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1. INTRODUCTION

Phased array antennas, which have been
used for military purposes since World War I
(e.g., Visser 2005), are starting to be employed on
research weather radars. Their basic feature is
that they consist of thousands of transmit/receive
elements. By phasing the sequence in which the
elements radiate, the resulting phased array radar
(PAR) beam is scanned electronically in azimuthal
and vertical directions without moving the antenna
[see, e.g., Zmi¢ et al. (2007) for an overview of
the PAR]. This mode of beam scanning is in
contrast with beams that are conventionally
produced by mechanically steering a parabolic
antenna.

In 2003, the National Weather Radar Testbed
(NWRT) was established in Norman, Oklahoma to
help evaluate, among other things, the operational
potential of a phased array antenna as a future
replacement for the parabolic antenna used by
weather surveillance radars (e.g., Forsyth et al.
2003, Weber et al. 2007, Zrni¢ et al. 2007). The
PAR being evaluated at the NWRT consists of a
Weather Surveillance Radar-1988 Doppler
(WSR-88D) transmitter and a single flat—face
SPY-1 phased array antenna on loan from the
U.S. Navy. This antenna consists of 4,352
elements that produce a half-power beamwidth
(hereafter simply referred to as beamwidth) of 1.5°
when the beam is perpendicular to the face and
the beamwidth increases to 2.1° at a +45° angle
from the perpendicular. The antenna is rotated to
cover the 90°-wide sector of interest and then
remains stationary during data collection until the
storms of interest move toward the edge of the
sector. Since the electronic scanning of the
antenna covers only one—quarter of the full 360°—
wide azimuthal coverage region of a WSR-88D
and since sophisticated electronic scanning
techniques have been implemented, a volume
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scan within the 90°~wide sector can be completed
in 1 min or less (e.g., Heinselman et al. 2008;
Heinselman and Torres 2011).

If a phased array antenna eventually will
replace the parabolic antenna on WSR-88Ds, a
number of important decisions must be made,
including the array configuration needed to cover
360° in azimuth and an acceptable beamwidth.
For example, two possible configurations are
discussed by Zhang et al. (2011), namely, a flat—
face antenna and a cylindrical antenna. Zhang et
al. also address the strengths and limitations of
designs for dual polarization. A basic requirement
from a meteorological perspective, however, is
that the design does not adversely affect the
current ability of National Weather Service (NWS)
forecasters to resolve those evolving character-
istics of severe storms that allow them to issue
timely severe thunderstorm and tornado warnings.
Since the flat-face antenna has a rather
straightforward design, and that is the one being
tested at the NWRT, we decided—as a prelimi-
nary study—to consider only that antenna design.

A basic characteristic of a flat-face phased
array antenna is that the beamwidth increases as
the beam electronically scans away from the
broadside (or boresight) direction perpendicular to
the face." For narrow beams, like those used with
weather radars, beamwidth (BW) changes in the
azimuthal (vertical) direction according to

BW = BW,/cos 0, (1)

where BW, is the broadside beamwidth and 0 is
the azimuth (elevation) angle relative to the
broadside direction (e.g., Visser 2005). For
example, if one were to select three faces, the
beam would scan %60° horizontally from the
broadside azimuth for each face. This means that

' The term broadside comes from the old sailing
warships where the cannons pointed perpen-
dicular to the broad sides of the ship and fired
coordinated “broadside” volleys.



the beamwidth at the transition azimuth of +60°
(BW,) between faces would be twice the
broadside beamwidth (BW,). The ratios of BW, to
BW, for this and several other face combinations
are presented in Fig. 1. As indicated in the figure,
there is minimal improvement in resolution
(decrease in the BW,/BW, ratio) when more than
four faces are used. Therefore, the most likely
choice in the future would be to use four faces
(where BW,/BW, = 1.414) in order to decrease
the amount of beam broadening near the
transitional azimuth. Each of the four antenna
faces would be used to collect data in a 90°-wide
volume scan in approximately 1 min; thus data
would be collected over the full 360° using the four
faces in only about 1 min compared to the 4-6
min required for WSR-88D data collection. In the
remainder of this paper, we investigate the
influence of beamwidth on the resolution of
various—sized vortices while assuming that the
simulated phased array radar has four faces.

2. METHOD

To investigate the influence of beamwidth on
vortex detection, we scanned a simulated radar
having a phased array antenna through the center
of four nondivergent vortices representing
tornadoes and mesocyclones. As shown in Table
1, peak tangential velocities of the vortices ranged
from 25 to 100 m s and the core diameters at
which peak velocities occur ranged from 0.25 to
5.0 km. The Burgers—Rott vortex model (e.g.,
Davies—Jones 1986) was used to simulate
tangential velocities within the vortices, where
tangential velocity increased from zero at the
center of the vortex to a broadly peaked maximum
at the core radius and then decreased with
increasing distance from the vortex center. This
model is a good fit to Doppler velocity data
collected by mobile Doppler radars near
tornadoes (e.g., Bluestein et al. 2007; Tanamachi
et al. 2007). For simplicity, vortex characteristics
were assumed to be uniform with height and
reflectivity was assumed to be uniform across the
vortices.

