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1. Introduction

As convective storms develop and become electrified,
typically many ice crystals are produced. These ice crys-
tals can become aligned by the electric field and obtain
a mean canting angle that is away from the horizontal.
Without electrification, ice crystals will align themselves
horizontally due to aerodynamic forces, unless the ice
crystals are very small (< 30 microns with Brownian
motion). If these ice crystals are in high enough con-
centrations, polarimetric radar can detect them with sev-
eral variables. Previous authors have identified canted ice
crystals with ¢4, (differential phase) and LDR (Linear
Depolarization Ratio). Here we demonstrate how these
ice crystals are detected using the p, (co-to-cross corre-
lation coefficient) . Using p;, ¢q4p, LDR and Zg,., infer-
ences about the ice microphysics and cloud electrification
can be made. Experimental measurements from S-Pol,
NCAR’s (National Center of Atmospheric Research) S-
band polarimetric radar are given that illustrate the the-
oretical analysis. The data set and analysis is further
augmented with data from the Colorado LMA (Lightning
Mapping Array) maintained by Colorado State Univer-
sity. A radar scattering model as well as T-matrix scatter-
ing simulations are used to explain the observed polari-
metric signatures.

2. Modeling pphvh and pyyhy

There are two co-to-cross correlation coefficients (p),
namely pphron and pyyhe, Where the subscript pairs de-
scribe the two times series of the covariance. For exam-
ple the subscript hhvh means (from right to left) 1) the
transmit h receive v times series and 2) the transmit h
receive h time series. When necessary we will refer to
specific co-to-cross correlation but will use p, for gen-
eral discussions. The model used is described in (Hubbert
et al. 2014a,b; Hubbert and Bringi 2003). The T-matrix
method is used to calculate the 2 x 2 scattering matrix.
The model then integrates over the specified size and ori-
entation distributions and creates the 3 x 3 covariance ma-
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trix. The experimental PSD (particle size distribution)
used here is a combination of ice crystals (ice columns)
and graupel and is described in Hubbert et al. (2014a).
The ice columns are modeled with and AR (axis ratio)
of 2 and a maximum diameter (equivalent spherical) of
.625 mm and the plane containing the mean major and
minor axes is perpendicular to the radar line of sight. The
standard deviation of the canting angles is 10°. When the
mean canting angle is zero, the Z;, and LDR are 2.7 dB
and -29.3dB, respectively. Graupel is modeled as having
a uniform random spatial distribution with an axis ratio of
0.8 and a density of 0.3g/cm?® yielding a LDR of -37.6 dB.
These two PSDs are then combined with the reflectivity
of the graupel exceeding that of the ice crystals by 10 dB.
When the mean canting angle is zero, the Z;4. and LDR
are 0.19dB and —35dB. Since forward scattering is co-
herent (Bringi and Chandrasekar 2001) the propagation
medium is completely characterized by the differential
phase in the particles’ eigenpolarization basis. The eigen-
polarization basis is that coordinate system where K, is
maximized. For example, using the ice crystal distribu-
tion above, if the mean canting angle of crystals is 0°
(relative to earth) then H-V polarization basis (perpen-
dicular to the direction of propagation) would then define
the eigen-basis. If the mean canting angle of the PSD is
changed, the eigen-basis K4, remains unchanged. Thus,
if the PSD were give a mean canting angle of 45°, the
observed (H-V basis) K, would be zero but the princi-
pal plane K 4, remains the same as it was when the mean
canting angle was 0°. As shown below, the magnitude
of the ppron and pyyny 1S @ very strong function of the
amount of accumulated principal plane ¢qp,.

If the mean canting angle of the PSD is zero (and the
canting angles are symmetrically distributed around the
mean) then pppun = Puvhy = 0 independent of principal
plane ¢g4;,. There will be cross coupling at backscatter due
to the distribution of the canting angles and this will give
LDR a finite value (-29.3 dB for the above ice crystals).

