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ABSTRACT 

Phased array radars (PARs) are a promising observing technology, at the cusp of being 

available to the broader meteorological community. PARs offer near instantaneous sampling 

of the atmosphere with flexible beam forming, multi-functionality, low operational and 

maintenance costs, and without mechanical inertia limitations. These PAR features are 

transformative compared to those offered by our current reflector-based meteorological radars. 

The integration of PARs into meteorological research has the potential to revolutionize the way 

we observe the atmosphere. The rate of adoption of PARs in research will depend on many 

factors including i) the need to continue educating the scientific community on the full 

technical capabilities and trade-offs of PARs through an engaging dialogue with the science 

and engineering communities and ii) the need to communicate the breadth of scientific 

bottlenecks that PARs can overcome in atmospheric measurements and the new research 

avenues that are now possible using PARs in concert with other measurement systems.  The 

former is the subject of a companion article that focuses on PAR technology while the latter is 

the objective here.  
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CAPSULE 

The adoption of PARs by the meteorological community, along with advancements in 

communications, high performance computing and sensors technology has the potential to 

revolutionize the way we observe the atmosphere. 
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1. Introduction 

 

For over 60 years, radars have been a key enabler of scientific discoveries in atmospheric 

research and have become irreplaceable to weather prediction.  The same radar returns from 

natural targets such as clear air turbulence and hydrometeors that were considered to be 

interference by the military during World War II, were treasured by the meteorological 

community.  Since then, a large body of theoretical and experimental work has been 

accomplished and the measurable properties of radar signals—amplitude, phase, polarization, 

and frequency—are interpreted in terms of the sizes, shapes, motions, and thermodynamic 

phase of precipitation particles (e.g., Doviak and Zrnic, 2006; Bringi and Chandrasekar, 2001; 

Fabry 2015). Significant advancements in radar technology and digital signal processing have 

led to the development of sophisticated atmospheric radar systems (Kollias et al., 2019). Dual-

polarization has become indispensable for microphysical studies, quantitative estimation of 

precipitation amounts (Ryzhkov and Zrnic 2019; Oue et al. 2021; Bukovcic et al. 2020; Zhang 

et al. 2020; Matrosov et al. 2020) and for data quality control (Zrnic and Ryzhkov, 1999; 

Bachmann and Zrnic, 2007 and Melnikov et al., 2008). Finally, the Doppler capability has 

provided a wealth of knowledge in storm dynamics (Protat and Zawadzki, 1999, Bousquet et 

al., 2007; Potvin et al., 2012; North et al., 2017). 

Reflector antenna-based radars typically employ the Plan Position Indicator (PPI) scan 

which maps the radar observables onto polar coordinates with constant elevation angle. If the 

antenna controlled by the scanner performs a full rotation (360 azimuth swath), the scan is 

called a surveillance scan; otherwise, it is called a sector scan. In surveillance mode, the low 

tilt PPI scan provides the distribution of precipitation in plan view (Fig. 1a). A time sequence 

of PPIs can be used to capture the evolution and motion of precipitation areas. One full 

surveillance scan is typically completed within 15-20 s. Using a set of PPI scans at different 

elevations, the precipitation vertical structure can be extracted along a specific azimuth angle 

approximately every 4-6 min (Fig. 1b).  The vertical resolution is often coarse due to the limited 

number of elevations used in the radar surveillance scan. In addition, two coverage gaps are 

noticeable: 1) the low-level coverage gap introduced by the Earth’s curvature and 2) the “cone-

of-silence” at upper levels near the radar location introduced by the maximum elevation used 

by the radar surveillance scan.  

Brought to you by NOAA Central Library | Unauthenticated | Downloaded 10/06/22 06:55 PM UTC



5
Accepted for publication in Bulletin of the American Meteorological Society. DOI 10.1175/BAMS-D-21-0173.1.

A dense radar network is the only way to address the low-level radar coverage gap  

(McLaughlin et al., 2009). The poor vertical resolution and the cone-of-silence can be  

addressed using Range Height Indicator (RHI) scans, where the antenna scans in elevation at a  

fixed azimuth (Kollias et al., 2020). Performing a hybrid PPI/RHI sector scan with a large  

reflector antenna will result to considerable loss of sampling time due to the acceleration and  

deceleration of the pedestal (15-30% depending on the sector size) and adds stresses on the  

pedestal hardware. This type of hybrid scan is usually employed by reflector antenna-based  

research radars.  The mechanical inertia introduced by using a large reflector antenna placed  

on a positioner is one aspect of meteorological radars that has remained essentially the same  

over the past 60 years. This single factor exerts considerable influence on a radar’s  

spatiotemporal sampling, the interpretation of the signals, and quality control of radar  

observations, and has considerable operations and maintenance implications on operational and  

research radar networks across the world. In addition, a large reflector antenna offers no  

flexibility on how to control the radiation pattern (i.e., number of beams and shape of beams).  

