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ABSTRACT: Polarimetric variables such as differential phase ®pp and its range derivative, specific differential phase
Kpp, contain useful information for improving quantitative precipitation estimation (QPE) and microphysics retrieval.
However, the usefulness of the current operationally utilized estimation method of Kpp is limited by measurement error
and artifacts resulting from the differential backscattering phase 6. The contribution of § can significantly influence the
®$pp measurements and therefore negatively affect the Kpp estimates. Neglecting the presence of 6 within non-Rayleigh
scattering regimes has also led to the adoption of incorrect terminology regarding signatures seen within current opera-
tional Kpp estimates implying associated regions of unrealistic liquid water content. A new processing method is proposed
and developed to estimate both Kpp and & using classification and linear programming (LP) to reduce bias in Kpp esti-
mates caused by the § component. It is shown that by applying the LP technique specifically to the rain regions of Rayleigh
scattering along a radial profile, accurate estimates of differential propagation phase, specific differential phase, and differ-
ential backscattering phase can be retrieved within regions of both Rayleigh and non-Rayleigh scattering. This new estima-
tion method is applied to cases of reported hail and tornado debris, and the LP results are compared to the operationally
utilized least squares fit (LSF) estimates. The results show the potential use of the differential backscattering phase signa-

ture in the detection of hail and tornado debris.
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1. Introduction

The upgrade to dual polarization on weather radar net-
works such as the U.S. National Weather Service (NWS)
Weather Surveillance Radar-1988 Doppler (WSR-88D) has
allowed for new insight and understanding into cloud micro-
physics and advanced severe weather applications such as hail
and tornado detection. The inclusion of the total differential
phase ®pp and its range derivative, specific differential phase
Kpp, has helped improve hydrological applications, such as
quantitative precipitation estimation (QPE) (Brandes et al.
2002; Ryzhkov et al. 2005a; Huang et al. 2016). The term Kpp
has shown immunity to radar miscalibration, partial beam
blockage, and precipitation attenuation. It is also less sensitive
to hail contamination and variability in the raindrop size dis-
tribution (DSD). Therefore, Kpp is more favorable for obtain-
ing accurate precipitation estimation and microphysical retrievals
than reflectivity measurements (Aydin et al. 1995; Zrni¢ and
Ryzhkov 1996; Bringi and Chandrasekar 2001; Ryzhkov et al.
2005a; Wang and Chandrasekar 2010; Giangrande et al. 2013;
Huang et al. 2016; Ralph-Hampton 2022).

However, despite these advantages, acquiring accurate esti-
mates of Kpp (k pp) from ®pp measurements has been a chal-
lenge. Uncertainty in K pp can result in detrimental effects on
rain estimation. As shown in Eq. (4.144) of Zhang (2016), the
total differential phase from the phase of the copolar cross-
correlation function is ®pp = dpp + & where dpp is the
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differential propagation phase and & is the differential back-
scattering phase. Therefore, the total ®pp measurement
(@DP) is the sum of ®pp and measurement error ¢, yielding
(f)Dp =@, + &= ¢pp + 6 + & (Doviak and Zrni¢ 1993; Bringi
and Chandrasekar 2001; Tromel et al. 2013; Kumjian 2013;
Ralph-Hampton 2022). Falling hydrometeors are typically ori-
ented with their larger axis parallel to the ground. As a result, a
horizontally polarized wave has a greater interaction with the hy-
drometeor than a vertically polarized wave, yielding a larger
propagation constant (or wavenumber) for horizontal polariza-
tion than that for vertical polarization in rain when the Rayleigh
scattering approximation is valid (Doviak and Zrni¢ 1993;
Bringi and Chandrasekar 2001; Westbrook et al. 2010;
Ralph-Hampton 2022). Thus, it is expected that intrinsic Kpp
is positive and ¢pp is monotonically increasing along the
beam within rain at S band frequency (Vivekanandan et al.
2001; Brandes et al. 2002). However, these expected proper-
ties for Kpp and ¢pp at S band are not true for other hydrome-
teors such as hail, melting snow, and tornado debris due to the
effects of non-Rayleigh scattering as illustrated in Fig. 1, shown
in next section.

