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ABSTRACT
Ten years of data from the Tropical Rainfall Measurement Mission satellite’s Precipitation Radar (TRMM
PR) show the vertical structure of tropical cyclone rainbands. Radar-echo statistics show that rainbands have
a two-layered structure, with distinct modes separated by the melting layer. The ice layer is a combination of
particles imported from the eyewall and ice left aloft as convective cells collapse. This layering is most pronounced in the inner region of the storm, and the layering is enhanced by storm strength. The inner-region
rainbands are vertically confined by outflow from the eyewall but nevertheless are a combination of strong
embedded convective cells and robust stratiform precipitation, both of which become more pronounced in
stronger cyclones.
Changes in rainband coverage, vertical structure, and the amount of active convection indicate a change in
the nature of rainbands between the regions inward and outward of a radius of approximately 200 km. Beyond this radius, rainbands consist of more sparsely distributed precipitation that is more convective in nature
than that of the inner-region rainbands, and the outer-region rainband structures are relatively insensitive to
changes in storm intensity. The rainbands in both inner and outer regions are organized with respect to the
environmental wind shear vector. The right-of-shear quadrants contain newer convection while in the left-ofshear quadrants the radar echoes are predominantly stratiform. This asymmetric distribution of rainband
structures strengthens with environmental wind shear. Cool sea surfaces discourage rainband convection
uniformly.

1. Introduction
Precipitation bands of varying size and extent typically spiral inward toward 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,
and loosely organized convection that 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.
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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,b; 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.
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Nevertheless, recent theoretical and observational studies suggest that once the rainband complex forms, rainbands play an important role in changing the dynamic
structure of the storm (Montgomery and Kallenbach
1997; Chen and Yau 2001), especially in the formation of
concentric eyewalls (Terwey and Montgomery 2008; Judt
and Chen 2010; Qiu et al. 2010).
Given the important role rainbands play in the overall
dynamics of tropical cyclones, as 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. We accomplish this
objective by statistically analyzing data collected by the
Tropical Rainfall Measurement Mission satellite’s Precipitation Radar (TRMM PR; Kummerow et al. 1998) in
the Atlantic and northwestern (NW) Pacific basins from
1997 to 2007. Although TRMM obtains only snapshot
samples of data about 2–3 times per day over any given
region, the 10-yr data sample provides long-term statistics on the structures of storms sampled. The vertical
precipitation distribution retrieved by the active TRMM
PR reveals vertical structure information unavailable in
other satellite data, and we have used this dataset to
reveal the structures of eyewalls (Hence and Houze
2011) and of the secondary eyewalls in storms undergoing eyewall replacement (Hence and Houze 2012).
Combined with these two previous papers, the present
study completes a trilogy by examining the rainbands
that lie outside of the eyewall region.
After describing our dataset and methods of analysis
in section 2, we will present in section 3 a schematic view
of the typical rainband structure revealed by our analysis. This schematic will provide a point of reference for
visualizing the detailed statistical results presented in
subsequent sections. Section 4 details the general statistical characteristics of the rainband complex in contrast to the eyewall region of the storm. Sections 5 and 6
will present detailed statistics on the vertical structures
of rainband radar echoes as a function of radial distance
and azimuthal quadrant relative to the environmental
shear vector. Section 7 examines the impact of the storm
and its environment on the general rainband structure.
In section 8 we synthesize the results and present our
conclusions.

2. Data and methods of analysis
We used the TRMM PR version 6 2A25 radar reflectivity data (TSDIS 2007) to obtain a three-dimensional
view of reflectivity structure. The ;250-m 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

TABLE 1. Groupings of individual overpasses and the number of
overpasses within each grouping.
Total
overpasses

Definition at time
of overpass

CAT12345
CAT12

371
135

CAT45

128

Low shear
High shear
Marginal SST
High SST
Low track speed
High track speed

151
200
104
235
150
202

All overpasses
33 # max sustained
winds # 49 m s21
Max sustained
winds $ 59 m s21
#7.5 m s21 (850–200 hPa)21
.7.5 m s21 (850–200 hPa) 21
268 # SST # 288C
.288C
,5 m s21
$5 m s21

