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ABSTRACT

Ice crystal alignment within thunderstorms is difficult to capture due to the temporal scale at which electrical
build-up and breakdown occur. This study focuses on three principal objectives which include: determining
how effective phased array radars (PARs) higher temporal resolution is at analyzing ice crystal alignment
within thunderstorms, determining a correlation between Specific Differential Phase (Kpp) and Differential
Reflectivity (Zpr) signatures and the three-dimensional flash locations determined by a lightning mapping
array (LMA), and finally, advancing our understanding of electrification signatures and how important the
temporal scale is to the process. The fully digital polarimetric rotating S-band PAR system, Horus, conducted
a series of range-height indicator (RHI) scans of a tornadic supercell on 11 May 2023 at 23:38 to 12 May
2023 at 00:56 UTC, within range of the Oklahoma LMA (OKLMA). Plotting these RHI scans along with the
OKLMA data allowed for the examination of regions of negative Kpp or near-zero Zpr values, which may
correspond to vertical ice crystal alignment in large electric fields. In the end, Horus’s Kpp signatures did
not align with the lightning flashes in this case, but many flashes were in areas with near-zero Zpr values.
The storm was very electrified with 22,351 flashes occurring during the study period with 2,138 RHI scans,
potentially beyond the point that 2-second RHI scans can capture storm electrification and the process of ice
crystal alignment.

1. Introduction
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the cloud microphysics that result in storm electrification
(e.g., Maggio et al. 2005; Stough et al. 2022; Sullivan and
Wells 1957). The storm electrification process depends on
many different scales from the synoptic scale down to mi-
croscale, but one of the main factors contributing to this
process is the storm’s updraft. Storm electrification occurs
due to the separation of charged particles in and around
the updraft of thunderstorms where ideal conditions exist
(Takahashi 1978). One of the consequences of storm elec-
trification is the vertical alignment of ice crystals where
electric fields are large (e.g., Biggerstaff et al. (2017)).
However, this is not easily captured with the U.S. oper-
ational radars due to the slower scan times of the Weather
Surveillance Radar - 1988 Doppler (WSR-88D) used by
the National Weather Service (NWS). The WSR-88D scan
times are on the order of 4-10 minutes per full-volume
scan (Feng et al. 2009) while several lightning flashes can
occur each second in an active thunderstorm (Hendry and
Antar 1982). Ever-evolving electrification signatures re-
quire scan times faster than what the WSR-88D can pro-
vide, and newer generations of fast-scanning polarimetric
radars can help improve the understanding of electrifica-
tion phenomena.

Fast-scanning polarimetric radars are an important tool
for the study of lightning and the associated cloud micro-
physics. With the introduction of the first phased array
radar (PAR) dedicated to the observation of weather in
1997 (Maese et al. 2001), the use of PARs has come a
long way since their conception in the early 1960s (Haupt
and Rahmat-Samii 2015). PAR technology has drasti-
cally advanced since 1997 with the introduction of a fully
digital polarimetric rotating S-band PAR system, Horus,
which was developed at the Advanced Radar Research
Center (ARRC) at the University of Oklahoma (OU), with
support from the NOAA National Severe Storms Labo-
ratory (NSSL). Horus, which is the first of its kind, has
many advantages over other radars such as beam agility
(on the order of microseconds), radar imaging (the abil-
ity to change the shape of the radar beam), adaptive scan-
ning (most effective with PAR technology), and all-digital
beamforming (software dependent, not hardware) (Palmer
et al. 2023). These advantages allow Horus to conduct
full-volume scans in 10-12 seconds at max rotation speed
and collect range-height indicator (RHI) scans in less than
2 seconds. The temporal frequency of Horus scans may be
fast enough to capture the build-up and breakdown of elec-
tric fields by the ice crystal signatures. By looking at the
Specific Differential Phase (Kpp) from these RHI scans,
the difference in orientation of the hydrometeors can be
determined leading to the detection of vertically tilted hy-
drometeors (e.g., ice crystals) at higher elevations in the
thunderstorm. Looking for regions of negative Kpp values
(vertically oriented ice crystals) may be a promising way
to determine the locations of strong electric fields (Big-
gerstaff et al. 2017). However, not all negative regions

of Kpp may be associated with ice crystal alignment, as
the backscatter from conical graupel can also cause neg-
ative values (Zikmunda and Vali 1972). Kpp signatures
may also be/not be present in locations where they are ex-
pected, either. A different approach to finding vertically
oriented ice crystals is by looking at the Differential Re-
flectivity (Zpr), which also indicates the preferred orienta-
tion of hydrometers (Hubbert et al. 2014). However, there
is still uncertainty when looking for the regions of storm
electrification and ice crystal alignment using only radar
scans. The potential for data artifacts is always present
with radar data, potentially causing confusion in the inter-
pretation and utilization of the data (Kumjian 2013).

