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Abstract—Phased array radar (PAR) systems are widely con-
sidered the future of atmospheric science radar technology
because they offer much faster and more versatile scanning than
traditional, parabolic dish radars. The Atmospheric Imaging
Radar (AIR) is a mobile PAR developed at the University
of Oklahoma (OU) that uses digital beamforming to collect
volumetric observations rapidly (5 to 10 s). Between 2011 — 2019,
annual field campaigns were conducted to study thunderstorms,
resulting in one of the largest collections of PAR data for weather
research and extensive involvement of undergraduate and gradu-
ate students. In this study, the AIR system, past research findings,
and new data examples are highlighted. In addition, the open-
access AIR data archive is discussed, which allows interested
users to download these unique PAR observations.

Index Terms—Phased Array Radar. Imaging Radar. Weather
Radar. Tornado. Mesoscale Convective System.

I. INTRODUCTION

The atmosphere evolves rapidly over short time scales
across many scales of motion. In particular, severe thunder-
storms can produce hazards in seconds to minutes (e.g., tor-
nadogenesis) [1]-[7]. Rapid-scanning radars are thus critical to
detecting severe weather as well as capturing quickly evolving
microphysical and dynamic processes needed to understand
their formation. Rapid-scanning mobile radars, in particular,
provide close-range observations of severe storms.

To address the need for faster volume scans, several phased
array radars (PARs) have been developed for atmospheric
science research and advancement of future operational radar
network prototypes. Most of these PARs transmit and receive
an electronically steered pencil beam, including the National
Weather Radar Testbed PAR [8], the MWR-05XP [2], and the
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Rapid Doppler on Wheels [9]. In 2011, the ARRC commis-
sioned the Atmospheric Imaging Radar (AIR) [10] (Figs. 1, 2).
The AIR transmits a vertically spoiled beam and receives
data using 36 subarray antennas. Using imaging or digital
beamforming, the AIR applies different sets of weights to
each subarray channel to form multiple simultaneous pencil
beams within a 20° field of view. Combined with mechanical
rotation in azimuth, this enables faster volumetric scans than
other PAR systems and an instantaneous and contiguous view
in the vertical plane.

The goal of this study is to summarize the AIR field
campaigns and data sets collected between 2011 — 2019, which
led to one of the most extensive mobile PAR data sets for
weather research. A concise review of research findings from
AIR data sets will be presented, and AIR data examples from
unpublished studies will be presented to highlight advantages
of imaging technology. A short description of the Advanced
Radar Research Center’s (ARRC’s) data repository is also
provided, focusing on downloadable AIR cases.

Fig. 1. Photo of the Atmospheric Imaging Radar.

II. AIR SYSTEM OVERVIEW AND FIELD EXPERIMENT
DESIGN

The AIR was a 36-element, vertically oriented, X-band
phased array mobile radar capable of digital beamforming
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[10], [11]. This capability allows for radar imaging vertically,
resulting in instantaneous vertical cross sections. With me-
chanical rotation in azimuth over 90°, the AIR can obtain
90°-by-20° volumetric sectors every 6-7 s.

A summary of the AIR’s specifications is provided in
Table I. The transmit horn produces a 20°-by-1° (in elevation
and azimuth, respectively), horizontally polarized beam that is
received by the 36 subarrays. Each subarray channel collects
IQ data at every pulse. Data are beamformed offline using
a variety of traditional and adaptive non-parametric beam-
forming techniques, ranging from windowed Fourier to Robust
Capon [12]. In general, traditional Fourier beamforming was
used to process the data sets, and the array aperture combined
with Fourier beamforming results in approximately 20, 1°-
by-1° beams. Data are then oversampled by a factor of 2 in
both azimuth and elevation, and the 5-MHz, pulse-compressed
waveform is sampled at 30 m in range [13].

The AIR was extremely well-suited to observe rapidly
evolving weather phenomena such as tornadoes. Tornadoes
change (and can form/decay) on the order of seconds [2], [3],
making it extremely important to scan at high temporal and
spatial resolution in order to resolve critical details related to
tornadogenesis, tornado maintenance, and tornado dissipation.
By mounting the antenna on a mobile platform, researchers
were able to navigate to within a few km of forming and
ongoing tornadoes. The combined spatial and temporal reso-
Iution of the AIR made for the highest-combined (temporal
and spatial) resolution of tornadoes in history [11].

