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ABSTRACT
A high-resolution tropical cyclone model with explicit cloud microphysics has been used to investigate the
dynamics and energetics of tropical cyclone rainbands. As a first step, the model rainbands have been
qualitatively compared with observed rainband characteristics. The model-generated rainbands show many
of the mesoscale and convective-scale features of observed tropical cyclone rainbands. Sensitivity studies of
numerically simulated tropical cyclone convection to ice-phase microphysical parameters showed that the
model was most sensitive to changes in the graupel fall speed parameters. Increasing the fall speeds saw
graupel being confined to the convective regions and producing higher rain rates in the inner core of the
storm. A greater region of stratiform precipitation was produced when the efficiency for the collection of
snow and cloud ice by graupel was reduced and when the mean size of graupel was reduced. Both of these
simulations resulted in a higher concentration of snow being transported into the stratiform region. Although the precipitation structure changed across the simulations, the surface rainfall rate and the fundamental dynamical variables showed little sensitivity to the parameter variations.

1. Introduction
Rainbands have been the subject of numerous observational and analytical investigations (e.g., Willoughby
1978; Barnes et al. 1983; Powell 1990a,b; Guinn and
Schubert 1993), but their overall effect on the tropical
cyclone is not well understood or documented. There is
evidence though that their impact may be substantial
(e.g., May and Holland 1999). High-resolution models
may be a useful tool for improving our understanding
of the impact of rainbands. However, as a first step we
need to verify that our models can reproduce the observed characteristics of rainbands. The purpose of this
paper is to assess the ability of a high-resolution model
with explicit microphysics to reproduce typical rain-
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band structure and to assess the sensitivity of these
simulations to variations in some of the underlying assumptions in the cloud microphysics scheme.
The rainfall pattern in observed rainbands varies significantly from almost totally stratiform to embedded
random convection and occasional highly organized
convection such as that associated with inertia–gravity
waves (e.g., Barnes et al. 1991; May 1996), but all contain extensive regions of stratiform rain. Rainbands
may have a cyclolytic effect by forming a partial barrier
to the radial inflow of the storms (Barnes et al. 1983;
Powell 1990b). On the other hand, the typical stratiform mesoscale up–down draft couplet on either side of
the freezing level produces a heating profile that generates potential vorticity. This is a large source term
(May and Holland 1999; Chen and Yau 2001), but the
overall process is not well understood and is the subject
of investigation in Franklin et al. (2005, manuscript submitted to Mon. Wea. Rev., hereafter FHM).
Before the model can be used to study dynamical
processes, the first step is to verify the ability of model
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to simulate realistic rainband structures. The approach
is not to simulate a particular storm, but rather to assess
if the model fields are consistent with the range of features from previous observational studies. This will use
both a baseline run as well as a sensitivity study to test
the dependence of the simulation results on the details
of the microphysical parameterizations. A key question
to be addressed is what parameter set is best suited to
simulate observed precipitation and rainband structure
and evolution.

2. Numerical model details
The research presented in this study has been undertaken using the Tropical Cyclone Model (TCM3), described by Wang (1999, 2001). This is a hydrostatic
three-dimensional, triply nested movable-mesh, tropical cyclone model formulated with Cartesian coordinates in the horizontal and 20  levels in the vertical,
with higher resolution in the boundary layer. The governing equations are solved on the Arakawa A grid
using the second-order leapfrog scheme for time integration, with intermittent use of the Euler-backward
scheme (Matsuno 1966) to suppress high-frequency
noise and computational modes. The spatial discretization uses second-order conservative finite differences
(Lilly 1964). The model physics include an E– turbulence closure scheme for subgrid-scale vertical turbulent mixing and a modified Monin–Obukhov scheme
for the surface flux calculation. The microphysics parameterization consists of 36 processes that are based
on the schemes used in cloud-mesoscale models (Lin et
al. 1983; Rutledge and Hobbs 1983, 1984; Dudhia 1989;
Ikawa and Saito 1991; Reisner et al. 1998). Six water
categories are represented in the model: vapor, cloud
water, rainwater, cloud ice, snow, and graupel.
The outermost mesh domain is fixed to cover the
synoptic-scale environment in which the system
evolves. The intermediate mesh is used to simulate the
near-tropical-cyclone environment, while the fine mesh
is designed to resolve explicitly the central core and
spiral rainbands and moves with the storm. The resolutions of the three meshes are 45, 15, and 5 km, with
corresponding time steps of 450, 150, and 50 s, respectively. The mesh domains consist of 161 ⫻ 121, 103 ⫻
103, and 109 ⫻ 109 grid points. The coarser mesh provides the finer mesh with time-dependent lateral
boundary conditions, while the finer-mesh solutions are
fed back at every time step, thereby achieving the twoway interaction. The model environment was initialized
using the January mean relative humidity and environmental soundings for Willis Island, northeast of Australia (Holland 1997). The sea surface temperature is
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fixed at 29°C and the initial position of the vortex is
18°S. The initial vortex has a maximum tangential wind
of 25 m s⫺1 at a radius of 100 km. The initial model
wind fields are specified, and then the mass and thermal
fields are obtained from solving the inverse balance
equation in  coordinates. In the early stages of the
simulation (8 h) convection is initiated near the radius
of maximum wind and produces gravity waves that rapidly propagate outward and spiral bands that are
strained by the horizontal shear and move cyclonically
inward (16–24 h). Principal-type rainbands develop at
about 48 h and their evolution is closely coupled with
the oscillation in cyclone intensity as demonstrated by
Wang (1999).
It should be noted that because the model has only
5-km resolution and uses the hydrostatic approximation
as the vertical equation of motion, some of the details
of the convection are probably not represented well in
the rainbands. However, the vertical accelerations observed in tropical cyclone rainbands and those simulated by the model are small, suggesting that nonhydrostatic effects can be neglected. The 5-km resolution of
the model cannot resolve the scales of motion in the
atmosphere that are on the order of 10 km or less. This
means that the simulated updrafts will be weaker and
the convection may be coarser and longer-lived than
rainband convective cells in nature. However, as will be
shown, the simulated rainband structure is consistent
with observations, and the results provide a useful basis
for the interpretation of the results presented in a companion paper (FHM) and future results from higherresolution, nonhydrostatic models.