To increase the certainty in which regions are asso-
ciated with vertically oriented ice crystals in large elec-
tric fields, lightning mapping arrays (LMAs) can be in-
tegrated into the analysis. LMAs, which have been in
use since 1998, monitor lightning in three spatial dimen-
sions and time by using time-of-arrival geolocation of very
high frequency (VHF) radiation sources due to electrical
breakdown along lightning channels (Rison et al. 1999).
They accurately track intracloud lightning flashes within
thunderstorms that are within 200-300 km of multiple
sensors (Chmielewski and Bruning 2016; Thomas et al.
2004). The Oklahoma LMA (OKLMA), first implemented
in 2003 (MacGorman et al. 2008) and later expanded to
the southwest in 2012 (Barth et al. 2015), has timing un-
certainties that range from 38 to 45 ns rms (Root-Mean-
Square) for VHF sources mapped by six or more stations
(Thomas et al. 2004). Knowing when the flash happened
and where in the cloud it was are both crucial for testing
ice crystal alignment.

The combination of polarimetric radars and LMAs is a
logical next step to further understand the storm electrifi-
cation process and the microphysics that comes into play
(Biggerstaff et al. 2017). During electrical discharge, elec-
tric fields and ice crystal alignments within them diminish
rapidly but can rebuild in the same general area over a pe-
riod of several seconds (Hendry and Antar 1982). It is
crucial to obtain the highest temporal resolution possible
to better capture evolution in ice crystal alignment signa-
ture and the correlated lightning flashes. Using Horus will
increase this temporal resolution, allowing for a more de-
tailed analysis of cloud microphysics, and potentially cap-
turing a more complete picture of the cloud electrification
and ice crystal alignment processes.

In this study, similar to the work done by Biggerstaff
etal. (2017), RHI scans were conducted through a tornadic
supercell, to capture the vertical structure of the storm and
analyze the locations of negative Kpp. Where this study
differs from previous studies of this type is the use of the
Horus PAR. This study aims to address a series of issues
regarding storm electrification research. These issues in-
clude, how effective PARs higher temporal resolution is at
analyzing the ice crystal alignment within thunderstorms,
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determining a correlation between such radar signatures
and the three-dimensional flash locations, and finally, ad-
vancing our understanding of electrification signatures and
how important the temporal scale is to that process.

2. Data and Methods

On 11 May 2023 from 23:38 to 12 May 2023 at 00:56
UTC, a tornadic supercell embedded in a small squall line
was observed over central Oklahoma. Horus was deployed
to 35.1864315°N and 97.445871°W to scan RHIs at az-
imuth angles set to 270°, 270°, and 285°. The beam width
was set to a “pancake” beam, at about 12° in azimuth and
3.5° in elevation. The elevation angles were from 0.5° to
31.5° in increments of 0.5° (64 beams per RHI scan). The
range resolution was 19.2 m, the first gate was set to 19.2
m, and the max range was 55 km. During the 1-hour
and 18-minute time, 2,138 RHI scans were conducted at
2-second intervals.

At the time of the storm, 10 of the OKLMA sensors
were operational, 9 of which were in the central Oklahoma
cluster. For the entire duration of the operation, the storm
was within three-dimensional mapping and high detection
efficiency range and 22,351 unique flashes were detected.

