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1. INTRODUCTION

Since May 2004, scientists at the
National Severe Storms Laboratory (NSSL) have
been exploring the high-temporal resolution
weather scanning capabilities of an S-band (9.38
cm), agile-beam, PAR system. Located in
Norman, OK, this system is referred to as the
National Weather Radar Testbed Phased Array
Radar (NWRT PAR). The system is part of the
broader multifunction phased array radar (MPAR)
initiative that is investigating the use of a single
radar system to perform both weather and aircraft
surveillance functions (Weber et al. 2007;
National Academies 2008). Interested readers
may read Zrni¢ et al. (2007) for a detailed,
technical description of the NWRT PAR.

A key capability of PAR technology is
high-temporal resolution sampling that can be
achieved through many methods. As illustrated in
Heinselman et al. (2008), data collection with the
NWRT PAR over a 90° sector, rather than over a
typical 360° sector, produces faster updates than
would otherwise be possible. Because a future
operational system would likely have a multi-
panel design that samples a full 360° sector, the
NWRT PAR demonstrates this design-driven
rapid-scan capability. Moreover, the NWRT
PAR’s electronic steering allows the development
of unique sampling techniques like beam
multiplexing (Yu et al. 2007) and weather-
focused electronic adaptive scanning that can
further reduce sampling time.

This paper provides an analysis of the
tradeoffs involved in the design of rapid scanning
strategies, describes the electronic adaptive
scanning technique currently implemented on the
NWRT PAR, and illustrates examples of
sampling tradeoffs employed by this unique radar
system. Although most of the tradeoff analysis
can be extended to other radar systems, the
focus of this work is on the NWRT PAR.
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2. NWRT PAR

Briefly, the NWRT PAR exploits a
passive, 4352-element S-band phased-array
antenna to provide stationary, three-dimensional
electronic scanning of weather echoes within a
given 90° azimuthal sector. The antenna is
mounted on a turntable to allow focused data
collection in the direction of greatest
meteorological interest. The antenna beamwidth
is 1.5° at boresite (i.e., perpendicular to the array
plane) and gradually increases to 2.1° at +45°
from boresite. The peak transmitted power is 750
kW and the range resolution provided by this
system is 240 m. In some aspects, such as
beamwidth and sensitivity, the NWRT PAR is
inferior compared to operational radars such as
the Weather Surveillance Radar-1988 Doppler
(WSR-88D). However, the purpose of this system
is not to achieve operational-like performance or
to serve as a prototype for the MPAR, but to
demonstrate the operational utility of some of the
unique capabilities offered by PAR technology
that may eventually drive the design of future
operational weather radars.

Significant hardware and software
upgrades have been and are needed to support
the NWRT mission as a demonstrator system for
the MPAR concept. As described in Torres et al.
(2010), since 2007 scientists and engineers at
NSSL have been improving the functionality and
capabilities of the NWRT PAR, including data
quality and the development of electronic
adaptive scanning (section 4).

3. DESIGN OF SCANNING STRATEGIES FOR
THE NWRT PAR

Pulsed weather radars continuously
sample the atmosphere in three dimensions, and
scanning strategies are used to control how this
sampling occurs. The effective design of
scanning strategies involves tailoring spatial
sampling and data acquisition parameters for a
specific need or particular meteorological
situation. Herein we discuss the considerations
and tradeoffs involved in the design of scanning
strategies. Although most of this analysis can be
extended to other radar systems, the focus is on
the NWRT PAR.



Spatial sampling occurs on a volumetric
grid defined on spherical coordinates: range,
azimuth, and elevation. The grid spacing in range
is controlled by the sampling period of echoes at
the radar receiver, and grid spacing is usually
chosen to match the depth of the radars
resolution volume to produce independent
estimates of meteorological variables along the
beam (Doviak and Zrni¢ 2006). However,
oversampling in range can be used to reduce the
uncertainty of weather data without increasing
update times (Torres and Zrni¢ 2003). In the
NWRT PAR, typical range spacing is 240 m,
though the system can oversample by factors of
4, 8, or 16. The main tradeoff associated with
range oversampling is related to the data
throughput and computational complexity that are
required with finer sampling. On the other hand,
sampling in azimuth and elevation determines the
number of beam positions in the scanning
strategy and lead to more fundamental tradeoffs
discussed next.

