses included in this study have the storm center contained within the 

TRMM Microwave Imager’s swath width (TMI, Kummerow et al. 1998; 760 km pre-boost, 

878 km post-boost). The TMI 37 and 85.5 GHz data and the PR data (when available) were 

used together to determine eye diameters when necessary. In the case of an eyewall with 

broken echo coverage, estimates of the eye diameter were made based on the inner edge of 

the feature exhibiting the geometry of the arc of a circle or ellipse. For an elliptical eyewall, 

                                                 

2
 These methods are published in Hence and Houze (2011a), © Copyright 2011 AMS. This chapter 

describes the methods for all three studies included in this dissertation. Modifications to this technique are 

described in the relevant chapter. 

http://www.nhc.noaa.gov/pastall.shtml#hurdat
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the major and minor axis average is used to define eyewall size. I visually checked all of the 

storm center from the best-track data against the PR and TMI overpasses, since the 

circulation center of the storm often does not necessarily match the center of the precipitation 

feature (Bluestein and Marks 1987). If necessary, I manually shifted the center of the analysis 

to better align it with the precipitation features. 

 

 

 

Unlike previous works that subjectively parsed the data into categories based on 

particular features, such as defining an area as ―eyewall,‖ ―rainband,‖ ―stratiform,‖ etc. (e.g., 

Black et al. 1996; Cecil et al. 2002), this study uses an objective method on single eyewall 

storm overpasses to sort the data into annuli based on radius from the storm center. This 

objective method, however, could not be used for the concentric eyewall overpasses; Chapter 

6 describes the alternative subjective technique utilized. The storm-center and eye-diameter 

reports establish the eye radius Re, which marks the inner boundary for the eyewall Region 1. 

The outer boundary of the first annulus R1 assumes a 45° slope of the eyewall (Marks and 

Houze 1987) with flow up to a tropopause height of 17 km (Jordan 1958), defining R1 as R1 

= Re + 17 km. This constant eyewall width was selected to provide the best chance of 

capturing the full sloping eyewall and the precipitation directly underneath. Subsequent 

Table 3.1 Definitions of the groupings of individual overpasses. 
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annuli are defined by their outer boundaries, which are multiples of R1, such that R2 = 2R1, 

R3 = 3R1…,R9 = 9R1. Region 10 is defined as everything outside of Region 9 that is within 

the cropped overpass (typically 1000 km from end to end).  

 

 

This study also utilizes a quadrant-by-quadrant analysis to study different features around 

the tropical cyclone. The data are divided into quadrants oriented by the 850–200 hPa shear 

vector, calculated from the National Centers for Environmental Prediction (NCEP) 

Reanalysis zonal (u) and meridional (v) winds (Kalnay et al. 1996). The 850 hPa wind 

Figure 3.1. TRMM PR overpass of Hurricane Katrina of 2005. Data are plotted at 2.5 km 

altitude. The color-filled contours indicate dBZ. The annuli are bounded by the colored 

rings. The entire area outside of the last red ring is considered Region 10. Quadrants are 

indicated in white (UL is upshear left, UR upshear right, DR downshear right, DL 

downshear left). The direction of the shear vector is indicated by the white arrow. 
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vectors were subtracted from the 200 hPa wind vectors at every point within a ring of wind 

data 500–750 km from the storm center to avoid the influence of the storm’s circulation. 

These individual shear vectors were then averaged to create the mean shear vector and 

linearly interpolated to estimate the shear at the time of the overpass. This calculation was 

also performed for a ring 200–800 km from the storm center, as was done in Chen et al. 

(2006), and my results are strongly consistent with theirs. However, the larger distance was 

used to eliminate, as much as possible, the influence of the storm’s wind field. The quadrants 

are defined counterclockwise from the direction of this mean shear vector. An example of 

this objective radial and quadrant definition is illustrated in Fig. 3.1, highlighting the annuli 

and quadrants on an overpass of Hurricane Katrina on 28 August 2005.  
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4.  SCHEMATIC MODELS OF TROPICAL CYCLONE EYEWALL STRUCTURE
3
 

 

Figures 4.1 and 4.2 illustrate schematically the typical structure of tropical cyclone 

primary and secondary eyewalls, and will provide a roadmap for the ideas discussed in the 

next two chapters. Figure 4.1 illustrates the differences in horizontal reflectivity distribution 

between the primary and secondary concentric eyewalls. A mostly precipitation-free moat is 

shown between the two eyewalls, and the sizes of the features are directly proportional to the 

average eye diameter and primary eyewall, moat, and secondary eyewall widths listed in 

Table 6.1. The inner edges of the two eyewalls are concentric, but the outer edges vary in 

width, related to the fraction of areal coverage of each annular segment as discussed in 

Chapter 6. The quadrant with the maximum areal coverage is shown to have the maximum 

area for that quadrant; the other quadrants are sized downward respectively. The bulk of the 

precipitation in the primary eyewall, both in amount and intensity, are weighted to the 

downshear-left side, with the upshear-right quadrant exhibiting a minimum in both. As 

hypothesized in Chapters 5 and 6, the convective cells are shown beginning their 

development in the downshear-right quadrant, growing and intensifying in the downshear-

left quadrant, and becoming weaker in the upshear-left quadrant, before dissipating entirely 

in the upshear-right quadrant. The concentration of the precipitation in the downshear-left 

quadrant of the primary eyewall results in a narrowing of the moat in that quadrant, whereas 

the moat in the upshear-right quadrant is wider and clearer. As discussed in Chapter 6, the 

secondary eyewall also exhibits a wavenumber-1 asymmetry in convective intensity. The 

upshear-left quadrant has the fullest reflectivity field, but the precipitation is most intense in 

the downshear-left quadrant. As hypothesized in Chapter 6, I speculate that these convective 

cells generate and disperse more locally than those in the primary eyewall.  

 

                                                 

3
 These models are published in Hence and Houze (2011b) and conceptualize the conclusions of Hence and 

Houze (2011a,b). © Copyright 2011 AMS. 
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Figure 4.1. Idealized plan-view radar signature of the inner core of a tropical cyclone 

exhibiting concentric eyewalls overlaid with idealized particle trajectories. The shading 

represents radar reflectivity at intervals of 30, 35, 37.5, 40, and 45 dBZ. The small hurricane 

symbol represents the center of the cyclone. The innermost reflectivity ring represents the 

primary eyewall (Region 1). The size of the convective cells indicates the level of maturity, 

with the dashed border indicating collapsing cells. The reflectivity-free region between the 

two eyewall features represents the moat (Region 2). The outer reflectivity ring represents the 

secondary eyewall (Region 3). The white curled lines represent the particle path, with the 

symbol representing where the particle would reach the surface as well as the size of the 

particle. The dotted arrow represents the environmental shear vector. Line AB is a cross-

section idealized in Fig. 4.2.  
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Figure 4.1 also illustrates some idealized particle trajectories within the primary and 

secondary eyewall. These trajectories are estimated as in Marks and Houze (1987) using the 

azimuthal average low-level winds from Didlake and Houze (2011). With the Marks and 

Houze (1987) calculation that the larger eyewall particles take about 10 min to fall, this 

would generously assume that the particles would fall within 36 km in the primary eyewall 

(travelling at 60 m s
-1

, or Category 4 intensity) or 30 km in the outer eyewall (travelling at 50 

m s
-1

). As shown in Fig. 4.1, a large particle could travel from its generation almost a full 

quadrant in the primary eyewall, but because of the large distances in the secondary eyewall 

a similar particle would only cover a quarter of the downshear-left quadrant. A smaller 

eyewall particle took 1-2 hours to fall out in Marks and Houze (1987). Assuming the same 

wind speeds, this smaller particle could travel up to 324 km in the primary eyewall and 270 

km in the secondary eyewall. As shown in Figure 4.1, this translates to a more than complete 

circuit in the primary eyewall, but less than half a circuit in the secondary eyewall. These 

differences in transit distances likely explain the differences in horizontal precipitation 

distribution between the primary and secondary eyewalls. 

Figure 4.2 idealizes a cross-section through the strongest and weakest portions of the 

concentric eyewalls along line AB in Fig. 4.1. The left-of-shear side A exhibits more intense 

convection, with high reflectivities reaching higher heights in the primary eyewall. I 

speculate that the enhanced convection on this side of the primary eyewall would intensify 

transport of precipitation particles outwards, which would narrow the moat. Convection in 

this portion of the secondary eyewall is nearly as intense but not quite as tall as that in the 

primary eyewall. The lack of higher upper-level reflectivities could be a combination of 

enhanced vertical suppression from the primary eyewall as well as enhanced transport of the 

smaller precipitation particles downwind. On the right-of-shear side B, the precipitation at all 

but the uppermost levels and at all radii is lighter. The cloud outline is shown to be lower 

because of the weakened uplift on the right-of-shear side. The primary eyewall, likely 

receiving its precipitation from upwind, is shown to be narrower and significantly less 

intense. This downwind particle transport is shown to especially occur in the upper levels of 

the primary eyewall, which have a stronger tendency towards higher reflectivities. With 

weakened convection in this part of the primary eyewall, the moat is shown to be wider and 

taller. The secondary eyewall’s convection on this side is weaker but still present and active, 
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and is much more similar to its left-of-shear counterpart than the asymmetry seen in the 

primary eyewall.  

 

 

 

 

Figure 4.2. Idealized vertical cross-section along line AB of Fig. 4.1. Scalloped region represents the cloud 

boundary of the convective features. The shading represents radar reflectivity at intervals of 25, 30, 35, 

37.5, 40, and 45 dBZ. 
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5.  THE VERTICAL STRUCTURE OF TROPICAL CYCLONE EYEWALLS
4
 

 

The eyewall is the zone of primary uplift within the cyclone. The basic dynamics of the 

eyewall are described by Emanuel (1986), and observations of eyewalls are consistent with 

moist slantwise-neutral uplift in showing that the eyewall is marked by a radar reflectivity 

signature that slopes radially-outward with increasing height (e.g., see Marks and Houze 

1987). Convective-scale buoyant updrafts superimposed upon the secondary circulation, 

intense updrafts associated with mesovortices within the eyewall, and asymmetries resulting 

from shear and other environmental conditions may disrupt and influence the tropical 

cyclone to produce departures from the mean slantwise-neutral circulation (Emanuel 1986; 

Marks and Houze 1987; Black et al. 1994; Schubert et al. 1999; Black et al. 2002; Rogers et 

al. 2003; Braun et al. 2006). The eyewall is a precipitation feature unique among convective 

phenomena occurring in the tropics, and understanding its structure and evolution is key to 

understanding the internal dynamics of tropical cyclones as a whole. 

Although the horizontal pattern of surface rain falling in the eyewall region and the 

variations in that pattern resulting from environmental conditions have been exhaustively 

studied (e.g. Rogers et al. 2003; Lonfat et al. 2004; Chen et al. 2006), relatively few studies 

have examined the accompanying vertical structure of the precipitation (as seen by radar) 

over a large sample. Marks (1985) and Dodge et al. (1999) examined the precipitation and 

kinematic structure of individual intense Atlantic hurricanes with airborne Doppler radars. 

Black et al. (1996) performed a comprehensive statistical analysis of the kinematic and 

precipitation structure of intense tropical cyclones, using the tail airborne Doppler radar data 

from 7 Atlantic hurricanes. Examining the vertical distribution of the radar echoes in the 

eyewall is important because it is indicative of the microphysical and dynamical processes 

producing the eyewall precipitation, and consequently provides insight into the vertical 

profiles of heating, vorticity, and potential vorticity in the eyewall.  

                                                 

4
 The work in this chapter has been published in Hence and Houze (2011a). © Copyright 2011 AMS. 
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In this study, I used 204 overpasses collected during the 1998-2007 Atlantic basin 

hurricane seasons to statistically analyze the vertical precipitation structure of the eyewalls of 

intense mature tropical cyclones, 66 of which contain data from the eyewall region (Table 

5.1). Using the PR, Cecil et al. (2002) found that in the convective portions of eyewalls, the 

vertical distribution of radar reflectivity above the melting level in some respects resembles 

other tropical oceanic convection. However, the eyewall echoes have more intense low-level 

reflectivity values and a greater vertical extent. In this study, I build on this previous work by 

examining the vertical distribution of PR radar echoes to better understand how the 

convective precipitation generation processes are distributed around the eyewall under 

various storm conditions and how the wind field leads to the placement of the generated 

precipitation particles within the eyewall rainfall pattern. In Section 5.1, I investigate bulk 

variations in the eyewall strength without regard to storm asymmetry. In Section 5.2, I will 

investigate factors associated with the asymmetric structure of the storm. 

5.1  GENERAL EYEWALL STRUCTURE 

5.1.1  Basic eyewall vertical structure 

To characterize the basic vertical structure of the eyewall, I compared its radar 

reflectivity CFAD (Region 1, blue/purple region in Fig. 3.1) with that of the more ordinary 

tropical convection which, as pointed out by Houze (2010), occurs in the distant outer region 

of the storm (Region 10). Figure 5.1a contains the normalized total accumulation CFAD for 

all eyewall overpasses (CAT12345). Figure 5.1b shows the corresponding CFAD for the 

outer region. For all of the CFADs, the bulk of the distribution contained within the contours 

for frequencies > 50% of the maximum frequency in the distribution (shading from yellow to 

red) is referred to as the modal distribution. I refer to the frequencies that are less than 50% 

of the maximum frequency (green, teal, and blue contours) as the outlier distribution. 

Below 5 km, in the eyewall region (Fig. 5.1a), the modal distribution falls in the range of 

22 to ~43 dBZ and its peak value is centered at about 30 dBZ. These are comparable to the 

values seen in Marks (1985) and Dodge et al. (1999), which both exhibited high reflectivity 

(40+ dBZ) cores in the eyewall below 5 km, accompanied by a sharp gradient on the inner 

edge, with a less steep gradient on the outward edge. The eyewall modal distribution below 5  
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Figure 5.1. CFADs of TRMM PR reflectivity data for all of the 1998-2007 

overpasses of storms that ultimately reached Category 4 or 5 intensity (the CAT12345 

grouping in Table 3.1), for the total points of:  a) Region 1 (110542 pixels), and b) 

Region 10 (2637249 pixels); the convective-only reflectivity points of c) Region 1 

(44976 pixels), and d) Region 10 (641828 pixels); and for the stratiform-only 

reflectivity points of e) Region 1 (62527 pixels), and Region 10 (1798542 pixels). 

Contours represent the frequency of occurrence relative to the maximum absolute 

frequency in the data sample represented in the CFAD, contoured every 5%. Altitudes 

are geopotential height (km MSL) relative to the ellipsoidal surface of the earth. The 

ordinate of the CFAD is altitude (in 250 m increments, or bins) and the abscissa is 

reflectivity in dBZ (in 1 dB bins). The 8 km and 30 dBZ levels are indicated by the 

black solid lines, and the 5 km and 40 dBZ levels are indicated by the black dotted 

lines for ease of reference. The 20%, 50%, and 80% contours are in black for 

reference.  
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km is more intense than the modal distribution at these same altitudes in the total 

accumulation CFAD for the outer region precipitation of Region 10 (Fig. 5.1b, smoother 

because of the larger amount of data), which ranges from 18-35 dBZ and has a much flatter 

distribution that is mostly concentrated below 30 dBZ.  

Above 5 km, the reflectivities in the modal distribution of the eyewall seen in Fig. 5.1a 

sharply decrease to being centered at ~22 dBZ above 5 km and reaching to ~9 km, with a 

width of about 6 dB. These results are consistent with the mean reflectivity profiles seen in 

Black et al. (1996), who show high reflectivity in the eyewall varying between 32 and 37 

dBZ, dropping to 22 dBZ at 10 km. In the outer region (Fig. 5.1b), the upper modal 

distribution is centered at a lower reflectivity (~20 dBZ) and reaches only about 8 km 

altitude. 

The outlier distributions of the eyewall and outer distributions also differ. The eyewall 

outliers seen in Fig. 5.1a reach values well over 40 dBZ and extend to 50+ dBZ, significantly 

more intense than the 35-45 dBZ seen in the outer region outliers (Fig. 5.1b). Above 5 km in 

the eyewall, 20 dBZ outlier echoes reach heights exceeding 12 km. These outliers indicate 

the presence of intermittent but very intense convective perturbations embedded within the 

eyewall, likely the localized buoyant convective cores noted in numerous aircraft and 

modeling studies (Jorgensen et al. 1985; Marks and Houze 1987; Black and Hallett 1999; 

Braun et al. 2006). 

The distant outer region convection (Fig. 5.1b) would be expected to contain a mix of 

active intermittent buoyant convective cells and older stratiform precipitation (Houze 1997), 

whereas the eyewall precipitation (represented in Fig. 5.1a) is not simply ordinary buoyant 

convection but results in large part from the concentrated sloping updraft that constitutes the 

secondary circulation of the vortex (Emanuel 1986). The comparisons of the CFADs in Figs. 

5.1a,b indicate that the eyewall type of convection is capable of attaining both greater heights 

and higher intensities than convection in the outer region. Cecil et al. (2002) found similar 

differences between the eyewall and oceanic convection outside of a hurricane environment.  