An additional important feature of the AIR is the ability
to form consecutive beams in the vertical dimension. For
example, traditional rotating dish antennas and even previously
used mobile phased arrays often leave large gaps in elevation
in order to increase volumetric update rates [9]. This is due
to a limited number of beams (e.g., a limited bandwidth for a
phased-array system), or the use of a pencil beam that would
take too many rotations of a dish antenna to achieve acceptable
volumetric update rates. Given that the AIR creates instanta-
neous vertical cross sections, the full volume is collected with
high spatial and temporal resolution, allowing for the analysis
of new features in a holistic sense. One drawback of the
imaging technique, however, is higher vertical sidelobes and
reduced sensitivity compared to parabolic reflector systems.
Adaptive beamforming techniques, however, can help address
this issue by suppressing vertical sidelobes [12], [14], [15].

The AIR was developed and built in an interdisciplinary
manner at the ARRC at the University of Oklahoma, involving
students, staff, and faculty from the Electrical and Computer

TABLE I
AIR SYSTEM SPECIFICATIONS

Frequency 9.55 GHz
Transmitter 3.5-kW TWT
Transmit Beamwidth 20° x 1°
Beamwidth (after beamforming)  1° x 1°
Polarization Single (H)
Range resolution 30 m
Number of elements 36

Engineering, Mechanical Engineering, and Meteorology de-
partments [10]. Students led key components of the design
of radar software and hardware [16], [17]. The AIR pedestal
was designed and built as an undergraduate Capstone project
by students in Mechanical Engineering, while much of the
radar software/hardware development was part of a PhD
dissertation project [17]. Field experiments were largely led by
senior Ph.D. students from the Meteorology and Electrical and
Computer Engineering departments. Students led forecasting
efforts, served as the in-field instrument principal investiga-
tor (PI), and operated the AIR. This approach resulted in
unprecedented opportunities for graduate and undergraduate
students to participate in field experiments, with over a dozen
students involved for at least one year of deployments. Ad-
ditionally, National Science Foundation Research Experiences
for Undergraduates students at the National Weather Center
in Norman, OK were involved in both field experiments
and data analysis. A plethora of undergraduate reports, peer-
reviewed conference and journal manuscripts, Master’s theses,
and Ph.D. dissertations resulted, making it one of the most-
prolific radars for student research for nearly a decade.

III. SUMMARY OF AIR DATASETS AND RESEARCH
FINDINGS

AIR field experiments documented a large number of su-
percell and tornado cases, in addition to other mesoscale
phenomena. From 2012 — 2019, 46 separate deployments
occurred on supercell thunderstorms including observations
of at least 10 tornadoes. In addition, cold fronts and outflow
boundaries were targeted to study their turbulent structure.
Deployments on mesoscale convective systems (MCSs) and
isolated deep convection were conducted to facilitate three-
dimensional wind retrievals. In this section, we briefly review
the research findings stemming from these data sets.

The AIR has observed all phases of the tornado lifecycle
as well as numerous instances of tornadogenesis failure. Tor-
nadogenesis was observed during the 24 May 2016 Woodward,
Oklahoma EF-0 tornado and the 19 May 2013 Shawnee,
Oklahoma EF-3 tornado [7]. During the 24 May 2016 tornado-
genesis case, rotation initially failed to develop upward above
1 km AGL resulting in tornadogenesis failure. However, 1 —
2 min after tornadogenesis failure, rotation rapidly intensifies
through at least 5 km AGL to tornado intensity, simultaneously
in the lowest 3 km and upward above 3 km over the next
30 s [18]. In an instance of cyclic tornadogenesis, the AIR
documented a looped vortex path during the occlusion and
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Fig. 3. Instantaneous vertical cross section through the Wheeler, TX 16 May 2017 tornado at 22:29:58 UTC, showing a) radar reflectivity factor, b) Doppler
velocity and c¢) a PPI scan of radar reflectivity factor. The weak-reflectivity band (WRB) is annotated on a) and c) showing its position north of the tornado.
The tornado is evident from the strong aliased velocities in b) and the weak-echo hole (WEH) in c).

rapid formation of a new EF-3 tornado in only 1 min [7]. AIR
analysis of the 21 May 2014 Denver, CO supercell documented
the rapid evolution of a vortex that failed to reach tornado
strength (subtornadic vortex), illustrating its formation during
a rear-flank gust front surge [11].

During the mature stages, the AIR documented rapidly
evolving debris processes, velocity signature changes, and
storm-scale processes within tornadic storms. During the 19
May 2013 Shawnee, Oklahoma tornado, small pockets of
debris appeared and ascended preferentially on the south side
of the tornado over a period of 30 s [11]. During the Tip-
ton, Oklahoma tornado, rapidly ascending debris were noted
during periods of greater vortex tilt [19]. The tornado also
exhibited periodic low-level (<500 m AGL) intensity changes
occurring both simultaneously in several instances and upward
in another instance [19]. During a Fujiwara-like interaction of
two mesocyclones, the primary mesocyclone weakened over
20 s when the two mesocyclones were in close proximity [11].

