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ABSTRACT: This article describes a concept whereby future operational polarimetric phased array radars (PPAR) routinely
monitor ice crystal alignment regions caused by thundercloud electric fields with volume scan updates (~12 min~ ") sufficient to
resolve the temporal variation due to lightning and subsequent rapid electric field regeneration in nonsevere thunderstorms.
Routine observations of crystal alignment regions may enhance thunderstorm nowcasting through comparison of their temporal
and spatial structure with other polarimetric signatures, integration with lightning detection data, and assimilation into convec-
tion resolving numerical weather prediction models. If crystal alignment observations indicate strong electrification well in ad-
vance of the first lightning strike and likewise reliably indicate the decay of strong electric fields at the end of a storm, this
capability may improve warning for lightning-sensitive activities such as airport ramp operations and space launch. Experimental
observations of crystal alignment volumes in central Oklahoma severe storms and their relation to those storms’ structures are
presented and used to motivate discussion of possible PPAR architectures. In one case—a tornadic supercell—these observa-
tions illustrate an important limitation. Even the hypothesized 12 min~! volume scan update rate would not resolve the tempo-
ral variation of the crystal alignment regions in such storms, suggesting that special, adaptive scanning methods may be
appropriate for such storms. We describe how future operational phased array radars could support a crystal alignment mea-
surement mode via parallel, time-multiplexed processing and discuss potential impacts on the radar’s primary weather observa-
tion mission. We conclude by discussing research needed to better understand technical challenges and operational benefits.
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1. Introduction RHC and left-hand circular (LHC) components. Components
of a linearly polarized (LP) wave parallel and perpendicular to
the aligned particles become out of phase, likewise resulting in
elliptically polarized radiation that includes a cross-polarized
component relative to the incident field. As described in the
paragraphs below and section 2 of this article, observational
studies with dual-polarization radars demonstrate that the depo-
larization, and hence the crystal alignment, can be detected across
the range of weather radar wavelengths using both circular- and
linear-polarization bases.

Pioneering work at McGill University (Hendry and McCormick
1976; McCormick and Hendry 1979; Hendry and Antar 1982)
used a dual-circular-polarization (CP) 1.8-cm wavelength radar.
The radar was configured to transmit one polarization—RHC or
LHC—and to simultaneously receive and process both RHC and
LHC signals. Back-scattering from near-spherical hydrometeors
such as raindrops converts most of the energy to the opposite po-
larization of that transmitted. This is the “copolar” return. The au-
thors observed that the magnitude of the weaker “cross-polarized”
return, and its cross correlation with the copolar return exhibited
large values in the upper parts of thunderclouds and inferred that
this was the result of progressive depolarization as the CP radiation
propagated through volumes of aligned crystals. Significant de-

P Supplemental information related to this paper is available at ~ Creases in the correlation between co- and cross-polar returns oc-
the Journals Online website: https://doi.org/10.1175/JAMC-D-23-  curred at the time of lightning discharges as the particles became
0028.s1. disoriented over time intervals of less than 1 s. Crystal alignment

recovery times of 10-12 s are reported, presumably in association
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It is well documented that the strong electric fields in thun-
derclouds can align ice crystals parallel to the field. Weinheimer
and Few (1987) analyze the process theoretically and show that
a substantial degree of alignment is expected for electric field
strengths on the order of 100 kV m ™', a value often observed in
the electrically active regions of thunderclouds (Winn et al.
1974, 1981; Marshall and Winn 1982; Weber et al. 1982; Byrne
et al. 1983). Radio waves propagating through aligned crystals
are progressively depolarized owing to differences in the propa-
gation parameters for the linear components parallel and per-
pendicular to the major axes of the crystals. Forward scattering
from the aligned particles slows the parallel wave component
and as a result, its phase advances relative to the perpendicular
component. This progressive change in differential phase depo-
larizes the radiation unless the incident polarization is aligned
with one of the principal axes of the aligned particles. A right-
hand circular (RHC) wave becomes elliptically polarized with
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between the two receiver channels to quantify the differential
propagation characteristics of the aligned crystal volumes, and the
mean canting angle of the crystals. They observed a differential
phase shift of —2.5° km ™! in one thunderstorm and inferred cant-
ing angles (relative to the vertical) ranging from 0° to 45°. Note
that Hendry and McCormick (1976) define differential phase shift
in terms of differential propagation for waves polarized perpendic-
ular and parallel to the axis of anisotropy established by ice crystal
orientation, not relative to the horizontal (H) and vertical (V) po-
larization basis used to define the conventional differential phase
variable ®pp.

Using similar methods, Krehbiel et al. (1996) present spec-
tacular results from a dual-CP, 3-cm wavelength radar with
real-time processing to detect regions of strong crystal align-
ment and analyze their parameters. The observations were
made during the Convective and Precipitation/Electrification
(CaPE) program at Kennedy Space Center, Florida, in 1991.
Vertical cross sections of co- and cross-polar reflectivity, cir-
cular depolarization ratio (CDR),! and the magnitude and
phase of the cross correlation between the two received chan-
nels are presented from a range-height-indicator (RHI) scan
prior to lightning and a subsequent scan, 16 s later, during
which an intracloud lightning flash occurred. In the scan prior
to the lightning, regions of increased cross-polar reflectivity,
high co/cross-polar signal correlation and increased CDR are
observed above the melting level in association with two dis-
tinct cells within a thunderstorm. These features are absent or
significantly less evident following lightning. Detailed analysis
of the spatial and temporal structure of the dual-CP returns
provides fascinating insights on the electrical and kinematic
processes in play. The authors show that by compensating for
signal-to-noise effects the progression of the depolarization
with range can be estimated, which in turn allows them to
map the alignment regions and the orientation of the ice crys-
tal populations that produce them. This in turn could enable
mapping the electric field structure in storms remotely. Tem-
poral analysis in individual range gates indicate that while the
inferred orientation of crystals in alignment regions returns to
its predischarge value within a few seconds following light-
ning, the magnitude of the co/cross-polarization correlation
builds back more slowly over tens of seconds. The authors in-
fer that the recovering electric field rapidly dominates acrody-
namic forces and turbulence to align smaller particles and
that the fraction of aligned particles then builds over time as
the electric field intensifies. The authors state that the dual-
CP radar observations can reveal both the onset of strong
electrification in developing storms and indicate when decay-
ing storms are no longer likely to produce lightning.

