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1. INTRODUCTION

Weather radars located within 10-20 km of a
significant tornado reveal the presence of a weak
reflectivity “eye” centered on the tornado (e.g., Fujita
and Wakimoto 1982; Wakimoto and Martner 1992;
Wurman et al. 1996: Wakimoto et al. 1996; Wurman and
Gill 2000; Bluestein and Pazmany 2000; Wakimoto et al.
2003; Bluestein et al. 2003; Bluestein et al. 2004;
Alexander and Wurman, 2005). The eye results from
the centrifuging of debris and hydrometeors by the
strong rotating winds within the tornado. At other times,
when radar measurements are made close to the
ground or at significant distances from the radar, a
reflectivity maximum, or “knob,” is centered on the
tornado. Wood et al. (2005) investigated the situations
where eyes and knobs appear using simulated WSR-
88D radar measurements in numerically modeled
tornadoes.

Since a Doppler velocity value is the reflectivity-
weighted mean of the radial motion of all the radar
scatterers within the radar beam, a nonuniform
distribution of scatterers will produce a different mean
Doppler velocity value than will a uniform distribution of
scatterers. If all of the scatterers are the same size (i.e.,
having the same reflectivity value), the computed mean
Doppler velocity value is a true representation of the
mean radial component of scatterer motion within the
beam. However, nonuniform reflectivities across the
beam will bias the indicated size and strength of the
tornado’s core region within the radius of peak
tangential velocities.

In this paper, we compare the effects of uniform
and nonuniform drop size distributions (reflectivities) on
the deduced sizes and strengths of three numerically
modeled tornadoes using a simulated WSR-88D.

2. METHOD
a. Numerical tornado model

We used the Dowell et al. (2005) two-dimensional
(radius versus height) numerical model to conduct three
experiments, each simulating a different sized tornado.
The model consisted of axisymmetric forced convection
(buoyant bubble along the central axis) inside a closed
impermeable cylinder that rotated with a constant
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angular velocity. As the central updraft developed, air
converging into the lower portion of the domain
experienced an increase in tangential velocity, leading
to the development of a tornado. In this way, a fully
three-dimensional flow field developed consisting of
evolving radial, vertical, and tangential velocity
components.

The model permits objects (debris and hydro-
meteors) to be moved and centrifuged by the flow field.
Each sized object has its own specified terminal fall
velocity. We chose to include only hydrometeors in our
experiments. However, the sizes of hydrometeors
within tornadoes are not known. After experimenting
with various sized raindrops, we found that the
centrifuging of 1.5 mm diameter drops (terminal fall
velocity of 5.4 m s™) produced realistic weak-reflectivity
eyes. From their experiments, Dowell et al. (2005)
deduced that raindrops with fall velocities less than 10
m s’ likely are the dominant radar scatterers within
tornadoes.

In addition to the nonuniform reflectivity field
produced by the numerical model, we used a uniform
reflectivity version where the three-dimensional flow
field produced by the model also was used, but the
reflectivity field was assumed to be uniform and was
computed from the initial raindrop concentration in the
model. The constant value of the resulting reflectivity
field was 20 dBZ.

b. Doppler radar emulator

WSR-88D Doppler velocity measurements in the
model tornadoes were simulated using a Doppler radar
emulator that reproduced the basic characteristics of a
WSR-88D, but several simplifications were employed.
Instead of the radar beam consisting of a main lobe and
side lobes, it consisted only of a main lobe that was
represented by a Gaussian distribution having a width of
three half-power beamwidths. Doppler velocity values
were computed from the Doppler component of the
three-dimensional model raindrop motion. Rather than
computing mean Doppler velocity and reflectivity values
from a given number of pulses, the values were
computed from Gaussian-weighted model Doppler
velocity and reflectivity values within the radar beam.
To compensate for antenna rotation in the azimuthal
direction during the time it takes to collect the required
number of samples, the horizontal dimension of the
beam was represented by a broadened effective half-
power beamwidth. The effective half-power beamwidth
is specified by the azimuthal sampling interval, which in
turn is specified by the number of pulses, pulse



repetition frequency, and antenna rotation rate (e.g.,
Doviak and Zrni¢ 1993; pp. 193—-197).