The scan update time (UT) is defined as
the time to complete the execution of a scanning
strategy and can be computed as

BP
UT =) DT,
i=1

where BP is the number of beam positions in the
scanning strategy and DT; is the dwell time
corresponding to the i-th beam position. This
equation shows that the scan update time is
directly proportional to the number of antenna
beam positions in the scanning strategy which, in
turn, is dictated by the sampling in azimuth and
elevation.

The azimuthal sampling is usually set to
match the antenna beamwidth so that complete
coverage can be obtained with the minimum
number of beam positions. Nevertheless,
oversampling (i.e., overlapped beams) can be
used advantageously once again; in this case, to
improve observations of small-scale features at
long ranges such as with super-resolution on the
WSR-88D network (Brown et al. 2002, Torres
and Curtis 2007). Because the NWRT PAR’s
antenna is stationary during data collection, finer
azimuthal spacing can provide improved
estimates of reflectivity and velocity magnitude,
and as a result improved depictions of storm
structure. The azimuthal beam resolution,
however, remains unchanged. The number of
beam positions in azimuth is determined by the
extent of coverage and the desired resolution. In
the NWRT PAR, the size of the azimuthal sector
is limited by electronic beam steering to +45°
relative to boresite.

(1)

The required vertical resolution and
extent of coverage determines the sampling in
elevation. Usually finer vertical resolution is
desired closer to the ground, but due to the
inherent coordinate system or the radar sampling
grid, vertical resolution varies as a function of
range. Storm tops and their range may be used
to determine the highest elevation angle of beam
positions needed to sample an entire storm. As
such, nearby storms would require larger
elevation spans and vice versa. In the NWRT
PAR, elevation angles can range from 0.5 to 60°.

In addition to being dependent on the
number of beam positions, the scan update time
is also directly proportional to the dwell times
defined by the scanning strategy. The dwell time
is the time spent at a given beam position; it
depends on the waveform, PRT(s), and desired
number of samples (pulses). In the NWRT PAR,
available waveforms are uniform PRT, batch
PRT, staggered PRT, and beam multiplexing
(BMX). The PRT controls the maximum
unambiguous range and velocity, but different
waveforms, such as staggered PRT, can be used
to mitigate ambiguities (e.g., Torres et al. 2004).
In the NWRT PAR, the PRT can range from 0.8
ms to 3.2 ms. Dwell times can be reduced by
reducing the PRT(s) or the number of samples.
However, in general, shorter dwell times result in
reduced data quality. In addition, reducing the
PRT may increase the likelihood of overlaid
echoes, and reducing the number of samples can
affect the performance of some signal processing
techniques, such as ground clutter filtering, which
require a minimum number of samples for
adequate suppression.

In summary, the scan update time can
be reduced by reducing either the number of
beam positions or dwell times. That is, achieving
faster data updates leads to a tradeoff between
spatial resolution and data quality. Nevertheless,
there are techniques that can be used to reduce
dwell times without a sacrifice in data quality. For
example, range oversampling techniques (Torres
and Zrni¢ 2003) use faster sampling rates at the
radar receiver so that more samples are acquired
in range without increasing the dwell times; range
samples collected in this way can be
decorrelated and used to reduce the errors of
estimates via averaging. Conversely, dwell times
can be increased without increasing the update
time. Beam multiplexing (Yu el at. 2007) exploits
beam agility to “multitask” by interlacing the
sampling of multiple beam positions, which leads
to longer dwell times without increasing the
overall scan update time.