Metcalf (1995, 1997) demonstrated that crystal alignment
was readily detected at 10 cm wavelength, again using a dual-
CP radar configuration. Caylor and Chandrasekar (1996) dis-
cuss how the phenomena can be detected with a LP basis and

! CDR s the ratio of received power in the cross- and copolar-
ized receive channels. Typically expressed in decibel units, it is
large in magnitude and negative (=—20 dB) when scattering is
from spherical particles and the incident wave is well polarized.
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present observations of aligned crystals with the dual-
wavelength CP-2 radar operating at 3 and 10 cm wave-
lengths. Alignment phenomena are observable in the linear
depolarization ratio (LDR)? and specific differential phase
(Kpp)® polarimetric variables. A conceptual model shows
that alignment-induced increases in LDR will be largest
when crystals are oriented 45° relative to the vertical, and
smallest for vertical and horizontal orientations. Kpp is posi-
tive for scatterers with their major axis oriented horizontally
(e.g., oblate raindrops) and negative for ice crystals aligned
vertically by the thunderstorm electric field. Their observa-
tions, again obtained in Florida during the 1991 CaPE pro-
gram, show repeated buildup and dissipation of alignment
signatures in the LDR and Kpp variables on time scales of
tens of seconds, determined by the lightning flash rate. They
interpret the observations using their conceptual model to
infer pre- and postlightning alignment microphysics.

Crystal alignment is readily observed with the National
Weather Service (NWS) operational Weather Surveillance
Radar (WSR-88D), which operates in simultaneous H and V
polarization mode (SHV), where both H and V signals are
transmitted simultaneously and parallel H and V receiving
channels are used. Ryzhkov and Zrni¢ (2007) analyzed the ef-
fects of aligned crystals on the propagation and scattering of
SHYV signals and showed that differential reflectivity (Zpgr)
variation is complex, depending on factors such as differential
phase on transmission, crystal canting angle and propagation-
induced phase shifts. The result is noisy Zpr “streaks” that be-
gin at the range of the aligned crystals and continue at greater
ranges for the affected radials. The authors further show that
the SHV differential phase systematically decreases within
vertically aligned crystal regions resulting in negative Kpp,
consistent with the results of Caylor and Chandrasekar (1996).

Hubbert et al. (2014a,b) discuss aligned crystal measurements
using the 3 cm wavelength Taiwan Experimental Atmospheric
Mobile-Radar (TEAM-R) operating in SHV mode and the
National Center for Atmospheric Research 10 cm wavelength
S-Pol radar operating with alternating H and V transmissions
(AHV). They observed regions of large magnitude Kpp with both
positive and negative sign, which they interpreted as horizontally
(or vertically) aligned smaller ice crystals coincident with larger ag-
gregates or graupel, which resulted in near-zero Zpgr. Hubbert
et al. (2018) discuss S-Pol AHV observations of aligned crystals
during the Plains Elevated Convection at Night (PECAN) cam-
paign in Kansas. The authors emphasize that the cross correlation
between co- and cross-polarized received signals is a very sensitive
indicator of aligned crystal volumes and show examples of both
vertically and horizontally oriented crystal volumes.

2 LDR is the inverse of the ratio of received power in the transmit-
ted linear polarization (e.g., horizontal) to that in the orthogonal polar-
ization (e.g., vertical). As with CDR, LDR is typically less than
—20 dB when the scatterers are approximately spherical or hori-
zontally aligned, and the incident radiation is well polarized.

3 The Kpp is the rate of change with range of the phase differ-
ence between the horizontal and vertical received polarization sig-
nals. It is estimated by numerically differentiating the measured
total two-way differential phase between these signals ®pp.
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While these studies focused on the phenomenology of
aligned crystals and their effects on radar signal propagation,
there are obvious practical applications for such observations.
For example, Krehbiel et al. (1996) note that “the ability to de-
tect electrified conditions in storms by radar enables possible
applications to sensitive ground operations where lightning
hazards are a significant concern or to airborne operations in
the vicinity of electrified storms.” Hubbert et al. (2015) dem-
onstrate this application in a case study where depolarization
due to electrically aligned ice crystals is detected in a storm
11 min before the first lightning detection from the Colorado
lightning mapping array. Interestingly, the depolarization could
be observed at this early stage only in the co-to-cross-signal
correlation and not in LDR or the presence of negative Kpp.
Section 3a in this article discusses this practical application and
others in more detail.

A significant challenge in realizing such applications is the
need to monitor crystal alignment volumetrically within the
storms with time resolution sufficient to resolve the temporal
variation due to lightning and subsequent rapid electric field
regeneration. Mazzetti and Fuelberg (2017) used data from
the Earth Networks Total Lightning Network to characterize
total flash rates in Florida thunderclouds for a 5-yr period
(2010-14). Although rates exceeding 60 min ! were observed,
the vast majority of cases exhibited peak rates less than
10 min~! with the upper 1.5 interquartile range less than
4 min~! during the warm season. Severe thunderclouds, how-
ever, frequently exhibit rates greater than 60 min~', whether
in Florida (Williams et al. 1999) or the southern Great Plains
(MacGorman 1993). To avoid ambiguities between temporal
and spatial variation in alignment structure, the alignment
studies discussed above used volume-limited scanning
(“parked beam” or successive RHIs at a single azimuth
angle), which would not be feasible operationally since they
would cover only a small percentage of the storm volumes of
interest.