3. Organization and circulations within
model-simulated rainbands
We first examine the model performance in simulating a rainband on an f plane in an environment at rest.
The f plane utilizes a constant Coriolis parameter and is
a more simplified representation than the beta plane,
which includes the variation of the Coriolis force with
latitude. Comparison of rainbands from f- and ␤-plane
simulations showed little difference and as the focus of
this study is on the band structure and energetics, we do
not expect the beta plane approximation to contribute
much to the features of interest. The band to be analyzed is at the mature stage of its evolution and is representative of the asymmetric rainbands produced by
the numerical model.

a. Reflectivity structure
Simulated radar reflectivity enables direct comparison with radar and satellite observations. The model
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FIG. 1. Model-simulated radar reflectivity (dBZ ) at the surface for the f plane simulation at
64:30 h. Domain is 540 km ⫻ 540 km.

radar reflectivity is estimated using the relation between reflectivity Z (mm6 m⫺3) and the rainfall rate R
(mm h⫺1) given by dBZ ⫽ 10 log10 Z, where Z ⫽ 300
R1.35 for rainwater (Jorgensen and Willis 1982) and Z ⫽
427R1.09 for ice particles (Fujiyoshi et al. 1990). Although the size distribution of rain droplets in the
model is defined according to Marshall and Palmer
(1948), we use the relation derived by Jorgensen and
Willis (1982) to be consistent with observations. No
attempt is made to include features such as radar bright
bands in this study.
At 64:30 h into the simulation the model tropical
cyclone has a central pressure of 919 hPa, and Fig. 1
shows a well-organized outer convective rainband to
the south located approximately 100 km from the storm
center. The modeled band has a Rossby number of
about 6, remains quasi-stationary to the vortex center,
and is connected to the eyewall by a secondary band of
weak reflectivity, in agreement with the description of
Willoughby et al. (1984). Note that the modeled band is
constrained to within 300 km, as the intermediate mesh
cannot simulate rainbands adequately. Also there is no
large-scale environment imposed in our simulation to
force such outer bands.
The principal rainband has many features in common

with observed bands. It is made up of several highreflectivity areas embedded within stratiform precipitation. The highest reflectivities in the band (⬎38 dBZ )
are less than those in the eyewall (⬎42 dBZ ). There is
evidence of convective elements forming on the upwind
end of the band, as suggested by early radar studies
(e.g., Senn and Hiser 1958) and confirmed in more recent observations (Barnes et al. 1983; Jorgensen 1984;
Willoughby et al. 1984). The main differences between
the model results and observations are the lack of large
regions of stratiform precipitation and the broadening
of the high-reflectivity region. This could be an artifact
of the 5-km model resolution and the cloud microphysical parameterization, as is examined in the next section.
The three-dimensional structure of the band is examined using radial and along-band slices along the sections shown in Fig. 1. Reflectivities greater than 35 dBZ
extend to 600 hPa (Fig. 2a) and the high-reflectivity
region slopes outward in the lower levels, similar to
Powell’s (1990a) observations. The width of the reflectivity core and the rainband as a whole are wider than
Powell’s findings; however the band is narrower than
the 80-km width of a rainband observed in Tropical
Cyclone Irma (1987) by Ryan et al. (1992). The alongband section is taken along a logarithmic spiral with
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FIG. 2. Model-simulated radar reflectivity (dBZ ) for the (a)
cross-band and (b) along-band profiles of the rainband. For the
along-band profile the radius at the end points is 57 and 135 km,
and the horizontal axis denotes the distance along the band. The
left part of the figure that is closest to the eyewall is the downwind
section of the band, while the right part is the upwind section.

crossing angle 18°. This introduces some noise as the
spiral and grid boxes do not match up exactly (Fig. 2b).
There is a sharp decrease in radar reflectivity above the
freezing level, consistent with many observations of
oceanic convection (e.g. Szoke et al. 1986).