5.1.1  Convective versus stratiform echo in the eyewall and outer region 

The TRMM PR convective/stratiform algorithm (TRMM product 2A23) classifies the 

more intense echoes in the eyewall as ―convective‖ and the rest of the eyewall reflectivities 

as ―stratiform.‖ This algorithm was not designed with hurricane convection in mind, so its 
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usefulness in the hurricane context may be limited. Nevertheless, it is interesting to examine 

the eyewall CFADs separated into the TRMM algorithm's convective and stratiform 

components (Figs. 5.1c,e).  

Figure 5.1c shows the normalized distribution for the convective-classified points within 

the eyewall, and Fig. 5.1e is the corresponding distribution for the stratiform-classified points 

in the eyewall. Below 4 km, the convective CFAD in Fig. 5.1c has a near absence of low 

reflectivities (<25 dBZ), and intense low-level echoes that drop off slowly in reflectivity with 

increasing height to 4.5-5 km. Above 5 km, the reflectivities decrease more gradually and 

with more variability than is seen in the stratiform-classified echo (Fig. 5.1e). Intense outliers 

occur at all levels in the eyewall convective CFAD, with reflectivities as high as 55 dBZ and 

heights as high as 13 km (Fig. 5.1c). The eyewall stratiform CFAD, in contrast to the 

convective CFAD, indicates a frequent occurrence of weak reflectivities below 4 km (Fig. 

5.1e). The stratiform low-level distribution also shows a weak peak centered at 30 dBZ, as 

well as a distinctive brightband signature between 4.5-5 km. Above that level, the 

reflectivities decrease sharply in height to a peak centered at 21 dBZ, with most of the 

distribution packed more tightly towards the modal distribution than that seen in the 

convective CFAD (Fig. 5.1c).  

The convective CFADs for both the eyewall and the outer region are generally similar 

(Figs. 5.1c,d), but the echo intensities differ substantially. In the eyewall region, the entire 

convective low-level distribution (Fig. 5.1c) is shifted toward more intense values, at 5 dB or 

more compared to the outer region (Fig. 5.1d). More intense reflectivities are seen at higher 

altitudes above the melting level in the eyewall convective CFAD, with the modal 

distribution reaching ~9.5 km in the eyewall vs. ~7.5 km in the outer region. The higher low-

level reflectivities and stronger reflectivities at higher heights in the eyewall CFADs suggest 

that larger amounts of water are being transported upward and to much greater heights in 

eyewall convection. The eyewall and outer region stratiform profiles are also similarly 

shaped, although the echoes in the eyewall CFAD (Fig. 5.1e) are generally stronger and 

deeper than those in the outer region CFAD (Fig. 5.1f). The elevated brightband in the 

eyewall CFAD indicates the raising of the melting level associated with the warm-core 

structure of mature storms. These similarities exist despite the fact (noted above) that the 
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stratiform precipitation mechanisms are likely different in the eyewall and outer region 

convection. 

For the CAT12345 grouping, ―convective‖ points were 41% of the total pixel count, with 

stratiform points being 57% (the remaining 2% are unclassified, see Fig. 5.1 caption). The 

contributions of the convective and stratiform distributions to the overall statistics are 

substantial. Thus, the differences between the eyewall convective- and stratiform-classified 

echoes are useful for determining changes in the convective processes around the eyewall, 

which will be addressed in Section 5.2. 

5.1.3  Whole eyewall CFADs classified according to storm intensity  

I found that hurricane intensity is the most important determinant of the intensity of the 

overall eyewall precipitation. Figures 5.2a,b compare CFADs for overpasses of storms of 

Category 1-2 intensity (hereafter CAT12, wind speeds 33–49 m s
-1

; Fig. 5.2a) to storms of 

Category 4-5 intensity (CAT45, wind speeds > 58 m s
-1

; Fig. 5.2b). Three things are apparent 

in the modal distributions: 1) CAT12 storms have much lower reflectivities at low levels 

(~22-37 dBZ, peak of 29 dBZ) than CAT45 storms (~26- 46 dBZ, peak of 35 dBZ); 2) the 

brightband in the CAT12 storms is more distinct than in CAT45; and 3) CAT45 echoes are 

taller at 20 dBZ (~9.5 km) than the CAT12 storms (~8.5 km). CAT3 (not shown) displayed 

intermediate characteristics that were between these extremes. These observations are 

consistent with the CAT45 eyewalls having more vigorous circulations; more intense 

reflectivities in both the mode and the outliers are consistent with the stronger circulation 

supporting larger and/or more numerous particles. The more distinct brightband in CAT12 

storms indicates a significant presence of melting ice. However, the fact that not only is the 

CAT45 reflectivity at 5 km ~5 dB stronger but continues to increase steadily in reflectivity as 

the particles fall toward the surface suggests growth by collection is made possible by the 

organized eyewall updraft at low levels. It is reasonable to conclude from these data that 

CAT12 storms are qualitatively similar to their CAT45 counterparts but weaker and therefore 

vertically-limited, suggesting in turn that the precipitation processes increase and decrease in 

concert with the secondary circulation of the hurricane vortex. These fluctuations are in 

agreement with those seen in Marks (1985) and other case studies. 
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Figure 5.2. Region 1 CFADs for a) the overpasses when the storms are Category 1-2 (the 

CAT12 grouping in Table 3.1) in intensity, b) the overpasses when the storms are Category 4-

5 (the CAT45 grouping in Table 3.1) in intensity, c) the overpasses when the SST is marginal 

(26-28°C, marginal SST grouping in Table 3.1), and d) for the overpasses when the SST is 

high (>28°C, high SST grouping in Table 3.1). The pixel count for each grouping is the total 

of the quadrant listings in Table 5.2. Contours represent the frequency of occurrence relative to 

the maximum absolute frequency, contoured every 5%. Other details as in Fig. 5.1. 
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The difference between the CAT12 and CAT45 storms becomes even more striking in 

the outlier distribution (Fig. 5.2(a,b). In low levels, the CAT12 outlier distribution extends 

from ~37 dBZ to ~50 dBZ; the CAT45 distribution, on the other hand, stretches from ~46 

dBZ to ~54 dBZ. The outliers are more intense in CAT45 storms at all levels, e.g. 20 dBZ at 

12.5 km. CAT12 20 dBZ echoes only reach ~11 km. These values and the greater deviation 

of the outliers from the modal intensity suggest that the conditions within the stronger 

eyewalls are more favorable for the formation of strong intermittent buoyant updrafts 

superimposed on the vortex secondary circulation (Braun 2002; Marks et al. 2008; Houze 

2010). In contrast, the outliers of the CAT12 distribution do not appear to stray as far from 

the overall structure suggested by the modal distribution. 

These outcomes might seem obvious given that the intensity categories express the 

strength of the storm vortex, which is directly linked to the strength of the secondary 

circulation producing the eyewall. However, the eyewall is subject to environmental factors 

such as shear, SST, and storm-translation. Despite external factors, the precipitation structure 

of the eyewall appears to have a typical vertical structure that changes little in a statistical 

sense, except perhaps in relation to vortex strength. This stable structure is likely inherent to 

processes within the vortex rather than being strongly influenced by changes in the 

environment. However, in the sample considered here, the stability of the structure may 

partly be due to these storms being especially intense for a considerable part of their lifetime. 

5.1.4  Whole eyewall CFADs according to sea-surface temperature 

Sea-surface temperature is well known to limit the intensity of tropical cyclones. Gray 

(1968) found that largely owing to buoyancy restrictions, tropical cyclones do not tend to 

form in regions with SST < 26°C. DeMaria and Kaplan (1994) showed that the maximum 

potential intensity of cyclones rapidly increases from 26 to 28°C and that this rapid change 

levels off at ~28°C, possibly because of a lack of sensitivity of the tropopause temperature to 

SST. However, mature tropical cyclones that travel over colder waters—either their own 

wake, the wake of other storms, or cooler oceans—typically lose intensity, yet can sometimes 

hold together for relatively long periods of time (Beven et al. 2008). Thus, I am motivated to 

determine how SST affects the structure of the hurricane eyewall, both in terms of its inferred 

mean circulation and its superimposed buoyant perturbations. Although the SST data used 
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cannot resolve the cold wake resulting from tropical cyclone mixing, this section examines 

how cooler overall SSTs may impact convection within the eyewall. 

Based on the thresholds described above, I divided the overpasses into three categories: 

low (SST<26°C); marginal (26°C <SST<28°C); and high (SST>28°C). The sample size for 

low SST cases was small (five) and not further examined. CFADs in Figs. 5.2c,d compare 

the total eyewall CFADs for marginal and high SST. Below 5 km, the high SST modal 

distribution a has a broad peak between 30-35 dBZ and frequencies extending from ~21 dBZ 

to about 45 dBZ. The marginal SST distribution ranges from 25-40 dBZ (at the lowest levels, 

this drops to 35 dBZ by 4 km) and peaks about 30 dBZ. The marginal case CFAD also shows 

a brightband signature in its modal distribution at 5 km, which is not evident in the high SST 

cases. Above 5 km, both the marginal and high SST CFAD modal values drop rapidly to 

center around 20 dBZ at 8 km. The 20 dBZ echo reaches 9.5 km in the high SST cases 

compared to 8.5 km in the marginal SST cases. This difference in height may be associated 

with a change in tropopause temperature between SSTs of 26-29°C as suggested by DeMaria 

and Kaplan (1994).  

The modal distributions for both of these profiles lies somewhere between the minimum 

of the CAT12 storms and maximum of the CAT45 storms. Eight of the 25 marginal SST 

overpasses are also CAT12 (8 of 19 CAT12 overpasses are also marginal SST), which 

suggests that intensity is not a dominant factor in the marginal SST distribution. Twenty of 

the 41 high SST overpasses are CAT45, but 20 of the 27 CAT45 overpasses are high SST. 

These results suggest that high SST, and not high vortex intensity, is necessary to make high 

reflectivities possible. However, a strong vortex is necessary for the distribution to be 

uniformly intense in reflectivity. Lower SSTs seem to reduce the probability of having higher 

reflectivities, but not necessarily shift the distribution into lower reflectivities. A weaker 

vortex circulation (CAT12) seems to be a necessary factor in shifting the bulk of the modal 

distribution to lower values. 

Large differences are evident in the outliers of the CFADs in Figs. 5.2c,d, with the high 

SST extremes being more intense at all heights compared to the marginal SST cases. This 

result indicates that intermittent, very intense, very deep echoes superimposed on the eyewall 

are more frequent in the high SST cases than in the marginal SST cases. Since these 

infrequent but deep and intense echoes are likely the result of buoyant convective towers 
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superimposed on the eyewall structure (Braun 2002; Houze 2010), warmer waters would be 

expected to better support their presence than would the cooler SSTs of the marginal SST 

cases.  

The CFADs suggest that cooler SST effectively shuts off the contributions of these 

intermittent buoyant updrafts, but does not impact the structure of the mean circulation. Since 

these updrafts likely contribute vorticity to the eyewall as well as provide a mechanism for 

mixing between the eye and eyewall (Schubert et al. 1999; Braun et al. 2006; Bell and 

Montgomery 2008), these results may have implications for eyewall intensification. 

However, the snapshot nature of this study does not allow for the ability to delve into this 

aspect further. 

5.2  ASYMMETRIC VERTICAL STRUCTURE OF THE EYEWALL 

Often, for simplicity, the eyewall is thought of as a uniform ring of intense radar 

reflectivity. It is well known, however, that the eyewall cloud is seldom perfectly uniform or 

symmetric. The eyewall has an asymmetric structure resulting from the cyclone’s interaction 

with environmental wind shear, which, although it can vary, is seldom if ever completely 

absent. It is therefore instructive to perform a quadrant-by-quadrant analysis of the eyewall 

vertical structure, where the quadrants are oriented according to the direction of the 

environmental shear vector. This analysis shows how remarkably resilient the shear-induced 

asymmetry is to changes of storm intensity and other environmental factors. I will show that 

only the storm’s translation alters the basic asymmetry determined by the shear. The analysis 

further shows how the vertical structure of the radar echoes in each quadrant responds to the 

various factors influencing the storm dynamics. 

5.2.1  Vertical wind shear and convective processes within the eyewall 

a.  Bulk storm structure 

Figure 5.3 contains the CFADs of the eyewall for all of the overpasses (CAT12345) divided 

into quadrants oriented around the shear vector. The relative length of the shear and track 

vectors in this and all subsequent quadrant-by-quadrant figures are sized relative to values 
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Figure 5.3. Region 1 CFADs of TRMM PR reflectivity data for all of the 1998-2007 overpasses of 

storms that ultimately reached Category 4 or 5 intensity (the CAT12345 grouping in Table 3.1), 

arranged by quadrants oriented to the average shear vector (wider blue arrow). Quadrants are labeled 

downshear-left (DL), downshear-right (DR), upshear-left (UL), and upshear-right (UR), respectively, 

as in Fig. 3.1. The pixel count for each quadrant is listed in Table 5.2. The blue arrows are the mean 

track and shear vectors for the overpasses represented in the CFADs. The lengths and separation 

angle of the vectors are relative to the mean magnitudes and directions listed in Table 5.1. Contours 

represent the frequency of occurrence, contoured at every six points. The black contours are at 24, 

60, and 96 points, respectively. Other details as in Fig. 5.1. 
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given in Table 5.1. The CFADs in this figure are not normalized but rather show total 

reflectivity pixel counts. The downshear-left (DL) quadrant has the largest numbers, with by 

far the highest concentration of larger (30-40 dBZ) reflectivity values in low levels relative to 

the other quadrants. The lower concentration of reflectivity values in the upshear-right (UR) 

quadrant indicates a tendency for a less-extensive reflectivity field in this portion of the 

eyewall. A progression occurs around the eyewall in the low-level distribution: the 

downshear-right (DR) quadrant peaks at about 30 dBZ, the DL quadrant at about 35 dBZ, the 

upshear-left (UL) at about 29 dBZ, and the UR quadrant lacks any sort of distinctive peak at 

low levels. These observations suggest that the eyewall has a higher probability of having a 

full and intense reflectivity field, and thus precipitation, in the DL quadrant of the eyewall. 

The UR quadrant has a tendency to be the weakest portion of the eyewall, but has significant 

variability, suggesting a possible sensitivity to either environmental or internal conditions. 

The DR and UL quadrants appear to be transitional quadrants. The DR quadrant has a 

notable lack of low reflectivities at low levels, indicating that this is a region that tends to be 

occupied by strong cores of reflectivity and relatively little lighter rain. 

 

 

Table 5.1 The number of overpasses within each Atlantic basin grouping with the number of eyewall 

overpasses in parentheses, as well as the average magnitude of vertical wind shear, the average track speed, 

and the difference in direction between the average shear vector and the average track vector for each 

grouping. 
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This pattern likely results from the average shear, which had a magnitude of 8.5 m s
-1 

per 

(850 hPa – 200 hPa; Table 5.1). This is a relatively modest shear value but strong enough to 

generate an asymmetry. Shear magnitudes < 5 m s
-1

 per (850 hPa – 200 hPa) seem to be 

needed to allow for symmetric convection around the eyewall (Black et al. 2002; Chen et al. 

2006); at these lower shears, other factors such as the storm translation speed can begin to 

influence asymmetries in the precipitation distribution (Chen et al. 2006). Table 5.2 lists the 

total reflectivity pixel counts for the quadrants for the different groupings of storms. Table 

5.1 indicates that in all of the groupings the average shear is > 5 m s
-1

 per (850 hPa – 200 

hPa; the low shear grouping’s average magnitude is 5.1 m s
-1

), and the respective reflectivity 

counts in Table 5.1 indicate the DL asymmetry. The CAT45, low shear, high SST and high 

track speed groupings share a characteristic that the DR and UL quadrants are very similar in 

value (< 500 pixel difference), whereas for the other categories, the DR has a greater number 

of pixels. These four groupings also share the characteristic that their average shear 

magnitude and average track speed are the closest in value. I will show in the next section 

how this similarity in shear and track magnitude may lead to a shift in the precipitation 

generation within the eyewall. 

 

 

 

Table 5.2 The number of reflectivity pixels > 18 dBZ counted within each shear-oriented quadrant of 

each grouping. 
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b.  Precipitation structure 

Now that I have established where precipitation is most likely to occur (probability), I 

examine the likely structure of that precipitation when it occurs in a given quadrant of the 

storm (conditional probability). In this way, I seek to understand whether and to what degree 

the convective mechanisms vary from one quadrant of the storm to another. Figure 5.4 is the 

same view as Fig. 5.3, but the CFADs in this figure have been normalized by their maximum 

frequency, which allows for structural differences of the nature of the radar echoes between 

the quadrants to be more easily seen, especially in the upper levels.  

It should be noted first that all of the quadrants shown in Fig. 5.4 exhibit brightband 

enhancement near 5 km and a concentration of reflectivities near 29 dBZ, which likely 

results from large amounts of ice particles circulating around the eyewall region. 

Superimposed upon this background, the DR- and DL-quadrant CFADs (Fig. 5.4) exhibit 

more convective structures, and the convection becomes progressively weaker with more 

stratiform-like properties (sharp reduction in reflectivity above the melting level, echo 

enhancement at the melting level, weaker but uniform below the melting level) in the upshear 

quadrants. The DR quadrant of Fig. 5.4 shows the lowest probability of low reflectivity at 

low levels. This relative absence of low reflectivity at low levels resembles the purely 

convective CFAD of Fig. 5.1c. Comparison of Figs. 5.1a and the DR panel of Fig. 5.4 thus 

suggests that the most purely convective structure occurs in the DR quadrant. Ice particles 

sheared off of this convection likely fall out in the DL quadrant, where the probability of 

both lower and higher reflectivities is greater than in DR. Comparison of the DR and DL 

panels of Fig. 5.4 thus indicates that the convection in the DL quadrant is a more complete 

mixture of mature intense convection and associated stratiform blowoff. The DL distribution 

is more a combination of the convective- and stratiform-only distributions seen in Figs. 