Groupings

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-/postboost). 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 an individual storm.
Following Houze et al. (2007), we 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 (NCAR)
Zebra software (Corbet et al. 1994; James et al. 2000) and
facilitates computation of contoured frequency by altitude diagrams (CFADs; Yuter and Houze 1995). Individual overpass CFADs were then sorted into the
groupings shown in Table 1. 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 dynamical definitions
(Houze 1997) that are more appropriate to mesoscale
convective systems (Houze 2004) than to tropical cyclones. Nevertheless, we use these terms to identify
changes in the characteristics of the radar echo as we
have done previously (Hence and Houze 2011).
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 of the radar (;17–18 dBZ). CFADs are joint
probability distributions that allow 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 mean, standard deviation, skewness, and excess
kurtosis (kurtosis 2 3; DeCarlo 1997) are calculated at
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every altitude on these raw CFADs. For plotting purposes, we normalized the CFADs by the maximum
frequency in the sample to remove the effect of the bulk
amount of radar echo in a given subset of the data, as
well as to bring the maximum in the profile to the same
magnitude for each computed CFAD while not changing the shape of the distribution (Houze et al. 2007;
Hence and Houze 2011, 2012). A more complete discussion of this normalization is included in Hence and
Houze (2011).
This study uses the storm center, intensity, track direction, storm translation speed, and eye diameter (when
available) from the International Best Track Archive for
Climate Stewardship (Knapp et al. 2010). For this study,
we focused on storms within the Atlantic and NW
Pacific basins between 1997 and 2007 that reached category 4 (59–69 m s21; Saffir 2003) or 5 (.69 m s21)
sometime during their lifetimes. Our analysis included
TRMM overpasses occurring when the storm intensity
was at least category 1 (maximum sustained wind .
32 m s21). Sea surface temperature (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 38 radius from the storm center. We
estimated conditions and storm position at TRMM
overpass times via linear interpolation between observations bracketing the time of overpass. The overpass
samples are sorted 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 (TMI’s) swath width (Kummerow
et al. 1998; 760 km preboost, 878 km postboost). The
TMI 37- and 85-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, the major and minor axis average
was used to define eyewall size. We visually checked the
storm center from the best-track data against the PR and
TMI data; if necessary, we manually shifted the center of
the analysis to better align with the precipitation features.
To isolate purely rainband features, we examined the
371 overpasses of single eyewall cases discussed in
Hence and Houze (2012) and did not include any concentric eyewall cases (to avoid mistakenly identifying
secondary eyewalls as rainbands). The storm center and
eye diameter reports determined the eye radius Re,
which marks the inner boundary for the eyewall region

VOLUME 69

1. Following Hence and Houze (2011), the storms were
divided into a series of annuli of increasing diameter. We
defined the distant edge of the first annulus R1 by assuming a 458 slope of the eyewall (Marks and Houze
1987) with flow up to a tropopause height of 17 km
(Jordan 1958), defining R1 as R1 5 Re 1 17 km. Eight
subsequent annuli were defined by their distant boundaries, which are multiples of R1, such that R2 5 2R1, R3 5
3R1, . . . , R9 5 9R1. This study focused on the statistics of
the annular regions 3–9. Analyses of the inner three
regions are discussed in Hence and Houze (2011, 2012).
This study also uses a quadrant-by-quadrant analysis
to study how features vary around the storm. The
quadrants are oriented with respect to the 850–200-hPa
shear vector, calculated from the National Centers for
Environmental Prediction (NCEP) reanalysis zonal u
and meridional y winds (Kalnay et al. 1996). The 850-hPa
wind 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
interpolated (using the interpolation method described
above) to estimate the shear at the time of the overpass.
The quadrants are then defined counterclockwise from
the direction of this mean shear vector.
Further description of this technique, as well as an illustrated example of the region and quadrant definitions,
is in Hence and Houze (2011). Similar to the results
of Hence and Houze (2011), the variation of vertical
structure relative to the storm translation was found to
be small compared with variations relative to the shear
vector. For the sake of brevity, this study focuses solely
on the larger shear-relative signal. The shear-relative
rainfall asymmetry reproduced with this technique is
consistent with that seen in Chen et al. (2006) and many
other previous studies. Thus we are confident that the
corresponding vertical precipitation structure described
in this study is consistent with that which makes the
rainfall asymmetry possible.