Doppler radar data were simulated using two
different spatial resolutions: (1) current resolution and
(2) super resolution. WSR-88Ds currently process and
display data at 1.0° azimuthal intervals; the range
interval for reflectivity is 1.0 km and for Doppler velocity
is 0.25 km. Wood et al. (2001) and Brown et al. (2002)
showed through simulations that WSR-88D detections
of mesocyclones and tornadoes, respectively, could be
improved by collecting finer-resolution—now called
super-resolution—data. For super-resolution data
collection, both Doppler velocity and reflectivity data are

processed at 0.5° azimuthal and 0.25 km range intervals.

Brown et al. (2005) used the National Severe Storms
Laboratory’s test bed WSR-88D (KOUN) to show that
actual reflectivity and Doppler velocity signatures in
severe storms are more clearly depicted with super-
resolution data. The capability to process super-
resolution data at lower elevation angles is scheduled to
be added to WSR-88Ds in the 2008-2009 time frame.

3. RESULTS

Three different tornadoes were created using the
numerical tornado model. In Experiment | (EXP 1), a
medium-sized tornado was produced. Several attempts
were made to form a smaller tornado that had a core
diameter in the 50-100 m category by varying the
model’s input parameters. However, the attempts were
unsuccessful. Instead, we settled for a tornado that had
a core diameter aloft of 150 m and peak tangential
velocity of 32 m s™. In Experiment Il (EXP Il), a large
tornado having a core diameter aloft of 326 m and peak
tangential velocity of 62 m s was produced and in
Experiment Il (EXP Ill) a rare very large tornado having
a core diameter aloft of 676 m and peak tangential
velocity of 64 m s” was produced.

Examples of simulated Doppler velocity and
reflectivity profiles in the radial direction from the centers
of the three model tornadoes for the two Doppler radar
data resolutions are shown in Figs. 1-3. The data are
presented at a height of 1.0 km and at a variety of
ranges from the simulated radar. Each panel in the
figures consists of three pairs of curves representing (1)
tangential velocity of the model raindrops and reflectivity
computed directly from the model raindrop concen-
trations, (2) WSR-88D Doppler velocity and reflectivity
measurements computed from the model tangential
velocity and model reflectivity (nonuniform) values, and
(3) WSR-88D Doppler velocity and reflectivity measure-
ments based on model tangential velocity values and a
uniform reflectivity value of 20 dBZ that represents the
initial concentration of raindrops in the model.

It may be noted in Figs. 1-3 that, owing to the
widening radar beam with increasing range, the peak
Doppler velocity values in each experiment decrease
and the distance of the peak from the tornado center
increases with increasing range. In addition, the weak
reflectivity eye and surrounding stronger reflectivity
annulus changes into a nearly flat reflectivity profile with
a slight maximum centered on the tornado (e.g., Wood

et al. 2005). The widening beam with range is
represented by the ratio of effective beamwidth to
tornado core diameter (EBW/CD) indicated at the top of
each panel.

When the beam is much smaller than the tornado
(e.g., Fig. 3a), Doppler velocity and reflectivity measure-
ments faithfully reproduce the tangential velocity and
reflectivity values in the tornado. As the beam widens
with increasing range, the resulting Doppler velocity
profile is affected differently depending on the model
reflectivity profile. For the uniform reflectivity model, the
associated Doppler velocity values (blue dashed line
with dots) initially do not depart much from the
tangential velocity values (e.g., Fig. 3c).

However, when the beamwidth is generally less
than the core diameter (e.g., Figs. 2a-2d, 3c-3f), the
nonuniform reflectivity model results in a Doppler
velocity profile (red line with dots) that peaks closer to
the tornado center than does the tangential velocity
profile (black line). The peak occurring closer to the
tornado center is a consequence of the fact that the
mean Doppler velocity value within the beam is
weighted by both the distribution of reflectivity values
within the beam and the Gaussian shape of the beam
itself. Near the center of the tornado, reflectivity is very
weak owing to the centrifuging of raindrops.
Consequently, when the radar beam is slightly offset
from the tornado center, the only tangential velocity
values within the beam that have significant reflectivity
values are found at the edge of the beam near the peak
of the tangential velocity profile. The radar processor
places the mean Doppler velocity value at the center of
the beam even though the only tangential velocity
values having significant reflectivity values are located
on one side of the beam.