b. Kinematic structure and dynamics
While we are concerned with the mesoscale and convective-scale characteristics, we also plan to investigate
the rainband’s interaction with the inner core of the
tropical cyclone. So we choose not to set up a coordinate system relative to the rainband alone. Cyclonic
flow and radial outflow from the storm center are denoted as positive.
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Jets have been observed in rainbands in many studies
(Willoughby et al. 1984; Jorgensen 1984; Marks 1985;
May et al. 1994; Samsury and Zipser 1995), and here we
find a low-level jet in the rainband about 120 km from
the storm center and near 850 hPa (Fig. 3a), somewhat
lower than is often observed. The tangential wind field
for the slice along the band in Fig. 4a has a local maximum greater than 36 m s⫺1 at the upwind end of the
rainband, which is associated with a marked increase in
vertical velocity with height. A local maximum of cyclonic vorticity also is coincident with the jet seen in
Fig. 3a. This feature was observed by May et al. (1994)
in a rainband of Tropical Storm Flo and is also seen in
the along-band slice in Fig. 4f. The relationship between the jets and vorticity in the rainbands and the
mechanisms that produce these features are explored in
a companion paper (FHM).
The radial wind component within the bands also has
many similarities to observations. The inflow is primarily confined below 800 hPa with the maximum inflow
occurring at the region of highest reflectivity (Fig. 2b),
thus feeding a local updraft maximum. The convection
provides a partial barrier to the inflow. There is actually
weak outflow at the midlevels seen in the model data
and upper-level outflow of similar magnitude as the
low-level inflow. These features are consistent with the
observations of Barnes et al. (1983, 1991) and Powell
(1990a).
The updraft core in the rainband and the associated
divergence signature slopes outward with height and is
located on the inner side of the band axis (Fig. 3c).
Double maxima are found at 500 and 300 hPa in the
high-reflectivity cell. The updraft maximum of 2.7
m s⫺1 at 500 hPa (near the freezing level) is consistent
with observations of tropical convection and is partly
due to the additional release of latent heat by freezing
(e.g., Szoke et al. 1986). The decrease in updrafts above
the freezing level has been attributed to entrainment
and water loading (Jorgensen and LeMone 1989; Lucas
et al. 1994). The secondary maximum of the convective
cell at 300 hPa of over 3 m s⫺1 is similar to that observed in mesoscale convective systems (e.g., Frank and
McBride 1989). On the inner side of the band is a sustained downdraft of around 1 m s⫺1 that originates at
the 450-hPa level. There is also a region of weak downward motion on the outer side of the updraft below 600
hPa. These features are similar to the eyewall where
there is forced descent on the inner side of the updraft
and downward motion on the outer side caused by precipitation loading and evaporation, as described by Jorgensen et al. (1985). The relatively weak vertical motions compared with observations are a function of the
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FIG. 3. Cross-band profiles at the downwind end of (a) tangential velocity, (b) radial velocity, (c) vertical velocity,
(d) equivalent potential temperature, (e) divergence, and (f) relative vorticity. Dotted line is the 32-dBZ profile
from Fig. 2a. Contour intervals are 3, 3, 0.3, 3, 2, and 2; solid lines denote positive values; dashed lines represent
negative values; and the zero line is bold.

limited resolution of the model, and it is possible that
this adversely affects the resulting microphysics.
A mesoscale updraft extends along most of the
length of the band (Fig. 4c), with a maximum of 3 m s⫺1
at 600 hPa at the upwind end. The downwind section
has a broad region of descending motion that increases
with height to around 500 hPa near the eyewall and is
characteristic of stratiform precipitation. Such a stratiform precipitation structure at the downwind end of
rainbands was observed by Atlas et al. (1963), Jor-

gensen (1984), and others, and is in part due to the
convective cells decaying as they move along the band,
transporting exhaust products of convection to the
downwind end of the rainband (Barnes et al. 1983).

c. Thermodynamic fields
Equivalent potential temperature is used to help understand the thermodynamic structure and the origin of
different air parcels. Here e has been calculated using
the derivation given by Holton (1992). The e radial
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FIG. 4. As in Fig. 3 except for the along-band profiles from the downwind end of the band on the left part of the
panel to the upwind section on the right. The horizontal axis is the distance along the band, and the dotted line is
the 32-dBZ contour from Fig. 2b.

distribution in Fig. 3d is consistent with the schematic
model developed by Powell (1990b). Vertical advection
by convective processes in the band lifts air with a e
value of 350 K from the subcloud layer in the updraft.
The position of the e minimum lowers from 650 hPa on
the outer side of the band to about 800 hPa on the inner
side. The lowest e value within the rainband occurs
around the 800-hPa level below the axis of upward motion. There is little change in e below 900 hPa across
the band, which reflects the absence of convective
downdrafts penetrating the boundary layer, possibly re-

sulting from the limited spatial resolution of the model.
The relatively constant e across the lower levels is
markedly different from the 10–12-K changes observed
by Barnes et al. (1983). Along the band (Fig. 4d) there
is clear upward advection at the upwind end where air
with a e value of 350 K extends throughout the midtroposphere. A local minimum of 342 K is coincident with
the divergent, descending air in the low levels at the
downwind end of the band.
The sounding on the outer side of the band is considered to be equivalent to the environmental sounding
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and has a CAPE1 of 2600 J kg⫺1, which is capable of
supporting strong convection. The CAPE on the inside
of the band is 500 J kg⫺1 and is representative of the
generally weak vertical motions in the region between
the rainband and the eyewall. This indicates that the air
flowing across the band gives up a portion of its energy
to support the rainband convection and is modified by
the time it reaches the eyewall, as was discussed by
Barnes et al. (1983) and Powell (1990b). More recent
work by Cione et al. (2000) showed that inside of the
1.25° to 4° radius of the storm center, the cooling and
drying of the low levels reduced e values. However,
from the composite analysis of 37 Atlantic hurricanes it
was shown that inside of the 1.25° radius, surface fluxes
of heat and moisture increase significantly. The increase in sensible heat fluxes cause e and specific humidity increases and surface pressure decreases, while
air temperatures remain fairly constant. This agreed
with earlier works by Malkus and Riehl (1960).

4. Sensitivity of numerical simulations of tropical
cyclone convection to ice-phase microphysical
parameters
a. Experimental design
Preliminary analysis of the model simulations from
the original configuration shows that graupel is the
dominant frozen hydrometeor in both the convective
and stratiform regions of the storm. It should be
pointed out that, as discussed by McCumber et al.
(1991), graupel in our model is formulated with parameters that give it some of the characteristics of aggregates. A set of five sensitivity experiments was therefore conducted to 1) investigate the role of ice microphysics in simulations of convection in tropical
cyclones, and 2) reduce the graupel to obtain a more
stratiform rainband consistent with observations. It has
been previously demonstrated that precipitating ice
should be represented as slower falling snow rather
than graupel to obtain a larger stratiform region (e.g.,
Fovell and Ogura 1988; Tao et al. 1991; Yang and
Houze 1995). This study tests the same ideas about the
relationship between ice-phase microphysics and the
convective–stratiform structure of mesoscale convective systems; however, here we study tropical cyclones
with much longer lifetimes than the systems examined

1
CAPE ⫽ 兰zz21 g(c ⫺ env)/env dz, where g is the acceleration
due to gravity, c is the potential temperature of a parcel taken
from the surface, env is the potential temperature of the environment, z1 is the level of free convection, and z2 is the equilibrium
level (Moncrieff and Miller 1976).