3. Schematic model of tropical cyclone rainband
structure
Figures 1 and 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 paper with respect to the storm.
The figure 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.
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FIG. 1. Idealized plan-view radar signature of the inner and
distant rainbands of a tropical cyclone. The shading is for threshold
values 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 dotted 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. 2.

Consistent with the idealized rainband complex presented by Houze (2010, see his Fig. 30), we 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. The
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quadrants of the storm are defined relative to the direction of this shear vector.
The schematic models in Figs. 1 and 2 do not represent
an individual realization of the rainband pattern or of
individual finescale convective features, since it is impossible to isolate individual features in the statistics.
Rather, the bulk rainband complex conceptualized here
is implied by the statistical analysis to be presented below. 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 Hence and Houze (2011, 2012), and region 2 is not represented.
In Fig. 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

FIG. 2. Idealized vertical cross section along line AB of Fig. 1. Scalloped region represents the cloud boundary of
the convective features. The shading is for threshold values of 25, 30, 35, 37.5, 40, and 45 dBZ. The open arrows
represent the flow of ice outward from the eyewall region.
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FIG. 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 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%. Altitudes are geopotential height (km MSL) relative to the ellipsoidal surface of the earth.
The ordinate of the CFAD is altitude (250-m increments or bins) and the abscissa is reflectivity (dBZ; 1-dB bins). 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 black for reference.

signified by the dotted lines around the reflectivity
peaks. In the 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 (UL) quadrant.
Figure 2 shows an idealized vertical cross section
along line AB of Fig. 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 is predominantly stratiform with the radar echo exhibiting
general uniformity and a bright band in the melting
layer. In Hence and Houze (2011, 2012), we found the
eyewall on the left-of-shear side to be deep and intense,
producing smaller ice particles at upper levels that travel
outward and swirl around the storm. 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,b; Hence
and Houze 2008; Didlake and Houze 2009). Stratiformlike precipitation separates this inner-edge convection
from other convective cells outside of it, and stratiform
precipitation dominates farther out.
Below we will see 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.

4. General rainband structure compared to
eyewalls
The rainbands of tropical cyclones differ from eyewall
convection in intensity, vertical extent, and contiguity.
As discussed in Hence and Houze (2011), 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 (Fig. 3a).
The rainband CFADs (Figs. 3b,c) have notable differences from the eyewall CFAD. First, the rainbands
are shallower, with the greater-than-50%-of-maximum
frequency distribution only reaching 8 km (yellow to red
contours of Fig. 3; hereafter referred to as the modal
distribution), and the less-than-50%-of-maximum frequency distribution (blue to green contours; hereafter
referred to as the outlier distribution) only reaching
10 km. For this reason, the rainband radar echoes in the
vertical schematic of Fig. 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 below 5 km
being approximately 14–17 dB in width as opposed to 18–
22 dB in the eyewall. There is a relative lack of intense
outliers, which reach only 45 dBZ, compared with 52 dBZ
in the eyewall. These CFAD results are generally
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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 with
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, as well as the high uniformity of their upperlevel mode, marks a microphysical and dynamic regime
in the rainbands that is distinctly different from the
eyewall. The separation of the upper- from the lowerlevel 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 innerregion 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. (1963). Figure 4a shows the fraction of areal
coverage of reflectivity for regions 3–9 (as defined in
section 2). 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. 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 from region 5 to region 6. These
changes in coverage and the convectively classified fraction are consistent with the way we have drawn Fig. 1;
each annulus from region 3 outward has successively less
fractional area coverage by radar echo (consistent with
Fig. 4a) and an increasing fractional coverage by convective echo (consistent with Fig. 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
with 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 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
we indicate the outer region as starting at about region
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FIG. 4. (a) Percentage of areal coverage of precipitating pixels as
a function of height for all overpasses of regions 3–9 (CAT12345;
see Table 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 black; the groupings are defined in Table 1.

