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ABSTRACT: The scientific community has expressed interest in the potential of phased array radars
(PARs) to observe the atmosphere with finer spatial and temporal scales. Although convergence
has occurred between the meteorological and engineering communities, the need exists to in-
crease access of PAR to meteorologists. Here, we facilitate these interdisciplinary efforts in the
field of ground-based PARs for atmospheric studies. We cover high-level technical concepts and
terminology for PARs as applied to studies of the atmosphere. A historical perspective is provided
as context along with an overview of PAR system architectures, technical challenges, and
opportunities. Envisioned scan strategies are summarized because they are distinct from traditional
mechanically scanned radars and are the most advantageous for high-resolution studies of the
atmosphere. Open access to PAR data is emphasized as a mechanism to educate the future gen-
eration of atmospheric scientists. Finally, a vision for the future of operational networks, research
facilities, and expansion into complementary radar wavelengths is provided.
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Introduction: Science-driven radar-design principles
Technical decision process. Weather radars have improved our understanding of, and abil-
ity to forecast, increasingly frequent catastrophic weather events (Doviak and Zrni¢ 2006).
These versatile instruments also have important applications to a broad range of other areas
of atmospheric science, from gravity waves in the clear atmosphere to upper-atmosphericice
clouds in polar regions (Hocking et al. 2016). Radar design strategies depend on the atmo-
spheric applications, requiring knowledge of the type of phenomena (e.g., rain, snow, cloud
particles, turbulent eddies), its range, and its characteristic space and time scales. Scatter-
ing properties determine the attenuation and sensitivity constraints, which in turn set the
radar wavelength, transmit power, and antenna parameters. Another important capability
is dual polarization, which has become indispensable for microphysical studies of geometri-
cally complex scatterers (e.g., oblate drops, hailstones, melting snow) and for quantitative
estimation of precipitation amounts (Ryzhkov and Zrni¢ 2019; Oue et al. 2021; Bukovcié¢
et al. 2020; Zhang et al. 2020; Matrosov et al. 2020; Ryzhkov et al. 2013a,b; Kumjian 2018).
Within the desired observation range, the spatial scales of interest determine the required
range and angular resolution, which are controlled by the transmitted waveform bandwidth
and antenna aperture. In addition, angular sampling in elevation (typically only 5-17 eleva-
tions for the WSR-88D) can be a limiting observational factor for mechanically steered anten-
nas, which causes an undesirable trade-off in volume update time and the number of desired
scans in elevation. This predicament is one reason for the interest from both the scientific
and operational communities in phased array radars (PARs, see Fig. 1), which are steered
electronically, providing finer angular sampling and beamsteering agility. This PAR capability
provides vastly improved angular sampling but not angular resolution, with the latter being
controlled by antenna aperture and radar wavelength for both dish and phased array antennas.
Another major scientific driver for radar design is the time scale associated with the phe-
nomena of interest. Tornadoes, for example, evolve on the time scale of seconds (Bluestein
etal. 2010, 2003; French et al. 2013; Houser et al. 2015), which requires an update time only
achievable with an electronically scanned PAR, without impacting data quality or volumetric
coverage or increasing limited transmission bandwidth. In addition, understanding the forma-
tion of severe hazards, such as hail and microbursts (Heinselman et al. 2008a; Newman and
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Fig. 1. An example phased array radar with a potential beam pattern and a closeup look of its
radiating elements.

Heinselman 2012; Tanamachi and Heinselman 2016; Kuster et al. 2019), and capturing the
evolution of deep convective updrafts requires rapidly collected volume scans through a deep
vertical column (Emersic et al. 2011; Yoshida et al. 2017; Oue et al. 2018; Dahl et al. 2019;
Kuster et al. 2019). In a PAR operational testbed, forecasters have noted substantial benefits
of using higher temporal resolution data, including improved statistical performance of severe
weather warnings issued (Heinselman et al. 2012, 2015; Bowden et al. 2015a; Bowden and
Heinselman 2016; Wilson et al. 2017). Acceptable temporal resolution must be coupled with
adequate spatial resolution to mitigate spatial smearing of rapidly evolving features.

The radar platform is another important consideration (e.g., fixed, transportable, mo-
bile; ground-based, airborne, spaceborne). In many ways, radars on different platforms are
complementary, but have their own unique advantages. Ground-based systems, especially
mobile and transportable, can be deployed close to the phenomena, providing excellent
angular resolution and sensitivity. They also offer the opportunity to observe the entire life
cycle of storms because they are stationary during relatively long observation periods. Air-
borne systems have the advantage of being deployable where there is a lack of radar coverage
(e.g., over the open ocean) but are inherently limited in focused observation time (temporal
resolution) because the platform is moving (Hildebrand et al. 1996; Vivekanandan et al.
2014). They can also be used for “close up” observations of storms in land areas remote from
ground radars (or blocked by terrain). Satellite-based systems have similar limitations but can
provide a global view. Any moving platform is limited in size, weight, and power (SWaP) by
either the platform itself (e.g., aircraft, satellite) or the transportation system (e.g., trucks on
public roads). These SWaP constraints also drive many of the engineering design decisions
mentioned above. Here, we focus on ground-based PAR technology, although these consid-
erations can be applied more broadly.

Although science has primarily driven the major technical decisions highlighted in this
description, other factors are inevitably part of the process. These factors, such as availability
and maturity of technology and initial and recurring costs, are represented in the history of
atmospheric radar science.

Historical perspective of atmospheric radar science. Although the exact origin is unknown,
the first weather observations with radar likely occurred just before World War II (Doviak
and Zrni¢ 2006). To radar developers, rain was considered “weather clutter” that obscured
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observation of the desired targets. Although initially considered a nuisance, the military
realized that weather clutter could serve a useful purpose, even offer a tactical advantage
by indicating the precipitation distribution over the battlefield. The capability to penetrate
through the cloud and map the three-dimensional (3D) structure of precipitation drew
the attention of weather services, and at the end of World War II, the first weather radar
networks emerged (Whiton et al. 1998). These early radars enabled recognition of basic storm
features and advection/propagation, attributes of significant operational value to this day.

The first civilian network of weather radar in the United States was deployed by the Weather
Bureau, which is now the National Weather Service (NWS). The radars were modified military
units, used a 10-cm (S-band) wavelength, and had the designation WSR-1, WSR-1A, WSR-3,
and WSR-4. In parallel, the U.S. military had its own weather radars, with some being part of
scientific investigations (Massachusetts Institute of Technology, Illinois State Water Survey,
Air Force Cambridge Geophysical Laboratories; see Whiton et al. 1998). Of note was a record-
ing of a “hook echo” made by the Illinois State Water Survey on 9 April 1953 (Stout and Huff
1953). The first radar built specifically for weather observation was the WSR-57 (57 indicates
the year of procurement, 1957). The motivating scientific factors for this deployment were the
proven observation of hook echoes and the utility to measure precipitation in hurricanes, for
which the 10-cm wavelength ensured minimal sensitivity reduction by attenuation.