a. Design tradeoffs

As introduced above, the design of
effective scanning strategies for a particular
situation must balance a number of tradeoffs.
Above all, scanning strategies must be
compatible with operations in terms of both
processing and consumption of radar data. For
example, a scanning strategy that employs BMX
would not be compatible with traditional ground
clutter filters due to the nonuniform sampling of
time-series data. Also, less traditional spatial
sampling in scanning strategies, such as range
height indicator (RHI) scans, may not be
compatible with standard displays of radar data.
Nevertheless, after operational compatibility is
attained, any scanning strategy design requires
data quality, spatial resolution, and update time
tradeoffs. Data quality is often dictated by strict
requirements that must be maintained to produce
timely and useful data for forecasters and
automatic algorithms. The spatial resolution of
radar data determines the ability to detect small-
scale phenomena. On the other hand, the scan
update time relates to the potential to detect fast-
evolving phenomena. In conclusion, update time
can be traded for data quality and/or spatial
resolution and the best compromise depends on
the particular consumer (user or algorithm) of
radar data.

b. Design criteria

The concept of designing custom
scanning strategies is not unique to PAR-based
systems. For instance, the WSR-88D network
uses precipitation and clear-air scanning
strategies with different tradeoffs (NOAA 2006);
three examples follow. Precipitation volume
coverage pattern (VCP) 21 comprises 9 elevation
tilts (0.5 to 19.5°) and employs long dwell times
resulting in a 6-min scan update. This scanning
strategy trades improved data quality for slower
update times and coarser vertical sampling.
Precipitation VCP 12 comprises 14 tilts (0.5 to
19.5 °) and employs short dwell times resulting in
a ~4-min scan update. This strategy trades faster
updates and denser vertical sampling at the
lower tilts for reduced data quality. Clear-air VCP
31 comprises 5 tilts (0.5 to 4.5°) and employs
long dwell times with a 10-min scan update. This
strategy trades improved detection and better
data quality for slower update times and limited
vertical sampling.

Similarly, for NWRT PAR we have
adopted phenomenon-specific scanning
strategies. These achieve the best tradeoffs for a
particular situation. Improved spatial resolution is
achieved with scanning strategies employing

higher-resolution  vertical sampling and/or
azimuthal sampling. Unique to the PAR is that
the inherent beam broadening can be exploited
to reduce the number of beam positions and
obtain faster updates (e.g., to completely cover a
90-deg sector, only 55 non-overlapping radials
are needed). For improved temporal resolution
there are different options. BMX can be exploited
to produce good data quality with faster updates.
Yu et al. (2007) report it is possible to reduce the
scan time by a factor of 2 to 4 without an
increase in the errors of estimates at high signal-
to-noise ratios. The tradeoff is in terms of data
quality since effective ground clutter filters that
are compatible with BMX have yet to be
developed.

More frequent updates for the lowest tilt
are achievable by adding a low-elevation scan
half way through the scanning strategy. This
results in good data quality, but faster updates
are only realized at the lowest tilt and this leads
to slightly slower updates elsewhere. Through
elevation-prioritized scanning different updates at
different levels can be achieved. In general, the
fastest updates occur at the lowest tilts for the
best temporal resolution closer to the ground.
Intermediate tilts are updated less frequently,
enough to detect new storm developments with
short latency. Finally, the upper tilts get the
slowest updates. Another way to improve the
temporal resolution of the NWRT PAR without
loss in data quality is to scan less than the full
90°. However, new developments outside the
reduced sector are likely to be missed. An
optimum compromise to produce good-quality
data with faster updates is to employ adaptive
scanning techniques that automatically focus
data collection on smaller areas of interest at the
same time that periodic surveillance is performed
to capture new storm developments. This
automatic algorithm is described in the next
section.

4. ADAPTS: Adaptive Data Signal Processing
Algorithm for PAR Timely Scans

ADAPTS is a  proof-of-concept
implementation of spatially targeted adaptive
scanning for the electronically steered NWRT
PAR. Preliminary evaluations of ADAPTS have
shown that the performance improvement with
electronic adaptive scanning can be significant
compared to conventional scanning strategies,
especially when observing isolated storms as
illustrated in section 5. ADAPTS works by turning
“on” or “off” individual beam positions within a
scanning strategy based on three criteria. If one
or more criteria are met, the beam position is
declared active. Otherwise, the beam position is
declared inactive. Active beam position settings
are applied and become valid on the next



execution of a given scanning strategy.
Additionally, ADAPTS periodically completes a
complete volumetric surveillance scan, which is
used to redetermine where weather echoes are
located. A user-defined parameter controls the
time between full surveillance scans (by default
this is set at 5 min). Following a surveillance
scan, data collection continues only on the active
beam positions.