5.1c,e. The convection in the DR quadrant in comparison to that in the DL quadrant tends not 

yet to have reached full intensity (at least in terms of low-level precipitation intensity) nor to 

have produced much stratiform precipitation in its immediate vicinity.  

Below 5 km in the DR quadrant, the modal distribution is narrower, with values ranging 

from 26-40 dBZ and peaking at 30 dBZ. Above the melting level, the distribution in the DR 

quadrant broadens into more intense reflectivities above 6 km, indicating a wider variety of  
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particle types and sizes, as is expected in convective echo zones. This upper-level 

distribution narrows, while the lower-level distribution broadens significantly (22 to 44 dBZ) 

as we go from the DR region to the DL region. These features of the DL region's distribution 

further indicate that the DR quadrant is in an earlier stage of convective development than 

the DL region, the latter having a more mature mixture of stratiform echo with intense 

convective echo. The distribution weakens in reflectivity values overall in the UL before 

Figure 5.4. Same as in Fig. 5.3, but the contours represent the frequency of occurrence relative to 

the maximum absolute frequency, contoured every 5%. The 20%, 50%, and 80% contours are in 

black for reference. Other details as in Fig. 5.3. 
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losing coherent low-level structure in the UR. The outliers in the CFADs also show a 

systematic progression around the eyewall: for the 30-50% outliers (shown in green and teal), 

the low-level reflectivities begin at 45 dBZ in the lowest 2 km of the DR quadrant. The 45 

dBZ contour extends upward to about 3.5 km in the DL quadrant, then falls back down to the 

lowest 2 km before decreasing closer to 40 dBZ in the UR.  

Comparison of the modal and outlier distributions in Figs. 5.3 and 5.4 generally supports 

the idea of Black et al. (2002) that in a sheared environment the eyewall convective updrafts 

form in the DR quadrant, mature and deposit most of their rainfall in the DL quadrant, and 

die out in the UR quadrant. The normalized CFADs (Fig. 5.4) show characteristics of 

younger convective eyewall precipitation in the DR quadrant (broad upper-level distribution, 

narrower and weaker low-level distribution) that matures in the DL (narrower upper-level 

distribution, broad low-level distribution) and then acquiring progressively more stratiform-

like echo properties azimuthally downwind, similar to the process discussed by Marks and 

Houze (1987). The non-normalized CFADs (Fig. 5.3) show the most rainfall just downwind 

of the convective initiation zone in the DL quadrant, similar to the rainfall asymmetry seen in 

Chen et al. (2006).  

In Fig. 5.4, the presence of intense outliers in the upshear quadrants could result from the 

more evenly distributed intense outliers in low shear eyewalls (not shown). The spread 

between the < 30% outliers and the 30-50 % outliers and modal distribution in the UR 

quadrant is over 15 dB. These differences are so large that they suggest these outliers are 

associated with a subset of the data that does not exhibit the same quadrant-to-quadrant 

progression as most of the dataset. The next subsection identifies this subset as cases where 

the wind shear and the translation of the storm tend to be nearly equal and opposite. 

5.2.2  Vertical wind shear vs. storm translation  

The quadrant-to-quadrant progression of the normalized vertical distribution in the 

eyewall (Section 5.2.1b) generally holds for the different storm groupings, except for the 

low-shear, CAT45, and high-SST groupings. The lack of conformity of these three categories 

to the other groupings in terms of their normalized CFADs justifies a discussion of the 

impact of track speed on eyewall asymmetry, since these three, plus the high-track-speed 

category, are the only groupings in which the track speed was nearly equal to or greater than 

the shear magnitude. 
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The average shears of all the cases have strong westerly components, with the overall 

average being due westerly, whereas the average tracks for all of the cases are primarily 

towards the northwest. The separation between the two vectors ranged from 100-180° (Table 

5.1). Rogers et al. (2003) and Chen et al. (2006) indicate that such a vector difference should 

nonetheless result in DL asymmetry in the total rain rate field, although the strength of the 

asymmetry can be reduced if the shear is weak and if the shear direction is either across or 

opposite (vs. aligned with) the track direction. This section seeks to determine whether it is 

the strength of the shear alone or the strength of the shear relative to the track speed that 

induces a change in precipitation mechanisms and/or placement around the eyewall, as found 

in Chen et al. (2006). 

The cases that differed from having a full, intense DL quadrant and a weak, sparser UR 

quadrant were the CAT45, low-shear and high-SST categories. The low-shear cases were the 

only grouping that had a nearly 180° separation (177°) between the translation and shear 

vectors. The low shear cases have an average shear magnitude of 5.1 m s
-1

 per (850 hPa – 

200 hPa) 
 
and an average track speed of 5.7 m s

-1
, with a maximum number of reflectivity 

points in the DL quadrant but very little difference between the other three quadrants (~3% 

difference between the DR and UL, ~1% difference between the UL and UR). The high-SST 

cases have a 162° separation between the translation and shear vectors, an average shear 

magnitude of 7.2 m s
-1

 per (850 hPa – 200 hPa) and a track speed of 5.6 m s
-1

, with a 

maximum of points in the DL quadrant, very similar DR and UL quadrants (<1% difference) 

and a minimum in the UR that is about 8% less than the DR and UL. This distribution of 

points, as well as the shear and track magnitudes, is very similar for the CAT45 cases, 

although with a smaller separation of 148° and a UR that is 15% less than the DR and UL.  

A common characteristic of these three groupings is the subtle changes in the progression 

of the vertical distribution around the storm. Figure 5.5 shows the CFADs for the high-SST 

cases. As mentioned in Section 5.1.4, a unique feature of the high-SST profiles is the 

numerous intense high outliers, especially in the < 20% outliers (dark blue contours). These 

outliers are present symmetrically around the storm, although with slightly reduced height in 

the DL quadrant. What is most interesting about this sub-group, and the feature that it shares 

with the low-shear and CAT45 cases (not shown), is what occurs in the UR quadrant: in both 

the modal distribution and the 30-50% (teal and green) outliers, the low-level intensity 
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increases by ~5 dB, relative to the UR in Fig. 5.4. The heights of the 21-24 dBZ echoes also 

increase by ~0.5 km, in both the modal and 30-50% outliers in all three cases. This result 

suggests that there is more new convective development in this quadrant for these three 

categories than there are in any of the others. 

 

 

 

 

Figure 5.5. Same as Fig. 5.4 except only for storms with SSTs >28°C (high SST grouping in Table 

3.1). The pixel count for each quadrant is listed in Table 5.2.  
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Proceeding cyclonically around the eyewall, the modal distribution acquires intensity in 

the upper levels and a broader distribution in the lower levels of the DR quadrant. In the high 

SST cases (Fig. 5.5), this low-level spread becomes even larger in the DL while the upper 

levels narrow and lose height; in the other two groupings (not shown), the modal distribution 

becomes highly uniform and less intense at all levels. For all three groupings, the UL 

quadrant’s upper-level distribution is mostly unchanged, although the peak shifts slightly 

leftward. In the UL quadrant, the low levels in the low shear and CAT45 groupings (not 

shown) lose the distinctive spread into higher values seen in the other sub-groups, whereas 

the low levels in the high SST cases (Fig. 5.5) remain rather intense. The UR quadrant CFAD 

in Fig. 5.5 resembles the DR quadrant CFAD in Fig. 5.4, and it resembles the purely 

convective CFAD of Fig. 5.1c, with the sloping modal distribution and relative absence of 

lower reflectivities below ~4 km. These results suggest that the UR quadrant tends to have 

convection forming within it in this sub-grouping, whereas new convection is not favored in 

this quadrant in other grouping. Hence the progression of the vertical distribution is shifted 

one quadrant clockwise, suggesting the convective initiation tends to be one quadrant farther 

upshear in this case.  

The convective generation zone being shifted into the upshear right quadrant may result 

from the high SST cases having translation vectors nearly opposite in direction and 

approximately equal in magnitude to the shear. Such a situation engenders increased surface 

convergence on the down-track side (Shapiro 1983). This increased convergence would 

lessen the convection suppression usually present in the UR quadrant. However, this 

behavior seems to occur regardless of the magnitude of the shear or track speed, as long as 

they are nearly equal in magnitude or the track speed is greater than the shear magnitude and 

the directional separation is sufficiently large. The high track speed cases (not shown), have 

an average shear magnitude of 8.7 m s
-1

 per (850 hPa – 200 hPa) and an average track speed 

of 7.2 m s
-1

, with a separation of 130°. Although the difference between the vectors is as 

small as in the three groupings mentioned above, this grouping has a similar vertical 

distribution progression to that seen in Fig. 5.4, and slightly more pixels counted in the UL 

than the DR. This result suggests that the enhanced convergence may in that case be favoring 

the left-of-shear side of the storm. In contrast, the low track speed cases exhibit a bigger 

difference between the track (3.7 m s
-1

) and shear (8.0 m s
-1

 per [850 hPa – 200 hPa]) 
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magnitudes, but the separation is 148°, the same as the CAT45 grouping. The vertical 

distributions of the low track speed and CAT45 groupings share many similarities, but the 

pixel distribution is not as even as it is in the CAT45 grouping. This even pixel distribution 

may be a result of the stronger tangential circulation of the CAT45 grouping, which should 

result in a more even distribution of the rainfall (Chen et al. 2006). It would be interesting to 

test these hypotheses in cases where both the track speed and the shear speed are >10 (m s
-1

 

for track, m s
-1

 per [850 hPa – 200 hPa] for shear), but this would be difficult since 

hurricanes do not tend to last long in such conditions and such situations are usually 

poleward of the TRMM orbit. 

5.3  SUMMARY 

My three-dimensional TRMM PR dataset and an objective definition of the eyewall 

region has led to an instructive statistical climatology of the vertical distribution of 

precipitation radar echo within the eyewalls of Atlantic-basin tropical cyclones that reach 

high intensities. The eyewall is found generally to have a deep (high-altitude) and intense 

(high-reflectivity) mean structure, which is undoubtedly related to the secondary circulation 

of the cyclone. The general eyewall structure has deeper and more intense outliers, which are 

likely associated with buoyant convective towers superimposed upon the mean circulation. 

Intensity differences and variations in sea surface temperatures are related to whole-scale 

shifts in the distributions, with stronger storms having more intense and deeper modal and 

outlier distributions than their weaker counterparts, and with colder-SST storms having a 

lack of deep, intense outliers. 

The vertical distribution of radar echo in the eyewall varies with respect to the 

environmental shear vector on a quadrant-by-quadrant basis. I have been able to distinguish 

between where precipitation is produced in the eyewall and where it falls out. CFADs of the 

total pixel counts of TRMM PR echo show that the primary fallout region is in the 

downshear-left quadrant of the eyewall, in agreement with previous studies. By normalizing 

the CFADs by the maximum number of pixel counts, I have shown that much of the 

convective generation of the precipitation occurs one quadrant upwind, in the downshear-

right quadrant. This conclusion expands upon the conclusions of Black et al. (2002), who, 

from two aircraft data case studies, concluded that convective updrafts tend to be triggered 
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on the upshear side of the storm. My results more specifically show that the triggering begins 

in the downshear-right quadrant. The CFADs of the downshear-right quadrant have a 

younger convective character, with more intense upper-level echo and a relative absence of 

weak echo at lower levels. In the downshear-left quadrant, I found a more mature mixture of 

intense convective and stratiform echo characterized by a broader (more heterogeneous) low-

level distribution of echo intensity, including a substantial amount of weaker echoes at lower 

levels. Progressively downwind (in a cyclonic sense), the normalized CFADs have 

noticeably less intense echo and indicate an increasing presence of fallout of ice particles 

producing a brightband signature. The latter indicates that the fallout of ice particles 

generated upstream is increasingly prevalent azimuthally downwind. Marks and Houze 

(1987) showed that ice particles convectively generated at upper levels can circulate great 

distances around the eyewall.  

Most groupings of PR data (storm strength, shear, SST and track speed) followed this 

general pattern of progression around the eyewall. However, certain sub-groupings exhibited 

instructive exceptions. The CAT45, low-shear and high-SST categories were the only three 

in which the shear was less than or nearly equal to the track speed and the track speed was 

nearly opposite in direction to the shear. This configuration exhibited the occurrence of 

intensely convective echoes in the upshear-right quadrant not seen in this quadrant in the 

other storm groupings, suggesting that the track speed was compensating for the convective 

suppression typically seen in this region. This behavior seems to occur as a relative 

difference between the track and shear, and is not necessarily dependent on the shear being 

weak. 
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6.  THE VERTICAL STRUCTURE OF TROPICAL CYCLONES WITH CONCENTRIC 

EYEWALLS
5
 

 

The common configuration of storms exhibiting a single eyewall, as defined in the 

introduction, changes with the development of concentric eyewalls. In concentric eyewall 

cases, a quasi-circular region of high reflectivity and a corresponding wind maximum form 

outside of, and concentric with, the primary (inner) eyewall region (Willoughby et al. 1982). 

A light precipitation or precipitation-free lane, commonly known as the moat, forms between 

this secondary eyewall and the primary eyewall. If a full eyewall-replacement cycle occurs, 

this secondary eyewall initially contracts and induces subsidence in the region immediately 

outside the primary eyewall. The secondary (outer) eyewall eventually takes over when the 

primary eyewall dissipates (Shapiro and Willoughby 1982; Willoughby et al. 1982; Houze et 

al. 2007b), although occasionally this eyewall replacement fails (Willoughby 1990).  

Since the eyewall replacement cycle seems to occur most frequently in intense storms 

and has significant impacts upon the vorticity, wind, and heating distribution within the 

storm, understanding this process is critical for improving intensity prediction and 

understanding tropical cyclone dynamics. Several observational case studies have 

documented the eyewall replacement process once it is underway (Black et al. 1972; Black 

and Willoughby 1992; Franklin et al. 1993; Dodge et al. 1999), although only recently has 

high resolution direct dual-Doppler analysis of a concentric eyewall case become available 

(Houze et al. 2007b; Didlake and Houze 2011). Several modeling studies have provided 

significant insights into the possible dynamics governing eyewall replacement (Kossin et al. 

2000; Rozoff et al. 2006; Rozoff et al. 2008; Judt and Chen 2010; Qiu et al. 2010). Until 

recently (Houze et al. 2007b), the short duration of the process (typically about 12 h) and the 

lack of its predictability in real-time make in situ observations of concentric eyewall behavior 

and confirmation of those modeling results difficult. Some attempts have therefore been 

made in using satellite techniques to study concentric eyewalls (Kuo et al. 2009), but they 

                                                 

5
 The work in this chapter is published in Hence and Houze(2011b). © Copyright 2011 AMS. 
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rely on passive microwave data that lack the temporal coverage and capacity to represent the 

three-dimensional structure of the convective features being studied. 

The objective of this part of the study is to identify the common vertical structure of 

concentric eyewalls and compare them to the general features of the eyewall in single 

eyewall storms. Section 6.1 details the general features of the primary eyewall, moat, and 

secondary eyewall and compares them to the eyewall and innermost rainbands of single 

eyewall cases. Section 6.2 compares the asymmetric structure of a single eyewall with the 

asymmetric structure of the primary eyewall and the secondary eyewall in concentric eyewall 

cases. Thus this chapter provides insight into three kinds of eyewalls: the single eyewall of a 

single eyewall storm, the original inner eyewall of a concentric eyewall storm, and the outer 

secondary eyewall of a concentric eyewall storm. 

For this study I expanded the dataset from that used in Chapter 5 to include 1997-2007 

overpasses of both the Atlantic and northwest (NW) Pacific basins. Data from 65 storms (26 

Atlantic, 39 NW Pacific) included 37 overpasses of storms exhibiting concentric eyewalls. 

The criteria used to determine concentric eyewall cases were: 1) a ring of high reflectivity 

existing outside of the eyewall having low-level reflectivity intensities similar to those of the 

primary eyewall; 2) the still-present primary eyewall, although a complete circle of 

reflectivity was not required; 3) concentric eyewalls having circular geometry, meaning that 

the reflectivity feature did not depart from the boundaries of an annular region defined by the 

objective method described in Chapter 3; and 4) the innermost regions of the storm at least 

partially covered by the TRMM PR. Because of this last criterion, all of the 37 overpasses 

contain data from the primary eyewall, moat, and secondary eyewall.  

All cases not meeting these four criteria were considered single eyewall cases; applying 

these criteria, a total of 371 overpasses of single eyewall cases were identified (Table 6.1). 

However, since the TMI and PR swaths are much different in width, only 164 overpasses of 

the single eyewall cases contain PR data in the eyewall region. The objective technique 

described in Chapter 3 was used to analyze the single eyewall cases. Although attempted, this 

technique was not suitable for generating statistics for the concentric eyewall cases because 

the width of the moat and the location of the secondary eyewall were variable. To clarify the 

statistics, I subjectively adjusted the boundaries of the primary eyewall (R1), the moat (R2), 
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and the secondary eyewall (R3) on the basis of their PR and TMI presentation. The average 

dimensions of the three regions, and their single eyewall counterparts, are listed in Table 6.1. 