6 in Fig. 1. We 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
approximately 23 km (R1 5 ;40 km; Hence and Houze
2012), this demarcation is on average approximately
200 km from the storm center, albeit with considerable
storm-to-storm variance.

5. Rainbands in the inner region
In this section, we 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.
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a. Variation of rainbands with distance from storm
center
In Fig. 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 (Hence and
Houze 2011). The modal distribution is centered at
about 31 dBZ and ranges from about 22 to 36 dBZ. This
region also exhibits the most well-defined brightband of
the three regions, which is why the schematic in Fig. 1
shows a great deal of stratiform coverage in the inner
region, consistent with the low convective fraction in
Fig. 4b. The steep and tightly packed decrease in reflectivity with height in the upper portion of the melting
layer in Fig. 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. 4b). Figure 5 shows further
details of how the rainbands in the inner region vary by
distance from the storm center. 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

FIG. 5. (a) Mean reflectivity as a function of height for CFADs
of all overpasses of regions 3–9 (CAT12345; see Table 1). The
inner rainbands are red and the distant rainbands are blue for
reference. (b)–(d) As in (a), but for standard deviation, skewness,
and kurtosis, respectively. 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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robust stratiform precipitation dominating in this region
(solid red line, Fig. 5c). Region 3 has the least negative
kurtosis at low levels and the least positive kurtosis in
upper levels (solid red line, Fig. 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; the
fact of 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. 5). The curves of kurtosis in Fig. 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. 1.
To test the robustness of these results, we subsampled
the overpasses’ region 3 data into 1000 randomly chosen
sets of 50 overpasses and compared them with 1000
randomly chosen 50-overpass sets of region 9 data. The
mean and standard deviation profiles of region 3 are
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 (Figs. 6a,b). The upper levels of region 3
are less intense and varied than all of the 1000 region 9
subsamples. We executed similar tests for the other five
regions (not shown), and they have intermediate profiles
whose characteristics gradually transition from those of
the region 3 profile to the region 9 profile.
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
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FIG. 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) As in (a), but for standard deviation.

azimuthal particle transfer, leads to the lack of electrification of the inner rainbands (Black and Hallett 1999;
Molinari et al. 1999). The narrowing of the modal distribution at 5 km (Fig. 3b), corresponding to the sudden
dip in kurtosis at the same level (red lines, Fig. 5d),
clearly indicates disconnection of the particle regimes
between the upper and lower levels of the inner rainbands. We 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
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radar echoes being located below the eyewall outflow
in Fig. 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;
Hence and Houze 2012), 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 that the convection within the principal band is
organized and persistent enough to alter the distribution
of vorticity around the storm (Powell 1990a,b; 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 stratiformlike 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, not only in terms of the convective contributions
(Hence and Houze 2008; Didlake and Houze 2009) but
also for 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.
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FIG. 7. (a) Percentage of areal coverage of precipitating pixels as
a function of height for all overpasses of the inner- and distantrainband quadrants (CAT12345; see Table 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.

b. Variations among shear-relative quadrants
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; Hence and Houze 2011,
2012). Few studies have investigated how rainbands vary
relative to the environmental shear. Figure 1 illustrates
schematically how we have found rainbands structures
to vary from one quadrant of the storm to another in
relation to the mean environmental shear.
The precipitation coverage shown in Fig. 1 is consistent
with the statistics in Fig. 7a, which show that the DL has
the greatest overall precipitation coverage, followed by the
UL, DR, and UR quadrants respectively, indicating a leftof-shear/right-of-shear rainfall asymmetry. However, the
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FIG. 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 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). All other details are as in Fig. 3.