The largest benefit both operationally and for scientific studies using radar occurred after
introduction of the WSR-57. Never before was it possible to remotely identify the potential
for tornado formation, hail shafts, and measure amounts of precipitation (Austin and Geotis
1990). In the 1960s, Doppler technology was nascent at universities and government labora-
tories. Doppler capabilities proved crucial for precise mapping of severe weather dynamics.
Features like mesocyclones, tornadoes, strong wind gusts, microbursts, and macrobursts
became visible on weather radar displays. These successes of Doppler information and promise
for better estimates of the amounts of precipitation (Hudlow et al. 1985) justified the NWS
decision to deploy its “flagship” weather radars, the WSR-88D (also referred to as NEXRAD;
see Crum and Alberty 1993). Significant contributions enabled by Doppler processing include
mapping of the 3D wind fields in supercell storms from two or more simultaneous Doppler
measurements (dual-Doppler; Brandes 1977), direct measurements of tornadic winds from
Doppler spectra, relationship of turbulence intensity to the Doppler spectrum width, and
mitigating effects of hail shafts in three-body scattering (Zrni¢ 1987), among many. Assimila-
tion of Doppler and reflectivity information into numerical weather prediction (NWP) models
advanced the prediction of convection and severe weather (Caya et al. 2005; Tong and Xue
2005). The success of the Doppler technology was such that the Federal Aviation Administration
commissioned the deployment of 45 Terminal Doppler Weather Radars (TDWRs; Evans and
Bernella 1994) at major U.S. airports in response to a number of fatal commercial aircraft
accidents caused by weather events (e.g., wind shear, microbursts).

The addition of dual-polarization capabilities to weather radars caused the next major
leap forward in scientific and operational benefits (Ryzhkov and Zrni¢ 2019). Arguably, dual
polarization made a greater impact than those afforded by Doppler. Whereas Doppler excels
in identifying relatively rare hazardous phenomena (tornadoes, mesocyclones, downbursts)
dual polarization’s operational use and science apply to a broader range of phenomena. It can
extract information about water substance and precipitation type in convective storms, tropi-
cal cyclones, stratiform precipitation, and winter storms. Moreover, use of dual-polarization
information for quantitative precipitation estimation (QPE) significantly mitigated issues
plaguing measurements with single-polarization radars (Ryzhkov and Zrni¢ 2019). Further,
although scattering of electromagnetic waves by hydrometeors was an integral part of the
science behind single-polarization radars, the advent of dual polarization greatly expanded
this research area (e.g., Bringi and Chandrasekar 2001; Zrni¢ and Ryzhkov 1999). In addition
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to vastly improving liquid- and ice-phase QPE, dual polarization has made positive impacts
on flash flood warnings/forecasts (e.g., Cunha et al. 2013), detection and sizing of hail (e.g.,
Ryzhkov et al. 2013a,b; Ortega et al. 2016; Kumjian et al. 2019), classification of radar pixels
and separation of meteorological from nonmeteorological returns (e.g., Park et al. 2009),
detection of tornado debris (e.g., Ryzhkov et al. 2005; Bodine et al. 2013; Kurdzo et al. 2015),
differentiating between tornadic and nontornadic supercell (Loeffler et al. 2020), and winter
precipitation transitions and icing (e.g., Tobin and Kumjian 2017), among many others [see
Kumjian (2018) for a review]. Dual-polarization radar’s prowess has enabled assimilation of
microphysical information into NWP models (e.g., Jung et al. 2008, 2010; Carlin et al. 2017).

Mobile ground-based polarimetric radars at X- and C-band wavelengths (3 and 5 cm) have
become indispensable for field experiments (Biggerstaff et al. 2005; Bluestein et al. 2010;
Wurman et al. 2012; Pazmany et al. 2013; Kurdzo et al. 2017; Geerts et al. 2017; Kollias
et al. 2020). Even shorter-wavelength radars, such as W and Ka band, have also been used
quite successfully for a variety of scientific applications (Bluestein et al. 2014), including
increasingly important topics like wildfires (Aydell and Clements 2021). Mobility enabled
storm interceptions as opposed to the old paradigm whereby stationary observers were at
the mercy of the storm’s unpredictable behavior. In addition to increasing angular resolution
and lowering the beam height by proximity to the desired events, the probability of capturing
storm-specific features (tornadoes, severe storms, etc.) increased dramatically, as witnessed
by several successful field campaigns (Wurman et al. 2012). Dual-polarization studies of QPE
atS, C, and X bands indicate that the relation between rain rate and specific differential phase
is almost linear (Doviak and Zrni¢ 2006). This characteristic was extremely important at X
band, in particular, for overcoming the effects of partial attenuation (Matrosov et al. 2002),
which was arguably the greatest impediment for pre-dual-polarization rain measurements.
Consequently, tremendous enhancement of weather observations at short wavelengths fol-
lowed so that adverse events and significant precipitation relatively close to the radar could
be quantified. Moreover, researchers suggested deploying closely spaced X-band radars to
replace or complement the coverage by longer wavelength systems. At close range in a dense
network the effects of Earth curvature are negligible and the lateral resolution per unit area
improves (McLaughlin et al. 2009). Ongoing research aims at determining conditions under
which a dense network of X-band radar may be more effective for weather observations
over large metropolitan areas compared to a long-range surveillance radar (Chandrasekar
etal. 2013).

Although PAR technology was initially conceived in the early 1900s (see, e.g., Haupt and
Rahmat-Samii 2015), tremendous advancement of the technology was motivated by the need
for advanced air defense capabilities during World War II. Over the past few decades, this
technology has greatly matured in the context of air surveillance and defense applications,
making PAR technology more accessible to other applications. The first PAR specifically
modified to observe weather was the S-band SPY-1 radar on a Navy destroyer in 1997 (Maese
et al. 2001; Robinson 2002). Following these observations, NOAA’s National Severe Storms
Laboratory (NSSL), with several private-sector, government, and university partners, devel-
oped the National Weather Radar Testbed (NWRT)—a SPY-1 antenna specifically modified to
demonstrate the advantages of this new technology (Zrni¢ et al. 2007) for a next-generation
operational radar network. The flat-panel antenna consisted of a slotted waveguide and verti-
cally polarized radiators and was mounted on a rotating platform with a modified NEXRAD
transmitter. Around this same time, other single-polarization PAR systems were developed,
some on mobile platforms, allowing capture of a variety of weather events with unprecedented
temporal resolution (Bluestein et al. 2010; Isom et al. 2013; Yoshikawa et al. 2013).

Combining dual polarization with the immense benefit of PAR beam steering is a chal-
lenge. Among one of the first mitigation strategies was Salazar et al. (2010) as part of the NSF
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Collaborative Adaptive Sensing of the Atmosphere (CASA) program, where electronic beam
scanning was employed in only the azimuth direction with mechanical steering in elevation.
By doing so, the two transmitted polarizations were always orthogonal but not necessarily
aligned with the Earth’s surface since, as the array is tilted in elevation, the “horizontal”
axis becomes nonparallel with the Earth’s surface. This idea/challenge is explained in more
depth throughout the paper. The next generation of X-band design with two-dimensional
PAR steering has been developed by Raytheon for the CASA program and other applications
(Puzella and Alm 2008; Frasier et al. 2018; Kollias et al. 2018).

Planar PAR antennas with electronic scanning only in elevation (mechanical in azimuth)
avoid the orthogonality issue as well as tilting of the intended horizontal polarization. Such
strategies have seen widespread implementation in China (Wu et al. 2018), an updated imaging
radar by Toshiba Corp. (Kikuchi et al. 2020), and the Polarimetric Atmospheric Imaging Radar
(PAIR) nearing completion at the University of Oklahoma’s (OU) Advanced Radar Research
Center (ARRC) (Yu et al. 2019). NSSL’s Advanced Technology Demonstrator (ATD) (Stailey and
Hondl 2016; Ivic et al. 2022) is a planar PAR capable of two-dimensional scanning, which
requires polarimetric calibration per beamsteering position (Ivi¢ et al. 2019). A unique
cylindrical polarimetric phased array radar (CPPAR) was developed at the ARRC (Zhang et al.
2011; Fulton et al. 2017) based on theoretical studies that showed the effectiveness of such
designs for maintaining polarization orthogonality, needed for polarimetric PAR observations.

