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1. Introduction

Weather Surveillance Radar- 1988Doppler (WSR-
88D) is an important tool to observe severe and
hazardousweather remotely, and to provide oper-
ational forecastersprompt information of rapidly
evolving phenomena such as microbursts, torna-
does,and mesocyclones. The most violent of these
phenomenais the tornado which can produce de-
structiv e wind speedas high as 140 m s� 1(Davies-
Joneset al. 2001). Early and accurate detection of
tornadic vortices can increasethe lead time for tor-
nado warnings, thereby reducing injuries and loss
of life. A key component of the current tornado de-
tection algorithm on WSR-88D radars is a search
for the presenceof strong localizedazimuthal shear
of the radial winds (Stumpf et al. 1998). How-
ever, becausethe radar sample volume increases
with distance from the radar, the shear signature
deteriorates as the range of the tornado increases.
In this work, an independent method of identify-
ing tornado vortices in Doppler spectra data is pro-
posedand investigated. Doppler spectrum reveals
the weighted velocity distribution within the radar
volume [Level I I data (re
ectivit y, mean Doppler
velocity, and spectrum width) is obtained by the
�rst three moments of this distribution (Doviak and
Zrni�c 1993)]. Becauseof the unaveraged natural
of information inherited in the Doppler spectrum
data, a characteristic spectrum for tornadoes may
still facilitate their identi�cation when the Level I I
shearsignature becomesdi�cult to identify .

Doppler spectra of tornadoesare distinctly dif-
ferent from the typical Gaussian-like spectra of
most other atmospheric phenomena. Flat and bi-
modal tornado spectral signature (TSS) appeared
in simulated data (Zrni �c and Doviak 1975;Yu et al.
2003). A bimodal TSS was observed by pulsed
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Doppler radar with a radar con�guration similar
to the WSR-88D (Zrni �c et al. 1977; Zrni�c and Is-
tok 1980; Zrni�c et al. 1985). Doppler spectra of
two more tornadoesfrom closerangewereobtained
with a portable frequencymodulated CW (FMCW)
radar (Bluestein et al. 1993, 1997). Although the
history of tornado measurements is long, there have
beenonly a few successesin obtaining spectra data.
This is largely becauseneither the technology to
processspectra nor the technology to record volu-
minous amounts of time seriesdata were available.
However, recent advances in radar and computer
technology will now permit a study of TSS in a sys-
tematic manner. The research WSR-88D (KOUN)
operated by the National Severe Storm Laboratory
(NSSL) hasthe unique capability of collecting mas-
sive volumesof Level I time seriesdata over many
hours. Doppler spectra can be obtained by pro-
cessingtheseLevel I data after the event. Doppler
spectra from a tornado outbreak in central Okla-
homa on May 10, 2003are presented.

2. Tornado Spectrum

a. Doppler Spectrum

A Doppler spectrum S(R 0; v) asa function of radial
velocity v and the location of the center of radar
volume R 0 can be as (Zrni �c and Doviak 1975)

S(R 0; v) = C
Z

v= �
f 2

b (x)Wr (y)Z (x; y)jr vj � 1ds;

(1)
where C is a constant related to radar parameters,
Z (x; y) is the e�ectiv e re
ectivit y factor, f 2

b (x) is
the radar beampattern, Wr (y) is the rangeweight-
ing function, and ds =

p
dx2 + dy2. The gradient

term is used to adjust the density of scatterersbe-
tween the two surfacesof isodop. The integration
is performed along each isodop of v = � within the
radar resolution volume. In other words, a Doppler
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spectrum reveals the re
ectivit y and radar weight-
ing distribution of velocities within the radar vol-
ume. Here we assumedthat the radar volume is lo-
cated far enoughfrom the radar that the azimuthal
distance and range are well approximated by the
Cartesian distance in the x and y direction, respec-
tiv ely. The re
ectivit y is assumedto be height in-
variant.

The meanDoppler velocity �v(R 0) is de�ned by

�v(R 0) =
Z 1

�1
vSn (R 0; v)dv; (2)

where Sn (R 0; v) is the Doppler spectrum normal-
ized by total power. Therefore, mean Doppler ve-
locity represents a statistical average of the spec-
trum (i.e., �rst moment). The current operational
tornado detection algorithm relieson the di�erence
of mean Doppler velocity between adjacent radar
volumes in azimuth. However, such a velocity dif-
ference will be smoothed out signi�cantly by the
statistical averagewhen a tornado is smaller than
the radar beam (which would likely occur for tor-
nadoesfar from the radar).

b. Tornado Spectrum

To further exploit TSS, (1) is simulated using a
combined Rankine vortex model (Kundu and Co-
hen 2002). A detailed description of simulation
scheme is given by Zrni�c and Doviak (1975). An
example of simulated tornado spectra at a signal-
to-noise ratio (SNR) of 30 dB is presented in Fig-
ure 1. In this simulation, the idealized tornado has
a radius of maximum wind of 0.25 km and was lo-
cated at 40 km from the radar. A WSR-88D radar
was simulated to scan through the tornado with
one degreeangular sampling and with a range res-
olution of 0.25 km. The columns and rows in Fig-
ure 1 denote the angular location and range with
respect to the center of the tornado. All radial ve-
locities in Figure 1 are normalized by the maximum
wind of the tornado. Motion of rotation is apparent
in Figure 1, i.e., spectra at region of negative an-
gle is dominated by negative velocities (toward the
radar), while spectra at right portion of the tornado
is dominated by positive velocities (away from the
radar). It is evident that the tornado spectrum de-
viates from ordinary Gaussian-like spectrum which
is expected in non-tornadic regions of precipita-
tions (Janssenand Spek 1985). A 
at or bimodal
spectrum is obtained when the radar beam passes
through the center of the tornado. If the tornado
radial velocity exceedsthe radar unambiguous ve-
locity, thesealiasedvelocity will further 
atten the
spectrum. As a result, the bimodal signature can

be di�cult to identify .