The co-to-cross correlation coefficient has been ad-
dressed in Hubbert and Bringi (2003) and in Ryzhkov
et al. (2002). In Hubbert and Bringi (2003) the modeled
PSD came from a single particle type (rain). Here we
model pppon and pyyhe for a combination of two particle
types: aligned ice crystals and randomly oriented graupel



as was done in Hubbert et al. (2014a).

Figure 1 shows pppyn and pyyn, for the two-
population mixture as a function of the mean backscat-
ter canting angle. There are no propagation effects. At
0° and 90° mean canting angle, the pppnyp and pyyp, are
zero (Bringi and Chandrasekar 2001). As the mean cant-
ing angle increases, both ppnyn and p,,n, increase. The
maximum ppp,p occurs at about 30° and the maximum
Puvhe Occurs at about 60° but the increase in correlation
from 45° is insignificant. Most importantly, the maximum
correlation never exceeds 0.25 for this mixture.

As discussed in Hubbert et al. (2014a), many times
in the ice phase of convective storms there are aligned
ice crystals as evidenced by an observed significant in-
crease (decrease) in ¢q,. If the scattering medium con-
sisted of only the aligned ice particles that gave rise to
the ¢4, increase (decrease), then there would be signif-
icant Zg, value (say |Z4-| > 1dB). However, most of
the time Zg,. is close to zero. As argued in Hubbert et al.
(2014a), this indicates the presences of ice particles (e.g.,
graupel) that have a more random spatial orientation dis-
tribution (polar metrically isotropic) such that their Z,. is
close to zero and with reflectivity much greater than the
ice crystals (such as the present mixture). For such mix-
tures of ice crystals and graupel, if high values of pj,un
and py,he are observed (i.e.> 0.25) this indicates that
propagation effects are the cause of the high p,, which is
demonstrated next.

Figure 2 shows pppyen and pyupe for the two-
population mixture as a function of the principal plane
¢qp with the mean canting angle of the ice crystals as a
parameter. Both the propagation and backscatter medium
have the same mean canting angle. For larger canting an-
gles, say > 20°, only about 3° of ¢g, accumulation is
needed to drive the correlation to about the 0.5 level.

Figure 3 is similar to Fig. 2 but with the reflectivity
of the graupel 2dB higher than that of the ice crystals.
Thus, as the reflectivity of the ice crystals increases rel-
ative to the graupel, the pppyp and pyyhe become higher
as compared to Fig. 2.

Figure 4 is similar to Fig. 2 except the backscatter
medium has a mean canting angle of 0° and only the
mean canting angle of the propagation medium is the
parameter. Interestingly, for the larger canting angles,
> 20° the correlations increase very rapidly as the prin-
cipal plane ¢g4, increases. Only a degree or two increase
in ¢g, causes the correlation to exceed 0.5. In general,
if the LDR of the graupel is decreased, this increase in
correlation is even more rapid. If LDR = — inf dB, then
theoretically any increase in ¢qy, causes both pyn,n and
Puvho to be 1. Additionally, since this increase in p,, is a
propagation effect, the p, will remain high out along that
radial thus causing radial stripes of elevated p,. This is
frequently observed and is similar to the streaks in SHV

(simultaneous H and V transmit) Z;,..

The two phases, @pnuns Pvuhy Of the co-to-cross corre-
lations are shown in Fig. 5 as a function of principal plane
@4p With the mean canting angle of the scattering medium
(both propagation and backscatter) as a parameter. The
phase of the co-to-cross correlations have been discussed
before (Hubbert and Bringi 2003; Ryzhkov et al. 2002)
where it was established that

d)dp = ¢vvhv - ¢hhvh (D

The co-to-cross phases corresponding to Fig. 2 are shown
in Fig. 5. After a few degrees of principal plane ¢, all
curves approach +90° or —90°. For mean canting angles
between 0° and 90°, @ppen is negative while ¢qppy 1S
positive. For mean canting angles between 0° and —90°,
Ohhon 18 positive while ¢, p, is negative. This then sug-
gests that the sign of the canting angle of the ice crys-
tals can be determined from the sign of the co-to-cross
phases. Also, if the co-to-cross phase can be estimated
accurately, the mean canting angle can be determined
from the crosspolar optimum polarizations (Hubbert and
Bringi 1996; Hubbert et al. 1998).