The most advanced PAR architecture is a fully digital design, which holds promise for
overcoming the challenge of combining polarimetric and PAR technologies (Fulton et al.
2016). Via element-level control, robust polarimetric calibration is possible, thus having the
highest likelihood of attaining accurate rapid-scanning polarimetric observations for long
periods without the need for recalibration. The all-digital “Horus” radar is currently under
development at the ARRC with completion in 2022 (Palmer et al. 2019). This radar will be
the first of its kind all-digital, polarimetric weather PAR with plans for exploiting its inherent
scalability for applications requiring a large aperture.

The potential of phased array technology. Because of the confluence of previous develop-
ment projects, technological readiness and reasonable cost, scientific need, and opportunity
created by the eventual replacement of the WSR-88D network, now is the time to strongly
consider PARs for atmospheric remote sensing. Compelling scientific discovery, as outlined
in the companion paper by Kollias et al. (2022), will be enabled by the enhanced capabili-
ties such as near-continuous-sampled range-height indicator (RHI) observations, unprec-
edented temporal resolution, adaptive/flexible scanning, and the potential of high-quality
3D wind estimation using passive, bistatic receivers along with PAR (Byrd et al. 2020, 2021).
With all-digital PAR technology, which will be discussed later, the radar can become
“software defined,” allowing future observational modes to be implemented via software
updates rather than expensive and time-consuming hardware changes. This all-digital
architecture essentially creates a “future proof” radar extending the lifetime of such systems
significantly. While convergence between the engineering and meteorological communities is a
prerequisite, often collaborations are hampered by something as simple as a terminology gap
between the communities. With the current interest and tremendous potential for scientific
advancements, the community is in need of a concise and approachable tutorial on the
technology, which is the purpose of this paper. The companion paper by Kollias et al. (2022)
provides a more in-depth discussion on the scientific applications of this exciting technology.

Phased array radar fundamentals
Unique and flexible capabilities offered by PAR technology make this technology an attractive
candidate for the next generation of weather radars (Zrnic et al. 2007). Key PAR capabilities
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that support the needs of advanced weather surveillance include the ability to almost instantly
steer the radar beam to an arbitrary direction within the scan sector (i.e., beam agility), the
ability to digitally form multiple simultaneous beams in different directions, and the flexibil-
ity to dynamically redefine the sampling parameters for each beam position in the scan. In
this section, we introduce these capabilities and discuss how they are critical for advancing
atmospheric science.

How does a PAR work? PAR is based on the concept of an interference pattern. Assume we
have a tank filled with water; now, two rocks are held at the same height above the water
level, separated by a distance d. Then, the rocks are dropped in the water at the same time,
and propagating wave patterns start forming out of the points in which the rocks entered the
water. These locations will be referred to as the wave phase centers, where the propagation
starts. The waves propagate along the surface, forming concentric circles around the phase
centers (Fig. 2a). Notice that the circles intersect in certain directions where the crests of
waves from the two different sources collide. According to superposition, the effect caused
by two or more independent perturbations is the sum of the individual effects that would
have been caused by each perturbation individually. Applying this concept, we can observe
that the directions on which the wave crests collide produce constructive interference. In
this case, each individual wave is at its crests and the wave resulting from their interaction
has a crest that is double the height of the individual ones (see Fig. 2b). In contrast, there
are directions where the propagating wavefronts are such that the waves interact producing
destructive interference. In this case, the crest of one wave is summed with the valley of the
other one, and through superposition they cancel. In summary, when we have two sources
of waves propagating in the same plane, there are certain directions where the energy is
summed constructively and others where it is summed destructively.

A PAR is an arrangement of antenna elements transmitting/receiving independent elec-
tromagnetic waves into/from free space. It can create patterns of constructive interference in
specific directions, similar to those in the water tank example. The number of phase centers
or antenna elements N is typically much larger than two. An illustration of a uniform linear
array is presented in Fig. 3a, where the direction determined by the normal to the array plane
is referred to as broadside. Antenna elements are separated by d = A/2, where A is the radar
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Fig. 2. Wave interference pattern: (a) two-wave ripple tank and (b) depiction of the propagating waves forming patterns
of constructive and destructive interference. Image in (a) used with permission from Fundamental Photographs
(www.fphoto.com).
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Fig. 3. Fundamental concepts of a PAR (a) uniform linear array. The illustrative PAR is composed of
N antenna elements spaced by d = \/2 with phase shifters offset by ¢ in the sequence from left to
right. That produces a beam steered to the 6 angle which sets the direction of the scanned beam.
Note that 6 =(27x/A)d sind, due to the time delay needed for wavefronts to align in the scanned
beam direction, as shown in the triangle between the first two elements. Color shading repre-
sents the relative gain, where blue tones represent lower values and red tones represent higher
values. (b) Azimuthal dependence of the antenna radiation pattern at broadside. (c) Azimuthal
dependence of the antenna radiation pattern steered to +45°. For (b) and (c), color shadings
illustrate the peaks and crests of the propagating waves (as in Fig. 2), with higher values indicating
regions of constructive interference and near-zero values (in tones of green) indicating regions of
destructive interference.

wavelength in free space, to mitigate grating lobes (i.e., many directions with maximum con-
structive interference; Delos et al. 2020). As in the previous case, when the antenna elements
are excited with sinusoidal signals, the array creates an interference pattern with certain
directions with constructive and destructive interference. Close to the antenna elements
the beam is formed in the so-called reactive near field. Emerging from this region the wave
propagates through the radiative near field (also called the Fresnel region). As the distance
from the antenna increases, wave fronts become nearly planar and the wave propagates in
the far field (also called the Fraunhoffer region). The angular distribution of radiated power
in the far field is defined as the antenna radiation pattern, and it is used to characterize the
electromagnetic radiation properties of the antenna. Note that dish-antenna radars are also
characterized by their antenna radiation pattern, one of the key differences with PAR being
the electronic steering capability. The direction of maximum constructive interference is
defined as the mainlobe and determines the scanning beam position. Other directions with
partially constructive interference determine the location of the sidelobes. These are undesir-
able because they can contaminate the expected measurements being observed through the
mainlobe illumination. Note that all practical antennas (including those on the WSR-88D)
have a mainlobe and sidelobes surrounding the mainlobe.

The mainlobe of a PAR can be electronically steered to different angles by varying the differ-
ence in phases between adjacent antenna elements. The phase of a signal (¢) is proportional
to its propagation time (¢ = 27ft, where f is the radar frequency and t is the time), so we can
think of a phase difference as an equivalent time delay. Specifically, to steer the beam to a
direction 6 with respect to the array broadside (i.e., direction perpendicular to the plane of
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the antenna), the phase fronts from all elements have to align to create maximum constructive
interference. Notice that this can be accomplished by introducing a constant phase difference
of ¢ (or, equivalently, a time delay) between adjacent elements. As shown between the first
two antenna elements of Fig. 3a, to create this constructive interference the spatial distance
between crests of signals in adjacent elements has to be d 2sin6. This distance can be expressed
in terms of phase using the wavenumber, k = 271/A. Thus, to steer the PAR beam to point at an
angle O with respect to the broadside, the phase difference between adjacent elements has to
be set to ¢ = kd 2siné. Finally, Figs. 3b and 3c present azimuth cuts of the two-dimensional
radiation patterns, to compare a beam at broadside with one steered to 6 = 45°. Notice that as
the beam is steered off the broadside, the width of the mainlobe increases, which translates
directly to a change in angular resolution. This increase in mainlobe width is due to the
smaller apparent antenna aperture scanning an angle off broadside. That is, when scanning
at broadside the full aperture is used, however, only the projection of the aperture on a plane
orthogonal to the steering direction is used when scanning off broadside Skoinik (2008).