A beam position becomes active if one
or more of the following criteria are met: (1)
reflectivities along the beam meet continuity,
coverage, and significance conditions; (2) the
elevation angle is below a predefined level; or (3)
a “neighboring” beam position is active based on
the first or second criteria. The first criterion uses
continuity, coverage, and significance conditions
to make a quantitative determination of the
amount of significant weather returns at each
beam position. In this context, a beam position is
active if it contains: (a) a certain number of
consecutive range gates (by default 4) with
reflectivities exceeding a threshold (by default 10
dBZ), and (b) a total areal coverage (by default 1
km? with reflectivities exceeding the same
threshold. The second criterion provides data
collection at all beam positions for the lowest
elevation angles to monitor low-altitude
developments. A user-defined elevation threshold
(2.5° by default) controls the lowest elevation
angle where ADAPTS may begin to deactivate
beam positions. The third criterion uses
“neighboring” beam positions to expand the data
collection footprint to allow for continuous
adaptation in response to storm advection,
growth, or decay. Nevertheless, new
developments at midlevels may not be
immediately sensed, and therefore additions to
the list of active beam positions may be delayed
until the next full surveillance volume scan.
Neighboring beam positions are defined as those
immediately above and below in elevation and
two on either side in azimuth of an active beam
position (i.e., there are a total of 6 neighbors for
each beam position, unless the scanning domain
boundaries are approached). If no beam
positions are defined active above the user-
defined elevation threshold (criterion 2), ADAPTS
will activate all beam positions at the tilt directly
above the elevation threshold.

At the time of this writing, ADAPTS only
works with scanning strategies that have a
specific structure. ADAPTS assumes that there is
only one PPl scanning strategy that repeats
continuously. The algorithm also expects that all
tilts are ordered in ascending elevation order, and
use the same azimuth beam positions with a
minimum azimuthal spacing of 0.5° (i.e., the
maximum number of beam positions in an
elevation is 180). These limitations will be

removed with the next upgrade cycle scheduled
for the Spring of 2010.

Users at the RCI can monitor the
performance of the ADAPTS algorithm by looking
at a graphical display of active beam positions
(Fig. 1). Beam positions are color-coded as
follows: white beam positions are inactive, green
and yellow beam positions are active. Green
beam positions meet the first and second
detection criterion, whereas yellow beam
positions correspond to the “neighbor” footprint
extension (third criterion). The display updates
every second and highlights in red the “current”
beam position.

Fig. 1. Depiction of ADAPTS' real-time
performance at the NWRT PAR user interface.
Beam positions on an azimuth-by-elevation plane
are color-coded as follows: white beam positions
are inactive, green beam positions are active
based on elevation and coverage criteria, and
orange beam positions are active based on the
neighborhood criterion.

5. ILLUSTRATIONS OF SAMPLING
TRADEOFFS WITH THE NWRT PAR

One of the key advantages of NWRT
PAR is the capability to produce the higher-
temporal resolution data desired by NWS
forecasters (e.g., Steadham 2008), broadcast
meteorologists in the Southern Plains (LaDue et
al. accepted), and several government agencies
(OFCM 2006). Multipanel designs typical of PAR
systems reduce sampling time by each panel
scanning only part of a 360° sector (Brookner
1988). This type of design is demonstrated by the
90° sector scanned by the NWRT PAR. As
discussed in section 3, though, depending on the
situation, update time can be traded for spatial
resolution and/or data quality. This section uses
case examples to illustrate some of the sampling
tradeoffs employed by the NWRT PAR for
scanning storms.




a. Trading update time for higher-resolution
vertical sampling

When WSR-88D VCPs are employed by
the NWRT PAR, temporal resolution is improved
by a factor of four due to the smaller sector size:
90° vs 360°. Sampling storms with VCPs 11 and
12, for example, results in updates of 1.25 and
1.0 min, respectively. Given this significant
improvement in temporal sampling, a relevant
research question is: in what situations might it
be worthwhile to reduce the temporal sampling
rate to improve observations of vertical storm
structures?