precipitation tends to fall out far away from the active
convection that creates it. In the annulus of region 3, the
DL has only about 10% coverage by convectively classified pixels, and the amount of convection in this
quadrant remains fairly flat with distance (purple line,
Fig. 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. 7b). The UR has very little convection in
regions 3 and 4, but the fraction jumps upward in region 5
to become the second most convectively active quadrant
(green line, Fig. 7b). The UL has very few convective cells
throughout the inner rainband region (pink line, Fig. 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. 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 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,
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and the outliers reach 10 km. The well-defined brightband signature in the UR CFAD indicates the presence
of stratiform precipitation, while the heterogeneity of
the low levels indicates convective cells. From the
schematic in Fig. 1, this distribution is shown as a likely
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. 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 about 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 in the upstream portion of the DL region; see
Fig. 1) is indicated by the outlier values to also be more
intense than outlier convection in the UR 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 that intermittent convection is more intense in
this region.
Figure 9 shows that the DL has the greatest low-level
mean reflectivity, while the UR has the weakest mean
reflectivity and is about 2 dB less than in the DL (Fig.
9a). The UL and DR 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 UR,
becoming more peaked in the DR, UL, and DL. The DR
likely has more extremes in its tails (Figs. 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 (Figs. 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. The extreme of this reversal is 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
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FIG. 9. (a) Mean reflectivity as a function of height of the innerrainband-quadrant CFADs from Fig. 8 (CAT12345; Table 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) As in (a), but for standard
deviation. (c) As in (a), but for kurtosis. Quadrants are labeled as in
Fig. 8.

DR in Fig. 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. 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
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UL. The greater low-level variability of the DR as well
as the intensification, variation, and raising of the upperlevel echo from the DR to the DL followed by the
lowering, weakening, and homogenizing of the UL upperlevel reflectivities suggest a maturation and dissipation
of rainband convection through these three quadrants
(Fig. 8).
The UR has a distribution wholly unlike the other
three quadrants. Since this quadrant is as sparse as a fardistant band (red dotted line, Fig. 7a), has a broad distribution unlike the uniform distribution of the other
three quadrants (Fig. 8), and has a sudden jump in the
convectively classified fraction in region 5 (green line,
Fig. 7a), it is likely that this quadrant’s distribution
contains a mixture of broken precipitation and a small
portion of the principal band.

6. Rainbands in the outer region
We now investigate 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.

a. 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 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. 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 3c is the CFAD for outer rainband region
(regions 6–9). The low-level distribution is centered at
about 28 dBZ, but the modal distribution ranges from
19 to 36 dBZ; that is, compared with 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 toward greater intensities (blue lines,
Fig. 5a). This difference is consistent with the distant
rainbands having deep convective cores. The variability
in reflectivity is greater at all levels and bends toward
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higher values above 7 km (blue lines, Fig. 5b), and the
upper levels are less positively skewed toward intense
reflectivities (blue lines, Fig. 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 about 8 km (blue lines, Fig. 5d).
The bump in convectively classified fraction in regions
5 and 6 (black line, Fig. 4b), as well as the associated
changes in the statistics (Fig. 5), suggests that regions 5
and 6 mark the common location of the convective
portion of the principal band. This result guided our
decision to draw the boundary between the inner and
outer regions of the storm at the dotted circle in Fig. 1.
Outside of this border region, the statistics show the
makeup of the rainbands to be sparse, convective, and
widely varied. At radial distances outward of about
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 (Figs. 5a,b). These statistical
differences all point to 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. 1.
Distant rainbands often generate tornadoes upon
landfall since the vertical wind shear in the rainbands
provides an ideal environment for both supercells and
tornadoes to form (Schultz and Cecil 2009). Distant
rainbands are also more electrically active than 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 its inner core.

b. Variations among shear-relative quadrants
Figure 7b shows that outward of region 5, the right-ofshear 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, the 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 outer regions, followed by the DR, UL,
and UR, respectively (Fig. 7b). These azimuthal variations are consistent with the schematic in Fig. 1.
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FIG. 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 1), arranged by quadrants
oriented to the average shear vector. Quadrants are labeled as in Fig. 8. All other details are as in Fig. 3.