The National Oceanic and Atmospheric Administration
(NOAA) is evaluating strategies for sustaining or replacing its
operational WSR-88D by approximately 2040, the projected
end of service life. Polarimetric phased array radar (PPAR) is
one alternative under consideration, owing to the capability
to scan more flexibly and efficiently using electronic beam
steering (Zrnic et al. 2007; Weber et al. 2021). As described in
this article, a PPAR follow-on to the WSR-88D could possibly
also support a rapid-update ice crystal alignment monitoring
capability that enhances NOAA’s severe weather warning
and forecasting mission. As we show in this article, PPAR has
the potential to observe aligned crystal regions at a rate of ap-
proximately 12 volume scans min~ ' and, in parallel, scan for
the “standard” polarimetric weather variable observations at
a rate of approximately 1 volume scan min~'. This could poten-
tially be accomplished using both near-instantaneous electronic
repositioning of the PPAR beam(s) and digital formation of
multiple, simultaneously active receive beams, which allows
scan time to be reduced by a factor equal to the number of re-
ceive beams.

In the following section, we present experimental observa-
tions of aligned crystal volumes in two severe storms and discuss
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their relation to the storms’ structures. These add to the fairly
large body of previous crystal alignment studies discussed in
this introduction by relating the temporal variation and spatial
distribution of the aligned volumes to the severe storms’ convec-
tive state and structure. In section 3, we elaborate on potential
operational applications and articulate necessary capabilities for
a future operational phased array radar configuration that could
support both high temporal resolution and volumetric coverage
for crystal alignment observations. These necessary capabilities
are derived from the studies discussed in this introduction, and
our crystal alignment observations in severe storms. Specific
PPAR architectures that could provide the necessary capabilities
are then described. In section 4, we discuss opportunities for fu-
ture research using recently developed experimental PPARs and
list associated research questions.

2. Ice crystal alignment observations in severe storms

Most previous polarimetric radar ice crystal alignment stud-
ies have been in nonsevere thunderstorms, although Hubbert
et al. (2018) discuss such observations in a severe storm that
produced large hail during the PECAN program. To obtain
additional crystal alignment data in the large, frequently
severe thunderstorms prevalent in the U.S. southern Great
Plains, we used the NOAA/National Severe Storms Labora-
tory (NSSL) mobile X-band polarimetric radar (NOAA-X-
POL or NOXP). Our observations complement the previous
literature through discussion of crystal alignment behavior in
relation to the structures and convective development states
of these storms.

In section 3b, we discuss alternative polarization bases for
crystal alignment observations and our preference for a dual-
CP radar configuration. Since NOXP does not support the CP
basis, we operated in SHV. To achieve a high temporal sam-
pling rate, we operated NOXP in “rapid scan” RHI mode.
That is, we selected an azimuth angle of interest, then contin-
uously scanned RHIs up and down to achieve an update every
8-10 s. The RHIs scans were from 5° to 50° elevation angle
with a range resolution of 0.75 km. Periodic low-elevation an-
gle PPI surveillance scans from NOXP and data from the
Oklahoma City, Oklahoma, operational WSR-88D (KTLX)
were used to observe the overall structure of the storms. Unfor-
tunately, the Oklahoma Lightning Mapping Array (OLMA)
was not operating during the radar observation periods dis-
cussed in this paper. Likewise, Earth Networks intracloud light-
ning flash products were not available and the GOES Global
Mapper (GLM) was not yet online. We were, however, able to
obtain Earth Networks cloud-to-ground lightning data to com-
pare with the radar observations.

a. Quasi-linear convective system

Our first case study is a quasi-linear convective system
(QLCS) that propagated through the Oklahoma City metro-
politan area on the evening of 26 April 2016 (UTC 27 April).
NOXP operated just to the west of the National Weather
Center on the University of Oklahoma campus and experi-
enced peak wind gusts exceeding 40 m s~ ! as the most intense
portion of the QLCS passed overhead. After the system
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had moved northeast of our location and begun to weaken
(Fig. 1), we began systematic RHI scanning at 0228 UTC at
an azimuth angle of 65° and continued until 0247 UTC by
which time the QLCS had moved beyond our useful observ-
ing range.

The selected vertical scanning plane was primarily through
stratiform precipitation on the northern edge of a bowing seg-
ment within the QLCS centered approximately 40 km to our
southeast. Frequent cloud-to-ground (CG) lightning was ob-
served in this area by the Earth Networks lightning detection
network, with the ground strikes extending north as far as our
selected scanning plane. The average CG flash rate within the
QLCS bowing segment was about 4 flashes min~ ' during the
period of our RHI scanning. As discussed below, the selected
RHI scan plane allowed us to observe crystal alignment be-
havior in the stratiform region to the north of the bowing seg-
ment, which in turn is relevant to potential operational
applications discussed in section 3. It would have been valu-
able to simultaneously observe crystal alignment behavior in
the more convective bowing segment of the QLCS. This, how-
ever, would have more than doubled the interval between
successive RHIs.

The RHI scans in Fig. 2 illustrate the polarimetric signatures
we used to infer the presence of aligned crystals and associated
strong electric fields. Shown are the “standard” SHV polari-
metric variables, that is, horizontal-polarization reflectivity Z,
differential reflectivity Zpr, copolar correlation coefficient
puv and specific differential phase Kpp. At 0228:41 UTC a lat-
erally extensive volume of negative Kpp, situated above the
bright band at an altitude of 4-6 km indicates a region where
ice crystals are vertically aligned by the storm’s electric field.
Radar reflectivity in this region is 25-30 dBZ. The large nega-
tive Kpp values observed (magnitude > 1° km™') indicate that
a significant fraction of the crystals is aligned and that their ori-
entation is near vertical (Caylor and Chandrasekar 1996;
Ryzhkov and Zrni¢ 2007). Radar radials passing through this
region also exhibit the Zpg streaks described by Ryzhkov and
Zrni¢ (2007), which are caused by cross coupling of the H and
V signal components.