As the beamwidth becomes significantly wider than
the tornado’s core diameter, the peaks of the Doppler
velocity curves decrease in magnitude and move father
away from the tornado center. In the limit, the Doppler
velocity curves based on uniform and nonuniform
reflectivity profiles approach each other and continue to
weaken, while the nonuniform Doppler reflectivity curve
approaches the constant 20 dBZ value of the uniform
profile (e.g., Figs. 1d—1f, 2f-2h, 3h).

The panels in Figs. 1-3 also show the advantage of
WSR-88D super-resolution sampling (AAZ = 0.5°) over
current-resolution sampling (AAZ = 1.0°). With 0.5°
sampling, there is less degradation of the Doppler
velocity and reflectivity profiles because the effective
beamwidth is narrower (e.g., Brown et al. 2005).

4. DISCUSSION

As a first approximation when computing simulated
Doppler velocity values across a tornado, one assumes
that the reflectivity is constant. However, mobile
Doppler radar measurements made in the immediate
vicinity of tornadoes show the presence of a
pronounced reflectivity minimum that extends across
most of the core region. Since the minimum is
produced by the centrifuging of hydrometeors, we used
the numerical model of Dowell et al. (2005) to simulate



realistic three-dimensional flow around an axisymmetric
tornado.  Sampling of the model flow field and
centrifuged hydrometeors by a simulated WSR-88D
produced Doppler velocity and nonuniform reflectivity
fields that could be compared with Doppler velocity
fields associated with the model flow field and assumed
uniform reflectivities across the tornado.

For both the uniform and nonuniform reflectivity
fields, the peak Doppler velocities decreased in
magnitude and the apparent core diameter increased
with increasing distance from the radar (i.e., with
increasing beamwidth). At the same time, the uniform
reflectivity field did not change but the nonuniform
reflectivity eye filled with increasing range and
approached the uniform reflectivity value when

beamwidths were greater than about two core diameters.

With the presence of the weak reflectivity eye at the
center of the tornado, nearby Doppler velocity measure-
ments (i.e., EBW/CD less than about one) had a peak
velocity that was significantly closer to the tornado
center than seen in the model tangential velocity field.
This distorted Doppler velocity profile was due to radar
beams positioned within the core region having
negligible reflectivity-weighted Doppler velocity values
within the eye. Consequently, the only Doppler velocity
values being averaged were those strong ones in the
part of the beam at the edge of the core region.
Therefore one can expect the Doppler-indicated radius
of peak wind to underestimate the true radius when the
effective beamwidth is less than the tornado’s core
diameter and there is a weak reflectivity eye at the
center of the tornado.

At a given range from a WSR-88D, the simulations
show that super-resolution data (AAZ = 0.5°) produce
less degraded Doppler velocity and reflectivity
signatures of tornadoes than do the current-resolution
data (AAZ = 1.0°). This finding is supported by test bed
WSR-88D measurements in tornadoes and meso-
cyclones (e.g., Brown et al. 2005). Forecasters will be
able to benefit from the improved detection capability of
super-resolution data by about 2009.
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Fig. 1. Radial profiles of velocity and reflectivity for Experiment | at a height of 1 km and ranges of
The black curves represent radial profiles of the
tangential velocity of the model raindrops and the reflectivity computed directly from the model
raindrop concentrations. The dots represent samples at azimuthal intervals of AAZ along curves
that represent the azimuthal profile of Doppler velocity and reflectivity that could be obtained by a
WSR-88D if it were to sample continuously. Those curves in the left panels represent super-
resolution WSR-88D azimuthal data collection (AAZ = 0.5°) and those in the right panels represent

5, 15, and 25 km from the simulated radar.

current-resolution azimuthal data collection (AAZ = 1.0°).

The red curves with dots represent

Doppler velocity and reflectivity measurements computed from the model tangential velocity and

model reflectivity (nonuniform) values.

The blue dashed curves with dots represent Doppler

velocity and reflectivity measurements based on model tangential velocity values and a uniform
reflectivity value of 20 dBZ (the uniform value of 20 dBZ corresponds to the initial concentration of
raindrops in the model); the dashed 20 dBZ line represents both the initial reflectivity values and
EBWY/CD is the ratio of effective radar beamwidth
relative to the core diameter of the tornado, Z is height, R is range from the radar, and EL is the

the values after being scanned by the radar.

radar elevation angle at height Z and range R.
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