To study this question, a scanning
strategy with 25 tilts, spaced to provide a vertical
overlap of up to one-half beamwidth, was
developed and implemented in spring 2009.
Rather than designing a “one-size-fits-all”’
scanning strategy, two versions were developed
to better sample the vertical structure of storms
located near and far from the radar (Fig. 2). The
near-version extended to 28.5° to provide more
detailed sampling through higher heights than
typical scanning strategies. In contrast, the far-
version (radar range > 80 km) extended to only
16.1° to avoid scanning above storm top height
(assumed < 18 km AGL), while providing even
denser vertical sampling than the near scan (Fig.
2). In both versions the number of samples either
matched or exceeded those of VCP 12 (NOAA
2006), and the PRTs were chosen to match the
maximum expected range of storms. Slight
adjustments to the PRTs and number of samples
achieved the same update time for both versions.
Data were collected using a batch PRT waveform
and 1° azimuthal oversampling. This combination
of scanning strategy characteristics produced an
update time of ~2 min.
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Fig. 2. The 25 elevation angles that define the near-

(open circles) and far-versions (filled circles) of the

dense vertical scanning strategy.

One radar-derived application that could
benefit from dense vertical sampling is storm-top
height estimates. In this study, storm-top height is

defined as the highest height at which 18 dBZ or
higher reflectivity factor is sampled. Because
uncertainty in storm-top height estimates is
related primarily to the spacing between
consecutive tilts, closer spacing reduces
uncertainty. The impact of dense vertical
sampling on storm top estimates is illustrated in
Fig. 3. In this case, a group of longitudinally
oriented storms, located about 100 km from the
NWRT PAR, were sampled at ~0352 UTC 13
May 2009 using the far-version of the dense
vertical scanning strategy (Fig. 2). Typically, the
upper-levels of storms (in this case 11-15 km
MSL) located 100 km from the radar would be
sampled by two elevation angles (2°-increment)
rather than by four (Fig. 3). If these two elevation
angles were 6.48° and 8.46°, storm-top height
estimates would be 14.9 km MSL for storm A and
11.8 km MSL for storms B-E. The dense vertical
sampling better captures variations in storm-top
height among storms A through E (Fig. 3) and
reduces the uncertainty of estimates. The storm-
top heights resulting from denser vertical
sampling are A: 14.9 km, B: 13 km, C: 14 km, D:
12.6 km, and E: 11.8 km MSL. As mentioned
earlier, the trade-off for dense vertical sampling is
longer sampling time (2 vs 1 min).

Fig. 3. Storm-top heights (18 dBZ echo) depicted
by dense vertical sampling at ~0352 UTC 13 May
2009. Elevation angles are (a) 8.46°, (b) 7.76°,
(c) 7.10°, and (d) 6.48°. Letters denote the tilt at
which storm top height was computed. Range
rings are shown in 50-km increments.



b. Trading update time for higher-resolution
azimuthal sampling

The depiction of velocity signatures with
significant gradients in the azimuthal direction
depends strongly on azimuthal sampling. Similar
to super-resolution sampling (Brown et al. 2002),
50% overlapped azimuthal sampling (0.75-1.05°)
was employed to improve the resolution of
azimuthal signatures sampled by the NWRT
PAR. Because the beamwidth varies across the
sector, the oversampling is adjusted accordingly.
In this case, the increased number of azimuthal
beam positions (55 without oversampling; 109
with 50% oversampling) at all elevations (14)
increases the sampling time of the VCP. These
sampling characteristics increased the volumetric
sampling time from about 1 min to approximately
1.4-min.