TABLE 1. Description of the coefficients used in the sensitivity
experiments. Here ag and bg are the constants in the massweighted fall speed of graupel, and N0g is the graupel intercept
parameter.
Run

Description

A
B
C
D

)
, bg ⫽ 0.37, N0g ⫽ 4 ⫻ 106 m⫺4]
Control [ag ⫽ 19.3 m(1⫺b
g
)
]
Faster graupel fall speed [ag ⫽ 38.6m(1⫺b
g
Larger graupel (N0g ⫽ 2 ⫻ 106 m⫺4)
Lower graupel collection efficiency (half the efficiency
for the collection of cloud ice and snow by graupel)
, bg ⫽ 0.5]
Hail [ag ⫽ 95.4 m1⫺b
g

E

previously. The sensitivity experiments were performed
on an f plane. To ensure that the initial spinup did not
adversely affect our sensitivity examination, the model
was integrated for 48 h, and the different microphysics
parameters were then imposed from 48 to 72 h. With
the relatively short lifetime of rainbands in the model,
there are no problems with the bands being in equilibrium conditions with respect to the changed microphysics.
Table 1 lists the cases tested in this sensitivity experiment. Experiment A used the original configuration of
cloud microphysics parameters. Cases B and C tested
the sensitivity of the model to changes in fall speed and
the size of graupel. Increasing these parameters should
confine the fast-falling, heavy graupel particles to the
inner region of the storm so they will not be so readily
transported to the rainband region. For case D, the
collection efficiency of cloud ice and snow by graupel
was reduced to produce more snow and ice in the stratiform region. Snow was deemed important for the initiation and maintenance of broad-scale downdrafts indicative of stratiform rain by Lord et al. (1984). In experiment E the density and fall speeds of graupel are
replaced with hail parameters. The warm rain processes
which prevail in the Tropics means that large hail is not
typical (McCumber et al. 1991); thus we use the final
sensitivity experiment to put some bounds on our results. In tropical cyclones it is difficult to establish cause
and effect among processes because of nonlinear feedbacks and multiscale interactions. To ensure a response, the modified coefficients were twice those of
the control run. Despite the significant range of values
used in these experiments, all coefficients used remain
within realistic limits given the observational uncertainties of the cloud processes.
Convective and stratiform precipitation can be defined in terms of their vertical velocities. The vertical
air motions in stratiform precipitation are small compared to the fall velocity of ice crystals and snow (typically less than 1–3 m s⫺1; Houze 1993, 1997). The widespread, gently ascending air in stratiform clouds rises

2480

MONTHLY WEATHER REVIEW

VOLUME 133

FIG. 5. Convective (dark shading) and
stratiform (light shading) precipitation areas at 60 h for each of the sensitivity simulations A–E, as determined by the
method employed by Churchill and
Houze (1984). See Table 1 for a description of the sensitivity cases.

rapidly enough to maintain supersaturation through
condensing vapor, but slowly enough that the particles
drift down toward the freezing level (Houze 1993). The
areas of convective precipitation differ markedly from
that of the stratiform regions, with vertical velocities of
1–10 m s⫺1 (Jorgensen et al. 1985; Black et al. 1996).
The strong convective updrafts condense large amounts
of liquid water, allowing the liquid and ice particles to
grow readily by accretion and riming of cloud liquid
water (Matejka et al. 1980; Houze 1993). Radar echoes
from convective precipitation show vertical cores of
high reflectivity, which contrasts to the horizontal orientation of the stratiform clouds (Houze 1977; Leary
and Houze 1979).
To partition the rainfall field into convective and
nonconvective, or stratiform regions, we employ the
method of Churchill and Houze (1984). This method
assumes that the convective rainfall is at least twice that
of the background rainfall rate. Thus, each surface grid
point is classified as convective if either 1) the surface

rainfall rate is greater than or equal to double the average rainfall rate over the surrounding 400 km2, or 2)
the rainfall rate is 20 mm h⫺1 or more. The second
condition is required because a large convective region,
which has a high average rainfall rate, may not satisfy
the first condition even though the point is convective.
If a point is deemed as convective by condition 1, then
the surrounding 150 km2 is also convective. If rain occurs at a grid point that is not classified as convective,
then it is labeled as stratiform precipitation.

b. Precipitation structure
The partitioning of convective and stratiform areas
for the sensitivity experiments is shown in Fig. 5, with
each of the experiments denoted in (a)–(e). At 60 h
there is a maximum difference in central pressures of
only 3.2 hPa, although the precipitation structures are
clearly different. The control run, Fig. 5a, has a ring of
convection around the eye of the cyclone characterizing
the presence of the eyewall, and another strong con-
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FIG. 6. Mean water and ice hydrometeor mixing ratios (g kg⫺1) illustrated as a function of height for the
set of sensitivity experiments. The curves for the hydrometeors are rain qr (⫹ sign), cloud water qc (solid),
graupel qg (dash), cloud ice qi (dot–dash), and snow qs
(dot–dot–dot–dash).