Today, phased array radars (PARs) —designed several decades ago for tracking manmade  

targets— are a mature, established technology at the cusp of being available to the broader  

meteorological community (Palmer et al., 2022). Such radars can track or search for targets  

without moving their antenna. To steer the beam, they rely on wave interactions among signals  

from a multitude of small antenna elements (Brookner 1985).  PARs offer near instantaneous  

sampling of the atmosphere when and where it is needed without mechanical inertia limitations  

(Weadon et al. 2009; Heinselman et al. 2011). In addition, PARs offer the ability to change the  

shape of the radar beam using imaging from pulse to pulse. Thus, for the first time, researchers  

take full control of the antenna, the component that connects the radar transceiver with the  

atmosphere. This offers transformative capabilities for sampling rapidly evolving atmospheric  

phenomena, utilize advanced clutter and interference mitigation techniques.  The all-digital  

PAR technology (Palmer et al., 2022), the radar can become “software defined,” allowing  

future observational modes to be implemented via software updates rather than expensive and  

time-consuming hardware changes. Finally, PARs also have higher reliability because they  

require no moving parts and have graceful degradation of performance.    

Despite these advantages, the adoption of PAR technology in atmospheric science will be  

different in many ways from the early usage of radars in meteorology. Sixty years since the  

inception of radar use in meteorology, the research community has considerable knowledge  
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and performance expectations. The interpretation of radar returns from atmospheric 

phenomena is often more challenging than the interpretation of those from manmade targets 

and depends on well-established high standards on the quality of the amplitude, phase, and 

polarization measurements. The ongoing debate encompassing the next generation of 

operational weather radar systems in the USA (Weber et al., 2021) provides an example of our 

“educated inertia”. The companion paper by Palmer et al., 2022 discusses the significant 

progress on PAR technology and outlines a few, outstanding challenges such as calibration due 

to the varying beam and polarization characteristics and cost. In this article, a different narrative 

is introduced where the potential of PARs to revolutionize the way we observed the atmosphere 

is discussed in a broader sense (beyond the scope of replacing existing operational weather 

radar networks), anticipating that short-term technological advancements will address current 

shortcomings in PAR technology and the measurement standards requirements for the 

scientific applications discussed here are not necessarily those introduced by the National 

Weather Service (NWS).  Our hope is that a concise discussion on the breadth of scientific 

deadlocks that PARs can overcome in atmospheric measurements and the new research 

avenues that are now possible using PARs in concert with other measurement systems will 

increase the number of early PAR adopters and provide federal agencies with the justification 

to support PAR-based facilities.  
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Figure 1. a) 0.48o elevation PPI from KHGX, the WSR-88D in the Houston/Galveston, TX area collected 

at 08:12:07 UTC on 01/23/2019 and b) the reconstructed vertical view of the precipitation along the azimuth 

line shown on the PPI panel. The triangle indicates the KHGX location. Insert box: analogy of mechanically 

scanned antennas. 

 

2.     Gaps in our scientific knowledge 

 

The need for PAR technology is well-documented in past National Research Council 

reports (e.g., Beyond NEXRAD), the National Science Foundation (NSF) Radar Workshop in 

2012 (Bluestein et al., 2014), and the In Situ and Remote Sensing Capabilities in Convective 

and Turbulent Environments (C-RITE, Geerts et al., 2018) Community Workshop in 2017. 

Most recently, the 2021 virtual PAR workshop (Bodine et al. 2021) included a focus on the 
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accessibility of this technology expanding into educational applications and a greater breadth 

of science applications. 

 

a. Convective dynamics and severe weather hazards 

 

Since dynamical and microphysical processes in severe convective weather are highly 

variable in space and time, high resolution four-dimensional (4D) PAR measurements of wind 

and polarimetric variables offer tremendous opportunities to elucidate the physical processes 

underpinning many such phenomena including landfalling tropical cyclones, hailstorms, 

thunderstorms, tornadoes, and heavy snowfall. Current sampling capabilities of conventional 

scanning radars often provide insufficient spatial and temporal sampling (∆𝑡𝑡) of atmospheric 

parameters relative to their evolution across finer space and time scales (Fig. 2). Observations 

using the conventional mechanical scanning strategies, which generally take on the order of 

five minutes, are deficient, particularly in their ability to scan volumes large enough to entirely 

cover storms and other atmospheric phenomena of interest (and their near environments) with 

polarimetric capabilities, a fine beamwidth, and with acceptable data quality (Fig. 2). This is 

particularly true in colder climates where sensitivity and data quality are prioritized, and PAR’s 

adaptive sampling strategies can address these needs while improving the temporal sampling. 

For example, tornadoes require extremely rapid update times to document tornadogenesis 

and evolutions on the order of 1–10 s (e.g., Bluestein et al. 2010). The use of mobile X-band 

hybrid phased array and scanning military Doppler radar (MWR-05XP, Bluestein et al. 2010) 

improved single/dual-Doppler wind retrievals (e.g., French et al. 2013; Bluestein et al. 2016; 

Liou et al. 2018). Numerous studies of tornadoes using rapid-scan radars have increased our 

knowledge of tornadogenesis, tornado decay and tornado debris behavior (Pazmany et al. 2013; 

French et al. 2014; Wurman and Kosiba, 2013; Tanamachi and Heinselman 2016; Bluestein et 

al. 2015, 2019a; Houser et al. 2015, 2016, 2020; Wakimoto et al. 2015, 2016, 2018, 2020; 

Kurdzo et al. 2017; Wienhoff et al. 2018, 2020; McKeown et al. 2020; Snyder et al. 2020; 

Wurman et al., 2021), and the relationship between satellite-observed cloud tops and the 

internal behavior of tornadic supercells (Bluestein et al. 2019b). In addition, studies with PARs 

revealed the existence of secondary vortices, which evolve on time scales of just a few seconds 

(Bluestein et al. 2018), and shallow supercells and tornadoes associated with tropical cyclones 

(Adachi and Mashiko, 2020; Morotomi et al. 2020).  
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Figure 2: By analogy to the movie film, a) reflector-based radars can only capture coarse spatiotemporal 

resolution information on the cloud lifecycle, while b) phased array radars can offer the sequence of the 

convective clouds’ lifecycle at a higher rate (frames per sec) and higher spatial (pixel) resolution.  