We observed lightning visually immediately after this scan.
In the subsequent RHI scan (0228:51 UTC), the region of
negative Kpp is much less evident and the extent of the Zpg
streak has been reduced. This indicates that the postlightning
electric field in this volume no longer supports strong crystal
alignment although the weaker, but still evident, Zpg streak
suggests that some residual alignment is present.* Examina-
tion of the continuous sequence of RHIs collected over
the period 0228:00 to 0236:00 UTC (see animation 1 in the
online supplemental material) showed repeated buildup of
the crystal-alignment signatures followed by immediate

4 As noted in section 1, Krehbiel et al. (1996) observed that ini-
tial crystal realignment occurs within a few seconds following light-
ning and that the magnitude of the alignment then continues to
build over tens of seconds. Given the 10-s revisit intervals for
our observations, it is not surprising that we continued to ob-
serve weak alignment signatures on scans immediately following
lightning.
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FIG. 1. (top) KTLX reflectivity PPI base scan and (bottom)
Earth Networks cloud-to-ground lightning detections during the
period (0228-0247 UTC 27 Apr 2016) in which we collected sys-
tematic rapid-scan RHIs with NOXP along the 65° radial as indi-
cated by the arrow.

dissipation after visually observed lightning. The average rate
of crystal alignment signature development and dissipation in-
ferred from these radar measurements was approximately
once per minute, significantly lower than the CG rate ob-
served by the Earth Networks system over the entire QLCS
bowing segment during this period. This suggests that the
electric charge in the volume we were scanning was impacted
by only a subset of the flashes.

Figure 3 shows a KTLX synthetic reflectivity RHI at
170° azimuth. The bowing segment of the QLCS to our
southeast extended above 12 km AGL. Although winds
were strong and from the west at the surface, they backed
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F1G. 2. NOXP RHI scans of polarimetric variables at (top) 0228:41 UTC and (bottom) 0228:51 UTC 27 Apr 2016.

quickly with altitude and were southerly above about 1 km
AGL. At 5 km AGL winds were almost 25 m s !, possibly
resulting in the advection of charge into the stratiform re-
gion through which we scanned. Alternately, local separa-
tion of charge in the stratiform region of this storm, as

> The wind profile was estimated using the State of Oklahoma
Mesonet station at the National Weather Center in Norman (sur-
face wind) and inspection of the KTLX radial velocity profile vari-
ation with range (height) on midelevation scans.
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discussed by Rutledge et al. (1993), may have been a
more significant contributor to the observed crystal align-
ment volumes. As suggested by our radar observations,
some of the lightning flashes tapped charge in the strati-
form region north of the QLCS element and, as a result,
flashes came to ground well north of the area of most
active charge separation. In the absence of OLMA data,
which could have provided detailed reconstructions of
the individual flashes, our interpretations are necessarily
speculative.
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FI1G. 3. Synthetic RHI from KTLX for QLCS on 27 Apr 2016.

b. Discrete supercell

Our second case study (Fig. 4) is a discrete supercell on
29 April 2016, whose northern section we scanned for a short
period (2055-2102 UTC) as it approached the Oklahoma City
metropolitan area. This storm produced an EF1 tornado in
Commanche County at approximately 2040 UTC, an EF0 tor-
nado in Caddo County at 2054 UTC and an EF1 tornado in
Grady County at 2111 UTC, all communities southwest of
Norman, Oklahoma. The Earth Networks CG data indicated
intense CG rates during the period we were scanning (average
rate 14.6 min~'). Given the large intracloud (IC) to CG ratio
for supercell storms (Schultz et al. 2011) it is likely that the to-
tal lightning rate in this storm was once per second or higher.

Not surprisingly then, in contrast to the previous case, our
8-10-s scanning period was not sufficient to define the tempo-
ral variation of the crystal alignment signatures. Instead, we
observed a persistent volume of negative Kpp at altitudes of
6-12 km along with down-radial Zpg streaks. These align-
ment signatures, illustrated in Fig. 5 and animation 2 in the
online supplemental material, fluctuated considerably in size,
intensity, and small-scale structure over the 8 min scanning
period but there were no scans where these suddenly and fully
dissipated. Bruning and MacGorman (2013) show that light-
ning near supercell updrafts occurs at very high rates, but
with relatively small spatial extents. Since our scan revisit
time (10 s) was long relative to the flash rate in this storm, we
are not able to resolve the rapid buildup and dissipation of
crystal alignment associated with the small pockets of charge
responsible for the high-rate lightning. This contrasts with the
preceding case where the spatially extensive charge region in
the QLCS anvil would form and dissipate over a much longer
period and produce lightning that is larger in spatial extent. It
likewise contrasts with the nonsevere thunderstorm observa-
tions discussed in the introduction, where build up and dissi-
pation of the crystal alignment signatures occurs on time
scales of 10s of seconds.

The negative Kpp region was coincident with moderate re-
flectivity values (35-40 dBZ) above the highest reflectivity in
the scan plan and again exhibited large magnitude negative
values (magnitude > 1° km ™). Smaller, less persistent regions
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FIG. 4. As in Fig. 1, but during the period 2055-2102 UTC 29 Apr
2016 and along the 260° radial.

of negative Kpp were observed in lower reflectivity volumes
on the western (trailing) side of the supercell.

Figure 6 shows KTLX PPI variable fields at various eleva-
tion angles. Our RHI scanning plane was north of a vertically
continuous, rotational signature with an associated Zpg col-
umn. This indicates a strong, organized updraft, undoubtably
resulting in significant charge separation. It is possible that
the upper-level flow carried charge northward through the
volume we scanned and contributed to the strong electric
fields inferred from the persistent Kpp and Zpg alignment sig-
natures (Fig. 5). As noted, the 8-10-s RHI sampling period
was not sufficient to determine whether the very frequent
lightning in the supercell was discharging this volume.

3. PPAR ice crystal alignment monitoring architectures

The ice crystal alignment studies discussed in section 1 and
the observations described in section 2 illustrate both oppor-
tunities for improving real-time monitoring of the electrical
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F1G. 5. NOXP RHI scan of polarimetric variables at 2056:13 UTC 29 Apr 2016.