A key velocity signature that can benefit
from high-resolution azimuthal sampling is the
mesocyclone signature. At 0131:24 UTC 1 May
2009, the NWRT PAR sampled the center of a
mesocyclone signature located ~170 km west-
northwest of the NWRT PAR (Fig. 4). At this
location the azimuthal sampling spacing without
oversampling was ~4.63 km, whereas with 50%
oversampling the azimuthal sampling spacing
was ~2.31 km. To simulate velocity and
reflectivity fields without azimuthal oversampling,
every other radial was removed from the
oversampled data and then plotted for
comparison. The comparison of the structure of
the mesocyclone signature in the velocity field,
and the structure of the inflow notch and hook
echo in the reflectivity field shows that these
structures are more poorly resolved when
azimuthal oversampling is not employed (Fig. 4).

The improved vertical and azimuthal
spatial resolution illustrated in Figs. 3 and 4 came
at the expense of slower update times. The
remaining subsections describe three scanning
methods that can achieve the high-temporal
resolution sampling needed to observe rapid
evolution in severe storms.

Fig. 4. Comparison of velocity and reflectivity
fields at 0.5° elevation with no azimuthal
oversampling (left panel) and 50% overlapped
azimuthal sampling (right panel).

c. Achieving high-temporal resolution data with
beam multiplexing (BMX) and sector
scanning

On 19 August 2007 low-top supercells
developed in a tropical environment, rarely
experienced in Oklahoma, a few hours prior to
the reintensification of tropical cyclone Erin (Arndt
et al. 2009). Due to the potential for tornado
development, both high-temporal resolution
sampling (< 1 min) and accurate estimates of
radial velocity were desired. This goal was
accomplished by implementing a BMX scanning
strategy with the same 14 tilts as the NEXRAD
VCP 12 (NOAA 2006). Accurate velocity and
reflectivity estimates were obtained by sampling
the storm with 64 pulses at all elevations.
Velocity aliasing and update time were minimized
by employing a uniform and lowest available PRT
(0.8 ms). In this case, the uniform PRT was
appropriate due to the lack of storm development
beyond 120 km. The azimuthal sampling spacing
of velocity estimates was improved by fixed 0.5°
oversampling. Without BMX, these scanning
strategy characteristics would typically produce
132-s volumetric updates over a 90° sector. The
implementation of BMX increased the temporal
resolution by approximately a factor of 2,
resulting in 63-s updates. In the example shown,
the update time was reduced further, from 63 s to
43 s, by decreasing the sector size to 60° (Fig.
5). The smaller sector size focused data
collection on a low-top supercell located ~60 km
from the NWRT PAR (Fig. 5a). At this radar
range, the height of the 0.5° tilt was 0.8 km MSL
and the spatial distance between azimuthal
observations was 0.52 km.

The 43-s volumetric sampling captured
the development of a cyclonic velocity couplet at
the 0.5° elevation during 0141:27-0143:36 UTC
19 August 2007 (Fig. 5b). A damage survey later
revealed that about 2 min after the velocity
couplet first appeared on the NWRT PAR (Fig.
5c), a short-lived (~2 min) tornado occurred that
produced EF1 damage along a swath 2.0-km
long and 0.036-km wide (
http://ewp.nssl.noaa.gov/projects/shave/tornsurve
ys.php#map). During the tornado’s short lifetime,
the maximum measured gate-to-gate azimuthal
velocity difference was 48 m s". The rapid
development and short-lived nature of this
tornado llustrates the need for high-temporal
resolution data to sample this type of event. As
mentioned previously, a drawback of this
scanning strategy is that ground clutter filtering is
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currently unavailable for BMX. However, this was
not an issue in this particular case because the
storm of interest was located beyond the typical
clutter field for the NWRT PAR.