 

While these studies increase our knowledge, many studies also point to the benefits that 

can be accrued with further rapid-scan polarimetric capabilities. For example, shallow 

supercells in the outer rainbands of landfalling tropical cyclones (TCs) are considerable 

generators of significant tornadoes (≥ Enhanced Fujita (EF)-2 Scale; Potter 2007) in the 

southeastern coastal states of the CONUS (Schultz and Cecile, 2009). TC-associated high SRH 

and CAPE confined at low levels are favorable for rapidly evolving shallow supercells and 

tornadoes (Schneider and Sharp, 2007). However, specific physical mechanisms of TC 

tornadoes are still an open question because of difficulties in observing systems having such 

small spatiotemporal scales (Fig. 3). Adachi and Mashiko (2020) used PAR observations to 

shed light on this issue, suggesting that PAR is a promising tool for this purpose.  

 

b. Process rates in convective and stratiform precipitation 
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Not only have weather radars been crucial to advancing scientific understanding of severe  

convective storms but they have been key to advancing cloud and precipitation science by  

improving our understanding of microphysics and their parameterizations in Numerical  

Weather Prediction (NWP) models. Precipitation is a flux of hydrometeors; polarimetric radar  

measurements can characterize these hydrometeors. Especially when coupled with detailed  

microphysical models, one may infer the operation of microphysical processes such as  

aggregation, riming and evaporation from spatial polarimetric features called “microphysical  

fingerprints” (e.g., Kumjian and Ryzhkov 2010, 2012; Andrić et al. 2013; Kumjian and Prat  

2014; Kumjian et al. 2012, 2020; Schrom et al. 2015; Oue et al. 2015a,b; 2018; Kalesse et al.  

2016; Tobin and Kumjian 2017; Laurencin et al. 2020; Wu et al. 2018, 2021; Tuftedal et al.,  

2021).   

  

Time resolution is key to monitoring precipitation evolution in rapidly evolving convective  

processes (e.g., hail growth), mass fluxes (e.g., rain shafts), and related hydrologic hazards.  

Yet, current reflector antenna-based radar scanning strategies provide only discontinuous  

sampling due to trading off temporal resolution and data quality for spatial continuity. A  

common approach is to reconstruct vertical profiles via azimuthal averaging of PPI scans  

(Ryzhkov et al. 2016). Although useful for bulk assessments of microphysical processes in  

widespread precipitation (e.g., Kumjian and Lombardo 2017; Tobin and Kumjian 2017; Griffin  

et al. 2018; Kumjian et al. 2020), this approach is not useful for studying spatially  

heterogeneous convection (Fig. 3). Further, current dish-type radar scanning strategies do not  

allow for rapid updates or Lagrangian precipitation shaft tracking, leaving researchers only  

with “snapshots” of an evolving precipitation system. Phased-array radar complement  

polarimetry with the temporal dimension required to characterize precipitation fluxes (e.g.,  

time derivatives of polarimetric observations) and would allow such sampling, potentially  

providing unprecedented information about ongoing precipitation processes.  
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Figure 3: a) Example PPI at 5º from a winter storm on 18 February 2021 at 17:30:08 UTC in Long Island 

NY from the Raytheon SKYLER-I system (Kollias et al., 2022) at Stony Brook University, b) the 

corresponding PPI from the KOKX WSR-88D at Upton NY, c) an SKYLER-1 RHI at azimuth 180.5º 

collected instantaneously with the PPI and d) the corresponding reconstructed vertical structure as captured 

by all the KOKX PPIs along the SKYLER-1 RHI two-dimensional plane.   

Quasi-continuous sampling of the precipitation column from low altitudes to cloud top will 

fill current gaps arising from discontinuous sampling, to better observe warm- and mixed-phase 

microphysical processes and their interactions that distribute hydrometeor fluxes and shape the 

vertical structure of precipitation (Kirstetter et al., 2010, 2013; Ryzhkov et al. 2016). An 

increased vertical resolution of the polarimetric observations is critical to accurately capturing 

features such as vertical gradients (e.g., Porcacchia et al. 2019) that can be better interpreted 

with microphysical models to quantify hydrometeor size growth rates (Morrison et al. 2020). 

When coupled with detailed microphysical models, preliminary studies are indicating such 

information can be used to retrieve quantitative process rate information (e.g., Schrom et al. 

2021).  

 

c. Convective updrafts 
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Convective storms transport water vapor and condensate from Earth’s surface to the upper 

troposphere. Convection characteristics including updraft properties such as core size, depth 

and updraft magnitude and their evolution throughout the convective cloud lifetime are closely 

related to environmental factors (e.g., Varble et al., 2018; Grabowski et al., 2021; Peters et al. 

2021). Because cumulus clouds evolve rapidly, their microphysical and kinematic properties 

and lifecycles are challenging to resolve using conventional observational platforms (e.g., 

Fridlind et al. 2019, Oue et al. 2019).  