Advanced PAR scanning concepts and associated potential artifacts in meteorological data
have been an important subject of study in recent publications by Schvartzman and Curtis
(2019), Torres and Schvartzman (2020), Nai et al. (2020), Schvartzman (2020), Schvartzman
et al. (2021b), and Boettcher et al. (2022). For instance, the electronic steering of the beam off
the broadside introduces beamsteering biases (due to co- and cross-polar antenna patterns)
in reflectivity and polarimetric variables. Another example involves the use of radar imaging,
which increases two-way sidelobe levels considerably, and thus, can introduce large biases
in reflectivity when used to scan a high gradient. Ideally, no PAR-induced artifacts should be
seen in meteorological data, as the scanning techniques should be selected carefully to miti-
gate these. Selecting the appropriate scanning mode involves adaptive scanning (discussed
later in this section), whereby radar-induced artifacts would be mitigated.

PAR capabilities.

Beam AciLITY. Beam agility is the capability of steering the radar beam to different angles
within the scan sector almost instantly (on the order of microseconds) without mechanically
rotating the antenna. It is only possible with phased array antennas and is one of the key
advantages of stationary PARs over rotating dish-antenna systems. The agile beam capabil-
ity enables PARs to quickly switch the scan sector to observe different regions of interest.
Whereas it may be possible to operate a rotating dish system to scan only certain regions
with meteorological targets of interest (Kuster et al. 2019), this would take longer than an
agile-beam PAR to scan the same regions, with the same acquisition parameters. Addition-
ally, this mode of operating dish-antenna-based systems introduces significant wear in the
mechanical parts and is not conventionally used in operations.

Several applications that exercise the agile beam steering capability of PARs have been
proposed for weather observations (Heinselman et al. 2013; Torres et al. 2016). For instance,
Yu et al. (2007) demonstrate the use of beam multiplexing, whereby the PAR’s beam agility
is exploited to increase the number of independent samples by rapidly pointing to widely
separated angular positions. The main advantage of this technique is that it allows a reduc-
tion on the number of samples (hence scan time) to achieve the same standard deviation of
estimates. The main disadvantage is that because samples are not collected in a continuous
coherent sequence, spectral processing methods cannot be used (e.g., ground clutter filter-
ing). This PAR system’s multichannel receiver helped make these algorithms possible (Yeary
et al. 2012). Another PAR technique that exploits beam agility is called motion-compensated
steering Schvartzman et al. (2021a). It exploits electronic steering to improve azimuthal
resolution of polarimetric Rotating PAR (RPAR). Furthermore, we note that beam agility can
greatly increase the effectiveness of adaptive scanning techniques, by which the scanning
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strategy is dynamically evolving to improve observations of meteorological echoes of interest.
While most techniques mentioned here are independent, they could be used simultaneously
provided there is no impact on data quality.

ImaGING. Radar imaging involves transmitting a wide antenna radiation pattern to illuminate
a large sector and using digital beamforming (DBF) to simultaneously form multiple receive
beams within the illuminated sector. DBF radar beams are formed by means of digitally com-
bining signals received from subarrays or antenna elements with digital outputs. The principle
is that backscattered energy is received from the wide sector illuminated by the transmit beam
and signals are digitally sampled at different spatial locations in the PAR antenna plane. These
digital in-phase and quadrature (IQ) samples are taken simultaneously, and by means of digi-
tally steering a pencil receive beam (i.e., in software), we can create constructive interference
in desired directions. The concept of DBF was initially proposed by Barton (1980) and Steyskal
(1988) and has been widely used to develop advanced scanning and signal processing tech-
niques for applications including wireless communications (Chryssomallis 2000; Sadhu et al.
2017; Roh et al. 2014), air surveillance and defense (Van Veen and Buckley 1988; Brookner
2002; Talisa et al. 2016), biomedical (Peterson et al. 1987), oceanography (McIntosh et al.
1995), atmospheric boundary layer (Mead et al. 1998), and weather radar observations (Isom
et al. 2013; Yoshikawa et al. 2013; Curtis et al. 2016; Nai et al. 2016; Kikuchi et al. 2017;
Mizutani et al. 2018; Kurdzo et al. 2017; Schvartzman et al. 2021c).

The “spoiled” transmit beams (i.e., wider beamwidth) are commonly synthesized by varying
the magnitude and phase of transmit signals at each individual array element (commonly referred
to as tapering) in an active PAR (see Fig. 4). Other types of antennas can be used to transmit wide
beams, as demonstrated by Isom et al. (2013) with the Atmospheric Imaging Radar (AIR), where
a slotted waveguide passive array is used to transmit a fixed “fan” beam. The wider transmit
beam comes at the expense of increased two-way antenna sidelobe levels, reduced two-way
antenna gain (i.e., reduced ability of the antenna to radiate in a specific direction), and slightly
increased beamwidth. The reason for the increase in sidelobe levels (also in beamwidth) is that
the two-way beam is the mathematical product of the one-way beams (in linear units), and since
the spoiled transmit beam has high gain where the receive beams have sidelobes, their levels
are not reduced. In contrast, when using pencil beams on transmission and reception, one-way
sidelobe levels are squared and farther reduced. The C-band mobile PAIR being developed by the
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Fig. 4. lllustration of radar imaging, whereby a wide transmit beam can illuminate a large sector
and simultaneous receive beams are formed within transmit beam. (a) Spoiled transmit beam.
(b) Azimuth cut of the transmit beam. (c) Azimuth cut of beams received by digital beamforming.
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ARRC is the evolution of the AIR system and includes dual-polarization capabilities with radar
imaging (Salazar et al. 2019; Yu et al. 2019; Schvartzman et al. 2022).

The concept of DBF was proposed decades ago for PAR systems and has been recently
demonstrated for both single- and dual-polarization weather observations using stationary
PAR and RPAR systems (Isom et al. 2013; Kurdzo et al. 2017; Kikuchi et al. 2020; Schvartzman
et al. 2021c). Nevertheless, DBF creates new advanced scanning concepts that should be
investigated for the different PAR architectures. That is, through beam pattern synthesis
methods (Mailloux 2017; Hansen 2009), transmit beams could be spoiled in either azimuth
only, elevation only, or both azimuth and elevation. While not all of these concepts have
been considered for weather observations, they may provide ways to reduce the scan update
times by trading other radar resources (e.g., sensitivity, angular resolution), hence providing
drastically improved temporal resolution to capture storm dynamics. Pattern synthesis can
enhance atmospheric remote sensing by using beams with different characteristics to scan
precipitation systems and minimize loss in spatial resolution and/or sensitivity. For example,
spoiled beams may be convenient for weather with relatively smooth reflectivity gradients
(due to higher sidelobe levels), while a synthesized beam with three separate mainlobes may
be better for convective storms with sharp reflectivity gradients Torres and Schvartzman
(2020). Furthermore, practical imperfections from antenna manufacturing can be corrected
using beam synthesis, to match the far-field H/V synthesized patterns and mitigate copolar
antenna biases Schvartzman et al. (2022). In summary, this capability is not feasible with
rotating-dish systems but can be considered mature for the polarimetric PARs.