Fig. 5. (@) A 60° sector scan of 0.5°-elevation
reflectivity and velocity fields at 0140:44 UTC 19
August 2007. Range rings are in 20-km
increments. The white box denotes the location
and scale of the storm whose evolution at the
0.5° tilt is shown (b) prior to and (c) during an
EF1-rated tornado, whose location and duration
was determined by the associated damage
survey. The white circle encloses the tornadic
vortex signature.

d. Elevation-prioritized scanning for rapid-
updates at low elevation angles

Elevation-prioritized scanning is
designed to provide the fastest update rate at
low-elevation angles and the slowest update rate
at high-elevation angles. In this case, 14 tilts are
elevation-prioritized to accomplish the following
within about 4 min (Fig. 6):

e 6 wupdates at the Ilowest 2
elevations,

e 3 updates at the next 5 elevations,
and

e 2 updates at the 6 highest
elevations.
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Fig. 6. Temporal order of elevation angles in
near-version of elevation-prioritized scanning
strategy. The median temporal resolution is
indicated by the colored dots: orange: 43.5 s
(0.73 min), green: 87s (1.45 min), blue: 132.5 s
(2.2 min).

Due to the interlaced nature of this
scanning strategy, the temporal sampling rate at
a fixed elevation angle varies. The time intervals
between 0.5°-elevation scans, for example, range
from 41 to 51 s, with a median time interval of
43.5 s. The median update times for the
elevation-prioritized scanning strategy are as
follows: the lowest two elevation angles 43.5 s
(0.73 min), the middle elevation angles 87 s (1.45
min), and upper-elevation angles 132.5 s (2.2
min).

Like the dense vertical scanning
strategy, the elevation-prioritized scanning
strategy has two versions: near and far. Only the
near-version is described in detail (Fig. 6)
because the storm in the case example was
located within 50 km of the NWRT PAR. Both
versions, however, operate similarly with the
main difference being the specific elevation
angles and PRTs employed.

The update times result from the
number and temporal ordering of the elevation
angles, the PRTs, azimuthal sampling, and
number of pulses. To improve azimuthal
sampling, the elevation-prioritized scanning
strategy implements 50% overlapped azimuthal
sampling at all elevation angles. To further
improve detection of tornadic vortex signatures
and other hazardous weather signatures, velocity
errors at the lowest two tilts are minimized by
collecting a relatively high number of pulses (64).




The accuracy of reflectivity data is also enhanced
by collecting more than the traditional number of
pulses (16) for all surveillance scans. The higher
number of pulses provides less noisy depictions
of hook echoes, bounded weak echo regions,
and other reflectivity signatures associated with
potentially severe convective storms.

On the evening of 13 May 2009 (CDT) a
cyclic supercell moved across Oklahoma City,
Oklahoma. Because tornado occurrence was a
concern, high-temporal resolution sampling,
especially at the lower elevations, was desired.
As noted earlier, due to the storms’ proximity to
the NWRT PAR, the supercell was sampled with
the near version of the elevation-prioritized
scanning strategy (Fig. 6), which provided 43.5 s
median updates at the two lowest elevations: 0.5°
and 1.5°. These data were collected while the
supercell’'s hook echo and several mesocyclone
circulations were located within 10 to 20 km of
the NWRT PAR during 0318:11-0348:26 UTC 14
May 2009.

At 0339:25 UTC, a prominent cyclonic
circulation at the 0.5° elevation was sampled by
0.22-km azimuthal spacing at a height of 0.5 km
MSL (Fig. 7). To track the intensity of the initial
and subsequent circulations, the maximum
azimuthal velocity difference within 1 km of the
circulations’ center was computed. Though the
velocity difference associated with this first
circulation was 23.5ms” at 033925 UTC, it
rapidly dissipated within the following 2 min.
Within this same time interval, a new circulation
developed ~1 km to the north of the former one
(0341:00 UTC, Fig. 7). The initial velocity
difference of this second cyclonic circulation was
26 m s (0341:00 UTC); this intensity was
maintained or exceeded during the next 5 min.