vective region coinciding with the location of the principal rainband. Note that the small convective cores on
the outskirts of the precipitation field arise from the
first convective condition being satisfied. The rainfall
rate in these areas varies from a negligible 0.001 mm
h⫺1 to slightly more than 1 mm h⫺1 and should more
accurately be classed as background stratiform rain.
However, these cores represent a small area of the total
storm and do not affect the general results. Figures 5b
and 5e are quite similar and are also the most different
from the control run. The increased fall speed of graupel in both of these experiments has had the desired
effect of producing a more stratiform rainband structure. The convective eyewall region in these cases, particularly in B, is larger than for case A. This is due to
the presence of a secondary convective rainband
wrapped closely around the eyewall. For these cases, B
and E, graupel is mostly confined to the inner core due
to the increased graupel fall speeds that force the graupel to fall out before it can be advected around the
storm.
Runs C and D (Figs. 5c and 5d) resemble the precipitation signature of the control run more closely than
the other simulations. Experiment C differs only in the
degree of rainband convection, while D has a larger
region of leading convection in the band yet is almost
totally stratiform upwind. This is due to larger amounts

of snow and slightly less graupel (see Fig. 6). Experiment C is an interesting case as the larger graupel
means that the fall speeds were also faster than the
control run; however, the convective–stratiform structure in Fig. 5c is more representative of the control run
A, rather than the case with increased fall speed parameters B. This is due to the greater dependence of
the fall speed on the constant ag that is increased in B,
compared to the slope intercept parameter N0g that is
decreased in case C. Given the slope intercept, the size
spectrum  is calculated from  ⫽ (N0g/q)0.25 (Lin et
al. 1983), where  and q are the density and mixing ratio
of graupel. This quantity is then used to find the fall
speed V ⫽ ag[⌫(4 ⫹ bg)/6bg] (Locatelli and Hobbs
1974) where the constants ag and bg are as given in
Table 1. It is clear from these equations that by halving
N0g (case C), V will not increase as much as it would if
ag were doubled (case B).

c. Distribution of hydrometeors
The average amount of surface rainfall is not strongly
affected by the vertical distribution of hydrometeor
type. Figure 6 shows vertical profiles of the concentration of water and ice hydrometeors for the control run
and the sensitivity tests. The mixing ratios shown are
the domain mean values, averaged over the duration of
the post-spinup period (48–72 h) for each vertical level
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in the model. The simulations with the larger graupel
fall speeds (cases B and E) are distinguished primarily
by the lack of large precipitating ice in the middle and
upper troposphere. Graupel extends up to 75 hPa for
the sensitivity cases with the original fall speed (cases
A, C, and D) and 100 hPa for the other two runs. Maximum concentrations of graupel occur at 400–500 hPa
for all the cases, while below this level there is a sharp
decline, reflecting the melting of graupel at the 0°C
level, especially in the stratiform region. This result was
also observed by McCumber et al. (1991) in simulations
of tropical squall systems. One might expect these cases
to have more graupel in the lower levels due to the
greater fall speeds, but graupel extends to levels no
lower than 750 hPa in all cases.
The rainwater mixing ratio shows little variation
across the simulations (Fig. 6), as does the mean volumetric rainfall (Table 2). Cloud water, snow, and ice
show small changes, with the greatest difference in
these quantities in experiment D, followed by C. Case
D has lower graupel collection efficiencies for snow and
ice and thus produces more of these hydrometeors than
the control simulation and less graupel. Case C uses a
smaller value of N0g (equivalent to an increase in the
mass-weighted mean diameter for a given graupel mixing ratio), which alters the size distribution of graupel.
This has an effect on other processes, in particular a
reduction in the rate of accretion of snow by graupel
(Brown and Swann 1997), which leads to an increase in
the transport of snow into the stratiform region. The
cases with the highest concentration of snow produce
more rainfall falling as stratiform precipitation (Table
2). This result is supported by other modeling studies
such as those by Lord et al. (1984) and McCumber et al.
(1991).
The cloud water distribution with height is similar
across the five sensitivity runs, with double maxima at
about 900 and 600 hPa and is similar to that observed
by Black and Hallett (1986) in several Atlantic hurricanes and by Houze et al. (1992) in Hurricane Norbert
(1984). In the model parameterization cloud water is
generated by condensation and melting. The averages
in Fig. 6 are for the entire storm, including contributions from convective and stratiform precipitation processes. The low-level maxima reflect strong convective
updrafts in the mid–low levels and the associated condensation of water vapor. Above 500 hPa the simulated
clouds are highly glaciated with small amounts of supercooled water, which is accreted by growing rimed
ice particles (Houze 1982).
Figure 7 shows the domain total of the hydrometeor
masses as a function of time, integrated over the three
spatial components. The results demonstrate that grau-
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TABLE 2. Surface rainfall statistics for the tropical cyclone simulations. Average rainfall rate over the precipitating area. Mean
volumetric rainfall (product of the average rain rate and the precipitating surface area) over the domain from 52 to 72 h. Percentage of the total rain that was located in the stratiform area. Total
rain area is the percentage of the surface grid that experienced
rain, and stratiform rain area is the percentage of the total rain
area that was located in the stratiform region.

Run

Average
rain rate
(mm h⫺1)

Mean
volumetric
rainfall
(108 m3 h⫺1)

Stratiform
portion
(%)

Total
rain
area
(%)

Stratiform
rain area
(%)

A
B
C
D
E

5.5
5.9
5.5
5.3
5.9

7.1
7.3
7.1
6.9
7.3

19.6
24.9
26.5
27.2
20.3

44.7
42.8
44.3
44.7
43.1

67.2
65.7
66.7
67.3
66.0

pel is best correlated with rainwater, a result of it being
both the dominant hydrometeor and the water species
that primarily contributes to rainfall. The peak in graupel production in the control case A at hour 68 is also
reflected by peaks in the graupel timeline for all the
other cases except D. This could be due to the graupel
being suspended by the stronger updraft at higher levels for cases A, B, C, and E (see Fig. 8). Another reason
could be that in D more of the graupel development
must take place in the stratiform region where it can fall
and melt. The graupel mixing ratios are markedly less
in runs B and E, but the total surface rainfall is relatively insensitive to the changes (Table 2).