ADAPTIVE SCANNING. Adaptive scanning refers to a radar’s ability to rapidly change scanning
strategy (e.g., combining beamforming and agile beam steering) to focus radar resources
on constantly evolving meteorological echoes of interest. Adaptive scanning algorithms are
capable of managing radar resources to selectively improve the temporal resolution, spatial
sampling and/or data quality of meteorological observations. These algorithms aim to maximize
the use of these resources and provide users critical information in a timely manner (Torres
and Schvartzman 2020). For instance, severe storms can develop in minutes (Heinselman
et al. 2008b), presenting a challenge to forecasters if update times are relatively slow. In fact,
current experiments strongly suggest that radar data with high temporal resolution could
increase warning lead times of hazardous weather events (Heinselman et al. 2012; Bowden
et al. 2015b). Adaptive scanning provides faster update times supporting development of
conceptual models of fast-evolving convective storms.

Adaptive scanning has been implemented on dish-antenna radars and PARs. Chrisman
(2009) developed the Automated Volume Scan Evaluation and Termination (AVSET) technique
which dynamically controls the number of scanning angles in elevation based on the observed
meteorological returns. AVSET terminates the current volume scan if minimum thresholds
for reflectivity are not met, shortening the volume scan time. This technique has been opera-
tional on the WSR-88D network since the early 2010s. McLaughlin et al. (2009) demonstrated
adaptive storm sampling capabilities with a small network of X-band dish-antenna systems
as part of the NSF CASA project. However, the effectiveness of adaptive scanning techniques
is limited for dish-antenna radars owing to the mechanical inertia of the rotating antenna
and the lack of beam agility and/or beamforming capabilities.

Adaptive scanning techniques are most effective with the PAR technology. Torres et al.
(2016) demonstrated the Adaptive Digital Signal Processing Algorithm for PAR Timely Scans
(ADAPTS) technique with the single-polarization NWRT by identifying beam positions with
significant meteorological returns in real time and scheduling the beams to scan these with
the goal to reduce the scan time. Schvartzman et al. (2017) proposed an adaptive scanning
algorithm, based on a model of the human attention system, capable of defining sectors
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of meteorological interest to be
scanned by the radar. Figure 5
illustrates three adaptive scan-
ning concepts proposed by
Torres and Schvartzman (2020),
namely, a significance-based
selection of sectors to scan (e.g.,
the sector in black is deemed
nonsignificant and therefore
not scanned), a dynamic deter-
mination of the pulse repetition
times (T, in the figure are differ-
ent PRTs) based on the range/
velocity of storms, and a spatial
resolution driven imaging beam
selection technique where dif-
ferent spoiled beam factors are a
function of storm structure.
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Fig. 5. Adaptive scanning concepts: (a) a significance-based
selection of sectors to scan where the sector in black is
deemed nonsignificant and therefore not scanned; (b) a dy-
namic determination of the pulse repetition times, where
the T_in the figure are different PRTs based on the range/
velocity of storms; and (c) a spatial-resolution-driven imag-
ing beam selection where different spoiled beam factors
are used as a function of storm structure, where x1 is a
pencil beam and x3 and x5 are beams spoiled by factors of
3 and 5.

PAR architectures. PARs can be designed according to different architectural principles, driv-
en by the application and functional requirements. The PAR architecture determines which

capabilities (e.g., radar imaging)

are feasible with the system. Architectures for atmospheric

applications can be classified into four groups: analog beamformer, fixed imaging, subar-
ray beamformer, and all-digital beamformer, which are presented in Fig. 6 and described in
the following sections. Fixed imaging is an inexpensive way of implementing radar imaging

(as done in the AIR system) and
beamformer category. Therefore

can be considered as a particular case within the subarray
, it will not be explicitly described hereafter. We note that

the antenna geometry (four planar faces, cylindrical, etc.) and the element arrangement
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Fig. 6. PAR architectures designed for atmospheric applications: analog beamformer, fixed imaging, subarray beamformer,
and all-digital beamformer.
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(e.g., square or circular, uniform, or triangular lattice) may also be considered part of the
PAR architecture, but we focus on the single-face planar PAR in this article. Further, note
that these architectures can be used in a concept of operations where the phased array
antenna may be stationary or rotating (Schvartzman 2020).

ANALOG BEAMFORMING. Analog beamforming systems form transmit and receive beams through
an analog beamforming network and can have either distributed transmit/receive (T/R) mod-
ules across elements (active) or a single high-power transmitter (passive). PARs based on an
analog beamforming network can steer electronically but cannot use imaging or DBF. Through
electronic steering and the ability to change scan parameters (e.g., PRT, number of samples
per radial), these systems are capable of rudimentary adaptive scanning. A limitation of the
passive version of this architecture is that the transmitter is a single point of failure.

The SPY-1A PAR installed at the NWRT was based on a passive analog beamformer archi-
tecture. A single high-power amplifier provided 750 kW to the array on transmission, and a
single digital receiver produced IQ samples used to estimate radar variables. This PAR system
was fundamental for demonstrating capabilities of PAR technology for weather observations,
like rapid scanning (~1-min volume scans; Heinselman et al. 2013) and beam multiplexing
(Yu et al. 2007) through agile beam steering and adaptive scanning (Torres et al. 2016).

SuB-ARRAY DIGITAL BEAMFORMING. Systems that can sample the received fields and produce
digital signal outputs for sub-arrays of antenna elements have more capabilities than analog
beamformers. In sub-array beamforming PARs, the output signals from groups of antenna
elements are summed to produce a sub-array beam. The signals received by the sub-arrays
are transformed appropriately (e.g., down converted in frequency) and sampled with analog-
to-digital converters. Then, groups of digital signals produced by the sub-arrays can be simul-
taneously combined (digitally) in multiple ways to produce different beams. That is, the use
of digital beamforming enables the application of desired phase offsets on received signals
(similar to the concept presented in Fig. 3), such that maximum constructive interference is
formed in certain directions to produce beams. There are two main limitations of this archi-
tecture. First, digital beams can only be formed within the antenna pattern of the sub-array,
which limits the field of view for imaging. Second, the use of sub-arrays creates grating lobes
in their antenna patterns, because their phase centers are separated by distances greater than
half-A (Mailloux 2017; Hansen 2009). This limits the degrees of freedom to control sidelobe
levels in the two-way PAR antenna pattern.

The ATD and the PAIR radar systems are based on sub-arrayed architectures. The ATD radar
has 4 x 2 panel-based sub-arrays in rows and columns, for a total of 512 antenna elements
per sub-array. These sub-arrays are overlapped (i.e., elements can be part of a few different
sub-arrays) to minimize the influence of grating lobes in the overall antenna pattern. This
gives the ATD radar flexibility to exploit DBF within the sub-array pattern mainlobe, ~12°
in the horizontal plane and ~4° in the vertical plane to scan multiple beams simultaneously.
The PAIR radar has nonoverlapped sub-arrays grouping two rows of elements through the
whole array. This gives the PAIR system high flexibility in using DBF along the vertical plane,
within its sub-array pattern (~45°), to scan multiple elevation angles simultaneously.

ALL-DIGITAL BEAMFORMING. Systems that produce digital signal outputs at each antenna element
are referred to as all-digital radars (Fulton et al. 2016). The all-digital architecture gives the
highest flexibility to exploit PAR capabilities like beam agility, DBF, and adaptive scanning.
These radars can scan narrow pencil beams or wide imaging beams in any direction
(azimuth/elevation) without the limitations of a sub-array architecture. Having digital signals
at every element makes this architecture a software-defined radar, because the array can be
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reconfigured via software. This architecture can also be considered future proof as it already
implements the maximum level of digitization possible with a PAR and gives the highest
degrees of freedom for future experimental needs involving dynamic array reconfiguration.
Furthermore, all-digital systems may enable new polarimetric calibration modes based on
measuring the mutual coupling (essentially cross talk among elements) of individual antenna
elements (Lebrén et al. 2020). In summary, the main advantages of an all-digital beamformer
include the ability to use a wide variety of synthesized beam patterns and scanning strate-
gies, to automatically recalibrate the array on the fly using mutual-coupling measurements,
to exercise space—time processing of signals for better clutter mitigation, to largely mitigate
cross-polar pattern contamination, and to produce high-accuracy measurements free from
grating lobes. Disadvantages include high data rates and high real-time control/processing
software complexity. However, with the continuous and rapid advancement of modern elec-
tronic devices, data rates and software complexity are becoming a more tractable challenge.