A comparison of the locations of this
velocity signature with a damage survey
(completed by the first author and Les Lemon,
who is affiliated with the Warning Decision
Training Branch) concluded that a short-lived
tornado producing EFO damage occurred during
the 0342:24 and 0343:50 UTC volume scans
(Fig. 7). During its short duration, the maximum
measured velocity difference was 31.5 m s™ (0.5
km MSL) at 0343:50 UTC. Within the tornado’s
lifetime, it crossed the marina on the western
shore of Lake Stanley Draper and proceeded
southward across a picnic area, parking lot, and
walking path just east of a small pond, producing
an approximate 0.80-km long damage path.
Once again, the rapid development and short-
lived nature of this tornadic event illustrates the
need for high-temporal resolution radar data to
detect the occurrence of similar types of events.
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+——— EF0 Tornado at Lake Stanley Draper Marina +———

Fig. 7. A time series of NWRT PAR 0.5°-elevation
radial velocity data prior to and during the EFO
tornado over Lake Stanley Draper. The white
circle highlights the two significant cyclonic
circulations discussed in the text.

e. Adaptive scanning

During 0040:59-0044:03 UTC 1 May
2009, data were collected on an isolated storm
located in Custer County, Oklahoma (Fig. 8a).
The storm developed into a nontornadic supercell
that, according to a preliminary Storm Data
report, produced up to baseball-size hail stones
(2.75in) at approximately 0200 UTC near
Stafford, Oklahoma in south-central Custer
County (http://www.spc.noaa.gov). Because the
storm was isolated, it was a good candidate for
demonstrating and evaluating the potential utility
of ADAPTS. As described in section 4, a primary
goal of ADAPTS is to reduce scan time by
sampling only regions containing weather
echoes, while capturing the growth, decay, and
horizontal advection of existing storms. When
ADAPTS is running, full volume scans are
collected at ~5-min intervals, with adaptive
scanning occurring between them.
Due to the storm’s distance from the PAR, 150 to
200 km, and a desire for rapid updates at all tilts,
the storm was sampled with a far-version of a
conventional 14-tilt scanning strategy that
extended to 15.5°. Like several of the other
scanning strategies, this one employed 50%
overlapped azimuthal sampling at all elevations;
the PRTs ranged from 0.8 to 3.104 ms. These
sampling characteristics resulted in
approximately 1.4-min updates.

Fig. 8b shows the improvement in
temporal resolution attained from ADAPTS. The
occasional gaps in the time series indicate loss of
data collection owing to rebooting the radar
control interface. The highest improvement in
temporal resolution, 0.9 min, occurs early in the



storm’s life time: 0040:59 — 0052:44 UTC. Over
the next hour, volume updates of 1 min or less
are maintained between volume scans (Fig. 8b).
Thereafter, Fig. 8b shows a nearly linear increase
in sampling time between 5-min intervals, which
directly corresponds to an increase in the number
of active beam positions. The contributing factors
to the increase in active beam positions were an
increase in the number of storms sampled and
horizontal (Fig. 8a) and vertical (not shown)
storm growth as the storms advanced toward the
NWRT PAR.
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Fig. 8. (a) Three 0.5°-elevation reflectivity images
illustrating the evolution of areal storm coverage
on 1 May 2009. The green box outlines Custer
County in west-central Oklahoma. (b) Time series
showing temporal resolution of 102 volume scans
collected within 0040:59 — 0244:03 UTC 1 May
2009. Blank areas within the time series indicate
a break in data collection.

5. Conclusions

The focus of this work was the capability
to observe weather phenomena with high-
temporal resolution. The tradeoffs that exist when
designing scanning strategies were discussed.
We presented examples of scanning strategies
that trade update time for coverage and/or data
quality and illustrated each of these with case
data. The examples show that having
phenomenon-based, adaptive scanning
strategies is essential to fully capitalize on the
benefits of PAR technology in a multifunction
environment in which radar resources are shared
by multiple tasks.

Although a comprehensive study of the
improvements resulting from high-temporal
sampling of weather phenomena was beyond the

scope of this study, it was demonstrated that
PAR technology can be exploited to achieve
results that are unfeasible with current
operational technology. Nonetheless, more
research is needed to translate these
improvements into concrete, measurable, and
meaningful service improvements for the National
Weather Service. As such, the NWRT PAR will
continue to explore and demonstrate new
capabilities to address 21st century weather
forecast and warning needs.
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