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TIME-DEPENDENT BURGERS-ROTT VORTEX

AS SEEN BY A SIMULATED DOPPLER RADAR
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1. INTRODUCTION

Brown et al. (1978, 2002) discussed important
characteristics of the tornadic vortex signature (TVS),
which occurs when the diameter of a Doppler radar beam
is larger than or equal to a tornado vortex. The TVS is a
Doppler velocity signature of large shear, coincident with
the tornado-scale circulation, characterized by Doppler
velocity maxima of opposite signs approximately one
beamwidth apart. Not all tornadoes produce identifiable
signatures because TVS detection is a function of tornado
core diameter and strength as well as the size of the radar
sampling volume.

It is not clear how the TVS behaves as it corre-
sponds to different stages of tornado evolution. One
cannot determine whether the time-varying TVS is due to
changes in tornado intensity/size, due to the location of
the tornado relative to the size and spatial distribution of
the radar pulse volumes (Brown et al. 1978, 2002;
Burgess et al. 1993; Wood and Brown 1997), due to
differential power weighting of the velocity spectrum in
regions of strong reflectivity gradients (Bluestein et al.
1993), or due to centrifugal action on hydrometers and
debris by the tornado (Wurman and Gill 2000; Dowell et
al. 2001). Burgess et al. (2002) compared high-resolution
DOW (Doppler On Wheels) radar data to lower-resolution
WSR-88D (Weather Surveillance Radar-88 Doppler)
observations of the 3 May 1999 Oklahoma City tornado.
They concluded that the strength of the WSR-88D
signature was only a rough measure of tornado intensity.

In this paper, we use simulated WSR-88D data as
ameans for understanding how a simulated TVS behaves
during various stages of tornado evolution. The simula-
tions are of a time-dependent version of the Burgers-Rott
vortex (henceforth BRV), which is an exact solution of the
Navier-Stokes equations of motion and continuity for
axisymmetric, viscous flow. The meridional flow is steady,
but the core radius decreases and the maximum tangen-
tial velocity increases with time. The solution approaches
a steady BRV asymptotically. Three important parame-
ters in the solution are kinematic viscosity, horizontal
convergence, and angular momentum at infinity, all of
which are independent of height and time. Here we
conduct a few experiments with the angular momentum
held constant and with different values of horizontal
convergence and kinematic viscosity.

2. BURGERS-ROTT VORTEX
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The time-dependent version of the Burgers (1948)-
Rott (1958) vortex is an exact solution of the Navier-
Stokes equations of motion and continuity in cylindrical
coordinates (,$,z) for velocity components (u,v,w) (Rott
1958; Trapp and Davies-Jones 1997) The BRV is embed-
ded in convergent meridional flow. The vortex, centered
on the z-axis, has circulation T at radial infinity. The
solution is
u = -ar, w = 2az , (1)
and
W) O 12517200, @)
v, 0.715r
where 2a is the horizontal convergence. At time ¢, the
core radius of the BRV, r (#), and the maximum tangential
velocity, v, (r,7), are given by

r (&) = [r2(0)exp(-2af) +r (=)(1 -exp(-2an]"? , (3)
v, (f) = 0.715M_/r (p) . (4)

In (3) and (4), r,0) is the initial core radius (1 km,
arbitarily) of the vortex at ¢t = 0, the core radius at ¢ = «
is r (=) = [1.257(2v,/a)]'?, v, is the kinematic viscosity,
and M_ (= T'_/27) is the angular momentum at 7 = .
The initial state may be regarded as a tornado cyclone.
There also is an inviscid solution which is a time-depend-
ent Rankine-combined vortex (RCV). This is given by (1),
r(H = r(0)exp(-af), and
r
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where v, (&) = M_/r(f) = v, (0)exp(af) is the maximum
tangential velocity. The cusp in the RCV is unrealistic
because it would be smoothed out by turbulent diffusion of
angular momentum in nature. In both solutions, the
normalized tangential velocity v(r,9)/v,(?) is a function of
the normalized radial distance r/r (f) alone.

Table 1. The three Burgers-Roftt vortices (BRVs) with
differing values of horizontal convergence (a) and kine-
matic viscosity (v,). The T value is 5x 10 m*s™. Also
givenare v,andr, att = .