The Horus all-digital radar being developed by the ARRC is a polarimetric S-band system
with this architecture (Palmer et al. 2019; Yeary et al. 2021). Horus is expected to be opera-
tional in 2022 and will be the first-ever polarimetric all-digital radar for weather observations.
This proof-of-concept system will be used to demonstrate the benefits of all-digital technology
for atmospheric observations, although considering its relatively wide beamwidth (~4°), it
may not produce high spatial resolution measurements of precipitating systems. Leverag-
ing the scalable architecture of the Horus radar, full-scale systems with a 1° beamwidth at
broadside have been conceived (Palmer et al. 2022). The capabilities of such systems would
enable transformative scientific discoveries in the atmospheric sciences, with unprecedented
spatial and temporal resolution.

Summary of PAR advantages. Ongoing research efforts aimed at demonstrating the advan-
tages of PAR technology for atmospheric observations indicate that PARs will enable revo-
lutionary scientific breakthroughs. The flexibility to electronically steer the radar beam and
scan different regions of the atmosphere almost instantly enables rapid volumetric scanning
of storms. This feature, coupled with the ability to change the shape of the radar beam via
imaging and the scanning parameters using adaptive scanning, places the PAR technology in an
unparalleled position for scanning unpredictable and rapidly evolving hazardous weather.
PARs with high spatial and temporal resolution can enhance the quality of observations by
utilizing advanced clutter and interference mitigation techniques (Curtis et al. 2016; Lake
et al. 2016). Higher levels of digitization are desirable in general, with an all-digital system
providing maximum flexibility for future needs.

Challenges and areas of needed research

Although significant research has been accomplished, as with any emerging technology, chal-
lenges with PAR for atmospheric applications do exist. This section summarizes the primary
technical challenges and proposes possible avenues to solutions.

Calibration-varying beam and polarization characteristics.

Beam cHARAcTERIsTICS. With a goal of quantitative observations of the atmosphere, it is cru-
cial and challenging to fully characterize the PAR beam properties and to accurately cali-
brate PAR weather observations. The challenges come because the beam characteristics of
a typical planar PAR change as a function of electronic beamsteering, unlike a dish antenna
radar that has a fixed beam. The changing beam with pointing direction is typically not an
issue in hard-target detection for military radar, but is a significant drawback for quantitative
weather measurements. Typically, polarimetric weather radar measurements require a high
accuracy of 1 dB for reflectivity (Z,), 0.2 dB for differential reflectivity (Z ), 0.01 for copolar
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correlation coefficient (p, ), and 3° for differential phase (¢,,) (NOAA 2015). Unfortunately,
the bias/error caused by the varying PAR beam characteristics can be much larger than the
required accuracy. For example, the two-way scanning loss due to the projected beam
aperture reduction (beam broadening) and anisotropic element pattern can cause up to 6 dB
difference in reflectivity measurement if a PAR points to 45° away from its broadside
direction. When the effects of mutual coupling (e.g., essentially cross talk among elements) are
taken into account, the PAR beam must be formed through an optimization process with full
characterization and calibration. The mutual coupling causes the active element patterns to
be irregular, from which the overall best full array beam pattern cannot be formed with ana-
lytical approaches. The optimization process uses the active element patterns with mutual
coupling taken into account and adjusts the weights for each element to achieve the best
array beam pattern that meets objectively defined goals. Calibration can be accomplished
by finding the correct radar constant through quantifying the direction-dependent beam-
width and antenna gain by analysis and/or measurement. Additionally, amplitude and phase
calibration of each element is critical for achieving low sidelobes (e.g., Fulton et al. 2016).

POLARIZATION INEQUITY AND CROSS COUPLING. In addition to accurate measurement of reflectivity
factor, polarimetric radars must ensure that the dual-polarized (H and V) fields are perpen-
dicular with the H-polarization aligned with the Earth’s surface. For dish-based radars, this
polarimetric calibration task need only be completed for a single bore-sight beam with the
dual-polarized fields orthogonal to each other, like latitude and longitude directions on the
globe. The polarimetric calibration challenge is arguably the most daunting, with potentially
thousands of beam positions. As shown in Fig. 7, the electric fields produced by the H and
V radiating elements are in general nonorthogonal, with the degree of nonorthogonality a
function of beam direction (Zhang et al. 2009). The two sets of lines shown in red and blue
in Fig. 7 represent H and V fields.
Note that the spherical surface
represents the coordinate system
of the PAR antenna as it takes
measurements at different steer-
ing angles. The mapping from
this coordinate system to the
more traditional Earth-relative
system (e.g., azimuth/elevation)
consists of applying a set of 1
trigonometric transformations :
(Ivi¢ 2017; Schvartzman et al.
2021a). An interesting charac-
teristic is that the H and V fields
are coupled, except for beam in
the principal planes (horizontal
and vertical lines in the Fig. 7).
PARs with different radiating
elements (e.g., aperture, patch)
exhibit similar imbalance and

cross-coupling issues along  Fig. 7. Conceptual sketch of unbalanced and coupled electric
the latitude lines as shown in fields on a spherical surface radiated from a pair of radiat-
. ing antenna elements at the center. The red and blue lines
_Lel et al. (2013, 2015). Th.ese represent the H and V electric fields. Note that the spherical
imbalances and cross-coupling surface represents the coordinate system of the PAR antenna
issues are undesirable, causing  as it takes measurements at different steering angles.
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substantial bias in measurements of Z , p, , and ¢, that can be much larger than the toler-

able errors and need to be calibrated/corrected.

PoLARIMETRIC cALIBRATION. PAR polarimetric calibration can be accomplished through careful
theoretical analysis, system simulations, and calibration experiments (Zhang et al. 2009;
Zrnic et al. 2011). In these approaches, polarimetric calibration can be performed on either
time series IQ data or radar-variable data. In the case of time series data, the relation between
the electric field at the hydrometeors and that at the radar antenna coordinate is established
through a projection matrix, and a correction matrix is derived to convert the PAR measured
scattering matrix to the intrinsic scattering matrix providing unbiased polarimetric radar
estimates, as formulated by Zhang et al. (2009) for dipole antennas and by Lei et al. (2013) for
aperture and patch antennas. When the PAR scattering matrix is measured using alternating
transmission, the Doppler effects need to be taken into account as proposed by Zrnic et al.
(2011) because scatterer motion causes a phase shift between pulses. The beam-dependent
biases of the PAR measured/estimated polarimetric radar variables are calculated/measured
for every beam direction, and then subtracted from the PAR estimates (Zhang et al. 2009; Lei
etal. 2013). Using broadside-beam measurements from a PAR with mechanical scan capability
or comparisons to a well-calibrated dish radar are methods for validating PAR polarimetric
performance as shown by Ivi¢ and Schvartzman (2019, 2020), Li et al. (2021), and Heberling
and Frasier (2021). Both calibration methods can mitigate biases. The main advantage of
using time series data is the flexibility to generate accurate radar variables directly (with
calibrated IQ data). The main limitation is that it requires more computing power to apply
the corrections at the 1Q level in real time and may be more time consuming.