d. Kinematic structure and dynamics
The storm-scale pattern of vertical motion (Fig. 8)
has mean upward motion for all experiments at every
level, with a clear maximum at 200 hPa. Vertical motion
is zero in the lower stratosphere due to the mass balance approximation applied in the model. Cases B
(faster graupel fall speed) and E (hail, i.e., larger,
denser, and faster graupel) have the strongest vertical
velocity maxima and highest average rain rates (Table
2). Subsidence inside the eye, on the outer side of the
eyewall, and in the broad-scale descent zones associated with the stratiform precipitation reduce the stormscale average upward motion below 400 hPa. All convective vertical velocity profiles have an updraft maximum located at 250 hPa and a sharp gradient from the
surface to about 850 hPa. This is reasonably consistent
with the heating profiles of Frank and McBride (1989),
which is an encouraging result, as these profiles are not
directly imposed. The stratiform vertical motion is
characterized by thermodynamically forced dipoles
(Fig. 8) in all cases. The downward motion is maximum
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FIG. 7. Domain total mixing ratio (g
kg⫺1) for each of the hydrometeor species, illustrated as a function of time. The
curves for the hydrometeors are rain qr
(⫹ sign), cloud water qc (solid), graupel
qg (dash), cloud ice qi (dot–dash), and
snow qs (dot–dot–dot–dash).

around 700–750 hPa and arises from extensive but weak
cooling caused by frozen precipitation melting below
the 0°C isotherm together with evaporation of liquid
water below the cloud base (e.g., Keenan and Rutledge
1993). The broad regions of weak ascent are due to the
release of latent heat by condensation and freezing
above this level (e.g., Leary and Houze 1979; Houze
1989). Experiments C and D have a larger population
of snow and ice due to the larger mean graupel sizes
reducing the accretion of snow by graupel in case C and
the reduced collection efficiencies in case D (see Fig. 6),
but nevertheless have the same strength of downward
motion as the control run A. The tropical cyclone simulations of Lord et al. (1984) demonstrated that a combination of melting of graupel and the horizontal advection and relatively low fall speeds of snow combine
to initiate and maintain mesoscale downdrafts. Their
study showed that snow is an important factor in the
stratiform region, affecting the scale of the downdrafts
and the dynamics of the storm. This does not appear to

be the case with our results, which show that the stratiform downdrafts are not sensitive to the increased snow
concentrations. However, the downdrafts are slightly
weaker in the lower graupel concentrations cases of B
and E.
A check on the classification of convective and stratiform regions can be provided by the variance in the
vertical velocity. In all cases there is more variance in
the convective region than the stratiform regions (Fig.
9). Our convective precipitation has greater spatial and
temporal variability and a larger range of vertical velocity values than stratiform precipitation, in agreement
with Houze (1989). The variance also is small in comparison with the vertical velocities, which indicates that
the partitioning of convective and stratiform regions
works well despite the 5-km model resolution. However, substantial differences are found between the experiments. Case B has the highest variance in stratiform
regions. This could be due to the model’s greater sensitivity to fall speeds of graupel and the experimental
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F IG . 8. The mean vertical velocity
(m s⫺1) for each vertical level in the
model, for the post-spinup sensitivity experiments. The bold line represents the
vertical velocity over the entire rainfall
area within the storm, the solid line is the
average over the convective area, and the
dashed line is the stratiform area average.

design. The abrupt change to the graupel fall speeds
imposed at 48 h may be responsible. Cases A, B, and C
produced much higher values in the convective region
compared to D and E.
The vertical distribution of divergence in Fig. 10 is
consistent with known characteristics of convective and
stratiform clouds. The maximum divergence is located
in the upper levels and is driven by both the convective
and stratiform regions. The convective regions are
characterized by strong convergence in the lower troposphere and divergence in the upper troposphere. The
stratiform regions have almost no convergence near the
surface, weak divergence around 850 hPa, and convergence from 700 to 250 hPa. The convergence near and
above the 0°C level is associated with heating above the
freezing level, which works in conjunction with the cold
pool below to accelerate the flow at the midlevels (e.g.,
Lafore and Moncrieff 1989).
Observed net divergence profiles in MCSs tend to be
approximately zero near the ground (Gamache and
Houze 1982). Strong convergence in the boundary layer
of the convective area is canceled out by divergence

associated with the spreading of downdraft air in the
stratiform region. The failure to capture this feature in
our experiments and the weak upward motion in the
stratiform region at the surface (Fig. 8) could be caused
by errors in the way we have classified the stratiform
region or by the limited spatial resolution. We note that
the hail simulation, E, is characterized by lower divergence values, particularly in the stratiform region. The
same applies for case B where significantly lower ice concentrations develop weaker vertical motion (see Fig. 8).

5. Comparison of the microphysics with
observations
a. Tropical cyclone rainfall
Detailed tropical cyclone rainfall observations are
scarce. Recent analyses of data from the Tropical Rainfall Measuring Mission (TRMM) have provided valuable information on the convective–stratiform partitioning of tropical precipitation, including tropical cyclones (e.g., Cecil et al. 2002; Schumacher and Houze
2003). Aircraft and airborne radar observations of

AUGUST 2005

FRANKLIN ET AL.