Figure 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 about 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 about 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 near 31 dBZ. These general characteristics are
consistent with the way that we have drawn Fig. 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.
At low levels, the statistics differ most between the
downshear and upshear quadrants; the downshear quadrants are more intense (blue and purple lines, Fig. 11a),
with the DR being the most variable and the DL the most
peaked and narrow (blue and purple lines, Figs. 11b,c).
These differences are consistent with Fig. 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.
A small 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. 11c), indicating a more profound separation of lower- and upper-level regimes. Above the dip,
the upper-level profiles differ most between the right-ofshear and left-of-shear quadrants, with the right-of-shear
side being the most intense and most variable (pink and
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intensity, variability, and flatness of its upper-level distribution (green lines, Fig. 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 the 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/most 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 and 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. Modifications to the vertical structure of
rainbands by internal storm dynamics and
ambient environmental conditions
a. Storm intensity effects on the inner and outer
regions of the storm

FIG. 11. (a) Mean reflectivity as a function of height of the outerrainband-quadrant CFADs from Fig. 10 (CAT12345; see Table 1).
(b) As in (a), but for standard deviation. (c) As in (a), but for
kurtosis. Quadrants are labeled as in Fig. 8.

green lines, Figs. 11a,b)—that is, more convective. The
upper-level kurtosis is the most positive in the DL, followed by the DR, UL, and UR respectively (Fig. 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. 7a); its high
convectively classified fraction (green line, Fig. 7b); the
weakness of its low-level distribution (Fig. 10); and the

We might expect the impact of storm intensity on
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 we
have determined the general characteristics of the
rainbands, we investigate how differing internal storm
dynamics (as indicated by storm intensity category)
might affect this typical structure. The black line in Fig.
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 and 2 storms
(CAT12, Table 1; dark purple line, Fig. 4b) are more
convective than average inside of region 6 but less outward. In contrast, category 4 and 5 storms (CAT45;
Table 1; light purple line, Fig. 4b) are convectively
suppressed in regions 3–5, but from region 6 outward the
rainbands become steadily more convective, reaching
the average around regions 8 and 9.
Figures 12a and 12b show that for CAT12 storms,
rainbands in the inner and outer regions are statistically
similar except in the uppermost levels, where the innerrainband distribution is flatter, less skewed, and less
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FIG. 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. (b) Kurtosis as a function of height of the CFADs for the inner- and
distant-rainband regions of the CAT12 and CAT45 groupings. (c) As in (a), but for marginal- and high-SST
groupings. (d) As in (b), but for the marginal- and high-SST groupings. See Table 1 for overpass information of
groupings.

variable than the distant rainbands (blue lines, Figs.
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. 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. 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.

b. How SST affects 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. 4b as a unit to higher

convective fraction—high SSTs (hiSST; .288C; dark
green line) shift 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; 268 # SST # 288C; 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 distantband mean reflectivities shifting to greater values in high
SST cases (pink lines, Fig. 12c). The melting layer signature also shifts to higher altitudes (pink lines, Figs. 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 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,
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FIG. 13. (a) Mean reflectivity as a function of height of the quadrant CFADs for the inner-rainband regions of the
low-shear grouping. (b) Kurtosis as a function of height of the quadrant CFADs for the inner-rainband regions of the
low-shear grouping. (c) As in (a), but for the high-shear grouping. (d) As in (b), but for the high-shear grouping. See
Table 1 for overpass information of groupings.

SST does not fundamentally change the overall rainband structure.

c. How shear affects the quadrant-by-quadrant
distribution of inner region rainbands
When the environmental shear increases, the rainbands in the inner region of the storm are affected.
Figure 13 shows that in cases of low shear, the differences between the quadrants are fairly small, but 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 (Figs.
13a,c). The excess kurtosis (Figs. 13b,d) becomes less
negative in all quadrants, reaching 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 that only one principal band forms with its
convection favoring the downshear side. The evenness
in the convection of weakly sheared storms may signal
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.

8. Conclusions
A statistical analysis of 10 yr of TRMM PR threedimensional 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, we have been able to discern rainband structure
variations as a function of both radius and azimuth relative
to the storm. 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.
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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 about 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 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 traveling 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 toward 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
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rainband ensemble intensify, pushing more of the rainband convection and precipitation downshear.
The vertical structure of rainbands in the inner regions
of the storm changes 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 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.
Doppler analysis and/or numerical modeling of numerous tropical cyclones will be required to statistically
investigate the kinematic, dynamic, and microphysical
ideas outlined here. Possible future projects include
expanding this analysis to the remaining tropical cyclone
basins and using this technique to examine the features of
tropical cyclone precipitation generated in numerical
models. This technique could also potentially be used to
examine structure changes in tropical cyclones undergoing rapid intensification.
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