For the Doppler radar computations, we used
the radar simulator of Wood and Brown (1997).
Instead of scanning with an antenna having a
uniform beamwidth, we assumed that there were
four phased array faces pointed toward the
northeast, southeast, southwest, and northwest
with the beam broadening along each face as the
beam moved up to +45° away from broadside
azimuth. Since vortex resolution is a function of

the beamwidth, we evaluated phased array
antennas having broadside beamwidths of 0.5°
0.75° 1.0° and 1.5°. The variation of beamwidth
across all four faces for the four broadside beam-
widths is shown in Fig. 2.

The radar beam was assumed to be one
dimensional, consisting of only one range gate
(range depth of 250 m) that scanned through the
center of the vortex at an elevation angle of 0.5°.
The main lobe of the beam was assumed to be
Gaussian shaped with its full width being three
times wider than the half—power beamwidth (e.g.,
Doviak and Zrni¢ 1993, chapter 7). The
simulation did not include side lobes. Ordinarily,
the mean Doppler velocity value at a given
azimuth is computed from the signal returned from
a given number of transmitted pulses. However,
for the vortex simulations, we computed mean
Doppler velocity at each azimuthal position from
several hundred data points evenly spaced across
the full one—dimensional main lobe centered on
that azimuth.

For the simulated vortex measurements
presented in the next section, vortices were
placed at 1° increments across the 90°-wide
azimuthal sector and at 1-km increments from 1
to 240 km from the radar, taking curvature of the
earth into account. Each tornado (mesocyclone)
was then scanned by the radar beam at 0.01°
(0.02°) azimuthal increments, producing an
azimuthal profile of mean Doppler velocity across
the vortex. The resulting Doppler velocity signa-
ture of a vortex consists of a localized region of
positive Doppler velocity values (flow away from
the radar) near a localized region of negative
Doppler velocity values (flow toward the radar) at
the same range from the radar. For a meso-
cyclone, the average magnitude of the positive
and negative peaks was computed, representing
an approximation of the average peak tangential
velocity at the core radius. For a tornado
(following NWS convention), the Doppler velocity
difference between the positive and negative
peaks of the mean Doppler velocity profile was
computed because the core diameter of the peak
tornadic flow typically is smaller than the radar’s
beamwidth and thus not adequately resolved.
The resulting tornadic vortex signature (TVS) is
increasingly weaker than the tornado and the
apparent core diameter is increasingly wider than
the tornado with increasing distance from the
radar (e.g., Brown et al. 1978).



3. RESULTS

The choice of broadside beamwidth as well as
the increase in beamwidth away from the
broadside direction affects vortex resolution. For
example, in Fig. 3, each panel shows the ratio of
the velocity difference of the extreme Doppler
velocity values across the tornadoes (TOR) or the
mean of the extreme values that approximate the
peak rotational velocity of the mesocyclones
(MESO) at a given azimuth relative to the value at
the broadside azimuth. The values start to
become degraded with increasing range as the
beamwidth becomes as wide as the core diameter
(curved dotted line). At farther ranges, the
beamwidth is considerably wider than the core
diameter and the amount of degradation becomes
independent of core diameter or beamwidth
(essentially constant ratios at a given azimuth). It
is at these ranges that the signature of a tornado
becomes a TVS with unresolvable tornado size or
strength (e.g., Brown et al. 1978).

Since mesocyclones typically are at least an
order of magnitude larger than tornadoes, they
are considerably larger than the beamwidth and
therefore do not suffer from as much degradation.
However, the panels in Figs. 3 i-p show that
mesocyclones can experience some degradation
at farther ranges and with broader beamwidths.
Since a TVS is evident immediately before and
during the occurrence of a tornado and therefore
does not provide much warning lead time, it is the
strength and evolutionary characteristics of the
parent mesocyclone that provide an average of
10—-15 min of lead time for tornado warnings (e.g.,
Wurman et al. 2012). If a mesocyclone is
crossing the transitional azimuthal region between
antenna faces at a crucial time, it is important that
the characteristics of the mesocyclone not be
significantly degraded.

The data in Fig. 3 show the relative strengths
of the rotation signatures across the face of the
phased array antenna. However, the signatures
themselves become weaker with increasing
distance from the radar. This situation is
illustrated in Fig. 4, where the apparent peak
rotational velocities are compared to the actual
peak rotational velocities of the tornadoes and
mesocyclones listed in Table 1. Phased array
broadside beamwidths of 1.5° and 1.0° result in
weaker rotational velocities (shaded bands) than
those detected by the super—resolution WSR-88D
(dashed curves), while 0.75° and 0.5° beamwidths
produce rotational velocities that are the same or

stronger. The shaded band representing a
broadside beamwidth of 0.75° (increasing to 1.06°
across the face of the antenna) is coincident with
and on the stronger side of the super—resolution
curve (Figs. 4c, g, k, 0). Therefore, a broadside
beamwidth of 0.75° provides at least the same
detection capability as that for super—resolution
WSR-88D sampling.