 

 

 

6.1  STRUCTURE OF THE PRIMARY EYEWALL, MOAT, AND SECONDARY EYEWALL  

To characterize the unique features of concentric eyewall cases, I compare the reflectivity 

CFADs of the inner three regions of the concentric eyewall cases with those from the single 

eyewall cases. The left column of Fig. 6.1 shows the normalized total accumulation CFADs 

of the concentric eyewall cases’ primary eyewall (Region 1, Fig. 6.1a), moat (Region 2, Fig. 

6.1c), and secondary eyewall (Region 3, Fig. 6.1e) regions. The right column of the figure 

shows the corresponding Region 1, 2 and 3 CFADs of the single eyewall cases (Figs. 

6.1b,d,f, respectively). The general differences between the concentric and single eyewall 

cases are highlighted in Figs. 6.2a,b, which show the maximum reflectivity reached by the 

30%, 50%, and 70% contours in the plotted CFADs below 4.5 km. In the concentric eyewall 

Table 6.1. Listing of the average shear, eye diameter, and region width as well as the number of 

accumulated precipitating pixels, number of possible pixels in the accumulated volume and the 

convective fraction for Region 1 (primary eyewall), Region 2 (moat), and Region 3 (secondary eyewall) 

of the concentric cases as well as Region 1 (single eyewall), Region 2 and Region 3 of the single eyewall 

cases. 



39 

 

cases, the maximum reflectivity is highest in the primary eyewall (red bar, Fig. 6.2a) at the 

30% and 50% contour interval (pale blue contour and black contour bordering yellow region, 

respectively, Fig. 6.1). At the 70% contour interval (orange contour, Fig. 6.1), the maximum 

reflectivity of the secondary eyewall (blue bar, Fig. 6.2a) is equal to that of the primary 

eyewall. This result is partially predetermined by the methodology, since during case 

selection the secondary eyewall was required to have low-level reflectivities comparable to 

the eyewall. The moat maximum reflectivity (green bar, Fig. 6.2a) is distinctly less than 

either of these two regions.  

In the single eyewall cases (Fig. 6.2b), the reflectivity intensity in the eyewall (red bar) is 

the greatest and drops off monotonically with radius for all three contour intervals. For the 

30% contour, the step downward in reflectivity intensity is steep to Region 2 (green bar, Fig 

6.2b), but for the other contour intervals the decrease is less severe. This step-down in 

reflectivity intensity with radius in the single eyewall cases is distinctly different from the U-

shaped change of reflectivity intensity with radius seen in the concentric eyewall cases (Fig 

6.2a). This finding is again partially a result of the methodology, as mentioned above. 

Nevertheless, the primary concentric eyewall and single eyewall share relatively similar  

reflectivity intensities (at the 30% and 70% contour intervals), the moat is significantly 

weaker in reflectivity intensity than Region 2 of the single eyewall cases at all intervals, and 

the secondary eyewall is significantly more intense than Region 3 of the single eyewall cases 

at all intervals. These differences in reflectivity intensity point to a difference in processes 

occurring in concentric versus single eyewall cases. Note that these results only apply to the 

precipitating pixels seen by the PR, more specifically only to reflectivities above the PR's 

minimal detectable threshold of ~17 dBZ. The number of precipitating pixels counted, and 

the total number possible for all of the accumulated volumes, are listed in Table 6.1.  

Figures 6.2c,d show the fractional areal coverage of precipitating pixels as a function of 

height. For a given region, the areal coverage calculation divides the total number of 

precipitating pixels accumulated from the overpasses at a particular altitude by the 

accumulated total number of possible pixels within the observed swath. The fractional areal  
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Figure 6.1. CFADs of TRMM PR reflectivity data for all of the 1998-2007 overpasses of 

storms that ultimately reached Category 4 or 5 intensity, for the total points of:  a) Region 

1 (primary eyewall) of concentric eyewall cases; b) Region 1 (single eyewall) of single 

eyewall cases; c) Region 2 (moat) of concentric eyewall cases; d) Region 2 of single 

eyewall cases; e) Region 3 (secondary eyewall) of concentric eyewall cases; and f) Region 

3 of single eyewall cases. Contours represent the frequency of occurrence relative to the 

maximum absolute frequency in the data sample represented in the CFAD, contoured 

every 5%. The 20%, 50%, and 80% contours are in black for reference.  The 8 km and 25 

dBZ levels are indicated by the black solid lines, and the 5 km and 35 dBZ levels are 

indicated by the black dotted lines for ease of reference. Other details as in Fig. 5.1. 
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coverage is easier to think about than absolute area, and it also accounts for the pre-/post-

boost change in pixel size mentioned in Chapter 2.  

In the concentric eyewall cases, the primary eyewall displays a gradual decrease in 

coverage from ~1.75 km to the melting level, and then drops off more rapidly with height 

above (red line, Fig. 6.2c). This decrease with height is primarily a signature of the slope of 

the eyewall as well as the subsidence in the eye affecting the inner edge of the eyewall cloud. 

The moat (green line, Fig. 6.2c) has an even steeper decrease in coverage with height below 

the melting level, which is likely a result of subsidence in the moat (Houze et al. 2007b). 

Also, the overall coverage is less at all levels in the moat, consistent with the precipitation 

coverage of the moat tending to be sparse. The secondary eyewall (blue line, Fig. 6.2c) is 

unique in that the areal coverage is more constant with height below the melting level than in 

the primary eyewall, and the secondary eyewall has significantly greater total coverage at all 

levels. This greater overall coverage is partially a result of the case selection, since the 

secondary eyewall was required to be fully circular. Above the melting level (~5 km), the 

coverage of the secondary eyewall decreases more rapidly with height than in either the 

primary eyewall or the moat, indicating a limit to the vertical transport of particles in this 

region. However, these characteristics of the secondary eyewall profile point to a full 

reflectivity field below that limit, which indicates that a robust transport of particles was 

occurring vertically, radially and/or tangentially in the lower portion of the secondary 

eyewall.  

In the single eyewall cases (Fig. 6.2), the fractional coverage is similar among the three 

regions. Some slight differences are, however, evident: at the low levels, Region 2 (green 

line, Fig. 6.2d) has the greatest total coverage, followed by Regions 3 (blue line) and 1 

(eyewall; red line), respectively. Because of the more gradual decrease in coverage with 

height, coverage in the eyewall (Region 1) eventually catches up with that in Region 2 by 9 

km. This change above the melting level indicates a robust vertical transport of particles 

within the eyewall, and an outward radial transport of those particles. The single eyewall has 

the same vertical characteristics as the primary concentric eyewall (red line, Fig 6.2c), with a 

decrease in coverage with height in the low levels that becomes more pronounced at upper 

levels. The vertical profiles for the other two regions (green, blue lines, Fig 6.2d) resemble 

those of the secondary concentric eyewall region (blue line, Fig. 6.2c), with a more constant 
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areal coverage below the melting level and a sharper decrease in coverage above. The higher 

overall areal coverage in Region 2 (green line, Fig. 6.2d), especially at the upper levels, 

indicates that this region is likely receiving larger and/or a greater number of particles 

radially from the eyewall, since the profile would otherwise be identical in shape to Region 3 

(blue line).  

 

 

 

Figure 6.2. a) Maximum reflectivity reached below 4.5 km by the 30%, 50%, and 70% 

contours of the Regions 1 (primary eyewall, red bars), 2 (moat, green bars), and 3 

(secondary eyewall, blue bars) concentric eyewall CFADs from Fig. 6.1a,c,e. b) Same 

as in a), but for the Regions 1 (single eyewall, red bars), 2 (green bars), and 3 (blue 

bars) single eyewall CFADs from Fig. 6.1b,d,f. c) Fractional areal coverage of 

accumulated detectable reflectivity pixels as a function of height for Regions 1 

(primary eyewall, red line), 2 (moat, green line), and 3 (secondary eyewall, blue line) of 

the concentric eyewall cases. d) Same as in c), but for Regions 1 (single eyewall, red 

line), 2 (green line), and 3 (blue line) of the single eyewall cases. 
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The above discussion shows that in the concentric eyewall cases, the inner (dying) 

eyewall retains a vertical structure similar to the primary eyewall of single eyewall storms. 

The outer (secondary) eyewall is more robust in the sense that it has much greater fractional 

areal coverage at all altitudes than the inner eyewall. The rapid drop off of fractional areal 

coverage above 5 km in the outer eyewall suggests, however, that it also exhibits some 

aspects of the structure of the non-eyewall (rainband) convection that occupies Regions 2 and 

3 of single eyewall cases. This result is consistent with the idea that the secondary eyewall of 

the concentric cases forms out of rainband material but restructures itself from the bottom up 

as the secondary eyewall forms. The following subsections will delve further into the Region 

1, 2, and 3 features of the concentric eyewall cases.  

6.1.1  The primary eyewall 

The CFAD of the primary eyewall (Fig. 6.1a) exhibits many characteristics in common 

with all tropical cyclone eyewalls, as described in Chapter 5: an intense and deep reflectivity 

distribution with intermittent (outlier) echoes of even greater depth and intensity. The peak of 

the low-level distribution occurs just below 35 dBZ, and the modal reflectivity distribution 

extends from ~25 to 44 dBZ. The outliers vary from the minimal detectable threshold to ~50 

dBZ. In the upper levels, the modal distribution extends to about 9 km for 20 dBZ, but the 

outliers continue upward to nearly 12 km. Although the decrease in reflectivity with height in 

the modal distribution is rapid above the layer of melting ice, the outliers decrease more 

slowly with height, indicating a wide variety in the sizes and/or quantities of particles 

reaching high altitudes.  

These characteristics are elaborated by Fig. 6.3, which shows the mean, standard 

deviation, skewness, and excess kurtosis of the CFADs level-by-level as a function of height. 

Each of these moments about the mean capture different characteristics of the shape of the 

CFAD; in particular, the combination of the standard deviation and kurtosis more completely 

describe the nature of the variability in the distribution. The primary eyewall distribution (red 

lines, Figs. 6.3a,c,e) has a high mean, > 40 dBZ at the lowest levels, decreasing to 35 dBZ by 

the melting level, and decreasing further to 22 dBZ at 11 km (red line, Fig. 6.3a). The 

standard deviation is also high, ranging from close to 10 dB at the lowest levels, slowly 

decreasing to about 7.5 dB at the melting level, and continuing to decrease to about 3 dB by 
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Figure 6.3. Mean reflectivity (solid lines) and standard deviation (dashed lines) as a function 

of height of Region 1 (primary eyewall, red line), Region 2 (moat, green line), and Region 3 

(secondary eyewall, blue lines) concentric eyewall CFADs. b) same as in a), but for the 

Region 1 (single eyewall, red line), Region 2 (green line), and Region 3 (blue lines) single 

eyewall CFADs. c) Skewness as a function of height of Region 1 (primary eyewall, red line), 

Region 2 (moat, green line), and Region 3 (secondary eyewall, blue lines) concentric eyewall 

CFADs. d) same as in c), but for the Region 1 (single eyewall, red line), Region 2 (green 

line), and Region 3 (blue lines) single eyewall CFADs. e) Excess kurtosis as a function of 

height of Region 1 (primary eyewall, red line), Region 2 (moat, green line), and Region 3 

(secondary eyewall, blue lines) concentric eyewall CFADs. f) same as in e, but for the Region 

1 (single eyewall, red line), Region 2 (green line), and Region 3 (blue lines) single eyewall 

CFADs. 
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10 km. The entire primary eyewall distribution is negatively skewed, indicating that the bulk 

of the distribution is in higher reflectivities that tail off towards weaker values, but this skew 

moderates towards a more symmetric distribution in the upper levels (red line, Fig. 6.3c). The 

excess kurtosis is also negative at all levels, indicating a flat and shouldered distribution (red 

line, Fig. 6.3e). Together these moments of the distribution indicate both the strength of the 

overall circulation of the primary eyewall and the variability in its structure with height. 

Specifically, they indicate that the primary concentric eyewall distribution is particularly 

influenced by the presence of intense outliers. 

These characteristics are similar to those seen in single eyewalls (Figs. 6.1b,d,f). The 

low-level peak of the distribution of the single eyewalls is less intense, likely because the 

single eyewall cases contain storms of all intensities (Category 1-5), whereas the concentric 

eyewall cases’ storm intensities range between a strong Category 2 and a weak Category 5. 

The standard deviation within the single eyewall is greater and the decrease in reflectivity 

with height is less (red line, Fig. 6.3b), suggesting that suppression of the more intense 

convection is occurring in the primary eyewall of concentric cases, perhaps as a result of it 

being in a state of decline. 

Thus, the statistics do not show a dramatic change in reflectivity structure in the primary 

concentric eyewall while an active secondary eyewall is in place, although the circulation is 

not as deep as that of a single eyewall, and it contains fewer intense outlier cells. These 

results suggest that while the primary eyewall is still active, it retains its basic vertical 

structure until it dissipates. Because of the methodology, the concentric eyewall storms are 

likely in a weakening phase (Sitkowski and Kossin 2011), so capturing the primary eyewall 

in varying phases of decline likely introduces some variability into the statistics. To test the 

robustness of these results, I subsampled the 166 single eyewall overpasses’ Region 1 data 

into 1000 randomly chosen sets of 37 overpasses (same sample size as the set of concentric 

eyewall samples). The mean and standard deviation profiles of the primary concentric 

eyewall was weaker and less varied in the upper-levels than the envelope containing 999 of 

the 1000 means and standard deviation profiles of the subsampled single eyewall groups in 

the manner discussed above (Fig. 6.4a,b). However, as shown in Chapter 5, this vertical 

structure is not axisymmetric around the entirety of the eyewall. How this structure changes 
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around the primary eyewall, and how this differs from the usual progression of reflectivity 

around the eyewall, will be discussed in Section 6.2. 

 

 

 

6.1.2  The moat 

As mentioned above, the moat is generally categorized by the significantly weaker and/or 

an absence of precipitation between the primary and secondary eyewall. What precipitation 

remains gives interesting insights into the structure of the moat. The moats in this sample 

varied in width between 4.5-57.5 km (not shown), with an average of ~20 km (Table 6.1). As 

Figure 6.4. a) Mean reflectivity as a function of height of the total sample of the 

single eyewall (Region 1, single eyewall cases), primary eyewall (Region 1, 

concentric eyewall cases), and the secondary eyewall (Region 3, concentric eyewall 

cases), with 1000 randomly chosen subsamples of the single eyewall Region 1 data 

(black lines). b) Same as a), but for standard deviation. c) Mean reflectivity as a 

function of height of the total sample of Region 2 of the single eyewall cases and the 

secondary eyewall (Region 3, concentric eyewall cases), with 1000 randomly chosen 

subsamples of the single eyewall Region 2 data (black lines). d) Same as in c), but for 

standard deviation. 
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seen in Fig. 6.1c, the low-level reflectivities are generally at least 5 dB weaker than in the 

primary or secondary eyewall, although some slightly more intense and deep echoes appear 

in the outliers. Interestingly, almost all of the upper-level reflectivities came from the NW 

Pacific cases, with the Atlantic cases showing fewer and weaker upper-level reflectivities 

(not shown).  

In contrast to the primary concentric eyewall (or the secondary), the moat distribution is 

marked by a comparatively low mean and standard deviation (green lines, Fig. 6.3a), 

indicating weaker and more uniform precipitation. The low-level skewness is negative, but 

unlike the primary eyewall the moat skewness is positive above 8 km, indicating that the 

upper-level reflectivities are concentrated in into lower intensity bins with a longer tail 

towards higher reflectivities (green line, Fig 3c). The excess kurtosis is also negative at low 

levels and positive at higher levels with a maximum at 8 km, indicating a highly peaked 

upper-level distribution (green line, Fig 3e). 

These characteristics are a hallmark radar signature of stratiform precipitation, which is 

generally light to moderate in intensity, and horizontally and vertically uniform except for the 

rapid increase in reflectivity at the melting level known as the brightband (Yuter and Houze 

1995; Houze 1997). These features result in a tightly packed, highly uniform, upper-level 

profile above a brightband signature in the melting layer, and a broader but still relatively 

uniform lower-level profile. However, unlike the stratiform precipitation seen in mesoscale 

convective systems, the stratiform-like precipitation seen in tropical cyclones is as likely to 

occur as a result of ice particles being transported over large distances and slowly falling out 

than from local growth of particles in mesoscale updraft motion outside of the eyewall 

(Marks and Houze 1987; Hence and Houze 2008). Thus, the precipitation in the moat region 

seems most likely to be a combination of echoes from the primary eyewall in cases where the 

primary eyewall was not entirely circular, transport of ice particles outward at upper levels 

by the primary eyewall circulation, and local relatively weak convection that has not been 

completely suppressed.  

6.1.3  The secondary eyewall 

Given that the cases selected were required to have both a primary and secondary 

eyewall, the vertical structure described here refers to the developing secondary eyewall that 

has formed but not yet taken over as the primary eyewall. The secondary eyewall at this stage 
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has a vertical structure unlike that of either the primary concentric eyewall or of the single 

eyewall in non-concentric-eyewall cases. It seems reasonable to conjecture that the secondary 

eyewall’s vertical structure will evolve into that of a single eyewall storm once the primary 

eyewall has fully dissipated and its radial outflow no longer confines the secondary eyewall 

to lower levels.  