The focus of this research occurred during the study
period from 11 May 2023 at 23:38 to 12 May 2023 at
00:00 UTC, due to higher flash rate occurrences in and
around the main updraft of the storm and higher flash
counts per RHI scan over the whole scan period. To
establish the area of interest regarding the Horus scans
and the supercell, Oklahoma City’s WSR-88D (KTLX)
base reflectivity was plotted to examine the relative RHI
view through the storm. As for jointly displaying the
Horus and LMA data, this required new code to be de-
veloped in Python using the Py-ART (Helmus and Col-
lis 2016) and Pyxlma packages (https://github.com/
deeplycloudy/xlma-python). Kpp was calculated us-
ing the Vulpiani method (Vulpiani et al. 2012) in Py-ART,
then the -0.1 to 0.1 range was removed to mask noise
around the scan perimeter. Zpr values were also analyzed
as another way to determine ice crystal orientation. The
OKLMA data was filtered with a minimum station count
of 6 per VHF source, a maximum reduced 2 value of 1.0, a
maximum time difference of 2 seconds after the RHI scan,
and a maximum distance from the RHI scan of 3 km. The
Imatools method for flash-sorting was used to determine
the number of flashes during a given RHI scan (Fuchs et al.
2016). For flash clustering, the VHF source criteria were
the same with a maximum distance of 3 km and 0.15 sec-
onds between sources, and a maximum flash duration of
3 seconds. And finally, a minimum number of 10 sources
per flash per event was used, which may filter out some of
the smaller flashes, but reduce uncertainties for plotting.
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3. Results
Storm Overview and Radar Positions

On 11 May 2023 at 23:44:09 UTC, there was a small
squall line system present with at least one tornadic su-
percell embedded in the line (Figure 1). The storm’s
relative motion was NNE at roughly 29 knots. At this
point in time, Horus was positioned at 35.1864315°N
and 97.445871°W with an azimuth angle of 270° looking
due west (see Figure 1 for position compared to KTLX).
Strong reflectivity signatures were present throughout the
squall line (mid-40s to low-50s dBZ) with isolated regions
of higher reflectivity (mid-50s dBZ). By 23:57:02 UTC
(Figure 2), most of the squall line had moved off to the
North, leaving just the tail end of the main supercell to
still be scanned by Horus.

Vertical Ice Crystal Alignment

From 11 May 2023 at 23:38:29 to 12 May 2023 at 00:00
UTC, regions of slightly negative Kpp values were present
in the Horus RHI scans, potentially indicating vertical ice
crystal alignment due to storm electrification. For exam-
ple: at 23:38:29 UTC, there is a region of slightly negative
Kpp that was located roughly 40 km from the radar and
roughly 10 km in altitude within the supercell (Figure 3).
This region of negative Kpp appears just above an area of
higher reflectivity ( 50 dBZ) which is associated with the
storm’s updraft. If we compare this to the following RHI
scan at 23:38:31 UTC (Figure 4), the shape and location of
the negative Kpp region are approximately the same with
only minor deviation. Analyzing the rest of the RHI scans
after this study period (not shown), this region of negative
Kpp is prominent, with minor expansions, until roughly
23:41:00 UTC where the region starts to fluctuate, slowly
switching between negative and positive Kpp values over
the course of several scans. Comparing Figures 3 and 4,
this is not the case, so we also analyzed the differential re-
flectivity (Zpr) for regions of negative or near-zero values
which would also indicate vertically orientated ice crys-
tals or close to it. Looking at Figures 3 and 4, there are
regions of near-zero Zpr values above the updraft of the
storm and in the same vicinity as the region of negative
Kpp. These near-zero Zpr values persist throughout the
rest of the study period with varying locations and intensi-
ties (not shown).

Analyzing the OKLMA data along with the RHI scans
provides validation as to where flashes occurred around
the Kpp and Zpr values. The location of the data plotted
on the RHI in Figure 3 shows VHF sources in a region to
the left (east) of the area of negative Kpp. Comparing this
to Zpr, the VHF sources are more in line with the loca-
tions of near-zero Zpr values than the negative Kpp val-
ues for this RHI. Looking at Figure 4, some VHF sources
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KTLX 23:44:09 UTC 11 May 2023 0.48 deg.
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FI1G. 1. Base (0.48° elevation) PPI scans of radar reflectivity (dBZ) from the Oklahoma City, OK, WSR-88D radar, KTLX, of a tornadic
supercell embedded in a squall line on 11 May 2023 at 23:44:09 UTC. The red square is the location of the mobile PAR, Horus, scanning RHIs at
a270° azimuth angle (black line).