Case (&) (e (;'1"(;1)) r(cr(r:;)
EXPI  5x10° 10 80 71
EXPIl 10x10° 10 114 50
EXPIl  5x10° 5 114 50




The three experiments selected for this paper are
shown in Table 1. We use the value of T'_ that was
observed for the Cleveland tornado (Lewis and Perkins
1953).

Figure 1 shows the time-varying plots of v, () and
r(2) for the three experiments. The vortices simulate
tornadogenesis without a dynamic pipe effect (Trapp and
Davies-Jones 1997) because they grow rapidly and form
simultaneously at all helghts instead ofdescendlng slowly
from aloft. Provided that 7 (0) >>p (oo) the initial growth
rate of v,(#) and r, (t) is a (as for the time- -dependent
RCV). Durlng the developing stage of a BRV, inward
advection of angular momentum is much larger than
outward diffusion of angular momentum. Consequently,
the core contracts and the maximum tangential velocity
increases initially with little retardation by diffusion. The
BRYV eventually reaches a mature, almost steady stage,
where advection and diffusion of angular momentum
nearly balance. The asymptotic values of v () and 7, (t)
are proportional to (a/vk)l’2 In the next section, we
explore how the simulated TVS behaves during these two
different stages of BRV evolution.
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Fig. 1. Peak tangential velocity (dotted curve) and core
diameter (solid curve) versus time for the Burgers-Rott
vortices (BRVs) of Table 1.
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3. DOPPLER RADAR SIMULATION

The analytical simulation of a WSR-88D, developed
by Wood and Brown (1997), was used to produce simu-
lated time-varying velocity measurements from the time-
dependent version of the BRV centered at various ranges
from the radar. Recall that the rotational velocity field of
the BRV is uniform with height. For the simulations, it is
assumed that the radar beam pattern is Gaussian
shaped. Since it is not clear how the horizontal profile of
reflectivity across a tornado vortex varies with height and
stage of tornado evolution, a uniform profile of reflectivity
is used for the sake of simplicity.

Simulation of the radar sampling process does not
directly follow that of a real radar. Instead of averaging
radar pulses to produce a simulated mean Doppler
velocity value, mean Doppler velocity at the center range
and azimuth of the effective resolution volume of the radar
beam is obtained by averaging the Doppler velocity
component of the BRV solution across the effective radar
beam and range-gate depth of 250 m. Two azimuthal
sampling intervals (0.5° and 1.0°) corresponding to the

effective beamwidths (1.02° and 1.39° respectively) are
used to compare the magnitudes of the Doppler velocity
signature of the BRV. A radar antenna rotating relative to
the sampling time produces an effectively broadened
beamwidth (Zrnic and Doviak 1976; Doviak and Zrnic
1993). Wood et al. (2001) and Brown et al. (2002)
showed that stronger Doppler velocity signatures of
mesocyclones and tornadoes typically are produced when
the azimuthal sampling interval, and thus the effective
beamwidth, is decreased.
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Fig. 2. Continuous velocity profiles across the (a) RCV
and (b) BRV for a number of effective beamwidth (BWy)
to core radius (CR) ratios. The profiles are normalized.
Shaded column represents the core radius of the vortex.

Figure 2 illustrates the continuous velocity profiles
across the RCV and BRV for a number of effective
beamwidth to core radius ratios. The curves represent the
Doppler-velocity azimuthal profiles if the radar were able
to make measurements in a continuous manner across
the vortex. When the beamwidth is infinitesimally small
(i.e., BW/CR = 0), the profiles are those of the respective
vortices. As BW./CR increases, Doppler velocities are
degraded owing to the widening of the beam with range
relative to vortex size. Also, the cusp in the RCV profile is
smoothed out. At finite beamwidth, the maximum Doppler
velocity is reduced more in the case of the RCV because
the actual profile has a cusp instead of a rounded peak.



Due to space limitations, we describe only one
experiment (EXP |) in detail. The diameter and magni-
tude of the Doppler vortex signature as functions of time
are shown in Fig. 3 for effective beamwidths of 1.39° and
1.02° and ranges of 25 and 50 km from the radar. The
magnitude of the signature, AV, is the velocity difference
between the extreme positive and negative Doppler
velocity values in the continuous azimuthal profiles
around the range circle through the vortex; signature
diameter, CD,,, is the distance between these extreme
values.
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Fig. 3. The velocity difference AV, (f) and diameter
CD(#) of the Doppler signature versus time for 1.02°
(thick solid line) and 1.39° (thin solid line) effective
beamwidths (BW) at (a) 25 and (b) 50 km from the
radar. Also shown is the time-dependent BRV’s
maximum tangential velocity v,(f) (crossed curve) and
core diameter [dotted curve, CDy, () = 2r(f)]. The thick
(thin) solid horizontal dashed lines indicate the effective
beamwidth in m of the 1.02° (1.39°) beams.