(and indirectly the convective) state of thunderstorms and
challenges associated with achieving volumetric temporal
sampling sufficient to observe crystal alignment behavior dur-
ing the rapid buildup and dissipation of charge volumes. The
thesis of this article is that next-generation operational
PPARs may be able to observe crystal alignment volumetri-
cally with an appropriate sampling rate and that this, in turn,
may enhance operational severe weather warnings. In this
section, we first discuss potential operational applications of a
robust crystal alignment monitoring capability, then describe
PPAR architectures that could allow these to be realized.

a. Operational applications

Our observations of crystal alignment in the anvil region
of a QLCS are relevant to the challenge of operational light-
ning warnings for ground activities near—but not directly
underneath—strong, electrically active convective cells. A
good example is airline ramp operations where baggage
handling and refueling need to be suspended when there is
a threat of ground strikes. Current decisions on ramp opera-
tion shutdowns and resumptions are based on lightning de-
tection systems. Typically, the ramp is closed in response to
a first lightning strike within a critical distance of the airport
and then reopened after a wait period following the last
nearby strike (Heitkemper et al. 2008; Steiner et al. 2014).
Uncertainty as to the “optimal” values for the critical dis-
tance and wait-period parameters may lead to compromised
safety or unnecessarily long ramp closures. If further stud-
ies, as suggested in the last section of this paper, show that
the presence or absence of aligned crystal signatures in the
stratiform region surrounding an active cell is a robust indi-
cator of whether ground strikes may occur, then more effec-
tive decision support for such lightning-sensitive ground
operations may be possible.
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Data assimilation (DA) of radar reflectivity and radial ve-
locity observations into numerical weather prediction models
has been demonstrated to improve the short-term forecast of
high-impact weather events such as severe thunderstorms
(e.g., Stensrud and Gao 2010; Schenkman et al. 2011; Yussouf
et al. 2016; Jones et al. 2016). Likewise, DA of total lightning
observations, now available continuously in the Western
Hemisphere from the GLM on GOES-R, can improve
short-term forecasts of storm evolution (Fierro et al. 2019).
Krehbiel et al. (1996), Caylor and Chandrasekar (1996),
and Hubbert et al. (2014a,b, 2015, 2018) discuss a number
of instances where the crystal alignment observations allow
for detailed inferences on storm microphysical conditions.
The case studies in section 2 exhibit quite different spatial
structure and temporal variation for the aligned crystal
volumes, reflecting the very different convective conditions in
the storm volumes observed. If crystal alignment observa-
tions were available volumetrically and throughout the life
cycle of thunderstorms, it would be valuable to explore
appropriate techniques for assimilating the information they
convey on electrical and microphysical structure, and to as-
sess whether it improves model forecasts beyond what can
be achieved using traditional radar variables and lightning
detection data.

More broadly, volumetric, high-update crystal alignment
observations would complement the toolkit of thunderstorm
electricity based severe weather warning diagnostics. Volu-
metric monitoring of ice crystal alignment regions would pro-
vide unprecedented information on the electric field structure
inside thunderclouds (Krehbiel et al. 1996), which in turn is
driven by critical convective processes such as updraft inten-
sity, supercooled liquid water content and mixed-phase inter-
actions between graupel and ice crystals (Deierling et al. 2008;
Schultz et al. 2015). The locations and parameters of crystal
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alignment regions, when correlated with other polarimetric
signatures such as differential reflectivity Zpgr columns, may fa-
cilitate inference of the location, vertical extent—and thereby
the intensity—of thunderstorm updrafts (A. V. Ryzhkov 2016,
personal communication). Rapid increases in the total lightning
rate or “lightning jumps” (Williams et al. 1989; Schultz et al.
2009; Gatlin and Goodman 2010) have been shown to be associ-
ated with explosive updraft intensification in severe storms, and
observed to precede large hail, tornadoes, or strong winds at
the surface by many minutes. Volumetric monitoring of crystal
alignment may complement lightning detection systems via spa-
tial localization of strongly electrified volumes and/or greater
sensitivity to the onset of the lightning jump phenomenon.
Finally, the ability of phased array radars to examine rapid
changes in the reflectivity structure of thunderstorms, in con-
junction with lightning mapping array data, has been shown to
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provide valuable information on the potential for rapid storm
intensification and decay, and associated lightning activity
(Emersic et al. 2011; Yoshida et al. 2017). PPAR’s ability to
observe rapid variations in reflectivity (and other radar varia-
bles), coupled with robust crystal alignment observations
would provide important observations for short-term forecasts
of storm evolution.

b. Notional capabilities

As shown in the introduction and case studies, electrical
alignment can be detected using dual-CP, AHV, or SHV lin-
ear polarization. Additionally, a linear polarization method
often referred to as LDR mode, in which H signals are trans-
mitted and both H and V signals are received, enables obser-
vation and measurement of LDR and correlation of the
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copolar field with the cross-polarized field resulting from the
aligned crystals (Melnikov et al. 2019; Hubbert et al. 2018).
The SHV mode does not allow for direct measurement of the
cross-correlated field component and quantitative estimation
of the intensity of the alignment and the canting angle of the
crystals. (Our choice of this mode for the observations in
section 2 was driven by the configuration of the NOXP radar
available to us.) AHV- and LDR-mode linear polarizations
may have substantially weaker correlation values than CP be-
cause LP transmissions are not depolarized by particles
aligned parallel or perpendicular to the direction of polariza-
tion. (Aligning the transmissions at 45° may mitigate this issue
when crystals are aligned vertically or horizontally as is often
the case.) For these reasons, we believe that the dual-channel
CP method used by McCormick and Hendry (1979), Krehbiel
et al. (1996), and Metcalf (1995, 1997) is an attractive ap-
proach since its performance is not sensitive to the canting an-
gle of the depolarizing ice crystals. For specificity, subsequent
discussion of PPAR architectures will assume that the dual-
CP method is employed.