The collection of comprehensive observations of convective updrafts using surface-based 

radars remains challenging.  Profiling radar techniques (e.g., Williams, 2012; Kumar et al., 

2015; Wang et al., 2020) offer limited sampling of individual storms and lack information on 

the temporal evolution of the convective dynamics. Although multi-Doppler wind retrievals 

have been used successfully to study kinematic properties of convective updrafts (Lhermitte 

and Miller, 1970; Junyent et al., 2010; North et al., 2017), these analyses are prone to significant 

errors in the retrieval of the vertical air motion, especially in the upper part of convective storms 

(Oue et al., 2019). These errors stem from the selected radar volume coverage pattern (VCP), 

the sampling time for the VCP, the number of radars used, and the added value of advection 

correction. Using end-to-end simulations Oue et al. 2020 determined that the VCP elevation 

strategy and sampling time have a significant effect on the retrieved updraft properties above 

6 km altitude. In addition, decreasing the VCPs sampling time to less than 2-min improves the 

impact of the advection correction and thus, significantly improves the retrievals.   
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Figure 4: Vertical cross sections of (a,c,e) of radar reflectivity and (b,d,f) vertical velocity from (a,b) a  
cloud model simulation of deep convection, (c,d) a triple-Doppler wind retrieval using 5-min WSR-88D  
VCPs, and (e,f) a  triple-Doppler wind retrieval using 3-min VCPs with 60○ elevation scans.   

  

The Oue et al. 2019 study suggests that the use of rapid-scan radars can substantially  

improve the quality of convective updrafts retrievals if conducted in a limited spatial domain  

(Fig. 4). PARs are suitable for limited domain scans (in azimuth and elevation) since they have  
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no time overhead that would be associated with the acceleration and deceleration of a dish 

antenna at the edges of the sector scan. Profiles of radar observations will document convective 

dynamics and microphysics from top to bottom, and 3D coverage over the storm life cycle will 

detail the evolution of the breadth, depth, strength, and tilt of convective updrafts / downdrafts. 

These crucial measurements will improve our theoretical understanding and monitoring of 

storms and related hazards, aerosol-convection-precipitation interactions (e.g., Igel and van den 

Heever, 2021), and the next generation of atmospheric models for severe weather prediction. 

 

d.     Clear air studies 

 

Clear air observations in the planetary boundary layer (PBL) rely on passive wind tracers 

such as low-airspeed insects, chaff, or refractive index irregularities (Bragg scattering). Winds 

in pre-storm environments contain kinematic features (divergence, fronts) that influence storm 

formation (Doviak and Zrnic 2006; Heinselman et al. 2009; Markowski and Richardson 2011). 

This information has predictive value to both forecasters and numerical models. Winds 

between storms are also important as they influence cell evolution and entrainment; their 

tracers may be Bragg scatterers or non-precipitating clouds. In addition, a very important 

feature of clear air returns is the potential for retrieving the average humidity within the PBL 

(Gossard et al. 1982). Upscale generation of turbulence in the PBL is another phenomenon 

suitable for research with a PAR. Analysis of the third-order velocity structure function has 

demonstrated downscale and upscale turbulent energy flux, the former for 3D small scale 

turbulence to dissipation, whereas scales larger than 10 km the observed transfer was upscale 

to 2D turbulence (Cho et al. 2001). It has been observed in a hurricane boundary layer (Byrne 

and Zhang 2013) that “the large-scale parent vortex may gain energy directly from small scales 

in tropical cyclones.” By analogy we submit that a similar gain in energy may occur in some 

mesoscale convective systems. 

 

A PAR could make the clear air measurements through adaptive scans in space (scanning 

limited to relevant areas), adaptive dwell time (Cho and Weber 2009), adaptive power level, 

and special processing in desirable regions of the atmosphere. The characteristics of the 

hypothetical PAR system that can achieve these capabilities are presented in Weber et al., 2021.   
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Characterizing turbulence in the PBL is particularly well suited for a PAR as its stationary 

beam avoids smearing associated with rotating antennas. Hence both statistical characteristics 

of motions, including momentum fluxes on scales larger and smaller than the resolution 

volume, can be estimated more accurately (Xu and Gal-Chen 1993). Variances and covariances 

at both scales may be useful for inclusion in numerical models or for verifying the models’ 

results. Furthermore, estimates of heat and moisture fluxes from the structure parameter 𝐶𝐶𝑛𝑛
2 

would be useful to numerical models and analysis (Doviak and Zrnic 2006, eq 10.38) profiles; 

the effect of these fluxes on the reflectivity is illustrated in Rabin and Doviak (1989). Strength 

of turbulence can be gauged from measurements of the eddy dissipation rate 𝜖𝜖 via its relation 

to the Doppler spectrum width (Doviak and Zrnic 2006). 

The S-band radar polarimetric capabilities can distinguish Bragg scatterers (carrier of 

humidity information) from insects or birds (Melnikov and Zrnic 2017), enabling accurate, 

uncontaminated measurements of the air motions. We illustrate the concept in Fig. 5 where the 

vertical cross sections (RHIs) of the differential reflectivity (ZDR) and the co-polar correlation 

coefficient (𝜌𝜌𝐻𝐻𝐻𝐻) at the PBL top are displayed for signal to noise ratios larger than –7 dB. The 

key point is that ZDR and 𝜌𝜌𝐻𝐻𝐻𝐻 at the PBL top (between the two horizontal lines) have distinct 

values separating Bragg scatter from insects. The ZDR of these eddies is on average zero (Fig. 