The AIR captured the late mature and dissipation stages
of the 27 May 2015 Canadian, TX tornado [20]. Time-height
analysis of tornado vortex signatures revealed a multi-mode
decay process, with the tornado weakening first in a near-
simultaneous manner above 1.25 km and then weakening
downward to 500 m. About 2 min following the initial
weakening, the final dissipation occurs with a rapid decrease
in rotation velocity at all altitudes in 30 s.

Although not as extensively studied as tornadoes, scientists
used AIR data to analyze other mesoscale phenomena. An im-
portant advantage of the AIR compared to traditional weather
radar scans are the instantaneous vertical cross sections ob-
tained. On 19 September 2015, the AIR performed stationary
RHI scans every 1-s through a cold front and documented the
full lifecycle of several Kelvin-Helmholtz Instabilities [21].
The efficacy of 3D advection correction techniques was also
examined for a single-cell thunderstorm [22].

IV. CASE EXAMPLES AND THE OPEN-ACCESS AIR DATA
ARCHIVE

In this section, a few example cases and scientific applica-
tions are highlighted from the AIR data archive. The benefits
of both high-temporal resolution and instantaneous vertical

cross sections are discussed. Finally, the open-access AIR data
archive is described.

A. 16 May 2017 Wheeler, TX, tornado

The AIR crew documented the mature stage of an EF-2
tornado near Wheeler, TX, on 16 May 2017. The AIR operated
110-degree wide sector scans every 7 s with a maximum
unambiguous velocity of 25 m s~!. Among the interesting
features documented were the lifecycles of several weak-echo
reflectivity bands (WRBs [5]), one example of which is shown
in Fig. 3. The vertical cross section shows the WRB, which
is a narrow column of reduced radar reflectivity factor. In a
horizontal view, the WRB is located about 1 km to the north
(down range) of the tornado and stretches cyclonically around
the north and east side of the tornado (Fig. 3c). The WRB is
distinct from the tornado’s weak-echo hole (WEH), a circularly
shaped area of low reflectivity caused by centrifuging. Vertical
cross sections show a strong horizontal vortex located down
range from the tornado, and the WRB is located between the
tornado and the center of the horizontal vortex (Fig. 3b).

While the authors of [5] hypothesized that these bands
were associated with horizontal vortices, the AIR’s vertically
continuous data clearly show that a strong horizontal vortex is
associated with the WRB. In contrast to initial hypotheses, the
WRB is not the result of hydrometeor centrifuging within the
horizontal vortex, but instead is a vertically elongated feature
displaced toward the updraft side of the horizontal vortex.

B. 17 May 2016 Elk City, OK, Quasi-Linear Convective
System

Detecting tornadoes in quasi-linear convective systems
(QLCSs) is exceptionally difficult with the current operational
radar network, leading to reduced warning lead-time for QLCS
tornadoes compared to supercell tornadoes. Rapid volume
scans may illuminate processes related to QLCS mesovortex
and tornado formation, thus improving their detection.

On 17 May 2016, AIR captured the transition stage of a
high-precipitation supercell becoming a QLCS near Elk City,
OK. During this brief AIR deployment (0328 — 0333 UTC),
several mesovortices developed along the leading edge of an
advancing QLCS outflow surge (Fig. 4). The outflow advanced
at approximately 25 m s~! to the southeast, and 6 — 8 inch
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Fig. 5. AIR radial velocity from near-zenith (83° elevation angle), conical scans through a mesoscale convective system near Wichita, KS on 18 May 2018.
In panel a), strong vertical velocities are observed within the updraft including a small-scale region of aliased velocities implying updraft exceeding 25 m

s~1. In panel b), a horizontal vortex is seen at about 3 km AGL.

diameter trees were reported down around 0330 UTC. At
0330:48 UTC, AIR observations show two small-scale hook
echoes associated with three distinct mesovortices (Fig. 4a,b).
The northern hook echo had two embedded mesovortices along
it (labeled A and B), with an inflection in the hook echo
near B. Over the next 20 s, all three mesovortices intensified
considerably and inbound velocities of of mesovortex A and C
became aliased (Fig. 4c,d). While no confirmed tornado was
associated with these mesovortices, this analysis illustrates the
need to obtain volume scans of mesovortices every 10 — 20 s.