A volumetric sampling rate of 12 min~' is assumed as an
achievable capability that is greater than the maximum flash
rate in most nonsevere thunderclouds (Mazzetti and Fuelberg
2017). In some severe storms, this sampling rate would not re-
solve temporal variation due to lightning, particularly on the
scale of the small lightning discharges discussed previously.
However as illustrated in the second case study in section 2,
the overall structure of the aligned crystal volumes in a severe
storm with high flash rates may be relatively stable, suggesting
that the large-scale electric field structure may also be persis-
tent over intervals significantly longer than the proposed sam-
pling interval. Once such volumes are identified, adaptive
scan patterns over limited azimuth and/or elevation angles
may be initiated to increase the sampling rate.

The aligned crystal regions described in the previous sec-
tion occurred in association with copolar reflectivity factors of
25-40 dBZ. Caylor and Chandrasekar (1996) state that crystal
alignment regions typically coincide with reflectivity factors of
35 dBZ or less. Images presented by Krehbiel et al. (1996)
show volumes of high CDR and high co/cross-polar signal
correlation in association with reflectivity factors as low as
12 dBZ. Based on these observations, we propose that the
crystal monitoring capability should have sensitivity sufficient
to observe a 10-dBZ echo with 0-dB single-pulse signal-to-
noise ratio (SNR) at a range of 100 km. This is approximately
14 dB less sensitive than the WSR-88D.°

Last, we will assume that coherent processing intervals
(CPI) used for ice crystal alignment monitoring are 0.020 s,
within the 0.016-0.022-s range used for estimation of polari-
metric variables with the WSR-88D.

As described below, the ice crystal alignment monitoring
would be performed in parallel with “standard” weather variable

® This notional capability for sensitivity relative to the WSR-88D
and the following notional capabilities for CPI length and standard
weather variable update rate are based on NOAA/National Weather
Service Radar Functional Requirements (NWS 2015).
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observations over full volume coverage patterns (VCP) that in-
clude the crystal alignment regions. For these observations, the
PPAR would provide sensitivity, angular resolution, and CPIs
(i.e., data quality) equivalent to the WSR-88D. The volume scan
update rate for the standard weather variables would be approxi-

mately 1 min~!.

c¢. Four-face planar array

One possible sensor configuration is based on the Multi-
function Phased Array Radar (MPAR) concept (Weber et al.
2007) that was a basis for Federal Aviation Administration
(FAA) and NOAA phased array radar research between
2006 and 2017 (Stailey and Hondl 2016). This concept envi-
sioned a four-faced, highly digital PPAR with sufficient sensi-
tivity, aperture size and beam agility to simultaneously
perform the missions accomplished today by FAA air surveil-
lance radars, Terminal Doppler Weather Radars (TDWR),
and the NOAA WSR-88D. Of particular relevance to this dis-
cussion is MPAR’s aircraft volume search function, illustrated
in Fig. 7 and described in detail by Weber et al. (2017). An
overlapped subarray antenna architecture enables clusters of
digitally formed receive beams to be formed. These provide
simultaneous, angle-resolved surveillance across the solid
angle illuminated by a transmit beam that is purposely broad-
ened (“spoiled”) by applying a phase-taper across the aper-
ture. The volume search pattern depicted in the table exploits
the resulting large reduction in the number of transmit-pulse
pointing angles to surveil a 90° (azimuth) by 17° (elevation)
sector in 4.3 s. Although NOAA and FAA are no longer
pursuing the MPAR concept, we will show how MPAR’s
aircraft surveillance channel could have supported a paral-
lel, ice crystal alignment monitoring function without ad-
versely affecting its primary mission. This is relevant since
future FAA or military air surveillance radars may utilize
four-faced array architectures similar to that described and
could therefore support a dual-use crystal monitoring mode
for weather warning applications. This “side car” processor
would be analogous to the Airport Surveillance Radar
(ASR-9) Weather Systems Processor (WSP) developed by
the FAA to provide wind shear protection services at me-
dium-density airports (Weber and Stone 1995) and would
be constrained to observe only the elevation angles scanned
for aircraft surveillance.

Air surveillance radars utilize circularly polarized signals to
increase the aircraft signal-to-precipitation power ratio. When
scattered from nearly spherical hydrometeors, the polariza-
tion sense is reversed, and this power ratio increases by 15 dB
or more when the polarization corresponding to the transmit-
ted pulse is processed. “Weather channels” on these radars
process the opposite sense signals to maximize the SNR for
precipitation returns.

The proposed processing to monitor ice crystal alignment
exploits this circumstance as shown in Fig. 8. Each of the
array’s transmit-receive (TR) elements consists of parallel H
and V polarization channels. For aircraft search, these are
phased to transmit, say, LHC signals. Received signals in both
channels are processed and combined to form both LHC and
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RHC channels with the LHC channel providing the primary
input for aircraft surveillance. For ice crystal monitoring, both
signals are inputs to a pulse-pair correlator that generates the
indicated polarimetric variables. This processing is patterned
after that described in Krehbiel et al. (1996).

The architecture described above is also appropriate for a
four-faced PPAR “weather only” WSR-88D replacement.
The radar scan timeline would be apportioned between “standard”
weather variable measurements—SHYV observations of the six
variables measured by the WSR-88D—and ice crystal align-
ment observations using a dual-channel CP basis and process-
ing as outlined in Fig. 8.

Considering the antenna configuration in Fig. 7, we discuss
the radar scan timeline using as an example, the 14-elevation-tilt
(from 0.5° to 19.5°) WSR-88D VCP number 212. The WSR-88D
requires 270 s to complete this VCP, although use of supplemen-
tal adaptive intravolume low-level scans (SAILS) or midvolume
rescan of low-level elevations (MRLE) can provide more fre-
quent updates of low-elevation angle tilts. By using three simul-
taneous receive beams, a four-faced PPAR could complete the
VCP in 23 s. If the standard weather variables are updated once
per minute, 63% of the radar timeline would therefore be avail-
able for ice crystal alignment observations. If the same set of
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elevation tilts were used, 1260 beam pointing angles would need
to be surveilled in 3.1 5 (0.63 X 5 s). Our notional CPI of 0.020 s
would require that eight simultaneous receive beams be used for
this function. In summary, the radar timeline would be divided
into 5-s intervals with 1.9 s allocated to measurement of the stan-
dard weather variables and 3.1 s allocated to ice crystal align-
ment monitoring.