2485

FIG. 9. The variance of the vertical velocity (m2 s⫺2) for each vertical level in
the model, for the post-spinup sensitivity
experiments. The bold line represents the
variance over the entire storm, the solid
line the convective area, and the dashed
line the stratiform area.

tropical cyclone rainfall are sometimes available, although land-based radar data are most widely utilized
as a storm approaches land. Some rain gauge data have
been used to investigate the errors associated with radar observations, with studies citing the maximum error
to be as much as a factor of 2 (Parrish et al. 1982). One
notable error discussed by Burpee and Black (1989)
was the underestimation by the radar data of the area
covered by rain rates ⬎19 mm h⫺1 and thus the areaaveraged rainfall.
The top section of Table 3 is reproduced from
Burpee and Black (1989), where the data presented
from Hurricanes Alicia, Elena, and Allen are from
Table 3 of Marks (1985). The rain rates from Miller
(1958) were composed of rain gauge measurements
from the central 333 ⫻ 333 km2 of his grid. The results
from Frank (1977) were composite rain gauge data
from his storm-centered study area with a radius of 222
km. The final five rows of the table are for our sensitivity tests. As discussed by Burpee and Black, there are
systematic differences between the radar and the rain
gauge analyses. Since the radar study area is smaller

and confined more to the center of the storm, one
would expect the average rain rates to be higher those
that of the rain gauges. However, Hurricane Alicia is
approximately 15% lower and Hurricane Allen 30%
lower than the composite rain gauge studies from
Miller and from Frank. Our simulations are more in
line with the rain gauge studies. There is a slightly
greater fraction of area in the ⬍0.25 mm h⫺1 interval
and a smaller area covered by the rain rates 0.25–6.25
mm h⫺1. This later interval is equivalent to 15–35 dBZ,
which encompasses the stratiform region of the rainbands that we want to maximize. The most notable
distinction is in the ⬎19.0 mm h⫺1 interval, where our
results are more than double those of Miller and Frank.
Our mean rain rates are also higher by about 30%.
We note that the rain gauge data will have been influenced by land and topography, whereas our simulations are purely oceanic. Thus, we might expect our rain
rates to be less intense. Dunn and Miller (1960) indicate
that in high winds of more than 25 m s⫺1, the rain
gauges probably catch less than 50% of the actual rain.
Since most of the high rain rates occur in the eyewall
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FIG. 10. The average horizontal divergence (⫻10⫺4 s⫺1) for the post-spinup
sensitivity experiments. The bold line represents the divergence over the entire
storm, the solid line is over the convective
area, and the dashed line is the stratiform
area average.

where winds are strong, our results are certainly within
the observational errors.

b. Distribution of ice
Black and Hallett (1986) have provided a comprehensive description of the microphysical structure of

hurricane convection above the 0°C isotherm. The data
collected in this study of Hurricanes Ella (1978), Allen
(1980), and Irene (1981) covered the eyewall region,
the convective rainbands, and the stratiform areas. To
qualitatively compare our simulations with their results,
we utilize cross sections at the flight altitude (⬃6 km)

TABLE 3. Percent of total area covered by rain-rate interval (mm h⫺1), mean rain rate (mm h⫺1), and total area included in the
calculations. The first section is from Burpee and Black (1989), and the lower part is for the sensitivity experiments.
Rain-rate interval

Hurricane Alicia (0–75 km)
Hurricane Elena (0–75 km)
Hurricane Allen (0–111 km)
Miller (1958) composite hurricane (333-km box)
Frank (1977) composite typhoon (0–222 km)
A
B
C
D
E

⬍0.25

0.25–6.25

6.25–19.0

⬎19.0

Mean
rain rate

Area
(km2)

16
9
23
32
30
37.9
38.4
37.9
37.9
38.5

70
75
69
47
54
41.7
41.7
42.2
42.4
41.6

12
14
6
17
13
11.9
11.4
11.4
11.8
11.1

2
2
2
4
3
8.5
8.5
8.5
7.9
8.8

3.2
3.9
2.7
3.8
3.9
5.5
5.9
5.5
5.3
5.9

17 700
17 700
38 700
111 000
155 000
129 392
123 433
128 358
129 650
124 025
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FIG. 11. Model-simulated radar reflectivity (dBZ ) for each of the simulations at 60 h. Each panel shows the radial traverse used for
comparison to observations. The domain shown in each panel is 540 km ⫻ 540 km.

and along similar trajectories to those flown for the
observational study (see Fig. 11).
The Hurricane Ella traverse (Fig. 12) found either
graupel or snowflakes in both the eyewall and the principal rainband. These were the dominant hydrometeors
observed, although some unrimed columnar crystals
were also present in the rainband. For the control experiment A (Fig. 13), the eyewall region begins with a
sharp gradient in reflectivity about 33 km from the
storm center and extends to about 60 km. This region
contains the maxima in cloud water and graupel concentrations. The radial position and extent of the eyewall is large because of the 5-km resolution of the
model. The strongest updrafts (⬎3 m s⫺1) and the
maximum cloud water and graupel concentrations occur in this region of intense convective activity. A weak
updraft and a second peak in cloud water mark the
location where the traverse crosses the principal rainband. Marks and Houze (1987) demonstrated that ice
particles that are radially advected from the upper levels of the eyewall may be carried up to one and a half
times around the storm by the tangential winds before
reaching the melting level. There is a steady decline in
graupel concentrations from the maximum value seen

in the eyewall; however the snow maximum occurs in
the rainband. Small amounts of cloud ice are present in
the cross section; the mixing ratio is on the order of
0.0005 g kg⫺1.
Figures 14 and 15 show the radial traverses for the
four sensitivity tests. The reflectivity, vertical velocity,
and temperature fields show little variation between
the runs, and the profiles appear similar to Fig. 6 in
Black and Hallet (Fig. 12). The control run A, and runs
C and D all show similar structure and values to the
observations for the vertical velocity, temperature, and
cloud water plots. Runs B and E have weaker updrafts
in the eyewall region. Large, fast-falling graupel induced weaker and more sporadic updrafts in the study
of Ferrier et al. (1995) when compared to smaller,
slower particles. However this was not reflected in our
large-scale vertical velocity analysis (Fig. 8). The areas
of strong convective updrafts show large amounts of
supercooled water, which was also documented in
Black and Hallett (1986), and the downdrafts are glaciated.
The largest differences between the runs are seen in
the microphysical structure. The rainwater contents in
cases B and E are characterized by a large maximum in
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FIG. 12. Vertical velocity, JW cloud liquid water content, temperature, and 2D particle
concentration for the rainband and eyewall traverse in Hurricane Ella. (From Black and
Hallett 1986.)