What makes the secondary concentric eyewall distinctive at the intermediate stage 

investigated here is its uniformity and intensity, as seen in Fig. 6.1e. The low-level modal 

distribution spans only 10 dB, compared to 15-20 dB in the primary concentric eyewall and 

20 dB in the single eyewall (cf. Figs. 6.1a,b). The vertical extents of the echoes are relatively 

modest compared to the other two types of eyewalls, with the modal distribution reaching ~9 

km and the outliers reaching 10.5 km. The outliers are much more compressed around the 

modal distribution at all levels than in either of the other two kinds of eyewalls.  

The most distinct difference in the secondary eyewall distribution is that this distribution 

is tightly centered on relatively high reflectivity values of 35-37 dB. Note the relative 

absence of lower tropospheric reflectivity values <~30 dBZ. This combination of intensity 

and annular uniformity is not seen anywhere else within a tropical cyclone. This type of 

distribution does not occur in any primary or single eyewall: a Category 4-5 single eyewall 

has comparable or greater intensity but not the uniformity, and storms located over marginal 

sea surface temperatures tend to be as uniform but not as intense (see Chapter 5). As seen in 

Fig. 6.1d,f, the regions just outside of the single eyewall (i.e. rainbands) have highly uniform 

distributions at upper levels, indicating the presence of large quantities of ice. The less 

uniform lower-level distribution in the rainband regions indicates a wider range of light to 

moderate rain. A pinching of the rainband CFADs just above the melting layer suggests a 

distinct particle regime change between the upper and lower layers of the rainband regions, 

which is distinctly unlike the smoother transition seen in the single-eyewall CFAD (Fig. 

6.1b). The Region 2 CFAD of the single eyewall cases (Fig. 6.1d) in particular has some 

intense outliers and some echo heights reaching 11.5 km, likely resulting from upper-level 

transport of particles from the eyewall as well as the intermittent presence of intense 

convective cells. Except for the highly intense and uniform low-level reflectivities, the 

secondary concentric eyewall CFAD above the melting level shares these characteristics with 

the Region 2 and Region 3 CFADs. Comparing the secondary concentric eyewall CFAD to 



49 

 

the rainband CFADs of the single eyewall cases suggests that the secondary eyewall still has 

some rainband-like characteristics, but that processes occurring at lower levels are 

intensifying the precipitation, shifting the lower-tropospheric reflectivity distribution toward 

more intense reflectivities. 

The statistics calculated on the secondary eyewall distribution (blue lines, Fig. 6.3a,c,e) 

highlight these differences. The low-level mean reflectivity of the secondary eyewall 

(expressed as dBZ; blue line, Fig. 6.3a) is comparable to that of the primary eyewall, but the 

upper-level mean reflectivity is like that of the moat, suggesting that the secondary eyewall 

has an intense circulation that is vertically suppressed. The standard deviation is lower than 

even that of the moat at low levels but is the same in upper levels (blue line, Fig. 6.3a). 

Below 5 km, the secondary eyewall is the most negatively skewed of the three regions, 

showing the greater tendency of the distribution to be concentrated in the higher reflectivity 

bins; but like the moat and the rainbands of the single eyewall cases, the skewness becomes 

positive at about 7 k. This tendency again shows similarity to the rainbands at upper levels, 

with the secondary eyewall having a tendency to be evenly distributed at higher levels 

(compare the blue lines in Figs. 6.3c,d).  

The excess kurtosis is positive above 7 km (blue line, Fig. 6.3e). Because of the large 

amounts of small ice particles circulating around the storm (Black and Hallett 1986, 1991), a 

peaked upper-level distribution (positive excess kurtosis) and a brightband are ubiquitous 

features everywhere outside of the eyewall. The excess kurtosis is negative in the melting 

layer, representing the above-noted pinching that separates the lower tropospheric CFAD 

portion from that just above the melting layer, which is indicative of distinctly different 

distributions in the lower and upper troposphere of the secondary concentric eyewall. These 

characteristics are again similar to the excess kurtosis profiles of Regions 2 and 3 of the 

single eyewall cases (green, blue lines, Fig. 6.3f). However, the excess kurtosis of the outer 

concentric eyewall is notable because this distribution is the only one in the entire study that 

has a positive kurtosis at low levels, indicating a highly peaked frequency distribution with a 

long tail extending towards extreme values (blue line, Fig. 6.3e). This change in the excess 

kurtosis is a signature of the tightening in the low-level reflectivity distribution of the 

secondary eyewall toward higher reflectivities seen in the CFADs. The rainband CFADs, in 

contrast, are nearly identical in excess kurtosis to the secondary eyewall at the negative peak 
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at 6 km, but only become less negative rather than acquiring a positive value at lower levels 

(Fig. 6.3f), which is indicative of a more variable distribution in the lower troposphere 

compared to the developing secondary concentric eyewall.  

To summarize, at and above the melting layer, the secondary concentric eyewall shares 

many of the statistical properties of Regions 2 and 3 (rainband regions) of the single eyewall 

cases, suggesting that the secondary concentric eyewall is formed from rainband material. 

The robustness of these results was born out by subsampling the 166 single eyewall 

overpasses’ Region 2 data into 1000 randomly chosen sets of 37 overpasses. The mean and 

standard deviation profiles of the secondary concentric eyewall are weaker in the upper-

levels, more intense in the low levels, and less varied at all levels than all of the possible 

means and standard deviation profiles of the subsampled single eyewall Region 2 groups 

(Figs. 6.4c,d). Even at low levels, the general shape of the vertical profiles of statistics of the 

radar echoes in the secondary concentric eyewall are a shifted version of the rainband 

statistics, while the primary concentric eyewalls and single eyewalls have distinctly different 

characteristics. The intensity and uniformity of the lower-tropospheric reflectivity 

distribution shows that the burgeoning secondary circulation forming within the secondary 

eyewall is generating precipitation at eyewall-like intensities, which is greater than what is 

typically seen at this radius. This developing circulation, however, is evidently vertically 

restricted to below the melting layer, as inferred from the fact that at upper levels little 

difference is seen between reflectivities in the secondary concentric eyewalls and those in the 

rainbands of single eyewall storms. The lower-tropospheric uniformity of the secondary 

eyewall distribution suggests that axisymmetrization is beginning to help the developing 

secondary concentric eyewall to coalesce at lower levels. As will be discussed in the next 

section, the secondary eyewall is highly symmetric at this stage of its development, 

suggesting an azimuthal uniformity of processes in low levels. 

6.2  QUADRANT-BY-QUADRANT VARIATIONS IN THE THREE EYEWALL TYPES 

The statistics discussed above show that the primary and secondary concentric eyewalls 

exhibit important differences in structure that suggest how the overall processes that may be 

governing their circulations differ from those in a single-eyewall storm. Like single eyewall 

cases, concentric eyewalls are often not fully symmetric in reflectivity structure; however, as 
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will be shown below, the primary and secondary concentric eyewalls are different, and both 

are distinct from the structure of single eyewalls.  

6.2.1  Shear effects on the inner eyewall of concentric eyewall storms in comparison 

to single eyewall cases 

This section examines how the shear-relative asymmetric structure of the primary 

concentric eyewall compares with the asymmetry seen in single eyewall storms. Chapter 5 

showed that although the single eyewall structure is highly resilient with respect to shear, 

CFADs show a progression of subtle differences of reflectivity vertical structure around the 

single eyewall that are most likely related to the progression of shear-induced variation in the 

preferred location of convective cell initiation around the eyewall (Fig. 5.4). The general 

characteristics of this progression are apparent in Figs. 6.5a,b, which include the fractional 

areal coverage, the mean, and the standard deviation of the single eyewall quadrant-by-

quadrant CFADs (not shown) as seen in this study’s expanded dataset. The low-level means 

and standard deviations of reflectivity are nearly identical in all quadrants relative to the 

shear vector (Fig. 6.5b). The fractional areal coverage indicates how the precipitation (as 

indicated by the lower-tropospheric reflectivity) tends to be concentrated in the downshear-

left (DL, black lines) quadrant at all levels, and most sparse in the upshear-right (UR, orange 

lines) quadrant (Fig. 6.5a). The upshear-left (UL, teal lines) quadrant has the highest upper-

level mean and standard deviation, followed by the upshear-right (UR, magenta lines), with 

lower values found downshear.  

As discussed in Chapter 5, these features, in combination with the broadening of the 

upper-level modal distribution in the DR CFAD (not shown), suggest that a disproportional 

number of convective cells begin their life in the DR quadrant. These cells grow and 

intensify in the DL quadrant, generating large particles with high reflectivity, but begin to 

weaken as they pass through the UL quadrant before dissipating in the UR quadrant. This 

asymmetry becomes more pronounced as the shear increases, indicated by how the NW 

Pacific single eyewall cases exhibit a somewhat greater left-of-shear asymmetry than the 

Atlantic single eyewall cases, with the preferred formation region pushing more into the DL 

quadrant (average shear magnitude 9.8 vs. 8.5 m s
-1

 [per 850 hPa-200 hPa], respectively; not 

 shown). The smaller ice particles that are lofted to upper levels by the intense convection in  
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Figure 6.5. Percent of areal coverage of accumulated reflectivity pixels as a function of height for 

the downshear-left (black line), upshear-left (teal line), upshear-right (orange line), and 

downshear-right (magenta line) for the single eyewall cases (Region 1, single eyewall cases). b) 

same as in a), but for the mean reflectivity (solid) and standard deviation (dash). c) same as in a), 

but for the primary eyewall (Region 1, concentric eyewall cases). d) same as in c), but for the 

mean reflectivity (solid) and standard deviation (dash). e) Same as in a), but for the secondary 

eyewall (Region 3, concentric eyewall cases). f) same as in e), but for the mean reflectivity (solid) 

and standard deviation (dash). 
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the DL are quickly transported to appear as more intense upper-level reflectivities in the UL. 

These weak high-altitude echoes gradually descend and weaken in intensity as they travel to 

UR and DR quadrants. These results are consistent with the inferences of Black et al. (2002), 

who concluded that the upper-level exhaust of shear-induced convective cells mostly 

concentrated in the upshear quadrants. Marks and Houze (1987) found that smaller ice 

particles that reach the eyewall outflow can stay aloft for 1-2 h, and at eyewall tangential 

velocities they can thus circulate up to 1.5 times around the eyewall. I suggest that while the 

larger particles are falling out primarily in the DL and UL, the smaller ice particles generated 

in the DL can fall out in any quadrant, descend as they progress downwind. 

These general features of the single eyewall appear in exaggerated form in the primary 

eyewall of a concentric eyewall storm. Fig. 6.5c shows how the precipitation is strongly 

concentrated in the left-of-shear side of the primary concentric eyewall, as expressed by the 

greater fractional areal coverage in the left-of-shear quadrants. The low-level means and 

standard deviations also vary azimuthally, with the left-of-shear side being more intense (~3-

4 dB) and variable than the right-of-shear side (Fig. 6.5d). This shear dependence is more 

pronounced than in the single eyewall storms (cf. Fig. 6.5a,b), suggesting perhaps that the 

weakening inner eyewall of a storm undergoing eyewall replacement is more susceptible to 

shear induced asymmetry than a more robust single eyewall that is not undergoing 

replacement. This susceptibility is evident even though the average shear magnitude of 

concentric eyewall cases is lower than in the single eyewall cases (Table 6.1). Consideration 

of the data for the individual basins further illustrates this tendency. Atlantic primary 

eyewalls are significantly more asymmetric in coverage and intensity than single eyewalls 

with similar average shear magnitudes (average shear magnitude 8.4 vs. 8.5 m s
-1

 [per 850 

hPa-200 hPa], respectively; not shown). The NW Pacific primary eyewalls have a lower 

average shear magnitude (7.0 vs. 9.8 m s
-1

 [per 850 hPa-200 hPa] respectively; not shown), 

and are more asymmetric in fractional areal coverage than their single eyewall counterparts, 

but are similar in intensity.  

The CFADs for quadrants of the primary concentric eyewall cases (not shown) are 

similar in quadrant progression to what was described for the single eyewall, although the 

right-of-shear quadrants’ outliers are more strongly suppressed, suggesting that the 

convection formation region may be shifted farther into the DL. The asymmetry is different 
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above the melting level, with the more intense reflectivities located in the upshear quadrants 

(Fig. 6.5d), again suggesting that the upshear quadrants are receiving the lofted ice particles 

from the intense convection in the left-of-shear quadrants. The enhanced convection 

asymmetry within the primary concentric eyewall may explain why the upper-level upshear 

asymmetry is more pronounced than in single eyewall cases. These general results are 

consistent with those seen by Franklin et al. (1993) in Hurricane Gloria (1985), who found 

that as in single eyewall storms, environmental vertical wind shear influences the distribution 

of convection around the eyewall. 

6.2.2  Shear effects on the outer eyewall of concentric eyewall storms and 

comparison to the inner eyewall 

The lower-tropospheric echo intensity in the secondary concentric eyewall is greater in 

the left-of-shear quadrants (Fig. 6.5f). However, in contrast to the primary concentric 

eyewall, this difference is only about 1 dB and only extends to the melting level—above that, 

the mean reflectivity is nearly identical in all quadrants. The standard deviation is also 

similar at all levels. The asymmetry is most pronounced in the fractional areal coverage, 

which is generally larger to the left of shear (Fig. 6.5e). These differences between the left 

and right of shear indicate the nature of the wavenumber-1 asymmetry in the reflectivity 

distribution of the secondary eyewall: the left-of-shear quadrants tend to be slightly more 

intense than the right-of-shear quadrants and to have somewhat more echo coverage. 

However, there is no indication of a quadrant-to-quadrant progression in the nature of the 

convection, since the convection in all quadrants appears to be similar in character. Rather, 

convective cells that develop in the convectively favored left-of-shear quadrants are 

apparently able to develop into slightly stronger and more intense cells, but these cells seem 

to mostly grow and die close to the quadrant in which they originate. Convection on the 

opposite side of the secondary eyewall develops but does not reach quite the same intensity. 

Since the outer eyewall has a much greater diameter and lower tangential wind speeds than 

the primary concentric eyewall, particles are not advected as far circumferentially to different 

quadrants of the storm. The right-of-shear quadrants are too far away to receive particles 

generated in the left-of-shear quadrants, so it is likely that their reflectivity distribution is 

locally generated.  
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It is interesting that the secondary concentric eyewall exhibits such a comparatively small 

asymmetry in convective intensity even though, as noted in the previous subsection, the 

primary concentric eyewall exhibits an exaggerated version of shear-induced asymmetries 

observed in a single eyewall. One possibility is that the primary eyewall is not directly 

exposed to the large-scale environmental wind shear, and the moat subsidence enhances the 

effect of the shear-induced subsidence on the primary concentric eyewall in the upshear 

quadrants. This explanation would be consistent with the primary concentric eyewall 

convection not extending as high as single eyewall convection (compare Figs. 6.5b,d). 

Another possibility is that the moat subsidence is asymmetric, as evidenced by the moat 

tending to contain more precipitation in the left-of-shear quadrants than the right (not 

shown). However, weakened subsidence in the DL moat where the convection in both the 

primary and secondary eyewall is most intense seems dynamically inconsistent. More likely, 

this imprecise moat clearing results from the enhanced particle transport or imperfect 

boundaries mentioned above. Yet another possibility is that the secondary concentric 

eyewall’s influence on the radial inflow is somehow asymmetric. This explanation seems 

somewhat unlikely because the enhanced side of the secondary concentric eyewall does not 

correspond to the depressed side of the primary eyewall, and the overall features of the 

secondary eyewall are much more symmetric than those in the primary eyewall. In other 

words, convection in the secondary eyewall must be rather axisymmetric in order to have a 

complete eyewall, otherwise no hydrometeors would exist to create surface precipitation all 

the way around the storm. Modeling and Doppler analysis will be required to test these ideas.  

6.3  SUMMARY 

Statistical analysis of TRMM PR three-dimensional data collected over 10 years reveals 

that the secondary (outer) eyewalls of concentric eyewall tropical cyclones exhibit departures 

in structure from the eyewalls of single eyewall storms and are also different from the 

primary (inner) eyewall precipitation structure of concentric eyewall storms. The inner 

eyewalls maintain a deep (high-altitude) and intense (high-reflectivity) mean structure, 

similar to the structure described for single eyewalls in Chapter 5, while they remain active, 

although they are not quite as deep as the eyewalls of single eyewall storms. The inner 

concentric eyewalls are more susceptible to shear asymmetry than are the eyewalls of single 
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eyewall storms. What precipitation exists in the moat tends to be light in intensity and 

relatively shallow. The secondary (outer) concentric eyewall is nearly as intense as the inner 

eyewall at low levels but does not extend as high as the inner eyewall. The secondary 

eyewall’s precipitation is more intense through the lower troposphere than is precipitation 

observed at the same radius in single eyewall storms. 