At ¢=0, the BRV is quite well resolved; hence
AV,(0) = 2v,(0) and CD(0) = CD,(0) (Fig. 3). Initially,
the curve for v, (f) increases and that for » () decreases
exponentially as in the RCV solution. With time, these
curves level out as they approach their asymptotic values.
After a few minutes, the Doppler velocity signature
becomes a tornadic vortex signature (TVS) as the core
diameter of the BRV becomes smaller than the effective
beamwidth. Owing to the increased effective beamwidth
with range (Fig. 2b), the curves for AV () and CD(?)
level out more rapidly than their BRV counterparts to
values much less than 2v, (~) and much greater than
2r (=), respectively. The underestimation of vortex
strength and overestimation of its size increases with

range and effective beamwidth.

Brown et al. (2002) showed that stronger signatures
are produced by smaller effective beamwidths. However,
Fig. 3 reveals that another advantage of a smaller effec-
tive beamwidth is a stronger signature that occurs earlier.

Davies-Jones and Stumpf (1997) advocated using
circulation in addition to velocity difference for detecting
tornadoes and estimating their strengths. Circulation of
the Doppler signature, defined here as

T, = gAVD(t) CDL®) , (6)

is compared in Fig. 4 with the circulation of the BRV
outside the core. The latter varies from 3.6 x 10* m?s™ at
the radius of maximum winds to 5 x 10* m? s at radial
infinity. The time-varying measured circulations are good
estimates of the BRV circulations and are relatively
insensitive to range and beamwidth, even after the
signatures become TVSs.
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Fig. 4. Signature circulation versus time for the BRV of
EXP | and for effective beamwidths of 1.02 (heavy curve)
and 1.39 (light curve). Range from the radar is (a) 25
and (b) 50 km. The heavy and light horizontal dashes,
respectively, indicate the circulation of the BRV at radial
infinity and at the radius of maximum winds.

4. SUMMARY

Simulated WSR-88D measurements of an evolving



Burgers-Rott vortex are presented to understand how a
vortex signature varies during the developing and mature
stages of a tornado. The results illustrate that signatures
are stronger for smaller effective beamwidths. From an
operational perspective, TVSs occur earlier with a smaller
effective beamwidth. Thus, use of a smaller effective
beamwidth than currently used should improve the lead
time of tornado warnings and could also result in better
detection of weak tornadoes. Signature circulation should
be used in addition to velocity difference because it gives
good estimates of the circulations of tornadic vortices with
relatively little sensitivity to range and beamwidth.
Results are similar for EXP Il and lll, except that
these more intense BRVs are sampled less well owing to
their smaller size. The vortex in EXP Il forms the most
rapidly, and would have the least advance warning
between TVS detection and tornado touchdown.

5. FUTURE RESEARCH

One drawback of the present simulations is the
assumption of uniform reflectivity across the vortex.
Future plans include simulations of nonuniform reflectivity
across the BRYV, including centrifuging of debris and
hydrometers by the vortex.

This paper discusses simulated evolutions of the
Burgers-Rott tornadoes. We next will be investigating
evolution of actual Doppler signatures of real tornadoes.
We collected excellent Archive Level | time series data of
the Oklahoma City, Oklahoma supercell tornadic storms
of 8-9 May 2003, using the NSSL’s WSR-88D KOUN test
bed radar in Norman. We will convert the data (reflec-
tivity, mean Doppler velocity, spectrum width) into two
separate Archive Il (meteorological) datasets that have
two different effective beamwidths associated with 0.5°
and 1.0° azimuthal sampling intervals. We will compare
the quality of reflectivity features (such as hook echoes)
and of Doppler velocity features (such as TVSs and
tornado cyclone signatures) as functions of time, range,
azimuthal increment (0.5° vs 1.0°), and range increment
(0.25 vs 1.0 km for reflectivity only). Additionally, we will
compute and compare Doppler signature circulations.
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