Use of multiple receive beams to increase the scan rate in-
curs a penalty in sensitivity, as the spoiled transmit beam’s
gain is reduced in proportion to the number of receive beams
it must support. Because the PPAR average radiated power is
likely to be an order-of-magnitude greater than that of the
WSR-88D (appendix A of Weber et al. 2021), the 5-dB loss
resulting from using three simultaneous beams for standard
weather variable measurements would not reduce the
PPAR’s sensitivity below that of the WSR-88D. Similarly, the
9-dB loss for the larger beam cluster used for ice crystal moni-
toring would not affect the ability to meet our notional sensi-
tivity for this function. Higher effective two-way sidelobes
within the beam clusters are also of concern due to the flat
response of the spoiled transmit beam. For the antenna in
Fig. 7, sidelobes in the angles covered by adjacent simultaneous
receive beams would be approximately —45 dB (Schvartzman
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FIG. 8. Notional signal-processing flow for MPAR aircraft surveillance and ice crystal alignment monitoring functions.

et al. 2021) and might smear measured returns in regions of
strong azimuthal gradients. Weber et al. (2017) show this effect
can be mitigated for the standard weather variables using a
data-adaptive method to vary the size of the beam clusters.

d. Rotating single-face planar array

Beginning in 2018, NOAA’s phased array radar research
emphasis shifted to a single-mission replacement system for
the WSR-88D. Because the radar timeline would no longer
be shared between weather and aircraft surveillance mis-
sions, a single-faced rotating array is of interest. This is likely
to be more cost-effective than a multifaced system if it can
decrease the volume scan time for standard weather variables
to 60 s.

This configuration is more challenging, however, for crystal
alignment monitoring given the 12 min~* goal for volumetric
observations. Small-aperture research phased array radars
such as described in the last section of this article can rotate
mechanically at rates this high, but an 8-m-diameter PPAR
replicating the WSR-88D’s beamwidth would practically need
to rotate much more slowly.

As a concrete example, Fig. 9 illustrates a “sector RHI” ro-
tating array scanning pattern for the standard weather variables,
where azimuth-limited sectors (e.g., 30°) are electronically
scanned at all elevation tilts as the array rotates in azimuth.
The full volume scan is completed during one 360° rotation
of the antenna at a rate of 6.7° s~ '. By spoiling the transmit
beam and receiving simultaneously in five separately steered
receive beams the time to execute the WSR-88D volume cov-
erage pattern, VCP-212, is reduced from 270 to 54 s.

A parallel processor could monitor crystal alignment utiliz-
ing additional, time-multiplexed CP transmissions to estimate
the necessary polarimetric variables at a much higher update
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rate within the array’s azimuth-limited (90°) field of view. To
free up radar timeline for this function, we suggest that the
size of the beam clusters to measure the standard weather var-
iables could be increased from 5 to 7, and the antenna rota-
tion rate decreased from 6.7° to 6.0° s~'. With these changes,
the antenna would rotate through 360° in azimuth in 60 s,
64% of the radar timeline (39 s during each 1-min volume
scan) would be used to measure the standard weather varia-
bles, and 36% for crystal alignment observations (1.8 s during
each 5-s volume scan). Our 0.020-s CPI implies that 14 simul-
taneous receive beams would be needed for the crystal align-
ment observations. These changes to the beam cluster size
used for measurement of standard weather variables through-
out the VCP might degrade their quality, as the use of larger
beam clusters exacerbates the azimuthal smearing challenge
discussed above and reduces the SNR by 1.5 dB. Operational
users might choose not to accept reduced data quality when
there are threats such as tornadoes, large hail, or severe winds,
but in other circumstances the tradeoffs might be worthwhile.
The rotating antenna configuration would unavoidably pro-
duce significant temporal gaps in the 5-s-update crystal align-
ment observations. In the example above, at any azimuth
angle three successive crystal observations would be followed
by nine “missed” observations while the azimuth angle is not
in the antenna’s field of view. We conjecture that the impor-
tant scientific and operational information provided by the
crystal alignment observations would be captured during the
15-s observation period, and that changes in the standard
weather variables, large-scale electric field structure, or large-
scale microphysical characteristics of the storm would be
small during the 45 s when observations are missing at a given
azimuth angle. This conjecture, of course, needs to be vali-
dated experimentally as will be discussed in the last section.
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FIG. 9. Sector RHI scanning pattern for a rotating, single-faced phased array radar. The antenna rotation rate is syn-
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We conclude that in terms of radar timeline, either a four-
faced stationary or single-faced rotating phased array could
support the ice crystal monitoring function for nonsevere
thunderstorms, in parallel with observations of the standard
weather variables. Some compromises in these latter observa-
tions would be required to free up radar timeline, in particu-
lar, use of larger beam clusters that reduce sensitivity and
increase the possibility of spatial smearing as discussed. De-
termining whether such trades are warranted will require in-
depth evaluation of the possible operational benefits of the
crystal alignment observations.

Given the importance of severe storm applications, addi-
tional research is needed to develop and validate adaptive
scanning methods that could enable a PPAR to provide tem-
porally resolved crystal alignment observations in severe
storms with very high flash rates. By limiting scanning to
azimuth/elevation angles where useful observations are likely
to be obtained the update rate could be significantly in-
creased. For example, the “persistent” alignment volume ob-
served in the 29 April 2016 case study extended in altitude
over only approximately 1/4 of the depth of the storm at the
azimuth angle we sampled. Alternately, one could use storm
centroids or other features to identify volumes where high
flash rates are likely and target scanning to such volumes to
improve the temporal sampling of depolarization streaks
without adding significant overall scan time.