The secondary concentric eyewalls examined in this study have formed but have not yet 

replaced the inner eyewalls. At this intermediate stage of development, the secondary 

eyewalls resemble rainbands in their upper levels and eyewalls in their lower levels. The 

secondary eyewall has the same highly uniform upper-level distribution and melting 

signature as the rainbands, indicating a separate ice-particle distribution aloft from what is 

being generated in low levels. However, unlike rainbands, the low-level distribution of the 

secondary eyewall is both highly uniform and intense. This combination of upper- and lower-

level features is unique to the secondary concentric eyewalls. The high intensity and great 

uniformity in the low levels, but rainband-like distribution of reflectivity in the upper levels, 

suggests that the secondary eyewall is largely made of rainband material that is undergoing 

modification to form a circular eyewall feature, and that the convective processes creating 

this new eyewall are building it from below. The axial symmetry of these convective 

processes also seem to be highly resistant to environmental vertical wind shear, with the left-

of-shear side being only marginally favored for more intense convection with increasing 

shear. 
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7.  THE VERTICAL STRUCTURE OF TROPICAL CYCLONE RAINBANDS 

 

Bands of precipitation of varying size and extent typically spiral inward towards the 

center of a mature tropical cyclone. The most prominent of these rainbands, known as the 

principal rainband, makes up most of the ―stationary band complex‖ (Willoughby et al. 1984; 

Willoughby 1988; Houze 2010), named for the complex’s tendency to remain in the same 

place relative to the translating storm center. The remainder of the stationary band complex 

consists of smaller secondary bands in the inner core that are often found radially inward of 

the principal band. Loosely-organized convection forms the distant rainbands in the storm’s 

environment (Houze 2010). These studies emphasize the horizontal distributions of 

rainbands, but information is needed on their vertical structures to understand their 

dynamical roles. 

Case studies have noted certain features of the vertical structure and dynamics of 

rainbands. Specifically, their upwind tips are more convective and their downwind ends more 

stratiform (Atlas et al. 1963; Barnes et al. 1983; Hence and Houze 2008), convective cells 

have an outward-leaning tilt similar to that of the eyewall (Barnes et al. 1983; Powell 1990a; 

Hence and Houze 2008), and distinctly different microphysical and electrification properties 

occur in the inner and distant rainbands (Black and Hallett 1986; Molinari et al. 1999). The 

aggregate kinematic, dynamic and thermodynamic impact of the rainband convection may 

affect the overall storm evolution (Powell 1990a,b; Samsury and Zipser 1995; May and 

Holland 1999; Franklin et al. 2006; Hence and Houze 2008; Didlake and Houze 2009).  

Theory suggests that the secondary rainbands likely originate from propagating vortex 

Rossby waves (Montgomery and Kallenbach 1997; Corbosiero et al. 2006). Although 

Willoughby et al. (1984) proposed that the principal rainband marks and creates a boundary 

between the storm and outside environment, the dynamical origin of the principal rainband 

remains unclear. Nevertheless, it is becoming evident theoretically that once the rainband 

complex forms, rainbands play an important role in changing the dynamic structure of the 
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storm (Montgomery and Kallenbach 1997; Chen and Yau 2001), especially in the formation 

of concentric eyewalls (Judt and Chen 2010; Qiu et al 2010). 

Given the important role rainbands play in the overall dynamics of tropical cyclones 

indicated by these case studies, the objective of this study is to know statistically how the 

vertical structures of rainbands are distributed around a typical tropical cyclone. The analysis 

in this chapter continues with the Atlantic and NW Pacific dataset in the previous chapter, 

but focuses on Regions 3-9 and utilizes the groupings and objective region selection 

described in Chapters 2-3 (Table 7.1). Section 7.1 presents a schematic view of the typical 

rainband structure revealed by my analysis. These schematics will provide a point of 

reference for visualizing the detailed statistical results presented in subsequent sections. 

Section 7.2 details the general statistical characteristics of the rainband complex in contrast to 

the eyewall region of the storm. Sections 7.3 and 7.4 will present detailed statistics on the 

vertical structures or rainband radar echoes as a function of radial distance and azimuthal 

quadrant relative to the environmental shear vector. Section 7.5 examines the impact of the 

storm and its environment upon the general rainband structure. In Section 7.6 I synthesize the 

results and present my conclusions. 

 

 

 

 

Table 7.1 Number of Atlantic and NW Pacific overpasses in each grouping. 
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7.1  SCHEMATIC MODEL OF TROPICAL CYCLONE RAINBAND STRUCTURE 

 

 

 

Figures 7.1 and 7.2 present a schematic framework of the horizontal and vertical 

structures of a typical storm’s rainband complex that is consistent with the statistics of the 

TRMM PR data. These figures serve as points of reference for visualizing the results 

presented in the following sections of this chapter with respect to the storm. The figure 

Figure 7.1. Idealized plan-view radar signature of the inner and distant rainbands of a 

tropical cyclone. The shading represents radar reflectivity at intervals of 30, 35, 37.5, 

40, and 45 dBZ. The small hurricane symbol represents the center of the cyclone. The 

first reflectivity ring represents the primary eyewall (Region 1). The size of the 

convective cells indicates the level of maturity, with the dashed border indicating 

collapsing cells. The dashed circle represents the boundary between the inner and 

distant rainband regions. The dashed arrow represents the environmental shear vector. 

Line AB is a cross-section idealized in Fig. 7.2. 
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indicates the radii bounding the annular Regions 3-9; Regions 3-5 will be referred to as the 

―inner‖ region, and Regions 6-9 will comprise the ―outer‖ region. Consistent with the 

idealized rainband complex presented by Houze (2010, see his Fig. 30), I suggest that the 

inner region is strongly influenced by the vortex dynamics, and the outer region is the 

ambient region of the vortex. In the schematic, a dotted line marks the boundary between the 

inner and outer regions. The schematic also indicates the orientation of the environmental 

shear vector, which is a major factor determining the distribution of features around the 

storm, and quadrants of the storm defined relative to the direction of this shear vector. 

The schematic models in Figs. 7.1 and 7.2 do not represent an individual realization of 

the rainband pattern, but rather the bulk rainband complex implied by the statistical analysis 

to be presented below, since it is impossible to isolate individual features in the statistics. The 

large shaded feature represents an ensemble of principal and secondary rainbands. In the 

outer region, the rainband complex is depicted as a broken line of convective cells spiraling 

around the tropical cyclone, as is typical for ―distant rainbands‖ (Houze 2010). Closer to the 

storm center, the rainband complex becomes more intense in reflectivity and the echo 

coverage becomes more contiguous, with an increasing proportion of stratiform-like 

precipitation, especially downwind. At the border between the inner and outer regions, the 

convection is at its most frequent and intense. The radar echoes quickly die away upon 

reaching the innermost region. The rainbands closest to the eyewall are dominated by heavy 

stratiform-like precipitation, with broad uniform coverage and very little convective 

precipitation. The eyewall (Region 1) is shown as a contiguous ring of intense reflectivity 

with an asymmetry consistent with the findings of Chapters 5 and 6, and Region 2 is not 

represented. 

In Fig. 7.1, the rainband complex is asymmetric with respect to the environmental shear 

vector, which points toward the top of the schematic. In the outer region, the right-of-shear 

quadrants tend to be the most intensely convective, with disorganized convective cells in the 

upshear quadrants organizing into the larger rainbands in the upshear-right (UR). As these 

cells move with the low-level winds along the rainband, they grow, mature and organize into 

distinct lines along the inner edge of each corresponding rainband. Once the cells reach the 

inner region in the downshear-right (DR) quadrant, they reach their maximum intensity and 

begin to collapse, as signified by the dotted lines around the reflectivity peaks. In the 
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downshear-left (DL) quadrant, these collapsed convective cells contribute to the broad 

regions of intense stratiform echo, which maximizes both in intensity and coverage in this 

region. Some of this stratiform precipitation continues to stream over into the upshear-left 

quadrant.  

 

 

 

 

 

 

Figure 7.2 shows an idealized vertical cross-section along line AB of Fig. 7.1. It shows 

the cloud outline as well as the vertical distribution of radar echo as would be seen by the 

TRMM PR. On the left-of-shear side of the storm, the rainband echo in the inner region on 

this side is predominantly stratiform with the radar echo exhibiting general uniformity and a 

bright band in the melting layer. In Chapters 5-6, I found the eyewall on the left-of-shear side 

to be deep and intense, producing smaller ice particles at upper levels which travel outwards 

and swirl around the storm. As found in those chapters, the eyewall is equally intense but not 

as deep on the right-of-shear side, with ice cloud having less vertical and horizontal extent. 

The inner rainbands right-of-shear can be intensely convective, especially along a sharply 

defined inner edge (Barnes et al. 1983, Powell 1990a, Hence and Houze 2008, Didlake and 

Houze 2009). Stratiform-like precipitation separates this inner-edge convection from other 

convective cells outside of it, and stratiform precipitation dominates farther out.  

Figure 7.2. Idealized vertical cross-section along line AB of Fig. 7.1. Scalloped region represents the cloud 

boundary of the convective features. The shading represents radar reflectivity at intervals of 25, 30, 35, 37.5, 

40, and 45 dBZ. The unshaded arrows represent the flow of ice outward from the eyewall region. 
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Below I will show that the TRMM PR statistics are consistent with this model, and that 

they provide further details of the echo structures in each region of the storm.  

7.2  GENERAL RAINBAND STRUCTURE COMPARED TO EYEWALLS 

The rainbands of tropical cyclones differ from eyewall convection in intensity, vertical 

extent, and contiguity. As discussed in Chapter 5, the eyewall is characterized by frequent 

occurrence of high reflectivity values at all levels and is generally deep, with numerous 

occurrences of detectable reflectivity values at high altitudes. The eyewall further exhibits 

even more intense but highly intermittent echoes superimposed upon the mean structure. This 

structure is seen again in the overall CFAD of radar reflectivity of all the eyewalls of all the 

storms considered in this study (Figure 7.3a).  

 

 

 

 

 

 

Figure 7.3. CFADs of TRMM PR reflectivity data for all of the 1998-2007 overpasses of storms that 

ultimately reached Category 4 or 5 intensity (CAT12345, see Table 7.1), for the total points of the:  a) 

eyewall (Region 1); b) inner rainbands (Regions 3-5); and c) distant rainbands (Regions 6-9). Contours 

represent the frequency of occurrence relative to the maximum absolute frequency in the data sample 

represented in the CFAD, contoured every 5%. The 8 km and 25 dBZ levels are indicated by the black solid 

lines, and the 5 km and 30 dBZ levels are indicated by the black dotted lines for ease of reference. The 

20%, 50%, and 80% contours are in black for reference. Other details as in Fig. 5.1. 
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The rainband CFADs (Fig. 7.3b,c) have notable differences from the eyewall CFAD. 

First, the rainbands are shallower, with the modal distribution only reaching 8 km (yellow to 

red contours of Fig. 7.3), and the outlier distribution (blue to green contours) only reaching 

10 km. For this reason, the rainband radar echoes in the vertical schematic of Fig. 7.2 are 

indicated as not extending as high as the eyewall radar echoes.  

Second, the distributions do not span as wide a range of reflectivities, with the modal 

distribution ~14-17 dB in width as opposed to 22 dB in the eyewall. There is a relative lack 

of intense outliers, which reach only 45 dBZ, compared to 52 dBZ in the eyewall. These 

CFAD results are generally consistent with the findings of Cecil et al. (2002), who compared 

the reflectivity cumulative density functions of the eyewall and rainband regions with 

oceanic and continental convection. 

Third, the CFADs in the rainband regions separate sharply at the melting level (~5 km) 

into two regions. The upper level region of ice particles has a mode that is abruptly lower in 

intensity with height compared to low-level rain mode. The melting layer and associated 

increased variance pinches the two frequency maxima off from each other. The upper-level 

mode drops off sharply in intensity with height above the melting level, and the outliers at 

upper levels remain concentrated close to the modal distribution. The bimodality of the 

rainbands, and the high uniformity of their upper level mode, marks a microphysical and 

dynamic regime in the rainbands that is distinctly different from the eyewall. The separation 

of the upper- from the lower-level mode is most exaggerated in the inner-region rainbands, 

probably because of their proximity to the eyewall. Much of the ice at upper levels in the 

inner-region rainbands is expected to have been imported as exhaust and fallout from the 

eyewall, a process separate from the local convection producing the rainbands’ rainfall.  

The TRMM PR data further indicate that the rainbands become more convective with 

increasing distance from the storm center, consistent with the early study of Atlas et al. 

(1964). Figure 7.4a shows the fraction of areal coverage of reflectivity for Regions 3-9 (as 

defined in Chapter 3). The areal coverage decreases rapidly with radius in Regions 3-5 (red 

lines), but from Region 6 outward this rate of decrease slows (blue lines). The black line in 

Fig. 7.4b shows that the fraction of precipitating pixels classified as convective by the 2A23 

algorithm increases steadily with distance from the storm center, with the sharpest gradient  
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from Region 5 to Region 6. These changes in coverage and the convectively classified 

fraction are consistent with the way I have drawn Fig. 7.1; each annulus from Region 3 

outward has successively less fractional area coverage by radar echo (consistent with Fig. 

7.4a) and an increasing fractional coverage by convective echo (consistent with Fig. 7.4b). 

As a result, the spiral shape of the rainbands with more active convection in their upwind 

ends yields an increasing coverage by convective cells in Region 5 of the schematic 

compared to Region 3. These changes in coverage as a function of radius suggest that two 

different convective regimes govern the behavior of the rainbands as a function of distance 

Figure 7.4. a) Percent of areal coverage of precipitating pixels as a function of height 

for all overpasses of Regions 3-9 (CAT12345, see Table 7.1). The inner rainbands are 

red and the distant rainbands blue for reference. b) The total region fraction of 

convectively-classified precipitating pixels as a function of distance. The total sample 

grouping is in black; the groupings are defined in Table 7.1. 
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from the storm center, and that this break between regimes occurs on average somewhere 

between Regions 5 and 6. This regime change is one reason that I indicate the outer region as 

starting at about Region 6 in Fig. 7.1. I speculate that this regime change occurs at about 

where the vortex dynamics begin to have less of a restrictive effect on convection associated 

with the storm. Given that the average eye radius of the sample is ~23 km (R1 = ~40 km; 

Table 6.1), this demarcation is on average ~200 km from the storm center, albeit with 

considerable storm-to-storm variance. 

7.3  RAINBANDS IN THE INNER REGION 

In this section, I examine in more detail the manner in which the vertical structure of the 

radar echoes within rainbands in the inner region of the storm varies, first with respect to 

radius, then with respect to storm quadrant.  

7.3.1  Variation of rainbands with distance from storm center  

In Fig. 7.3b, a unique feature of the CFAD for the inner rainbands is that the center of the 

modal distribution is the highest reflectivity of any of these three broader zones, a distinction 

the eyewall would hold if the storm intensities in the sample were less variable (Chapter 5-6). 

The modal distribution is centered at about ~31 dBZ and ranging from  ~22 to 36 dBZ. This 

region also exhibits the most well defined brightband of the three regions, which is why the 

schematic in Fig. 7.1 shows a great deal of stratiform coverage in the inner region, consistent 

with the low convective fraction in Fig. 7.4b. The steep and tightly packed decrease in 

reflectivity with height in the upper portion of the melting layer in Fig. 7.3b combined with 

robust stratiform radar echo is a distinctive characteristic of the inner rainbands. This 

combination of factors likely results from the rainbands in the inner region i) containing 

previously active convective cells and ii) being close to the eyewall, from which ice particles 

aloft ejected radially outward seed the rainbands below. 

The combination of stratiform uniformity and convective activity within rainbands in the 

inner regions varies with distance from the storm center. In Region 3, the echo is mostly 

stratiform, as indicated by the low convective fraction (Fig. 7.4b). Figure 7.5 shows further  
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Figure 7.5. a) Mean reflectivity as a function of height for CFADs of all overpasses 

of Regions 3-9 (CAT12345, see Table 7.1). The inner rainbands are red and the 

distant rainbands are blue for reference. b) Same as in a), but standard deviation. c) 

Same as in a), but for skewness. d) Same as in a), but for kurtosis. The mean 

reflectivity is the conditional reflectivity; i.e. it is the mean reflectivity for pixels at 

which a detectable reflectivity exists. Zero reflectivities do not enter the mean. 
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details of how the rainbands in the inner region. Vertical profiles of the mean, standard 

deviation, skewness, and excess kurtosis for the CFADs of each region as a function of 

height show the increase in convective nature of the rainbands with increasing radius. The 

red curves show that Region 3 has the largest mean reflectivity at low levels, indicating that 

its widespread stratiform rain is robust. Yet Region 3 also has the smallest mean reflectivity 

in upper levels and lowest standard deviation, consistent with a lack of convective activity. 

The red curves also show that Region 3 has the most negatively skewed reflectivity 

distribution at all levels, consistent with the generally robust stratiform precipitation 

dominating in this region (solid red line, Fig. 7.5c). Region 3 has the least negative kurtosis 

at low levels, and the least positive kurtosis in upper levels (solid red line, Fig. 7.5d). A 

positive excess kurtosis is indicative of peakedness in the distribution and/or extended tails of 

the distribution; a negative excess kurtosis, in contrast, indicates flatness in the distribution 

and/or short tails (DeCarlo 1997).  

Region 3’s combination of an intense low-level mean, low standard deviation, negative 

skew, and less negative kurtosis together indicate that of all the regions it has the greatest 

volumetric (area integrated) rain rate and echo uniformity at low levels, especially in 

comparison to the rainbands in the outer region of the storm. With increasing distance from 

the storm center, the low-level distributions weaken, become more variable, and broaden. 