4. CONCLUDING DISCUSSION

The National Weather Radar Testbed in
Norman, Oklahoma was established in part to
evaluate the feasibility of eventually replacing the
mechanically scanned parabolic antenna of the
WSR-88D with an electronically scanned phased
array antenna. With the detection of tornadoes
and mesocyclones playing a vital decision role for
NWS forecasters when issuing tornado and
severe thunderstorm warnings, the choice of the
number of antenna faces affects the detection
capability of the radar. Since beamwidth
increases inversely as the cosine of the azimuth
angle from the broadside azimuth, the greater
number of faces to cover the full 360° in azimuth,
the more uniform the beamwidth across a face.
With a minimal improvement in resolution when
more than four faces are used, the most likely
choice in the future would be four faces, with each
face covering a 90° sector over which the
beamwidth varies by a factor of 1.4.

Investigating the role of beamwidth on the
detection of vortices, we used two simulated
tornadoes and two simulated mesocyclones. A
simulated phased array radar produced Doppler
velocity signatures of the vortices across the full
90°-wide sector covered by an individual antenna
face out to ranges of 240 km. Since resolution
decreases with increasing beamwidth, it is
important to select a phased array antenna
beamwidth that will provide at least the same
tornado and mesocyclone resolution as the 1.0°
effective beamwidth provided by the WSR—-88D at
lower elevation angles with its mechanically
steered parabolic antenna. A broadside beam-
width of 0.75° that increases to 1.06° at the edge
of the face provides such resolution.

If a decision is made that it is cost effective to
replace the current antenna with phased array
antennas, it would be approximately 2030 before
the new antennas would become operational. A
main consideration is the cost of the roughly
80,000 radiating elements and associated
components that would be required for the phased



array antennas of each radar (e.g., National
Research Council 2008). Industry partners have
demonstrated that the cost of active PAR
components is decreasing and current expecta-
tions are that the cost will be affordable by the
time of deployment.

The NWS continues to add new technologies
and capacities to the WSR-88D and any phased
array radar system would have to meet or exceed
these at the time of replacement. Current
research and development activities are address-
ing the dual polarization requirement and future
research and development will be addressing
requirements imposed by the need of the radar to
serve aviation as well as meteorological
requirements.
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Table 1. Maximum tangential velocity (Vmax) and core
diameter (CD) of two tornadoes and two mesocyclones
used in the simulations. These values are a small
sample of the wide range of tornado and mesocyclone
characteristics.

Vortex Vinax (Ms™) CD (km)
Tornado 1 100 0.25
Tornado 2 75 0.50

Mesocyclone 1 50 2.5

Mesocyclone 2 25 5.0
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Fig. 1. Ratio of beamwidth at the transitional azimuth (BW) to the broadside beamwidth (BW,)
as a function of the number of faces used to encompass 360° of azimuth. The azimuthal
coverage for each of 2, 3, 4, 5, and 6 faces is +90°, +60°, +45°, +36°, and +30° respectively.
The use of 2 faces is unrealistic because the ratio is infinite owing to BW, equaling BW, /cos
90°.
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Fig. 2. Azimuthal variation of beamwidth for four different broadside beamwidths BW, when
using four phased array antennas arranged as a square (facing northeast, southeast,
southwest, and northwest) for full azimuthal coverage of 360°. The vertical dashed lines mark
the transitional azimuths between faces where BW, = 1.414 BW,. The variation ranges from
1.5° to 2.1° for a broadside beamwidth of 1.5° down to 0.5° to 0.71° for a broadside beamwidth

of 0.5°.
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Fig. 3. Ratios of Doppler velocity differences associated with simulated tornadoes (a—h) and of
peak rotational velocity signatures associated with simulated mesocyclones (i—p) relative to the
simulated broadside values as a function of range and off-broadside azimuth angle for four
broadside beamwidths (BW,). Contour lines are at ratio intervals of 0.05. The curved dotted
line indicates the range (R) at which the beamwidth is equal to the core diameter (CD) of the
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Fig. 4. Ratios of the apparent peak rotational velocity to the true peak rotational velocity for
Tornadoes 1 and 2 and Mesocyclones 1 and 2 as a function of range and four broadside
For the tornadoes, the ratios are of velocity differences that produce the
same ratios as if the mean rotational velocities had been used. The shaded band represents
the spread of ratios between the azimuth angle at BW, and the transitional azimuth angle of
The dashed curve represents the WSR—-88D super—resolution effective beamwidth of
1.0% the effective beamwidth is wider than the typical WSR-88D antenna beamwidth (about
0.9°) because the antenna rotates during data collection (e.g., Doviak and Zrni¢ 1993, 193-197;
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