C. 18 May 2018 Wichita, KS, MCS

The structure of convective updrafts is difficult to observe
since the uncertainties in vertical velocity retrievals (e.g., from
dual-Doppler) are high [23], [24]. One approach to spatially

sampling (near-)vertical velocities is to point a phased array
radar vertically and image its vertical structure within a conical
region. On 18 May 2018, the crew operated the AIR in
a near-vertically pointing mode (83° elevation) during an
MCS overpass around 0430 UTC, and two different vertical
cross sections are shown in Fig. 5. Despite a disorganized
appearance on radar, near-vertical velocities sampled by the
AIR (Fig. 5a) exceeded 25 m s~ ! around 6 km AGL!.
Unfortunately, severe attenuation did not permit observations
past 8 km AGL. Another vertical cross section reveals strong
horizontal vorticity between 4-5 km AGL (Fig. 5b), occurring
on relatively small scales (about 1 km across). While strong

'Updraft speeds are likely higher since hydrometeor fall speed effects are
not included.
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horizontal vorticity is often seen at low altitudes (e.g., along
gust fronts), strong horizontal vorticity at middle levels may
attributed to highly turbulent eddies within deep convection.

D. Open-Access AIR Data Archive

Freely available PAR data are relatively difficult to access.
In the spirit of open data access, promoting scientific dis-
covery, and creating educational opportunities, the ARRC has
made several of its past PAR (and other) data sets available
online (https://arrc.ou.edu/data.html). Data sets are provided in
standard community formats, such as CF/radial or DORADE
sweep files, to facilitate interfacing with commonly used,
community radar software packages (e.g., Python ARM Radar
Toolkit or Py-ART [25] or the Lidar Radar Open Software
Environment). On this data site, any user can access several
AIR data sets, including moment data from the 31 May 2013
El Reno, OK EF-3 tornado (widest tornado on record) [6],
[26], the 19 May 2013 Shawnee, OK, EF-3 tornado, and a
supercell on 18 May 2017 near McLean, TX (its non-tornadic
phase). The ARRC is expanding this website to include more
of the AIR’s archived data. In the meantime, archived data
sets can be requested on the ARRC’s data page.

V. CONCLUSIONS

Phased array radar technology affords critical new capa-
bilities for atmospheric science researchers seeking to under-
stand fine-scale processes and predict severe hazard formation.
This study summarizes a decade of field campaigns with
the Atmospheric Imaging Radar, a phased array system that
uses imaging (or digital beamforming). Using imaging, the
AIR could scan a volumetric sector in only 5 to 10 s and
simultaneously collect a 20°-by-1° vertical cross section.

The AIR documented 46 supercells and 10 tornadoes,
facilitating several published studies of tornadogenesis, mature
tornado evolution, and dissipation. High-temporal resolution
observations from the AIR have revealed simultaneous forma-
tion of tornadoes within a column, and a two-stage dissipation
process. A key advantage of imaging is the ability to obtain
a continuous and instantaneous vertical view whereas typical
weather radar scanning patterns leave gaps that make vertical
structure more difficult to deduce. Here, the vertical structure
of a tornado and a weak-echo reflectivity band are illustrated
as well as small-scale updraft maxima and turbulent structure
within deep convection. In addition, the rapid intensification of
three QLCS mesovortices is documented over 20 s, conveying
the need for observations as fast as every 10 s to detect their
intensification. Several AIR data sets are now available for
download through the ARRC’s data webpage. Since the AIR’s
retirement, student research with AIR data has continued,
and a small museum exhibit on the AIR was created for the
National Weather Museum and Science Center.

In 2022, the ARRC will field two new advanced phased
array radars. The ARRC’s Polarimetric Atmospheric Imaging
Radar (PAIR; [27]) will be a dual-polarization, C-band PAR
capable of imaging and traditional pencil beam scanning.
Polarimetric capabilities will enable better studies of both

microphysical and dynamic processes in storms, and PAIR’s
longer wavelength provides greater immunity to attenuation.
The ARRC is also developing a mobile, digital-at-every-
element (all-digital) PAR called Horus [28], which will operate
at S band to evaluate all-digital PAR technology as a candidate
technology to replace NEXRAD. In addition to these systems,
the ARRC has developed novel concepts for future systems,
including an S-band, 1°-beamwidth all-digital array called
the Transportable Phased Array Radar (TPAR) to deploy
worldwide for science field campaigns and a pair of Ka-band
imaging systems for studies of microphysics and dynamics of
clouds and precipitation.

Using imaging can improve temporal resolution for a next-
generation operational phased array weather radar network
[29]. While the AIR used a 20°-wide transmit beam, the
reduced sensitivity and higher sidelobe levels may not be
desirable for operational applications. However, advanced PAR
technology (particularly all-digital systems) can change the
transmit beam width rapidly to optimize the improvement in
temporal resolution and minimize data degradation.
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