the eyewall region and small values throughout the remainder of the traverse. These two cases also differ
from A, C, and D by the smaller graupel mixing ratio,
particularly past the eyewall. This is due to the greater
graupel fall speeds confining the larger precipitating ice
particles to the inner region of the storms because they
are too large to be carried by the outflow. Runs A, C,
and D have maximum graupel concentrations on the
outer side of the eyewall updraft. Jorgensen et al.
(1985) documented that cloud water is rapidly converted to ice once the air rises above the freezing level,
and Black and Hallett (1986) observed large graupel in
the updrafts of Hurricane Allen. Houze et al. (1992)
also saw large concentrations of ice particles on the
outer edge of the strong updrafts in Hurricane Norbert

(1984). Although Fig. 6 illustrated the small variation in
the total time- and domain-averaged rainwater mixing
ratios, we can see from these diagrams that there is a
distinct difference in the way this quantity is produced.
The cases with a larger graupel fall speed have larger
quantities of graupel in the strong convective eyewall
region but little in the stratiform or rainband regions.
The graupel in these runs melts to produce the large
rainwater content near the center of the storm, while
the other simulations distribute the rainwater over a
larger area from the eyewall to the rainband region.
The dominant hydrometeors at the 6-km height in all
the simulations were graupel and snow, with run D
producing the greatest snow concentration in agreement with Fig. 6.
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FIG. 13. Radar reflectivity (dBZ ), vertical velocity (m s⫺1), temperature (°C), cloud water mixing
ratio, graupel mixing ratio, and mixing ratios (g kg⫺1) of rainwater (solid), snow (dot–dot–dot–dash), and
cloud ice (dot–dash) for the radial cross section from the eyewall through the rainband for the control
run A.

6. Summary and discussion
Analysis of the simulated mesoscale and convectivescale motions within tropical cyclone rainbands has
shown that the numerical model, TCM3, captures many
of the documented features of these systems. The simulated rainbands have many similar features to observations including the position and structure of the updrafts, maximum inflow, and the position of the
midlevel jets with respect to the convection and thermodynamic structure. This gives us confidence in the diagnosis of dynamical processes within the model simulation that are explored in a companion paper (FHM).
A sensitivity study consisting of five numerical simulations was performed to investigate the impact of varying ice microphysical processes on the structure of
tropical cyclones. The aim of the study was to investigate how changes in certain microphysics parameters
affected the distribution of precipitation and the dynamics of the storm. The main points to be noted concerning the model sensitivity to parameter changes in
the cloud microphysics parameterization are as follows:
• Increasing the mean size of graupel by reducing the

size spectrum intercept parameter increased the
graupel fall speeds, which slightly decreased the total

surface precipitation and resulted in a larger quantity
of snow being transported into the stratiform region
of rainbands.
• The decreased efficiency for the collection of snow
and cloud ice by graupel caused an increase in the
amount of snow. This resulted in a higher percentage
of rain falling in the stratiform region and had the
largest effect on the total surface rainfall.
• The model was most sensitive to changes in the graupel fall speed parameters. Increasing the fall speeds
saw graupel being confined to the convective regions
and thus producing very high rain rates in the inner
core of the storm.
The presence of ice has been known to play an important role in precipitation processes since the pioneering study of Bergeron (1935). More recent modeling studies (e.g., McCumber et al. 1991; Brown and
Swann 1997; Grabowski et al. 1998) have reinforced the
importance of cloud microphysical processes in cloud
simulations. However, the understanding of what happens when ice particles collide is necessary to determine accurate relationships between the different hydrometeors. Apart from the sensitivity to the value of
the graupel fall speed, other differences appeared in the
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FIG. 14. As in Fig. 13 but for simulations B and C.

model fields of snow and cloud ice. While these represent a small part of the water budget in tropical cyclones, the simulation of stratiform precipitation is influenced by their representation (Brown and Swann
1997). However, these sensitivities in the distribution of

hydrometeors to microphysical parameters do not seem
to create as much sensitivity in the fundamental dynamical variables of the model. This has been observed
in other modeling studies, such as that by Skamarock et
al. (1994) who performed squall-line simulations with
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FIG. 15. As in Fig. 13 but for simulations D and E.

and without ice microphysics. They found that although
the simulation with ice processes did produce a larger
region of stratiform precipitation, the simulations were
dynamically very similar.
Hail is not common in the Tropics because of the

prevalence of warm-rain processes and the high freezing level, and this fact together with the analysis of the
dynamics allows us to conclude that run E is less characteristic of tropical cyclones than the control run A.
Because of the structural similarities between runs B
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and E this means that we are left with the control case
A and runs C and D to decide which parameters are
best for producing observed rainband precipitation
structure. Little is known about the properties of ice in
tropical cyclones to adequately evaluate the differences
between these three runs. Although we saw more snow
being suspended aloft in the stratiform regions of cases
C and D, the reflectivity and wind fields showed little
variation between the control run. However, since case
D compared the most favorably with observations compiled in Table 3 and also produced the most stratiform
rainfall and the largest rain area, it can be concluded
that these parameters give a more typical representation of precipitation than the others tested for the comparisons and the specific model configuration used in
this study.
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