3. Experimental Data

The following radar data was gathered by S-Pol on 22
May 2014. The initiation and growth of a small con-
vective cell was captured with PPI and RHI scans over
a 2 hour time period. The electrical activity was captured
by the Colorado LMA. We present a data set that shows
the polarimetric signatures before the first LMA detected
lightning strike. Thus we examine if polarimetric radar
can detect charged aligned ice particles before the first
electrical discharge.

Shown in Figures 6 and 7 are discharge source points
as a function of time (top panels) and in space (the three
other color panels). The top panel of Fig. 6 shows
the source points of the first flash occurring at about
17:31:42 UTC. The colors mark the time of occurrence.
The other panels show the source points projected on the
horizontal plane and the two vertical side planes. Simi-
larly, Figure 7 shows the source points for the entire life
of the convective cell, 17:31 to 19:23 UTC.

Figure 8 shows the reflectivity of the convective cell at
17:19 UTC at 2.5° elevation angle. The highest reflectiv-
ity is about 35 dBZ. The yellow line shows the approxi-
mate location of the following RHI cuts. Distances are
in km from S-Pol. Figures 9 to 14 show RHIs of the
radar variables gathered at 17:19:38 UTC, or about 11
minutes before the first observed lightning. From Fig-
ure 9 the maximum reflectivities are less than 40 dBZ.
Figure 10 shows p, with white ovals marking where el-
evated p, is very likely due to canted ice crystals, and



another oval, marked as “artifact”, where elevated p,, is
likely due to sidelobe ground clutter. The ovals are over-
laid on the other radar variable plots. It is instructive
to compare the radar variables in the two ovals so that
a “good” (i.e., caused by canted ice crystals) p, signa-
ture can be contrasted to a “bad” one. The Zy, in Fig. 11
shows that the good 7, data is spatially smooth while
the bad data show spatial variability. The cross-channel
SNR is shown in Fig. 10. The good data has SNRs from
3 to 10dB, which is sufficient to yield reliable p,, whose
value is controlled by the precipitation particles in the res-
olution volume. The bad data shows much higher SNRs
so that by SNR alone, good and bad data regions cannot
be separated. Figure 13 shows that “good” ¢g, is spa-
tially smooth while the bad data is quite noisy. Figure 14
shows LDR being quite low (mostly < —30dB) in the
good region while LDR is very high in the bad region.
The high LDR is likely caused by sidelobe ground clutter.
From these plots, reliable elevated p, that marks canted
ice crystals can be identified by p,, > 0.4, cross-channel
SNR> 2dB, LDR< —25dB, and spatially smooth ¢4,
and Zg,.

In this example p, is sensitive to the canted ice crys-
tals while neither ¢4, nor LDR show evidence of aligned
canted ice crystals. Typically we have observed that for
electrified storms, increasing, decreasing or both radial
streaks of ¢gq, are seen. In this case, the convective cell
is quite small and sufficient concentrations of aligned ice
crystals are not present to produce an observable phase
shift in ¢q, whereas the canted ice crystals cause suffi-
cient depolarization to increase p,, to the observed values.
The ice crystals could have a mean canting angle near 45°
so that no change in ¢4, versus range would be observed.
The depolarized signal caused by the canted ice crystals
could also increase LDR. In this case, however, appar-
ently the polarimetrically isotropic particles (e.g., grau-
pel) mask the LDR signature of of the canted ice crystals.
Thus, p, marks the region of canted ice crystals before
any other radar variable and importantly, 11 minutes be-
fore any occurrence of lightning.