KTLX 23:57:02 UTC 11 May 2023 0.48 deg.
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FIG. 2. Same as in Figure 1, but at 23:57:02 UTC, 12 minutes, and 53 seconds after Figure 1.
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HRUS 2023-05-11 23:38:29 UTC
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FI1G. 3. A Horus RHI scan on 11 May 2023, at 23:38:29 UTC depicting (top left) radar reflectivity (in dBZ), (top right) velocity (in ms-1),
(middle left) spectrum width (in ms-1, according to the color scale), (middle right) differential reflectivity (in dB), (bottom left) specific differential
phase (in °’km-1), and (bottom right) correlation coefficient (in %) during a tornadic supercell embedded in a squall line south of Oklahoma City,
Ok. The OKLMA flash sources (black dots) were filtered as described in text. Increasing range is to the west as shown in Fig 1.

are located just below and to the right (west) of the neg-
ative Kpp signature. This aligns more closely with what
Biggerstaff et al. (2017) examined in their study, but the
OKLMA data is still only partially in the expected loca-
tion, and the negative Kpp signature is isolated to a single
location and not spread out above the updraft. These VHF
sources are only around the negative Kpp signature for a
scan or two before they move away, also. Further into the
study period, the negative Kpp signature remains isolated
with the flashes extending along the entirety of the storm
in the RHIs. There are times when the VHF sources oc-
cur along the negative Kpp signature (Figure 5) and other
times when they don’t line up at all (Figure 3).

Flash Propagation and Intensity

Flash propagation and intensity in and around the su-
percell were both well documented by the OKLMA due to
the storm’s position over the central Oklahoma LMA sites.

Looking at the flash propagations around the RHI scans
earlier in the study period, many of the scans had multiple
flashes detected within the 3 km range, with many more
outside of the range, as well. Figure 6 shows the location
of the main flash captured within the 3 km range of the Ho-
rus RHI in relation to the overall storm at 23:38:29 UTC.
Figure 7 has a more active scan with five different flashes
captured in a single RHI. In total, there were 1,311 unique
flashes recorded during the 22-minute study period, all of
which were within the 3 km sampled volume. Looking at
the flash frequency, there was a more active period at the
beginning of the period followed by a slight decrease in
activity. From 23:38 to 23:45 UTC, flash counts stayed
mainly between two to six flashes per RHI scan, then de-
creased to zero to four flashes during the rest of the period
(Figure 8).
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HRUS 2023-05-11 23:38:31 UTC

Reflectivity (dBZ)

o
o

Height (km)
=
o

w

15 20 25 30 35 60 10
Range (km)
Spectrum Width (m/s) L

154

104

Height (km)
(m/s)

2 T T T T T
15 20 25 30 35 40 60 0
Range (km)

Specific Differential Phase (degrees/km) 4

Height (km)
(degrees/km)

R e T S L A—
15 35 40 45 50 55 60 -1
Range (km)

Velocity (m/s) 40

B
£ —
@
= 0o L
S £
% -10
-20
-30
35 —-40
Range (km)
Differential Reflectivity (dB) 6
5
151
4
E 3
< 10 —~
2 2 3
=l =
z | 1
0
0 | aa ! -1
——
15 20 25 30 35 45 50 55 60 -2
Range (km)
Correlation Coefficient (%) 1.00
157 0.95
t 0.90
< 10+
£ 085 %
Q
T 54 0.80
! 0.75
20 25 30 35 40 45 0.70

Range (km)

FIG. 4. Same as in Figure 3, but at 23:38:31 UTC, 2 seconds after Figure 3.

4. Discussion and Conclusion

Using Horus’s high temporal resolution to analyze ice
crystal alignment within thunderstorms was one of the
goals of this study. Knowing that Horus can conduct RHI
scans in less than two seconds made it plausible to cap-
ture ice crystal behaviors within thunderstorms and how
the build-up and breakdown of electrical fields affect their
orientations. Plotting Horus’s RHI scans along with the
OKLMA flash source data presented a mixture of findings.

In this study, Kpp values did not appear to represent
the build-up and breakdown of electric fields. In an ideal
case, an electric field should cause Kpp values to turn neg-
ative as ice crystals begin to vertically orientate, then after
the breakdown with lightning channels above and below
this volume, go back to a horizontal orientation. However,
while a consistent volume of negative Kpp was observed
by Horus, the flashes observed by the LMA were spread
throughout the storm, with little to no change in Kpp when
any flashes were close to the negative Kpp volume. There
are some possible reasons why this did not occur during
this study:

* Horus’s scan times might be too slow to pick up on
the repeated build-up and breakdown of electric fields
in this case given the large flash rates observed.