5a) and the correlation coefficient is close to one (Fig. 5b).  
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Fig. 5 a) Vertical cross section (RHI) of differential reflectivity, ZDR. b) Correlation coefficient, ρhv of  
the data in a). Time is 1800 UTC 18 on July 2013 at an azimuth of 191º. The horizontal lines bound the area  
of clear air echoes at the top of the convective boundary layer. The data were collected by the S-band research  
KOUN Weather Surveillance Radar – 1988 Doppler (WSR-88D) located in Norman, Oklahoma (Adapted  
from Melnikov and Zrnic 2017).  

  

A definite advantage of a PAR for this application is its adaptive increase in sensitivity to  

detect the weak signals, and avoidance of beam smearing effects in the measurements of  

turbulence. Finally, a broad topic ready for exploration is the use of bistatic measurements in  

clear air (Tulu et al. 2006) with a PAR wherein the tracers are fluctuations of refractive index.  

These measurements would sense eddies significantly larger than half the radar wavelength  

Brought to you by NOAA Central Library | Unauthenticated | Downloaded 10/06/22 06:55 PM UTC



17
Accepted for publication in Bulletin of the American Meteorological Society. DOI 10.1175/BAMS-D-21-0173.1.

size causing returns in the monostatic application. Larger eddies are more likely to be within  

the inertial subrange and thus be more detectable.   

  

3.     Integration with other observing systems and numerical weather prediction models  

  

a.     Symbiosis with reflector radars and integration with other observing systems  

  

The strength of synergistic (multi-sensor) observations for the study of clouds and  

precipitation systems is well documented. Two noteworthy examples are the National  

Aeronautics and Space Administration (NASA) A-train satellite constellation (Stephens et al.  

2018) and the US Department of Energy (DOE) Atmospheric Radiation Measurement (ARM)  

observatories (Turner and Ellingson 2017). Coordinating multi-frequency radar observations  

are key to covering the wide range of occurring cloud and precipitation conditions and to  

reinforcing our ability to interpret the radar measurements (Kollias et al. 2020). Traditionally,  

the value of multi-sensor observations emerges long after their collection during a post- 

processing phase. Unfortunately, any knowledge gained at that stage is often too late to adjust  

and optimize the observing strategy, often leaving an incomplete picture of the studied  

phenomena.   

PARs offer substantial improvements in our observing capabilities through augmentation  

with existing and future observing systems. PAR have indeed been operated side-by-side with  

reflector-based radars. In most cases, the objective has been to use the polarimetric capability  

of mechanical scanning radars to evaluate and calibrate the PAR polarimetric observables  

(Heberling and Frasier 2021). Recently, the synergy between PAR and mechanically scanning  

radars for scientific investigations was demonstrated at the Stony Brook University –  

Brookhaven National Laboratory Radar Observatory (SBRO). The observations of a high  

quality, Ka-band Scanning Polarimetric Radar (KASPR, Kumjian et al. 2020; Oue et al., 2021)  

and an X-band dual-polarization phased array radar (SKYLER, Kollias et al., 2018) —two  

different yet uniquely complementary systems— were adaptively coordinated using real-time  

observations from a geostationary satellite, a surface camera, and the radars themselves  

(Kollias et al., 2020). The high sensitivity and polarimetric quality of the mechanically  

scanning KASPR, dedicated to a slow scan rate, produced high quality observations of a series  
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of waterspouts while the agile phased-array SKYLER, in concert, instantaneously interrogated 

many different parts of the waterspouts to provide missing dynamical context.  This 

combination of radar resources has the potential to provide a leap forward in our ability to 

understand rapidly evolving microphysical and dynamical processes in cloud and precipitation 

systems. 

 

b. Integration with ML/AI-based intelligent observing systems 

 

Only a few scanning radars systematically adapt their sampling strategy based on the actual 

atmospheric state. An example of this is the Collaborative Adaptive Sensing of the Atmosphere 

(CASA) network (McLaughlin et al., 2009); a network of small, low-cost, short-range radars 

controlled by a software architecture, which automatically balances user preferences for 

information, data quality, system resources, and the evolving weather. Most of our observing 

systems (i.e., DOE ARM observatories) sample the atmosphere using a predetermined “stare” 

or “sit and spin” strategy that is not adaptive to atmospheric conditions. This inflexible 

approach is based on sampling all the sky equally, even clear skies without any atmospheric 

phenomena of interest. This precludes our ability to selectively sample more frequently in time 

and with higher spatial resolution the parts of the sky where a particular phenomenon exists. 

To truly capitalize on the benefits of an inertia-free beam requires a break from the sit-and-

spin style notions of preplanned PPIs, RHIs, and raster scans. By way of analogy, the human 

visual system offers an example of highly adept, externally driven, dynamic remote sensing 

(Fig. 6a). The area of the human retina capable of resolving high-resolution images (the fovea, 

measuring about 1.5 mm across) is a mere fraction of the total retinal area. It’s very narrow 

field of view requires there to be a time-sharing scheme in which the eyes’ positions shift 

rapidly (using saccadic motions) between different features of interest, with the features 

containing more important information getting more revisit time (Yarbus 1967). These 