Emphasizing the two-layer structure of the rainbands, the upper levels exhibit the reverse of 

this behavior; Region 3’s distributions being the weakest and least variable of the inner 

regions, but having the least positive kurtosis, suggests a slightly flat but narrow peak at low 

reflectivities with lighter tails. The upper-levels strengthen, become more variable, and 

become more peaked with fatter tails in the distribution (solid red line, Fig. 7.5). The curves 

of kurtosis in Fig. 7.5d, all show a sharp minimum at the melting level, distinctly showing the 

break and reversal of statistics between the lower rain layer and the upper ice layer. These 

characteristics are consistent with the proportion of active convective precipitation increasing 

with distance from the storm center, as shown schematically in Fig. 7.1.  

To test the robustness of these results, I subsampled the overpasses’ Region 3 data into 

1000 randomly chosen sets of 50 overpasses and compared them to 1000 randomly chosen 

50-overpass sets of Region 9 data. The mean and standard deviation profiles of Region 3 are  
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consistently more intense and less varied than the envelope containing all 1000 means and 

standard deviation profiles of the subsampled Region 9 groups in the manner discussed 

above (Fig. 7.6a,b). The upper levels of Region 3 are less intense and varied than all of the 

1000 Region 9 subsamples. The other 5 regions have intermediate profiles whose 

characteristics gradually transition from those of the Region 3 profile to the Region 9 profile. 

Figure 7.6. a) Mean reflectivity as a function of height of 1000 randomly chosen subsamples 

of the total Region 3 (red lines) and Region 9 (blue lines) data. b) Same as a), but for standard 

deviation.  
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The behavior at the upper levels of the rainbands in the inner region of the storm may be 

related to both the radial and azimuthal circulations and associated redistribution of ice 

particles occurring at these levels (Marks and Houze 1987), which lessens with distance from 

the storm center. Black and Hallett (1986) noted that the entire inner core of a tropical 

cyclone is highly glaciated with ice from the eyewall, which, combined with the azimuthal 

particle transfer, leads to the lack of electrification of the inner rainbands (Black and Hallett 

1999, Molinari et al 1999). The tight pinching of the modal distribution at 5 km (Fig. 7.3b), 

corresponding to the sudden dip in kurtosis at the same level (red lines, Fig. 7.5d), clearly 

indicates disconnection of the particle regimes between the upper and lower levels of the 

inner rainbands. I suggest that this behavior occurs because the source of the particles is 

remote from their fallout region. This tendency is present in all of the rainband regions, but is 

most extreme in Region 3 and lessens with distance.  

All of these results suggest that the inner rainbands consist of two relatively independent 

layers. Convective activity producing precipitation in the inner bands is strongly constrained 

to occur at lower levels, possibly by the locally enhanced vertical shear from the layer of 

outflow from the eyewall (as suggested by the inner rainband radar echoes being located 

below the eyewall outflow in Fig. 7.2). At the same time, the levels between 6 and 8 km are 

filled with slowly falling ice particles. These particles ejected from the eyewall zone swirl 

around the storm with the azimuthal wind and seed the lower-level clouds. The innermost 

rainbands are close enough to receive precipitating ice particles from the eyewall circulation; 

thus, it is likely that the intensity and uniformity of the inner rainbands in intense storms, 

especially in the upper levels, is partially a result of ice fallout from the eyewall outflow. 

Since the less dense particles can travel significant distances (Marks and Houze 1987, 

Chapter 6), they would be spread rather evenly about the storm. The constraint on the depth 

of the inner rainband convection appears to gradually relax with distance from the storm 

center. 

The fact that the stratiform echo is of a combination of two origins (dying cells and 

outflow of ice from other regions of the storm) has dynamic implications. It is within the 

inner region’s rainbands, specifically Region 4 and inward (average radius of 120 km from 

storm center in this study) that these dynamic implications of the rainbands for the primary 

storm vortex would be most strongly felt (Judt and Chen 2010). Several studies have shown 
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that the convection within the principal band is organized and persistent enough to alter the 

distribution of vorticity around the storm (Powell 1990a, Samsury and Zipser 1995, Hence 

and Houze 2008, Didlake and Houze 2009). Particular care must be used, however, when 

associating the vast amount of stratiform-like radar echo in the inner rainbands with the 

vertical potential vorticity generation thought to be associated with stratiform precipitation 

formed from dying convection. Some portions of the inner rainband stratiform precipitation 

are indeed a result of dying convection and thus have such an associated locally-enhanced 

mass transport profile; however, in other portions of the inner region this profile may be 

absent because the stratiform-like echo is the result of significantly displaced ice from either 

the eyewall or other convectively active zones rather than collapsing convection (Hence and 

Houze 2008). Thus not all ―stratiform‖ regions within the rainbands may be strong generators 

of potential vorticity. This cautionary note has the further implication that highly convective 

rainbands may have a more dynamic impact than rainbands that are not convectively active, 

both in terms of the convective contributions (Hence and Houze 2008, Didlake and Houze 

2009) but also the convectively generated stratiform precipitation that this convection 

produces (May and Holland 1999, Franklin et al. 2006). These ideas require testing with 

further Doppler radar and/or model analyses that are beyond the scope of this study. 

7.3.2  Quadrant-by-quadrant variations  

Several studies have documented the impact of vertical wind shear on tropical cyclone 

rainfall and eyewall structure (Black et al. 2002; Rogers et al. 2003; Chen et al. 2006; Braun 

et al. 2006; Chapters 5-6), but few if any have investigated how rainband structures vary 

relative to the environmental shear. I therefore examine the rainband regions in quadrants 

relative to the mean environmental shear. Figure 7.1 has anticipated the results of this 

examination by showing schematically how the rainband distribution varies relative to the 

shear vector.  

The precipitation coverage shown in Fig. 7.1 is consistent with the statistics in Fig. 7.7a, 

which show that the DL has the greatest overall precipitation coverage, followed by the UL, 

DR, and UR quadrants respectively, indicating a left-of-shear/right-of-shear rainfall 

asymmetry. However, the precipitation tends to fall out far away from the active convection  
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that creates it. In the annulus of Region 3, the DL has only  ~10% coverage by convectively 

classified pixels, and the amount of convection in this quadrant remains fairly flat with 

distance (purple line, Fig. 7.7b). In the DR, however, the convective activity increases with 

distance from the storm center, and is the most convective quadrant out to Region 5 and 

beyond (black line, Fig. 7.7b). The UR has very little convection in Regions 3-4, but the 

fraction jumps upward in Region 5 to being the second most convectively active quadrant 

Figure 7.7. a) Percent of areal coverage of precipitating pixels as a function of height for 

all overpasses of the inner and distant rainband quadrants (CAT12345, see Table 7.1). The 

quadrants are aligned along the average environmental wind shear vector of the sample. 

The inner rainbands are red and the distant rainbands are blue for reference. b) The 

quadrant fraction of convectively-classified precipitating pixels as a function of distance. 

The quadrants are aligned along the average environmental wind shear vector of the 

sample. 
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(green line, Fig. 7.7b). The UL has very few convective cells throughout the inner rainband 

region (pink line, Fig. 7.7b). These results suggest that rainband convection in the inner 

region is favored in the downshear quadrants, but this tendency changes at Region 5, where 

the right-of-shear rainbands become convectively favored. These results are consistent with 

the spiral nature of the rainbands, as drawn in Fig. 7.1. Also consistent with this depiction, 

Corbosiero and Molinari (2002) found a slight preference for lightning (i.e., active 

convection) in the DL of the innermost rainbands (< 100 km, corresponding to Region 3 in 

this study), and a DR preference for the rest of the rainbands.  

Figure 7.8 shows the CFADs for rainbands in the inner region by quadrant. A sharp 

contrast is seen between the UR and DL quadrants, with the other two quadrants showing 

intermediate characteristics. The UR has a relatively weak and broad distribution, with the 

low-level modal distribution centered below 30 dBZ and ranging from 19 to 36 dBZ. The 

brightband is distinct, but the melting layer signature covers a wide range of reflectivity in 

the CFAD, and the upper levels have a sharp peak at 6 km and 21 dBZ. The modal 

distribution reaches 8 km, and the outliers reach 10 km. The well-defined bright band 

signature in the UR CFAD indicates the presence of stratiform precipitation, while the 

heterogeneity of the low levels indicates convective cells. From the sketch in Fig. 7.1, it can 

be seen that this distribution is likely a combination of new convective cells in this upstream 

zone, stratiform precipitation portions associated with the edges of principal rainbands 

located farther out, and ice particles at upper levels emanating from the from the eyewall 

region and seeding the clouds below. 

In the DL region CFAD in Fig. 7.8, the low-level modal distribution is much narrower and 

stronger than that of the UR, with the modal distribution ranging across only 12 dB and 

centered at ~33 dBZ. Below the melting layer, low reflectivity values (light rain rates) are 

very rare in the DL, whereas they are common in the UR distribution. The dominant 

stratiform rain in the DL is thus uniformly stronger than in other quadrants. The melting layer 

distribution is also more tightly packed, further indicating a robust stratiform echo population 

that produces a relatively large volumetric rain rate in this sector. At the same time, the 

embedded convection (mostly on the upstream portion of the DL region; see Fig. 7.1) is 

indicated by the outlier values to also be more intense than outlier convection in the UR  
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region and other quadrants. The outlier reflectivities at low levels reach up to 45 dBZ, 

exceeding those in other quadrants. The overall upper-level peak frequency remains at about 

the same height in the DL as in other quadrants, but the outliers reach slightly higher heights, 

again indicating the intermittent convection is more intense in this region.  

Figure 7.9 shows that the DL has the greatest low-level mean reflectivity, while UR has 

the weakest mean reflectivity and is ~2 dB less than in the DL (Fig. 7.9a). The UL and DR 

Figure 7.8. Region 3-5 inner rainband CFADs of TRMM PR reflectivity data for all 

of the 1998-2007 overpasses of storms that ultimately reached Category 4 or 5 

intensity (CAT12345 grouping, Table 7.1), arranged by quadrants oriented to the 

average shear vector. Quadrants are labeled downshear-left (DL), downshear-right 

(DR), upshear-left (UL), and upshear-right (UR), respectively. All other details as in 

Fig. 7.3.  
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are intermediate and similar. The DL and DR have the greatest mean upper-level reflectivity 

followed by the UR and UL. The low-level distribution is the flattest and least tailed in the 

Figure 7.9. a) Mean reflectivity as a function of height of the inner rainband quadrant 

CFADs from Fig. 7.8 (CAT12345, Table 7.1). The mean reflectivity is the conditional 

reflectivity; i.e. it is the mean reflectivity for pixels at which a detectable reflectivity 

exists. Zero reflectivities do not enter the mean. b) Same as in a), but standard deviation. 

c) Same as in a), but for kurtosis. Quadrants are labeled downshear-left (DL), downshear-

right (DR), upshear-left (UL), and upshear-right (UR), respectively.  
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UR, becoming more peaked in the DR, UL, and DL. The DR likely has more extremes in its 

tails (Fig. 7.9b,c). In the upper levels, the DL is the broadest, and the UR the most peaked but 

likely with extreme tails given the similar variability (Fig. 7.9b,c). The UL is peaked but with 

low variability, signaling a weak and highly uniform distribution. The kurtosis profiles again 

emphasize the break between the lower-level rain mode and the upper level ice modes, and 

the reversal of the statistics across the melting level, and with the extreme of this reversal 

being between the UR and DL quadrants.  

These statistics are all consistent with inner region convection being most numerous in 

the DR quadrant (hence, the numerous embedded convective cells in the DR in Fig. 7.1). 

Many ice particles from this convection travel downwind to fall out as primarily stratiform 

rain in the DL (the dominant stratiform echo in the DL of Fig. 7.1), in combination with ice 

particles extruded from the eyewall seeding the rainbands. Some of the smaller particles 

generated in the DR probably continue to the UL. The greater low-level variability of the DR 

as well as the intensification, variation and raising of the upper level echo from the DR to the 

DL followed by the lowering, weakening and homogenizing of the UL upper-level 

reflectivities suggest a maturation and dissipation of rainband convection through these three 

quadrants (Fig. 7.8).  

The UR has a distribution wholly unlike the other three quadrants. Since this quadrant is 

as sparse as a far distant band (red dotted line, Fig. 7.7a), has a broad distribution unlike the 

uniform distribution of the other three quadrants (Fig. 7.8), and has a sudden jump in the 

convectively-classified fraction in Region 5 (green line, Fig. 7.7a), it is likely that this 

quadrant’s distribution contains a mixture of broken precipitation and a small portion of the 

principal band. 

7.4  RAINBANDS IN THE OUTER REGION 

This section describes how the rainbands in the outer region, which are less affected by 

the vortex dynamics of the cyclone, differ from the rainbands in the inner region of the storm.  

7.4.1  General features 

In the principal band, convective cells are typically mature or dying by the time they 

reach the inner core (Barnes et al. 1983; Hence and Houze 2008). These cells often begin 
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their lives in the upwind portions of the rainbands, which is in the distant environment, where 

the vortex is thought not to exert as much influence (Houze 2010). These convective cells are 

shown in the bulk rainband schematic of Fig. 7.1 in two groups—one entirely in the outer 

region, the other as a band crossing the boundary between the outer and inner regions, such 

that the newer cells are in the outer region and older cells in the inner region.  

Figure 7.3c is the CFAD for outer rainband region (Regions 6-9). The low-level 

distribution is centered at ~28 dBZ, but the modal distribution ranges from the 19 to 36 dBZ; 

i.e., compared to the inner region rainbands, there are fewer intermediate intensity echoes 

and more low intensities. This comparison indicated that the rainbands in the outer region are 

more heterogeneous, or more cellular in nature. The upper-level distribution has a relatively 

broad peak at 5.5-7 km. The statistics show that the mean low-level reflectivity of the 

rainbands in the outer region is lower than that of the inner region rainbands, but the upper-

level reflectivity is higher, bending towards greater intensities (blue lines, Fig. 7.5a). This 

difference is consistent with the distant rainbands having deep convective cores. The 

variability in reflectivity is greater at all levels and bends towards higher values above 7 km 

(blue lines, Fig. 7.5b), and the upper levels are less positively skewed towards intense 

reflectivities (blue lines, Fig. 7.5c). The rainbands in the outer region have the most negative 

low-level kurtosis profile, and although their kurtosis profile becomes positive above the 

melting level they decrease with height above  ~8 km (blue lines, Fig. 7.5d).  

The bump in convectively classified fraction in Regions 5-6 (black line, Fig. 7.4b), and 

associated changes in the statistics (Fig. 7.5), suggest that Regions 5-6 mark the common 

location of the convective portion of the principal band. This result guided my decision to 

draw the boundary between the inner and outer regions of the storm at the dotted circle in 

Fig. 7.1. Outside of this border region, the statistics show that the makeup of the rainbands to 

be sparse, convective, and widely varied. At radial distances outward of ~240 km, it is 

unlikely that the distant rainbands are being seeded by many precipitation-sized ice particles 

from the eyewall. Therefore, the upper-level distribution of the distant rainbands must be 

mostly locally generated, either within the principal rainband or the individual convective 

cells outside of it. The higher intensity and variability in the upper-level profiles suggest that 

a variety of particle sizes and/or amounts exist within the distant rainbands, instead of having 

the strong uniformity of the inner bands (Fig. 7.5a,b). These statistical differences all point to 
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the rainbands in the outer regions being less contiguous, generally more convective and less 

stratiform than in the inner regions of storms, consistent with Fig. 7.1. 

Distant rainbands often generate tornadoes upon landfall since the vertical wind shear in 

the rainbands provide an ideal environment for both supercells and tornadoes to form 

(Schultz and Cecil 2009). Distant rainbands are also more electrically active than in any other 

region of the tropical cyclone (Black and Hallett 1999; Molinari et al. 1999). Therefore, 

while the rainbands in the outer region may not directly contribute to the storm dynamically, 

they extend the impact of the storm well away from the its inner core.  

7.4.2  Quadrant-by-quadrant variations 

Figure 7.7b shows that outward of Region 5, the right-of-shear quadrants have the 

greatest amount of active convection. In the outermost regions, the UR has the most 

convective activity, followed by the DR, UL, and DL respectively. Conversely, DL is the 

quadrant with the highest stratiform content. This result is further supported by the fact that 

the DL has the greatest overall coverage of the in the outer regions, followed by the DR, UL, 

and UR respectively (Fig. 7.7b). These azimuthal variations are consistent with the schematic 

in Fig. 7.1. 

Figure 7.10 contains the outer-region CFADs for all quadrants. They show that in the UL, 

the distribution is flat, weak and highly variable at all levels, with a broad peak centered at 

~25 dBZ. The UR modal distribution tightens somewhat around these low reflectivity values, 

but the distribution gains some intensity and height in the outliers. The DR’s modal 

distribution is more intense, centered at ~27-28 dBZ, but remains relatively flat. As in the 

inner regions, the greatest difference in CFADs is between the UR and DL regions. In the DL 

region, low reflectivities are rare and the distribution is the most intense, peaked, and 

uniform, with a center ~31 dBZ. These general characteristics are consistent with the way 

that I have drawn Fig. 7.1, which shows widespread stratiform precipitation in DL with a few 

intense embedded cells on its upwind side. The DL is the only quadrant in which the CFAD 

pinches in the melting level to clearly separate the rain and ice modes of the CFAD; the other 

quadrant distributions are more continuous through the melting layer.  
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At low-levels, the statistics differ most between the downshear and upshear quadrants; 

the downshear quadrants are more intense (blue and purple lines, Fig. 7.11a), with the DR 

being the most variable and the DL the most peaked and narrow (blue and purple lines, Fig. 

