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1. INTRODUCTION 
 
 A tornadic vortex signature (TVS) is a degraded 
Doppler velocity signature that occurs when a tornado 
is smaller than the half-power beamwidth (angular 
difference between the half-power points) of a 
sampling Doppler radar.  Early simulations, which 
used a uniform reflectivity distribution across an 
assumed-Rankine (Rankine 1882) tornado vortex, 
showed that the extreme Doppler velocity values were 
separated by about one beamwidth.  Fig. 1 illustrates 
that even though the TVS associated with a given 
tornado decreases in magnitudes as the radar beam 
becomes broader, the peak values of the TVS remain 
essentially the same distance apart – about one 
beamwidth.  Fig. 2 presents Doppler velocity 
measurements (dots) through the center of the Union 
City, OK tornado of 24 May 1973 using an NSSL 
research Doppler radar (Brown et al. 1978).  The dots 
are superimposed on three theoretical TVS curves 
produced by scanning a simulated radar past three 
Rankine vortices having various sizes and strengths.  
Although Doppler velocity data points nicely fit the 
simulated TVS curves (Fig. 2), the TVS strength does 
not reveal the strength or size of the tornado itself. 
 For a scanning radar with a beamwidth of 
approximately 1.0± and data collected at 1.0± 
azimuthal intervals, the two extreme Doppler velocity 
measurements appear at adjacent azimuth locations, 
commonly called “gate-to-gate shear”, and occasion-
ally are separated by 2.0± (every other azimuthal 
location when one azimuthal location is close to the 
center of the tornado; e.g., Wood and Brown 1997).  
However, with the recent beginning of 0.5± azimuthal 
sampling (“super resolution”) by WSR-88D radars, the 
extreme measurements occasionally appear at 0.5± 
(which is much less than one beamwidth) instead of 
1.0± azimuthal intervals (Brown and Wood 2011).  The 
question that needs to be addressed is: Why do the 
super-resolution Doppler velocity measurements 
disagree with the earlier simulations that assumed 
uniform reflectivity across the Rankine tornado?  The 
purpose of this study is to answer this question by 
running new Doppler radar simulations using a more 
realistic vortex model (instead of the Rankine model) 
and a more representative reflectivity distribution 
having a weak-reflectivity eye across the vortex. 
 
2. DOPPLER RADAR EMULATOR 
 
 For the Doppler radar computations, we used a 
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Doppler radar emulator that approximates the basic 
characteristics of a WSR–88D (Weather Surveillance 
Radar–1988 Doppler); see the appendix of Wood and 
Brown (1997) for details.  When a radar antenna 
rotates during the time period that a representative 
number of samples are being collected, the 
beamwidth is effectively broadened (Doviak and Zrnić 
1993, pp. 193-197).  When a WSR-88D collects data 
at 1.0± azimuthal legacy intervals, the beamwidth 
increases from 0.9± (the stationary antenna 
beamwidth) to an effective beamwidth of 1.4± (e.g., 
Brown et al. 2002).  For 0.5± azimuthal super-
resolution data collection, the effective beamwidth 
broadens to only 1.0±. 
 Following is an overview of assumptions made 
for the emulator.  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.  For simplicity, the radar scanned 
horizontally through the vortex only at the range of the 
vortex center from the radar.  Furthermore, we 
assumed that the tangential velocity and reflectivity 
profiles across the vortex were constant with height, 
so that, instead of making the measurements 
throughout the two-dimensional (elevation-azimuth) 
beam, the measurements were made horizontally 
through the center of the beam.  Emulating the full 
width of a WSR-88D beam, we assumed that the full 
effective beamwidth excluding the sidelobes was 
Gaussian shaped and equal to three times the half-
power effective beamwidth, which is a very good 
approximation of the WSR-88D beam.  Additionally, 
we assumed that the radar measurements were 
continuous and free of noise.  Instead of averaging 
radar pulses to produce simulated mean Doppler 
velocity values, mean Doppler velocity values were 
computed by averaging distributed tangential velocity 
values across the effective beamwidth. 
 
3. DOPPLER RADAR SIMULATION RESULTS 
 
 We investigate the effects of nonuniform 
reflectivity on the characteristics of the TVS and 
compare the results with the TVS characteristics 
associated with the uniform reflectivity region.  We 
chose the Burgers-Rott (Burgers 1948; Rott 1958) 
vortex model to represent the tornado’s tangential 
velocity profile because the profile agrees favorably 
with Doppler velocity measurements made by mobile 
Doppler radars close to tornadoes (Bluestein et al. 
2007; Tanamachi et al. 2007; Kosiba and Wurman 
2010).  The nonuniform reflectivity profile consisted of 
a weak-reflectivity eye at the center of the tornado.  
The profile was based on blending of several profiles 
computed from observed Doppler measurements 
(e.g., Wakimoto and Martner 1992; Wurman and Gill 