"snapshots" are then linked together by the brain to extract meaning.  
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Fig. 6 a) Example of the regions of high-resolution fixation (yellow circles) where a human observer  
might spend most of the time aiming the eyes’ foveae when viewing this image. The yellow lines represent  
quick saccadic motions between the fixation points, or analogously, processing overhead of the Saccadic  
Phased Array Radar Sampling (SPARS) algorithm. The blurred areas represent information content less  
relevant to the observer, b) an analogous framework of PAR plus other sensors in an observational network  
where peripheral environmental situation awareness is provided by a rich multi-sensor real-time data-stream  
and the fovea-like PAR system spends most of the time directing beams having high-quality SNR toward  
features of maximum interest.  The individuals on panel a) are Kristofer Tuftedal (left), Edward Luke (top)  
and Miles Litzmann (right).  
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We envision a similar approach for observing convective weather with analogous  

characteristics, consisting of two parts. The first part consists of a very fast ongoing raster scan  

that blankets the full observational sector in azimuth and elevation with a coarse grid of short  

dwell-time beams. Every few seconds, all data from the grid are periodically ranked and sorted  

by descending relevance according to a “goodness metric” to identify the most interesting beam  

directions. Simultaneously, the second part of our approach targets a set of high spatial  

resolution longer-dwell beams, prioritizing the directions that were found most relevant, until  

available beam time is exhausted. The budgeting of beam time is split ~20/80% by interleaving  

the first and second parts, allowing high resolution sampling to be continuously targeted  

towards the most interesting features as they evolve (Fig 6b). The first part performs a function  

analogous to the rods in the human visual system covering the bulk of the optical field and  

providing peripheral vision. The second part is analogous to the high-resolution fovea that  

resolves the most interesting content. One important difference in our case is that the “fovea”  

can assume an arbitrary shape and even split into multiple “foveae”, as needed.  

Recently, the first iteration of an intelligent agent for weather radars that uses multisensory  

input for agile adaptive sensing was developed and its evolution from an observing system into  

an intelligent observing protocol system was demonstrated (Kollias et al. 2020). The intelligent  

agent, called Multisensor Agile Adaptive Sampling (MAAS), integrates the ecosystem of  

existing infrastructure sensing systems (e.g., cameras, satellites (GOES), radars (WSR-88D),  

lidars) into an artificial intelligence system that can identify phenomena of interest, allocate  

resources for their tracking and sampling, and creation of the proper warning/response output.  

MAAS expands upon past efforts (McLaughlin et al., 2009; Stein et al., 2015) by integrating a  

PAR system and non-radar observations in the determination of the “goodness metric”.   

Projecting this approach further, as phased-array radar becomes integrated with machine  

learning capabilities, it becomes the input sensor (or eyes, so to speak) of an intelligent  

atmospheric computer vision system.  

  

c. Assimilation of PAR data into high-resolution NWP   
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Another potential utilization of PAR data is through its integration with the Warn-on-

Forecast project, a National Oceanic and Atmospheric Administration research initiative that 

aims to increase lead time for tornado, severe thunderstorm, and flash flood warnings (Stensrud 

et al. 2013).  A major focus of the Warn-on-Forecast initiative is the cycled data assimilation 

(DA) of PAR reflectivity and/or radial velocity (Lu and Xu 2009; Thompson et al. 2009; 

Yussouf and Stensrud 2010; Wicker et al. 2012; Cheng et al. 2014; Skinner et al. 2014; 

Tanamachi et al. 2015; Supine et al. 2017; Stratman et al. 2020; Kerr and Wang 2020; Huang 

et al. 2020) for short-fuse severe weather prediction.  

The nowcasting/detection of severe weather hazards using operational scanning radars is 

limited by the volume coverage pattern (VCP).  This has motivated the development of the 

SAILS (Supplemental Adaptive Intravolume Low-level Scan) scanning strategy (Christman 

2013; 2014), giving more frequent low-level updates in operational WSR-88D data.  These 

adaptive low-level scanning procedures, adding low-level scans to the middle of a VCP, have 

led to the increased detection of low-level features of interest with a positive influence on 

severe weather warnings in the USA (Cho et al. 2021; Kingfield and French 2022).  However, 

even with 2- to 3-minute scan updates provided by SAILS, the evolution of convective storm 

features may still not be resolved, both in time and in the vertical plane.  

PAR data has revealed that the evolution of convective storm features can occur on 

timescales more rapidly than provided by SAILS-type scanning, at more than one scan level, 

and above low-level scanning.  Tornadic vortex signatures (TVSs) scanned by phased-array 

radars undergo rapid evolution on timescales less than 20 seconds (e.g., French et al. 2014), 

such that SAILS-type scanning can alias key variability in observing the tornadic vortex 

evolution, or the detection and evolution of the tornadic debris signature (TDS) in co-polar 

correlation coefficient (e.g., Houser et al. 2016).  For hail nowcasting, features such as specific 

differential phase and differential phase columns (e.g., Illingworth et al. 1987; Hubbert et al. 

1998) may be missed more frequently with enhanced low-level scanning, and the time 

resolution of operational VCPs may be insufficient for gathering information for hail and 

severe wind nowcasting algorithms (French and Kingfield 2021; Kingfield and French 2022; 

Hermes et al. 1993). 

PARs flexible scanning capabilities allow “adaptive sampling” or “targeted observations” 

(Kerr and Wang 2020), providing faster updates in regions of high interest or longer dwells in 

areas where clear-air returns are desired (Huang et al. 2020, 2021). PAR therefore enables DA 
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to provide accurate high-resolution analysis of both the storm and the near-storm wind field,  

which is critical for subsequent prediction. Such capabilities also allow DA methods to address  

model-data imbalance (Maejima et al. 2017), treatment of nonlinearity and non-Gaussianity  

(e.g., Van Leeuwen et al. 2009), and new multiscale DA approaches (e.g., Wang et al. 2021).  