¢ This specific storm may have had too many flashes
within it to allow for large volumes of alignment and
unalignment of ice crystals in the rapidly changing
electric fields.

* Horus is still under development and was undergoing
testing at the time. The beam width was wide in the
testing setup (about 12 degrees in azimuth and 3.5
degrees in elevation), leading to a larger sample vol-
ume in which any more reflective particles may have
overwhelmed the signal of any ice crystals present.

* Vulpiani’s method for calculating Kpp may be off
when using the Horus data.

These are just a few possibilities as to why the Kpp values
did not show the build-up and breakdown of electric fields
via vertically orientated ice crystal alignment. Future re-
search will have to be done to investigate each of these
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HRUS 2023-05-11 23:39:03 UTC
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FIG. 5. Same as in Figure 4, but at 23:39:03 UTC, 32 seconds after Figure 3.

potential issues to determine whether they played a factor
or not. Even though Kpp did not represent the ice crys-
tal alignment process well, Zpr showed some promise in
discriminating regions with different microphysical popu-
lations favorable for lightning propagation, potentially in-
cluding ice crystal alignment signatures, as well. Look-
ing at the OKLMA flash source locations compared to the
near-zero Zpr locations shows frequent regions of over-
lap. This leads to the possibility that Zpr values may
work as an alternative method for finding radar signatures
of electrification and resulting three-dimensional flash lo-
cations. This will also require future research to determine
how strong of a correlation there is between the two.

The OKLMA data provided us with a very detailed
three-dimensional map of the storm’s flash propagation
and exactly how many flashes were present. This supercell
was very electrified with 1,311 flashes recorded within the
3 km RHI scan sampling volumes during the 22-minute
study period and 22,351 flashes during the entirety of the
scan time. The intensity of the supercell alone may have
affected the Kpp values, resulting in the lack of electric

field breakdowns and ice crystal unalignment. This study
helps to advance our understanding of electrification sig-
natures and how important the spatial and temporal scales
are to capturing that process.

Going into this study, the use of radars and LMAs for
lighting research has been increasing. In past studies, the
use of rapid scanning radars with LMA data had proven
successful in capturing electrified regions where ice crys-
tal alignment occurs. What had not been done up to this
point, was using a fully digital polarimetric rotating S-
band PAR system in conjunction with a LMA system to
study ice crystal alignment and storm electrification. Even
though this study did not capture the build-up and break-
down of electric fields from ice crystals through Kpp sig-
natures, it did manage to bring light to the use of Zpr to
potentially determine regions favorable for lightning prop-
agation throughout a thunderstorm. This study showed the
high frequency of flashes even with the fast RHI times of
Horus. Finally, this study brings forward questions that
will need to be addressed in future research. This in-
cludes whether the lack of ice crystal alignment was just a
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KTLX 23:44:09 UTC 11 May 2023 0.48 deg.
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FIG. 6. Base (0.48° elevation) PPI scans of radar reflectivity (dBZ) from the Oklahoma City, OK, WSR-88D radar, KTLX, of a tornadic
supercell embedded in a squall line on 11 May 2023 at 23:44:09 UTC. The red square is the location of the mobile PAR, Horus, scanning RHIs at
a270° azimuth angle (black line).
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FIG. 7. Same as in Figure 1, but at 23:57:02 UTC, 12 minutes, and 53 seconds after Figure 1.
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Flash Count Over Time
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FIG. 8. The number of flashes within the 3 km sampled volume along the Horus RHI scans by the OKLMA during the period from 11 May
2023 at 23:38 to 12 May 2023 at 00:00 UTC. The number of flashes recorded is along the y-axis and the time (UTC) it occurred is along the x-axis
which corresponds to the 2-second RHI scans that were conducted by Horus. There were a total of 1,311 flashes recorded along the RHI scans,

within the 3 km sampling area, during this period.

temporal limitation of the radar scans, a limitation of the
large sampling volume and the mixture of particles present
within them, or the lack of physical time for crystals to
align and stay aligned due to high flash rates. This study
is the beginning of a large project that will hope to pro-
vide some insight into the lightning and storm electrifi-
cation processes that occur within thunderstorms and ad-
vance our understanding moving forward.
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