3. Results

In this section, tornado spectra observed by the
NSSL research WSR-88D (KOUN) located at Nor-
man, Oklahoma on May 10, 2003 are analyzed.
An F2-F3 tornado was reported during 0329-
0406 UTC starting on the south of Edmond, Ok-
lahoma (more details of the tornado can be found
from NOAA National Climate Data Center NCDC,
http://www.ncdc.noaa.go v/oa/ncdc.h tml). Level I
time seriesdata werecollectedduring the entire pe-
riod of tornado. Re
ectivit y and mean Doppler ve-
locity were obtained every half degreein azimuth
using an autocovariancemethod (Doviak and Zrni�c
1993). A PPI of re
ectivit y and radial velocity
form the lowest elevation angle (0.4o) at 0343UTC
is given in Figure 2. A well-de�ned hook signa-
ture and strong azimuthal shear were observed at
6 km eastand 39 km north of the radar, suggesting
the existence of tornado. Three Doppler spectra
in di�eren t regions of the 
o w (labeled 1-3 in Fig-
ure 2) are denoted by black lines in Figure 3. Each
spectrum has 32 points and the radar unambigu-
ous velocity is 32 m s� 1. The noise level, denoted
by a blue solid line, is approximately at -50 dB.
It is evident that the tornado spectrum (location
2) is 
attened, while Gaussian-like spectra are ob-
tained from non-tornadic regions. Equivalent Level
I I data can be obtained by Gaussian �tting the
�rst three moments of spectrum (Doviak and Zrni�c
1993). Reconstructed Gaussianspectra were indi-
cated by a red line and the mean Doppler velocity
is denoted by the location of a green arrow. Note
that the mean Doppler velocity derived from a tor-
nadic spectrum could be in substantial error since
a slight changeof the spectrum shape (due to noise
and/or other e�ects) can result in a totally di�eren t
value of radial velocity. As a result, shear derived
from the �eld of radial velocity could be in error
and the performance of the shear-basedalgorithm
is limited.

From theseanalysisof simulated and real data,
it is clear that tornados can produce a broad and

at spectrum which is similar to a white-noisespec-
trum. However, signi�cant signal power was still
present in the tornado spectrum, as shown in Fig-
ure 3b. In other words, onefurther criterion to iden-
tify TSS may be su�cien t SNR. The signature of
a broad spectrum can be characterized using spec-
trum width. Yu et al. (2003) have shown the spec-
tral width of a tornado spectrum will deteriorate at
a slower rate with range than azimuthal shear sig-
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Figure 1: Simulated tornado spectra observed by a virtual WSR-88D.

natures in the �eld of meanDoppler velocity. More-
over, the 
atness of the spectrum canbedetermined
by the standard deviation (STD) of the spectrum
values.

STD(S) =

vu
u
t 1

M

MX

i =1

(Si � � s)2 (3)

where Si is the magnitude of Doppler spectrum in
dB, M is the number of data points in a spectrum,
and the mean of the spectrum values is de�ned as
following.

� s =
1

M

MX

i =1

Si (4)

Therefore, a 
at tornado spectrum as shown in
Figure 3b has a small STD compared to ordinary
Gaussian-like spectra (Figure 3a and c). The mean
of spectrum values is denoted by blue dash lines.

The azimuthal pro�le of SNR, radial velocity,
spectrum width, and the STD of the spectrum are
given in Figure 4 for three adjacent ranges. The

tornado was located at approximately 9� and is de-
noted by a downward arrow. Strong SNR ensures
the good quality estimate of spectrum and spectral
moments. Strong azimuthal shearcan be observed
between8� and 10� in azimuth for the three succes-
sive ranges(39.375-39.875km). It is obvious that
the mean radial velocity at 39.875km and the az-
imuth of 9.5� is aliased. Therefore, de-aliasing of
radial velocity is neededin order to obtain accurate
shearvalues. A local minimum of STD and a max-
imum of spectrum width are evident close to the
tornado center at 9� . Similar results wereobtained
at di�eren t time during the courseof this tornado.
A secondary minimum of STD and maximum of
spectral width can be observed at approximately
5� , while the SNR is relatively low and no strong
shear is appeared.
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Figure 2: PPI of the re
ectivit y and velocity at 0343UTC, May 10, 2003.
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Figure 3: Spectra from the three regionslabeled in Figure 2. It is clear that tornado (location 2) hasa 
at
spectrum.

4. Conclusions

A Doppler spectrum can reveal the weighted ve-
locity distribution of a tornadic vortex within the
radar volume, while a mean Doppler velocity is a
statistical averageof such a distribution. Current
algorithms of tornado detection search for vortex
signatures in the �eld of mean Doppler velocities
by identifying strong localizedazimuthal shears. In
this work, the tornado signature in Doppler spec-
trum is studied. Analysis of idealized (Rankine)
vortex data and real tornado data have shown that
the tornado spectrum has distinct signatures that
di�er from typical weather Gaussian-shaped spec-
trum. Tornado spectrum is often broad and 
at, a
feature that can possibly be characterized by spec-
trum width and the STD of spectrum valuesin deci-
bels. A good agreement between spectral feature
and azimuthal shearsignature wasobtained for the
tornado in central Oklahoma on May 10, 2003.
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