A significant technical challenge arises from the cross-
polarized fields that occur when PPARs are electronically
steered away from the principal horizontal or vertical planes
(Zhang et al. 2011). Both architectures discussed assume that
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the beam will be steered over 90° in azimuth and to elevation
angles well above the principal horizontal plane. Techniques
for mitigating this inherent depolarization (Fulton et al. 2018)
so that signal changes due to crystal alignment can be charac-
terized are an important aspect of the research recommended
in our last section.

4. Discussion

NSSL and its research and development partners have devel-
oped two PPAR demonstrators that are well suited to address
research questions raised by the crystal alignment observation
concept described in this article. The Advanced Technology
Demonstrator (ATD), developed by NSSL, Massachusetts Insti-
tute of Technology Lincoln Laboratory, the University of Okla-
homa (OU), and General Dynamics, is a 4-m-diameter S-band
PPAR (Hondl and Weber 2019; Weber et al. 2021) that utilizes
an overlapped subarray architecture as described in section 3. It
can operate in SHV, CP, or AHV polarization bases. The broad-
side beamwidth is 1.5° and up to 10 simultaneous digital receive
beams can be formed. Experiments could be conducted with the
radar timeline dedicated to crystal alignment observations in
which case a 90° by 30° sector (1380 beam positions) could be
scanned every 2.8 s with a CPI of 0.020 s. Alternately, the pat-
tern described above in which standard weather variable meas-
urements and crystal alignment observations share the radar
timeline, could be demonstrated.

The University of Oklahoma Advanced Radar Research Cen-
ter (ARRC) has developed a truck-mounted, C-band Polarimet-
ric Atmospheric Imaging Radar (PAIR) (Salazar et al. 2019).
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PAIR transmits with a spoiled 20° elevation beam and digitally
forms receive beams to generate a cluster of 1.5° pencil beams
spanning the elevation extent of the transmit beam. The antenna
scans 360° in azimuth in approximately 6 s. The volume scan up-
date rate (10 min 1), CPI (0.025 s) and sensitivity (18 dBZ at
100 km) provide high-quality aligned crystal observations.
Because electronic scanning is only in the principal elevation
plane, cross-polarized fields due to the array element pat-
terns will be minimal.

Particularly if operated in a coordinated measurement cam-
paign where the parent storm is well characterized, these two
radars could provide unprecedented volumetric observations
of the distribution, parameters, and temporal variation of
aligned crystals in thunderclouds. As a concrete, experimental
plan we recommend that multiple mobile and fixed radars be
deployed in central Oklahoma to allow for high-temporal-
resolution storm observations and multiple Doppler wind re-
trievals over a significant domain. Available polarimetric radar
assets include the operational WSR-88D (KTLX) southeast of
Oklahoma City, the NSSL experimental WSR-88D (KOUN) in
Norman, and truck- or trailer-mounted deployable C- and
X-band radars operated by NSSL and OU. The OLMA can
provide continuous, high-resolution imaging of lightning activity
characterizing its temporal rate and spatial structure. Electric
field meters deployed at Oklahoma Mesonetwork sites in cen-
tral Oklahoma could provide valuable measurements character-
izing the large-scale electrical structure of the observed storms.

Ivi¢ et al. (2022) describe additional X- and C-band PPAR
demonstrators developed by researchers in the United States,
Japan, and China that could also be used to explore the capa-
bilities and applications of PPAR for ice crystal alignment
monitoring. For example, since 2018 researchers at the Tokyo
Metropolitan University and Toshiba have operated an X-band
PPAR in the Tokyo metropolitan area. This planar array trans-
mits using four to seven fan beams spanning angles up to 90° in
the principal elevation plane and digitally synthesizes 1° receive
beams. The array rotates mechanically in azimuth and normally
completes a volume scan in approximately 60 s. In research
mode, the volume scan time can be reduced to approximately
10 s. Like the OU PAIR, this PPAR operates fundamentally in a
rapid-update RHI mode and could be configured to provide
valuable ice crystal alignment observations for storms in Japan.

Observations such as those described above could be used
to address important research questions such as the following:

(i) Can crystal alignment monitoring reliably discriminate
stratiform and nonprecipitating anvil cloud regions sur-
rounding active thunderclouds that are likely to produce
cloud-to-ground lightning from those that are not? This
could be important in improving public safety and deci-
sion support for ground operations that are sensitive to
lightning.

Can crystal alignment monitoring be used to assess the
likelihood of triggered lightning in clouds that are not
producing natural lightning? This capability would be
extremely valuable for the rapidly expanding commer-
cial space industry, where triggered lightning during
launch operations is a major safety concern.

(i)
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(iii) Are there consistent signatures in the crystal alignment
data that could help forecasters diagnose severe weather
conditions? Can these be integrated with established
polarimetric signatures to improve warning skill? Re-
searcher A. V. Ryzhkov (2016, personal communica-
tion), for example, suggested that direct observation of
aligned ice crystal volumes above Zpgr columns could
better define the intensity and vertical extent of storm
updrafts.

What are appropriate DA techniques for incorporating
crystal alignment observations into numerical models
and how much benefit do they provide in improving
model analyses and forecasts?

How can the crystal alignment observations be effectively
integrated with other measurements of cloud electrification,
in particular data from ground-based lightning detection
networks and the NOAA Geostationary Environmental
Satellite GLM sensor?

Can adaptive scanning methods mitigate challenges in
resolving the temporal variation of crystal alignment
structures in severe thunderstorms where flash rates
may significantly exceed realistic PPAR volume scan-
ning rates? Do the operational benefits of the crystal
alignment observations in such storms add significantly
to those achievable with ground- or space-based light-
ning detection systems?

Can the impact of cross-polarized fields resulting from
PPAR beam steering be effectively mitigated through
compensation based on array calibration and/or digital
processing such as the phase coding method described
by Ivi¢ and Doviak (2016)?

(iv)

™)

(vi)

(vii)

As noted, NOAA is investing significant effort toward re-
search and risk reduction for the PPAR alternative for a suc-
cessor to the WSR-88D. The proposed research could help
NOAA to assess the operational benefits of a PPAR ice crys-
tal alignment monitoring capability and define necessary tech-
nical capabilities.
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