Another data example is shown in Figs. 15 to 17. The
white overlay contours indicate source points from the
LMA. This data example is from a convective cell which
is more mature (larger and more electrically active) than
the previous case. Figure 16 shows ¢4, with both increas-
ing (yellow color scale) and decreasing (pink color scale)
regions. The interpretation is that the positive region con-
tains ice crystals that are oriented more horizontally while
in the second region, the ice crystals are oriented more
vertically. The p, in Fig. 17 shows a large red stripe
that corresponds to the region in ¢4, in between the in-
creasing and decreasing regions. This would indicate that
the ice crystals in this region are oriented more closely to
45° so that maximum depolarization is occurring thus in-

creasing p,. Interestingly, the white contours connect the
regions of increasing and decreasing ¢q,. This data ex-
ample is offered to demonstrate the possible microphysi-
cal interpretation from such data sets.

4. Summary and Conclusions

In this paper cross-coupling of H and V waves, due
to canted ice crystals, was simulated and analyzed,
and experimental S-Pol data was given to illustrate the
theory. Microphysical interpretations were offered. The
co-to-cross correlation coefficient, p,, was modeled
for a PSD consisting of both ice crystals (columns)
and graupel where the reflectivity due the graupel was
2dB and 10dB higher than the ice crystal reflectivity.
Modeling showed that if the intrinsic LDR of the graupel
was — inf dB, only a very small amount of depolarization
due to canted ice crystals needed to occur in order to
increase p, to high levels (> 0.9), provided the SNR
of the cross channel is high. The data example given
showed that p, detected oriented ice crystals 11 minutes
before the first occurrence of lightning as measured
by the Colorado LMA. Neither ¢4, nor LDR showed
evidence of aligned ice crystals at that point in time. p,
is more sensitive to canted ice crystals than LDR since
the two time series that are in p, have uncorrelated noise,
whereas LDR is a power (zero-lag) auto correlation
product. A further data example showed the potential
for microphysical interpretation when polarimetric radar
data, with p, available, is combined with LMA data.
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Figure 1: The co-to-cross correlation coefficient as a function the mean canting angle of the backscatter medium.
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Figure 2: The co-to-cross correlation coefficients, pphoh, Povhw as a function of the principal plane ¢q, with the
mean canting angle of the medium (both the propagation and backscatter) as a parameter. The scattering medium
is composed of both ice crystals and graupel with the the graupel’s reflectivity 10db higher than the ice crystal’s
reflectivity.
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Figure 3: Similar to Fig. 2 except the graupel’s reflectivity is 2 db higher than the ice crystal reflectivity.
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Figure 5: For the same PSD as in Fig. 2. The two co-to-cross differential phases corresponding to pppur and pyyhop-
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Figure 6: LMA source point diagram for the first lightning discharge on 22 May 2014.
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Figure 7: LMA source point diagram for the life cycle of the cell on 22 May. 2014.
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Figure 8: An PPI of S-Pol Reflectivity showing the small convective cell at the location of the RHIs shown at 17:17:25
UTC.
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Figure 9: An RHI of S-Pol Reflectivity. White circle show location of canted ice crystals.
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Figure 10: An RHI of S-Pol co-to-cross correlation coefficient, p,.
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Figure 11: An RHI of S-Pol Zg,. .
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Figure 12: An RHI of S-Pol cross channel SNR.
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Figure 13: An RHI of S-Pol ¢y, .
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Figure 14: An RHI of S-Pol LDR.
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Figure 15: An RHI of S-Pol Reflectivity from 22 May 2014 at 20:26:03 UTC. The white contours lines demark source
points from the LMA from 20:24 to 20:26 UTC.
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Figure 16: An RHI of S-Pol ¢ay, accompanying Fig. 15.
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Figure 17: An RHI of S-Pol co-to-cross correlation coefficient, p,., accompanying Fig. 15.