7.11b,c). These differences are consistent with Fig. 7.1, in which the DR and DL show 

extensive intense echo, but with the DR containing more embedded convective cells and the 

DL being predominantly stratiform. 

Figure 7.10. Region 6-9 outer rainband CFADs of TRMM PR reflectivity data for all of 

the 1998-2007 overpasses of storms that ultimately reached Category 4 or 5 intensity 

(CAT12345 grouping, Table 7.1), arranged by quadrants oriented to the average shear 

vector. Quadrants are labeled downshear-left (DL), downshear-right (DR), upshear-left 

(UL), and upshear-right (UR), respectively. All other details as in Fig. 7.3.  
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Figure 7.11. a) Mean reflectivity as a function of height of the outer rainband quadrant CFADs from Fig. 

7.10 (CAT12345, see Table 7.1). b) Same as in a), but standard deviation. c) Same as in a), but for kurtosis. 

Quadrants are labeled downshear-left (DL), downshear-right (DR), upshear-left (UL), and upshear-right 

(UR), respectively. 
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A smaller dip in the melting layer kurtosis occurs in all of the quadrants, but the extent of 

the dip is most extreme in the DL (Fig. 7.11c), indicating a more profound separation of 

lower- and upper-level regimes. Above the dip, the upper-level profiles differ most between 

the right-of-shear and left-of-shear quadrants, with the right-of-shear side being the most 

intense and most variable (pink and green lines, Fig. 7.11a,b), i.e. more convective. The 

upper-level kurtosis is the most positive in the DL, followed by the DR, UL, and UR 

respectively (Fig. 7.11c).  

These several factors suggest that in the outer region of the storm the UR quadrant is the 

preferred genesis zone for organized rainband convection: the quadrant’s sparseness of 

echoes (dotted blue line, Fig. 7.7a); its high convectively-classified fraction (green line, Fig. 

7.7b); the weakness of its low-level distribution (Fig. 7.10); and the intensity, variability and 

flatness of its upper level distribution (green lines, Fig. 7.11). This convection likely grows 

and matures in the DR, as evidenced by the continued upper-level intensity and variability, 

the increased low-level intensity and variability, and the increased kurtosis of the upper-level 

distribution suggesting a more narrowly peaked distribution with extreme tails. The DL has a 

large amount of stratiform echo, likely from collapsed convection and possibly combined 

with small ice particles blowing outward from inner region of the storm. These traits are 

evidenced by the DL’s high mean reflectivity but low variability; furthermore, the DL 

exhibits the least negative/more positive kurtosis, signifying a more narrowly peaked 

distribution, especially in the upper levels. The UL falls in the middle of these profiles, being 

relatively weak, highly variable but relatively well covered. These traits suggest that there is 

a mix of stratiform and convective precipitation in the UL, possibly from the continued 

advection of ice particles combined with other less organized convection (Fig. 7.7).  

7.5  MODIFICATIONS TO THE VERTICAL STRUCTURE OF RAINBANDS BY INTERNAL STORM 

DYNAMICS AND AMBIENT ENVIRONMENTAL CONDITIONS 

7.5.1  Storm intensity effects on the inner and outer regions of the storm 

One might expect the impact of storm intensity upon rainband structures to differ 

between the inner and outer regions, since the above observations suggest that in the inner 

regions of storms the eyewall outflow vertically constrains the rainbands and seeds them with 

a deep layer of precipitating ice particles. Now that I have determined the general 
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characteristics of the rainbands, I investigate how differing internal storm dynamics (as 

indicated by storm intensity category) might affect this typical structure. The black line in 

Fig. 7.4b shows that the average convectively classified fraction increases almost linearly 

with distance, but with an upward bump around Region 6. Storm intensity changes the shape 

of this curve. Category 1-2 storms (CAT12, Table 7.1; dark purple line) are more convective 

than average inside of Region 6 but less outward. In contrast, Category 4-5 storms (CAT45, 

Table 7.1; light purple line) are convectively suppressed in Regions 4-5, but from Region 6 

outward the rainbands become steadily more convective, reaching the average around 

Regions 8 and 9.  

Figure 7.12a,b shows that for CAT12 storms, rainbands in the inner and outer regions are 

statistically similar except in the uppermost levels, where the inner rainband distribution is 

flatter, less skewed and less variable than the distant rainbands (blue lines, Fig. 7.12a,b; 

skewness and standard deviation not shown). The CAT45 rainbands, however, behave 

differently in the inner and outer regions. The lower-level echoes are more intense in the 

rainbands of the inner regions, but there is a stronger convective suppression in their upper 

levels (pink lines, Fig. 7.12a). The CAT45 rainbands also tend to have a much more peaked 

and uniform distribution in the inner region than in the outer region (pink lines, Fig. 7.12b; 

standard deviation not shown). These observations are consistent with Willoughby et al. 

(1984), who noted that the stationary band complex tended to be closer to the storm center in 

weaker storms and farther away in stronger storms. Thus these results indicate that storm 

intensity has the greatest influence upon the radial variations in rainband convection.  

7.5.2  How SST affect rainbands in the inner and outer regions of the storm 

SST is the only parameter that influences rainband reflectivity features across the storm 

uniformly. Changes in SST shift the curve in Fig. 7.4b as a unit to higher convective 

fraction—high SSTs (hiSST, > 28 °C; dark green line) shifts the curves upward, indicating 

that more convection occurs in all radial regions when the SSTs are warm. Less convection 

occurs overall in marginal SST conditions (margSST, 26 ≤ SST ≤ 28 °C; light green line), 

although the bump at Region 6 becomes more pronounced, suggesting that the convective 

forcing in that region may be more of a factor than in the other regions. The mean low-level 

reflectivity also shows a change in convective intensity, with both the inner and distant band 
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mean reflectivities shifting to greater values in high SST cases (pink lines, Fig. 7.12c). The 

melting layer signature also shifts to higher altitudes (pink lines, Fig. 7.12c,d).  

 

 

 

These results are consistent with the idea that warmer water is better able to support the 

rainband convection overall, but based on these results, the buoyancy needed to reach upper 

levels is better utilized in the rainbands far from the storm center. However, these results also 

suggest that the principal rainband convection is minimally impacted by changes in SST in 

Figure 7.12. a) Mean reflectivity as a function of height of the total region CFADs for the inner and distant 

rainband regions of the CAT12 and CAT45 groupings (Table 7.1). b) Kurtosis as a function of height of the 

CFADs for the inner and distant rainband regions of the CAT12 and CAT45 groupings (Table 7.1). c) 

Same as a), but for marginal and high SST groupings (Table 7.1). d) Same as b), but for the marginal and 

high SST groupings (Table 7.1).  
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the range tested, suggesting that this convection is forced dynamically. Thus although SST 

seems to modulate the existing rainband signature, within the temperature range investigated 

SST does not fundamentally change the overall rainband structure.  

7.5.3  How shear affects the quadrant-by-quadrant distribution of inner region 

rainbands 

When the environment shear increases, the rainbands in the inner region of the storm are 

affected. Figure 7.13 shows that in cases of low shear, the differences between the quadrants 

are fairly small, but that as the shear increases, the intensity variation among quadrants 

increases. The differences between the mean low-level reflectivity profiles become 

exaggerated, with the rainbands in the DL region becoming stronger and those in the UR 

becoming weaker, especially at low levels (Fig. 7.13a,c). The excess kurtosis (Fig. 7.13b,d) 

becomes less negative in all quadrants and becoming nearly zero in the DL. This change 

implies that as the shear increases, the distribution becomes more sharply peaked, indicating 

a more robust stratiform rain regime. At upper levels, the kurtosis in the DL becomes less 

positive, indicating a less peaked distribution, suggesting that the embedded convection 

becomes stronger. Thus, the increased shear makes both the stratiform and convective 

components of the rainbands in the inner DL region stronger, resulting in the rainbands being 

strongly asymmetric.  

These observations suggest that shear likely determines the azimuthal placement of the 

rainband convection and the resulting precipitation. Highly sheared storms tend to have a 

strong rainband asymmetry, suggesting only one principal band forms with its convection 

favoring the downshear side. The evenness in the convection of weakly sheared storms may 

signal either a tighter wrapping of the spiral bands, a greater tendency for convective 

secondary bands, or a tendency for these storms to have multiple principal bands.   

7.6 SUMMARY 

A statistical analysis of 10 years of TRMM PR three-dimensional reflectivity data reveals 

variations in the vertical structures of tropical cyclone rainbands. Variations in vertical 

structure are indicated by CFADs of the reflectivity in different portions of the rainbands and 

across different portions of the storm. Using this approach, I have been able to discern 

rainband structure variations as a function of both radius and azimuth relative to the storm.  
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Radial variations are controlled primarily by the intensity of the tropical cyclone vortex. The 

azimuthal variations are controlled primarily by the shear in the large-scale environment of 

the storm. 

CFAD analysis shows that the vertical structure of rainbands is two-layered. The 

statistical characteristics of the rainbands are all characterized by a separation, or pinching 

off, of the frequency distribution of reflectivity at the melting level. The CFADs show 

distinctly separate modes of reflectivity above and below the melting level, which indicate 

different degrees and types of convective and stratiform structure within the rainbands. 

Another distinct qualitative difference in rainband structures occurs at an average distance of 

Figure 7.13. a) Mean reflectivity as a function of height of the quadrant CFADs for the inner rainband 

regions of the low shear grouping (Table 7.1). b) Kurtosis as a function of height of the quadrant 

CFADs for the inner rainband regions of the low shear grouping (Table 7.1). c) Same as a, but for the 

high shear grouping (Table 7.1). d) Same as b), but for the high shear grouping (Table 7.1). 
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~200 km from the storm center, marking the likely boundary of the dynamical influence of 

the storm’s vortex dynamics upon rainband convection.  

Rainbands inward of this boundary consist of a mixture of vertically limited convection 

and robust stratiform precipitation. The vertical compression of the maximum height of 

echoes is expected because of the outflow layer of the eyewall and associated shearing 

effects dominate the clouds in the upper levels of the inner region of the storm. This outflow 

has both a dynamic effect in limiting the height of the convection in the inner region and a 

microphysical effect via seeding of the rainbands with ice generated in the eyewall and 

upwind portions of rainbands. The CFADs drawn from rainbands in the inner region show a 

rather uniformly distributed layer of ice above the melting layer that is distinctly pinched off 

from the intense and highly uniform low-level precipitation. The ice layer statistics suggest 

that the robust stratiform precipitation seen in the downwind portions of rainbands in the 

inner region of the storm is likely a strong combination of precipitation seeded from other 

parts of the storm as well as stratiform precipitation resulting from the collapse of convective 

cells travelling along the rainbands. In contrast, the reflectivity statistics indicate that 

rainbands in the outer region of the cyclone are more discretely cellular and convective in 

nature. The CFADs of rainbands of the outer region show a less sharp separation at the 

melting level, suggesting that they mostly contain precipitation that is more locally connected 

to its source, vertically and horizontally, instead of containing particles at upper levels that 

have been significantly displaced from their  sources. 

The rainbands generally become more convective with distance from the storm center, 

but not in an azimuthally uniform manner. Rainband convection in the outer regions typically 

forms in the upshear quadrants before organizing into lines on the right-of-shear side. As the 

rainbands spiral inwards towards the storm center and cross into the inner regions, the 

convective cells collapse on the downshear side, leaving most of the resulting stratiform 

precipitation on the left-of-shear side. As the environmental shear increases, these 

asymmetries in the rainband ensemble intensify, pushing more of the rainband convection 

and precipitation downshear. 

The vertical structure of rainbands in the inner regions of the storm change with storm 

intensity. In the inner region, the differences in the distributions of reflectivity in the upper 

and lower portions of the rainband echoes become more exaggerated as the intensity category 
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increases. By contrast, in the outer region, the vertical structures of rainbands do not change 

much with storm intensity. Changes in storm intensity mainly impact the convection in the 

inner region, likely because the vertical constraint upon convection in the inner region is in 

the zone affected by the vortex dynamics. Cool SSTs uniformly discourage rainband 

convection around the storm, although principal rainband convection is minimally affected.
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8.  CONCLUSIONS 

 

The ten years of three-dimensional Tropical Rainfall Measurement Mission (TRMM) 

Precipitation Radar (PR) echoes analyzed in this dissertation reveal the reproducible vertical 

structure of precipitation features seen in tropical cyclones. Based on annular regions defined 

relative to the center of the cyclone, these studies identify how the vertical structure of 

precipitation differs between the single eyewalls, concentric eyewalls, the organized 

rainbands closest to the storm center, and the disorganized rainbands farther afield. Dividing 

the data into quadrants relative to the environmental vertical wind shear vector also reveals 

how these features consistently vary around the sampled storms. Based on these subdivisions, 

the analysis presented here provides, for the first time, a climatology of how these important 

storm features not only differ with reference to their basic structure, but also how these 

features respond differently to forcing both within and outside of the storm. 

The eyewall of a storm with a single eyewall exhibits high reflectivities and high echo-

tops, with deeper and more intense but highly intermittent echo perturbations superimposed 

on the basic structure. The intense and deep mean distribution is likely a representation of the 

secondary circulation of the tropical cyclone. The echo perturbations superimposed upon this 

mean distribution correspond to the most intense and deep convective cells seen in a tropical 

cyclone. These features are set in a background of stratiform-like echoes from melting ice. 

When shear is present, these convective cells seem to preferentially generate in the 

downshear-right quadrant, mature in the downshear-left, and dissipate in the upshear-left.  

In tropical cyclones with concentric eyewalls, the upper-troposphere portions of the outer 

eyewalls are weak and azimuthally uniform. The lower-tropospheric portions have the 

strongest combination of intensity and uniformity seen within a tropical cyclone 

environment. This unique structure suggests that, at its intermediate stage of development, 

the outer eyewall is a hybrid of inner rainband and single eyewall structure, with the 

rainband-like structure above and vertically-constrained eyewall-like convection building 

from below. The outer eyewall has evenly distributed convection that seems to grow and die 
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more locally (in an azimuthal sense), although the convection on the downshear-left side 

tends to be slightly more intense. When an outer eyewall is present, it exacerbates the shear-

induced convective asymmetry of the inner eyewall. 

The rainbands differ between an inner region (out to ~200 km from the eye), which is 

affected by the primary storm vortex and effluent from the eyewall, and an outer region, 

which lies outside the region influenced by storm dynamics. The rainbands in the inner 

region contain intense precipitation that is less deep and highly uniform at all levels, mostly 

containing stratiform-like echoes and a limited amount of vertically-constrained convective 

precipitation. The highly uniform ice particles in the upper levels of the inner rainbands seem 

disconnected from the precipitation in the lower levels, likely owing to the large amount of 

radial and azimuthal particle advection. The rainbands in the outer regions are weaker and 

more sparse. Convection is more active and less vertically constrained in the most distant 

rainbands. Convection for the organized rainbands likely generates in the upshear-right 

quadrant of the distant rainbands, grows and matures as it travels downwind to the 

downshear-right quadrant and crosses into the rainband region, and quickly collapses as it 

reaches the downshear-left quadrant.  

Vertical wind shear is the primary driver of rainfall placement—in every part of the 

tropical cyclone, high shear intensifies rainfall in the downshear-left quadrant. Wind shear 

also determines the location of convective activity —convection develops in the downshear-

right quadrant of the eyewall and the right-of-shear side of the rainbands, a tendency that 

becomes more extreme with increasing wind shear. Variations in storm translation can 

modulate this shear asymmetry somewhat if the storm translation is equal in magnitude and 

opposite in direction, but shear dominates the asymmetric signal.  

In regions like the eyewall and the principal rainband, whose convection is likely forced 

by mechanisms other than buoyancy, cool sea surface temperatures buoyant convective echo 

activity superimposed upon these features but minimally affects their mean circulations. In 

the rainbands in the outer region, where buoyancy likely plays a larger role, cool sea surface 

temperatures suppress convection entirely.  

Variations in storm intensity are related to the intensity and location of eyewall, inner and 

distant rainband convection differently. In intense storms, the eyewall mean circulation tends 

to be enhanced, while inner rainband convection is strongly suppressed. In weaker storms, 
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the eyewall mean circulation is weaker and the rainband convection is located closer to the 

storm center. Storm intensity also impacts the distribution of low-level precipitation particles, 

with high tangential winds redistributing the eyewall and rainband precipitation more evenly 

around the storm. 

Doppler analysis and/or numerical modeling of numerous tropical cyclones will be 

required to statistically investigate the kinematic, dynamic, and microphysical ideas outlined 

here. Future directions for this work could be to use this technique to examine the features of 

tropical cyclone precipitation generated in numerical models. Another next step would be to 

statistically investigate the role of moisture in convective processes in tropical cyclones. 

Finally, this technique could potentially be used to examine structure changes in tropical 

cyclones undergoing rapid intensification.  
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