2000; Wakimoto et al. 2011) and from the numerical 
model studies of Wood et al. (2009).  The relationship 
between the Burgers-Rott tangential velocity profile 
and the weak-reflectivity-eye profile is illustrated in 
Fig. 3.  The peak reflectivity occurs at twice the core 
radius at which the maximum tangential velocity 
occurs, indicative of the centrifuging of radar targets. 
This relationship resembles that observed in proximity 
mobile Doppler radar measurements (e.g., Wurman 
and Gill 2000; Bluestein 2005; Wakimoto et al. 2011). 
 The most obvious differences in the TVS 
diameters between the two different reflectivity 
profiles occur when the effective beamwidth is from 
1.0 to approximately 2.5 times larger than the 
tornado’s core diameter (Fig. 4).  With the presence of 
a uniform reflectivity region, TVS diameters are 0.9 to 
1.3 times the effective beamwidth, while for a 
reflectivity eye, TVS diameters are 0.7 to 0.8 times the 
effective beamwidth.  When a WSR-88D collects 
super-resolution data at 0.5± azimuthal interval, the 
effective beamwidth is 1.0± (e.g., Brown et al. 2002).  
Therefore, peak TVS values are expected to be 0.7± 
to 0.8± apart with minimum reflectivity at the center of 
the tornado.  This means that, with super-resolution 
data collection, the peak TVS values can be 
separated by either 0.5± (adjacent azimuthally 
locations) or 1.0± (every other azimuthal location). 
 When the radar’s effective beamwidth is at least 
2.5 times larger than the core diameter of the vortex, 
there are no significant TVS differences between the 
reflectivity profiles (Fig. 4).  The distance between the 
extreme WSR-88D Doppler velocity values are equal 
to 0.8 to 0.9 times the effective beamwidth (Fig. 4).  
For both legacy-resolution with 1.0± azimuthal 
sampling interval (EBW = 1.4±) and super-resolution 
with 0.5± azimuthal sampling interval (EBW = 1.0±), 
the peaks are expected to be separated by 1.0±. 
 
4. CONCLUSIONS 
 
 Doppler radar simulation results indicate that, 
using two different reflectivity profiles in which the 
Burgers-Rott vortex is embedded, there was a 
significant difference in TVS diameter when the 
effective beamwidth was less than 2.5 times larger 
than the vortex’s core diameter.  With the presence of 
a reflectivity eye (due to centrifuged radar targets), it 
is possible for the distance between the peak Doppler 
velocity values to be separated by 0.5± for super-
resolution data collection.  However, when the 
effective beamwidth is greater than 2.5 times the core 
diameter, the peak values are expected to have an 
azimuthal separation of 1.0± for both legacy-resolution 
(one azimuthal increment) and super-resolution (two 
azimuthal increments) data collection. 
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Fig. 1.  Simulated azimuthal Doppler velocity profiles 
through the center of a tornadic vortex signature for 
various beamwidth to core radius ratios (representing 
various ranges from the radar for a given vortex).  The 
abscissa is normalized by dividing the azimuthal 
distance from the vortex center by the radar’s half-
power beamwidth (0.8±).  The maximum tangential 
velocity of the Rankine vortex is 100 m s-1.  The 
simulations assumed uniform reflectivity across the 
vortex.  From Brown et al. (1978). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 
Fig. 2. Doppler velocity measurements (dots) through 
the center of the Union City, Oklahoma tornado 
superimposed on three theoretical TVS curves 
produced by scanning a simulated radar past three 
Rankine vortices having distinctly different sizes (ratio 
of beamwidth BW to core radius CR) and peak 
tangential velocities (Vmax).  Reflectivity across the 
vortices was assumed to be uniform.  From Brown et 
al. (1978). 
 
 

 
Fig. 3. Relationship of the normalized reflectivity 
profile (relative to the peak value Zx) to the normalized 
Burgers-Rott tangential velocity (relative to the peak 
value Vx) as a function of radius (ZR, R) from the 
vortex center normalized by the radius of the 
respective peak values (ZRx, Rx); ZR is radius of the 
reflectivity profile and R is radius of the tangential 
velocity profile.  Vertical dashed line is the vortex 
center. 
 
 
 
 
 
 



 
Fig. 4.  Simulated TVS diameter relative to the 
effective beamwidth (EBW) for two reflectivity profiles 
(solid and long-dashed curves) across the Burgers-
Rott vortex as a function of the ratio of the effective 
beamwidth to the true core diameter (CD) of the 
vortex.  The Doppler velocity signature is defined as a 
TVS when the effective beamwidth is greater than the 
core diameter of the vortex (above the horizontal 
dashed line at EBW/CD = 1.0).  
 
 
 
 
 