Although polarimetric calibration is a significant challenge for PAR, initial exploration us-
ing testbed PARs provides evidence that the necessary accuracy of variables can be achieved
(Ivi¢ 2019, 2021; Ivi¢ et al. 2020; Weber et al. 2021). In particular, we note that calibration of
Z.and ¢ as a function of steering angle may be more challenging than that of p, . This is
because p, is defined as the normalized cross correlation of copolar H/V beams, and since
both are changing similarly as the beam is steered off broadside, biases in p, due to the PAR
antenna patterns are negligible (assuming well-matched broadside beams). The latest results
reported by Weber et al. (2021) indicate a calibration accuracy of +0.25 dB for Z_, +2.1° for
®_,, and £0.01 for p, (see Fig. 15 in Weber et al. 2021). It is noted that the stability of the
calibration coefficients (i.e., how often it needs to be recalibrated) depends on the particular
system architecture and implementation, and it is a topic of current research.

Comments on cost. In the atmospheric science community, cost is often mentioned as a key
obstacle to the widespread adoption of PAR technology (Herd and Conway 2016) and is cer-
tainly a complex topic requiring an in-depth analysis that cannot be provided in this primer.
However, it can be said that although certainly more expensive than a traditional dish radar,
the significant advantages of PAR technology outweigh the initial cost, especially when the
software-defined nature of an all-digital architecture is taken into account. As emphasized
before, an all-digital PAR can be reconfigured via software upgrades rather than costly hardware
modifications, thus reducing the lifetime maintenance and operations costs. Any PARs devel-
oped for the scientific community will rely heavily on previous development work in both the
defense sector and the rapid growth in the wireless communications industry. Furthermore,
any nationwide operational network of PARs would represent the single largest weather radar
procurement in U.S. history, which would justify development of custom application-specific
integrated circuits (ASIC), replacing other power-hungry and costly electronics. It is empha-
sized that these ASICs would reduce the overall system cost and power requirements while
retaining the reconfigurability and advanced capabilities of an all-digital PAR.
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Vision for the future of observational atmospheric science

Phased array radars will broaden the range of scales observed from seconds to years, enabling
synergistic studies with other observations of thermodynamic, dynamic, and microphysical
processes to bridge across weather and climate studies. The scientific community has strong
interest in collecting such observations to document fine-scale processes associated with
high-impact weather events that are partly conditioned on climate change with the goal of
improving weather forecasts and climate models.

Science-driven radar system design trade space. The atmospheric science community
extensively uses different radar wavelengths that provide complementary capabilities for
capturing different meteorological phenomena. For the sake of simplicity, we define “long
wavelengths” as those in the S band (8-15 cm). Most precipitation particles are small com-
pared to these wavelengths, and thus scattering can be accurately treated using the Rayleigh
approximation. Further, because attenuation is minimal, radar coverage is maximized. As
such, S-band wavelengths are preference for long-range weather surveillance and opera-
tional applications like snow and rain QPE, severe weather monitoring, and fire weather.
Clear-air Bragg scattering at S band has also been used to characterize the convective bound-
ary layer depth (e.g., Banghoff et al. 2018). The “medium wavelength” group includes
C (4-8 cm) and X (2.5-4 cm) bands, which are more sensitive than S band. However, because
larger precipitation particles (e.g., large raindrops, large melting snowflakes, hailstones) can
be appreciable fractions or even larger than these wavelengths, resonance scattering effects
complicate the physical interpretation of returned signals (e.g., Ryzhkov and Zrni¢ 2019).
Additionally, attenuation is of greater concern. The “short wavelength” group includes Ka
(0.75-1.2 cm) and W (0.1-0.75 cm) bands, and often are used for observations of snow,
fire weather, light rain and drizzle, and cloud particles (e.g., Kollias et al. 2007). Resonance
scattering effects and attenuation can be significant in precipitation.

Ideally, weather radars would provide information about clouds and precipitation at the
largest possible range combined with the finest spatial resolution and the highest sampling
rate. However, each frequency band is characterized by a combination of physical and tech-
nical advantages and constraints that call for trade-off studies and applications. Important
considerations are transportability, angular resolution, and attenuation. As discussed
above, attenuation depends on the hydrometeor number concentration and composition
and size relative to the wavelength; for the same hydrometeors, shorter wavelengths are
more attenuated, which limits the effective range of observations. The angular resolution
increases with the frequency and the size of the radar antenna aperture. This has direct
implications on transportability and spatial resolution. For example, S-band radars require
a large aperture (~8.5 m) compared to C- and X-band radars to produce a 1° beam, which
makes transportability more challenging. Also, with a 1° beamwidth, the radar beam is
1 km across at a range of 57 km, which translates into limited vertical resolution. Radars
operating at C and X bands, and shorter wavelengths can afford smaller apertures because
of their smaller wavelength, which allows them to operate on mobile platforms to increase
spatial resolution and limit the impact of attenuation. In addition to transportability and
detectability of small particles, short wavelengths provide high angular resolution that is
suitable to study atmospheric phenomena occurring over fine spatial scales. For example,
a 0.3°-beamwidth Ka-band radar has one-tenth of the resolution volume size compared to
a 1.0°-beamwidth centimeter-wavelength radar operating with the same range resolution
(i.e., bandwidth).

Future PAR systems will need to cover a wide range of radar frequencies to address critical
science questions spanning across communities such as transition regimes, e.g., from clouds
to precipitation or mixed-phase clouds. PAR systems and applications at long wavelengths
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Fig. 8. Summary of applicability of radar wavelengths to specific science drivers.

(S band), medium wavelengths (C, X bands), and short wavelengths (Ka, W bands) are dis-
cussed next, with a summary provided in Fig. 8.

PAR system concepts for different science applications.

LONG-WAVELENGTH APPLICATIONS FOR LONG-DURATION, HIGH-IMPACT WEATHER AND CLIMATE RESEARCH.
Radar observations have had an indelible impact on the atmospheric sciences through
the use of transportable S-band, dual-polarization systems (NCAR S-PolKa; NASA NPOL)
supporting National Science Foundation and NASA field campaigns, suborbital research
efforts, and NEXRAD’s extensive use in basic and operational research. Yet, limitations of
mechanically scanning radars lead to an undesirable trade-off between the number of
elevation angles and volume scan time, which typically results in sparse vertical coverage at
middle and upper levels of the atmosphere.

A notional design for a research S-band PAR is an all-digital, transportable PAR with a
1° beamwidth (Palmer et al. 2022). Since the meteorological community is moving toward
a nationwide operational PAR network to replace NEXRAD (Weber et al. 2021), S-band,
dual-polarization PAR technology has greater maturity than shorter-wavelength PAR tech-
nology. An S-band PAR can serve as a focal point for a field campaign by simultaneously
optimizing multiple science missions, such as capturing the microphysical and dynamic
processes within several nearby thunderstorms from near the ground to cloud top over
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their life cycle, while also obtaining clear-air measurements of the surrounding environ-
ment. Although other PAR architectures can perform some degree of adaptive scanning,
an all-digital PAR provides the flexibility required to handle multiple scientific missions.
Adaptive radar imaging (i.e., adaptive spoiling) and beam multiplexing enable observa-
tions of fine spatial scales (several hundreds of meters) and extremely fine temporal scales
(tens of seconds) and focusing allows to improve clear-air measurements with longer dwells
(e.g., along drylines or outflow boundaries). For instance, the all-digital PAR architecture
is uniquely qualified to produce very wide imaging beams in either azimuth or elevation.
In contrast, PARs based on analog or subarray beamforming will have limits on the width
of the imaging beams, which will limit the degree of adaptive scanning possible to rapidly
scan deep and/or widespread storms.