PARs adaptive sampling capability also opens doors for new research on developing  

observation operators and observation error estimation models associated with different  

sampling strategies (e.g., beam patterns).   

Given the wealth of information available from polarimetry, assimilation of dual- 

polarization PAR data into NWP models has the potential to improve the analysis of the storm.  

Despite this promising avenue, efforts toward even conventional dual-polarization data  

assimilation have been somewhat limited (Li et al. 2017; Carlin et al. 2017; Putnam et al. 2019),  

in part because of two roadblocks. First, conventional dual-pol observations are limited in the  

spatiotemporal resolution needed for high-resolution NWP models. For example, Carlin et al.  

(2017) show the utility of assimilating ZDR or KDP columns (Kumjian et al. 2014; van Lier- 

Walqui et al. 2016) to improve storm spin-up and forecasts in NWP models. However, poor  

operational sampling of the mid- and upper levels of storms, exacerbated by the recent focus  

on more frequent updates at low levels at the expense of midlevel scans (e.g., Kingfield and  

French 2021) limits the information available for DA. Polarimetric PAR will close these gaps,  

allowing rapid, comprehensive sampling of convective storms throughout their lifecycle,  

providing critical information for DA. Second, the mismatch between radar-observed  

quantities (like Z, ZDR, KDP) and model-predicted variables necessitates the design of forward  

operators (e.g., Ryzhkov et al. 2011; Oue et al. 2020). These are underinformed by model  

microphysics schemes and require assumptions -- sometimes arbitrary -- to fill these gaps  

(Kumjian et al. 2019). As forward operators are developed to be savvier to the uncertainty  

brought on by this incomplete information (e.g., Schrom and Kumjian 2019) and model  

microphysics schemes improve (e.g., Morrison et al. 2020), the rich information available from  

polarimetric PAR will contribute to improved analyses and forecasts of hazardous weather.  

  

4.     How do we make PAR accessible to the community?  

  

The potential scientific gains enumerated above can only be realized with widespread  

community access to PAR technology. Additionally, dual-polarized PAR is a candidate  
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technology for eventual replacement of the WSR-88D (Weber et al. 2021). Therefore, it is  

imperative that atmospheric scientists at all career stages, from students to mature researchers,  

have ample opportunities to interact with, operate, and experiment with PARs. Community  

PAR access will accelerate the adoption of the technology, ensure educational equity, and  

prepare students for the future meteorology work force. Some recommendations for how to  

make PARs more accessible to the radar meteorology, cloud physics, mesoscale meteorology,  

hydrometeorology, storm-scale numerical weather prediction communities are described  

below.   

  

a.     National facility   

  

The scientific community has strongly advocated for the development and use of PAR  

technology in atmospheric science research (NRC 2002; Bluestein et al. 2014; Geerts et al.  

2018, 2018). Presently, different research groups have mobile C- and X-band PARs (Kollias et  

al. 2018; 2020; Salazar et al. 2019; Heberling and Frasier 2021), including dual-polarization  

capability, that have participated in field experiments. While many PARs exist within the  

scientific community, it is desirable that the investigators can equitably request PAR systems  

for a diverse spectrum of research and educational activities through the NSF.  PAR technology  

has largely been used to study severe thunderstorms, but an array of other potential applications  

exists for studies of microphysical and dynamic processes or boundary layer meteorology. In  

addition, new PAR technology may be required to maximize scientific impact and address  

different atmospheric science research areas (e.g., mitigating attenuation using S band or  

observing clouds using Ka or W bands).    

  

In addition to a ground-based PAR facility, there is a necessity for an airborne PAR system  

to sample storms in remote regions unreachable by ground-based radars. A large portion of  

high-impact weather systems (e.g., tropical cyclones, extra-tropical cyclones, orographic  

precipitation) have their origins over the oceans or mountainous regions.  The National Center  

for Atmospheric Research (NCAR) has been advocating for an airborne PAR (APAR,  

Vivekanandan et al., 2020) that can be mounted on the fuselage of an aircraft that expands the  

potential pool of airborne weather radar platforms onto C-130 and other large fuselage  
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airplanes. Collecting concurrent dual-Doppler and dual-polarization measurements in the 

interior of storms enables the investigation of the coupling of dynamics and microphysics that 

fundamentally underlies weather and global climate systems.  

 

b.   Increase the participation of PAR systems in large field experiments  

 

A wide range of atmospheric research can benefit from rapid and adaptive PAR scanning, 

including shallow/deep convection, convective initiation and updraft dynamics, microphysics, 

severe storms, tropical cyclones, impact of complex terrain on precipitation processes, and fire 

weather. Future field campaigns using PAR should be designed by integrating multiple PARs 

and instruments (e.g., lidars, aircraft measurements), and their deployments should be 

optimized prior to field campaigns using numerical models and radar simulators (Oue et al. 

2019; Mahre et al. 2018; Torres et al. 2020). Deployment of at least two PARs is critical for 

multi-Doppler, three-dimensional wind retrievals. For example, multiple PARs could be used 

simultaneously to adaptively scan boundary layer and convection initiation processes while 

documenting vertical motions and microphysical processes in mature, deep convection. 

Precipitation processes and rapidly evolving dynamics could be explored near coastal 

transitions for lake/sea-effect snow, to understand the influence of complex terrain, or to 

capture sea-breeze initiated convection. To ensure high data quality, existing validation and 

visualization tools should be effectively used to quantify uncertainties in the observations, 

including direct comparisons between reflector antenna and PAR data during field campaigns. 

Intercomparisons of dual-polarization data and PAR data collected in non-traditional scanning 

modes (e.g., imaging) with dish systems will help the scientific community to use and gain 

confidence in PAR system capabilities. PAR systems should also be made available for 

education and exploratory research requests to provide critical training with state-of-the-art 

radar technologies and facilitate the availability of a PAR system to institutions that 

traditionally could not afford or support a system of their own.    

 

c.    Future workshop, conferences, and open data access 
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The organization of a future workshop that focuses specifically on PARs to broaden the 

potential applications and user-base of this technology is recommended. The workshop can be 

sponsored by NSF and other agencies such as the DOE and NASA. That guidance will help 

fine-tune PAR operations needs and address limitations in accessibility. 

To promote PAR abilities with the goal of this broader accessibility, PAR scientists need 

to present at specialty conferences that reach beyond the radar community to include boundary 

layer, mesoscale, and hydrology groups, for example. This increased awareness of PAR 

systems and applications will facilitate the development of accessible datasets and software for 

broader uses. To date, PAR data sets have primarily focused on severe storms, have lacked 

polarimetric capability, and in some cases are difficult to broadly share due to the constraints 

imposed by funding sources. To make data more broadly accessible, an important goal for this 

community is to create a more diverse collection of PAR datasets with existing systems and 

make past datasets accessible.  

Another important dimension of the proposed strategy to increase PAR accessibility to the 

community is to develop a consistently documented, centrally located database of PAR cases. 

To foster community-wide access to PAR data, a centralized data repository is needed (e.g., 

through the Earth Observing Laboratory) as well as the adaptation of community analysis and 

visualization tools through open-source software frameworks. Future efforts will then include 

a diverse set of voices from the operational, research, and educational communities to develop 

best practices and a consistent framework for improving accessibility of PAR data. 

 

5.    Epilogue 

 

PAR capabilities are expected to substantially improve our ability to develop agile, adaptive 

observing systems that will provide higher spatiotemporal resolution and allow us to document 

the entire lifecycle of cloud and precipitation systems.   

PAR-enabled quantitative process rate information in precipitation will be a major step 

forward in evaluating model microphysical parameterizations. With improved spatiotemporal 

continuity, long-standing sampling gaps will be addressed by enabling a near-4D depiction of 

microphysical processes with full volume scans collected in <1 min, benefiting NWP 

modeling, data assimilation, and bringing broad impacts to related disciplines like hydrology. 
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Future research should include PAR observations with the dual-polarization capability, in  

conjunction with in-situ thermodynamic measurements and numerical modeling, to improve  

our scientific knowledge and warning technology of relatively compact yet severe events.  

To truly utilize the PARs capabilities in atmospheric sciences, we need to integrate them  

into a ML/AI-based, data-driven, dynamic observing framework (Kollias et al. 2020). A rich  

data ecosystem with inputs from both PAR and non-PAR observations (i.e., GOES, surface  

cameras, WSR-88D) can be synthesized by a machine learning system into a more holistic  

description of the atmospheric state, creating best-estimate positional guidance for real-time  

tracking by surface-based sensors, and developing a better understanding of the fundamental  

physics.   

Here, we purposely avoided making recommendations toward the on-going debate  

surrounding the next generation operational weather radar network in the US and whether it  

should be based exclusively on PAR technology, or a hybrid network of reflector-based radars  

and PARs. The purpose of the article is to pivot the PAR discussion that, to date, has been  

dominated by the on-going debate surrounding the potential of PARs to replace the current US  

operational weather radar network (WSR-88D). The significant research and development  

focused on this topic is expected to improve PAR capabilities across the board (research and  

operational systems), while the parallel discussion on PAR capabilities and applications is  

mostly limited to the operational requirements of the NWS and NOAA. These requirements  

were designed to improve weather warning and forecasting capabilities with a particular  

technology and capability in hand (reflector-based radars).   

It is not clear whether many of these requirements are directly applicable to PARs.  

Throughout the article we highlight the PAR’s transformative capabilities and its potential to  

revolutionize the way we observe weather.  For example, what is the relevance of the concept  

of a temporal update cycle for a PAR? PARs challenge the current paradigm where “…the  

radar sampling time is equally divided across all parts of the atmosphere…”.  It is plausible  

that PARs can match, and probably improve by up to a factor of 5, the time it takes for a WSR- 

88D to cover the same VCP (effectively by avoiding sectors with no meteorological echoes or  

by using adaptive scanning modes such as imaging) but at the same time, the same PAR system  

can sample selected convective storms with superior vertical resolution using densely  

oversampled elevation beams. Similarly, is the antenna beamwidth the best parameter to  

characterize the radar angular resolution when one system (PAR) can conduct any desirable  
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oversampling in azimuth and elevation while staring, and the other (reflector-based radar) is  

rotating while sampling? One is left to wonder whether such measurement requirements would  

have been necessary if PAR was the original technology and capability at hand.   

Finally, our experience working with research-grade PARs for the past 5-10 years illustrate  

there is much more to discuss and benefit from PARs, even if they do not exactly meet the  

current NWS/NOAA requirements. Here, our aim was to communicate these benefits to the  

broader research community, increase the number of early adopters and thus, create a research  

community that actively conducts research using PARs.  
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