With an all-digital, S-band dual-polarization PAR, the preceding capabilities will enable
transformative capabilities for a future operational radar network. Presently, the design of
WSR-88D volume coverage patterns is dictated by compromises between sufficient volumetric
sampling and revisit times that extend from 5 to 10 min. Different VCPs need to be designed
for distinct operational purposes or scientific investigations. For example, forecasters com-
monly use the Supplemental Adaptive Intra-Volume Low Level Scan (SAILS) mode to increase
low-level sampling frequency; however, the volume scan time increases to 7-8 min. With a
phased array radar, these undesirable tradeoffs are eliminated by the diversity of scanning
strategies that can simultaneously address a wide range of operational needs from the surface
(e.g., flood monitoring/forecasting) to echo top heights (for aviation) and increase efficiency
across the spectrum of operations. Also, PAR data will be collected volumetrically in 1 min,
enabling forecasters to examine rapidly evolving weather signatures for more informed warn-
ing operations. For example, continuous sampling in the vertical will enable more detailed
depiction of Z |, columns, while simultaneously documenting the near-surface intensification
of rotation in developing tornadoes.

IMEDIUM-WAVELENGTH APPLICATIONS FOR MOBILE AND TRANSPORTABLE SYSTEMS FOR HIGH-IMPACT
weATHER. Networks of C- and X-band radars are often deployed during field campaigns for
multi-Doppler studies, so it is natural to envision multiple C- and X-band PARs that maintain
this capability while revolutionizing scan speeds and flexibility. Although all-digital technol-
ogy is nascent at S band, sub-array or analog beamforming architectures are more mature at
C and X bands. Note that smaller wavelengths make design of an all-digital system more chal-
lenging due to less space for electronic components. Moreover, the need for multiple systems
likely benefits from a better cost—benefit ratio when using sub-array or analog beamforming
at shorter wavelengths.

Mobile C- and X-band dual-polarization PARs could be deployed in small networks to obtain
3D winds and microphysical information on more transient, high-impact phenomena over
fine spatial scales (a few hundreds of meters). Mobile radar observations of tornadoes and
their parent storms are most commonly made with X-band radars because these provide an
acceptable compromise between attenuation and angular resolution. For studies of deep con-
vection and severe storms, networks of C- or X-band PARs could provide critical observations
of 3D winds more appropriately matched to the required temporal resolution. Mobile systems
could also target warm and cool precipitation processes over complex terrain or enable rapid
deployments for studies of wildfires and fast-reacting post-wildfire hydrology processes.

SHORT-WAVELENGTH APPLICATIONS FOR VERY HIGH-RESOLUTION OBSERVATIONS AND CLOUD MEASUREMENTS.
Millimeter-wavelength radars (Ka, W band) have enhanced detectability of cloud particles and
sample finer spatial scales (tens of meters). Also, improving the understanding of atmospheric
boundary layer (ABL) processes is emphasized as a priority to improve weather forecasts and
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climate projections National Research Council (1998, 2009). A key limitation of existing short-
wavelength radars is 10-15-min volume scan times, which is too long to assume stationarity of
cloud and ABL processes. Thus, rapidly collected observations could greatly advance understand-
ing of the dynamics and microphysics of clouds, including capturing the life cycles of shallow
cumulus that have lifetimes shorter than 15 min or better constraining processes leading to warm
rain formation. These observations could enable improved parameterizations of microphysical
processes and radiative transfer in weather and climate models by better constraining both time-
rate-of-change measurements and capturing three-dimensional cloud processes.

A key barrier to developing millimeter-wavelength PAR technology is its lack of maturity
compared to centimeter wavelengths. With the advancements in Ka-band technology for 5G,
there is opportunity to develop PAR systems with simpler PAR architectures. Although highly
digitized architectures are more desirable for reconfigurability, the smaller antenna-element
spacing poses a unique challenge for fabrication and integration of radar subsystems. One
proposed radar concept is called the Ka-band Rapid Volume Imaging Radar (KaRVIR; Salazar
et al. 2022), which employs digital beamforming to collect dual-polarization measurements
across a 20° field of view, making it possible to collect volume scans in 20 s. A pair of such
systems would enable 3D wind measurements not currently possible with scanning systems
due to long volume scans.

Applications to broad science agency research. Given the breadth of future applications
and the flexibility of PAR technology, the potential exists to impact many science agencies.
NSF-supported field campaigns focus on 1-2-month periods and will eventually need small
networks of mobile PARs with wavelength diversity. By resolving processes on a finer angu-
lar grid and with greater temporal resolution than with current dish radars, PAR technology
can also benefit the Department of Energy’s Atmospheric Radiation Measurement (ARM)
program’s goals to advance the understanding of clouds and precipitation processes and
their impact on the Earth system. Yet, a challenge is posed in terms of developing short-
to-medium wavelength PARs that are reliable enough to provide continuous observations,
often in remote locations. More complete vertical scans provided by PAR can support NASA
atmospheric science objectives by matching with satellite observations that have high verti-
cal resolution and sampling (Kirstetter et al. 2012; Skofronick-Jackson et al. 2017; National
Academies of Science, Engineering, and Medicine 2018). Finally, NOAA is considering a PAR
network to replace the WSR-88Ds (McLean et al. 2020), which would enable operational
benefits while enabling major advancements in both fundamental and applied research at
an unprecedented number of sites nationwide. Cross-agency collaboration and resource
sharing on PAR development and usage, as well as improved coordination between the re-
search and operational communities, will be facilitated by PAR’s unprecedented flexibility
and ability to optimize multiple missions simultaneously.

Vision for PAR’s impact on science and education. PARs offer versatile platforms foster-
ing synergy between sensing technologies (e.g., lidars, cameras, satellites) by providing the
spatiotemporal continuity desirable to bridge across observations. Vastly expanded depic-
tions and understanding of microphysical, dynamical, and thermodynamical atmospheric
processes can be achieved across spatial and temporal scales by combining PAR observa-
tions with other instruments. In addition, the flexibility of all-digital PAR architecture
allows the easiest path for interfacing with physics-informed artificial intelligence/machine
learning (AI/ML) and to optimize concepts of operations for observing different events with
a digital-twin simulator. The simulator consists of a standalone local version of the data
acquisition and processing software in the actual radar system that uses either simulated
or pre-acquired time series IQ data. This enables testing different PAR configurations,
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emulating the radar operation and displaying the data under the defined PAR scanning mode
for the same precipitation system (Schvartzman and Curtis 2019; Torres and Schvartzman
2020). PAR observations are envisioned to have a critical impact on weather and climate
models through data assimilation (DA) experiments and using 4D observations to conduct
process-based evaluations of NWP models and improve parameterization schemes Yussouf
and Stensrud (2010).

For the success of any new atmospheric sensing technology, broad adoption by the scien-
tific community is imperative. Real-time displays, analysis tools, and ready access to data are
key to introducing different user communities (e.g., scientists, students, forecasters) to PAR
technology. The breadth of future applications and flexibility of PARs will lead to targeted
training and workforce-development opportunities. Once the data are available in a routine
manner, new developments will naturally happen across a variety of topical areas including
tailored scan strategies, custom waveforms, new data assimilation methodologies, and inno-
vative display frameworks, just to mention a few. Therefore, we believe there is a mandate for
the PAR research community to provide open access to these data with the focused purpose
of broad adoption that will lead to important benefits to society.
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