While Kpp is normally understood and physically defined
as the range derivative of the differential propagation phase
¢pp With Ky, = (1/2)(d¢pp/dr), where r is the distance from
radar of a given range gate, it is usually estimated as the range
derivative of CfDDP (dCfDDp/dr) using the least squares fit (LSF),
which can be misleading. Measurement error ¢ can often be
minimized via LSF and other smoothing techniques or treated
as negligible. However, the contribution of the differential
backscattering phase 6 can significantly influence the CfJDP and
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FI1G. 1. Scattering calculations using the T-matrix method for both wet (blue) and dry (black) hail: (a) absolute value
of backscattering magnitude as a function of diameter for both horizontal (solid) and vertical (dashed) axis,
(b) squared ratio of horizontal and vertical absolute scattering magnitude, (c) backscattering phase for both horizontal
and vertical axes, (d) differential backscattering phase (8, — 8p), (e) real parts of forward scattering amplitudes for
horizontal and vertical axes, and (f) difference in real parts of the forward scattering amplitudes.
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therefore negatively affect the Kpp estimation, which can then
propagate through all products derived using K pp (Tromel et al.
2013; Ralph-Hampton 2022). This is particularly true for hail
and tornado debris which scatter waves in non-Rayleigh scatter-
ing regimes. Ignoring the contributions of § when estimating
Kpp from ff)Dp can often result in unphysical behavior such as
unrealistically large K pp and negative K pp With corresponding
unreasonable rainfall rates on leading and trailing sides of hail
and/or the melting layer (Giangrande and Ryzhkov 2008). Fur-
thermore, ignoring the presence of § has led to an adoption of
incorrect terminology regarding signatures seen within the cur-
rent operational usage of Kpp estimates.

The term “KDP foot” has been used to explain an area within
a supercell containing enhanced kDP (sometimes >8 km™!)
which can be found when using LSF processing as implemented
by the WSR-88D network. This KDP foot is used as an indicator
for hail, particularly at the leading edge of the KDP foot signa-
ture (Romine et al. 2008; Wilson and Van Den Broeke 2021).
The terminology used to describe this signature suggests a gen-
eral misunderstanding with Kpp, which leads to further misinter-
pretation regarding the physical nature of the region such that
the KDP foot signature is associated with enhanced liquid water
content (Wilson and Van Den Broeke 2021). Though large in-
trinsic Kpp within pure rain regimes is indicative of high liquid
water content, we cannot extend this association into non-
Rayleigh scattering regimes using the conventionally estimated
K pp- 1t is unlikely to be true that such high liquid water content,
associated with the LSF estimated KDP foot signature, should be
possible to exist. Given that the presence of hail is often associ-
ated with the estimated KDP foot region, it is likely that the addi-
tion of significant & is largely contributing to this signature.
Hence, using the term KDP foot to define the region is errone-
ous because it is not only the result of true Kpp but also of the
additional artifact from 8. The artifact can be a dominant factor,
especially for melting hail.

These issues highlight the necessity for processing techni-
ques that separate the & from the ¢pp such that Kpp can be
accurately estimated, and precipitation microphysics may be
ascertained from these components correctly. A more accu-
rate Kpp estimate will lead to a more accurate precipitation
estimation. Furthermore, research has shown that & shows
promise for not only locating scatterers such as hail and tor-
nado debris but also allowing for insight into the size of these
scatterers when it is used together with other polarimetric ra-
dar variables such as the copolar correlation coefficient p,
(Zhang 2016; Zhang et al. 2021).

Though many methods have been proposed for handling
the aforementioned challenge (Ryzhkov et al. 2005a; Wang
and Chandrasekar 2009; Otto and Russchenberg 2011), linear
programming (linear optimization) has been shown to effec-
tively avoid the § component, thus maintaining a monotonic
increase of ¢pp and nonnegative, unbiased Kpp profiles
within rain regimes (Giangrande et al. 2013; Huang et al.
2016). Though this method is computationally expensive, the
rapid increases in computing power have made it a more via-
ble option in recent years. Using the @Dp and a series of lin-
ear constraints, this method can back out a ¢pp profile that
has an optimally minimized difference from the given @DP

MISHLER ET AL. 805

profile per the provided constraints. It has been assessed by
Giangrande et al. (2013) that the mean bias error for LP esti-
mation of Kpp is about 0.1° km ™!, which is smaller than that
of 0.18° km ™! for LSF estimation. Due to the linear program-
ming (LP) method’s proven success within rain regimes, it is
reasonable to assume that the LP method can be used specifi-
cally within regimes of Rayleigh scattering to produce realistic
estimates for radial profiles of both ¢pp and Kpp. Further-
more, by applying the technique specifically to Rayleigh scat-
tering regimes along a radial profile, an estimate of 6 can be
retrieved within non-Rayleigh scattering regimes.

The remainder of this article is structured as follows.
Section 2 provides background information on wave propaga-
tion and scattering and explores some past research that has
been done to estimate Kpp while minimizing the influence of
non-Rayleigh scattering regimes. Section 3 details the method-
ology of applying the LP technique within Rayleigh scattering
regimes to obtain 2D estimated profiles of ¢pp, Kpp, and 6.
Section 4 presents the estimation results obtained from apply-
ing this method to some collected NEXRAD Level 11 datasets
(S band) and expands on the findings of detection. The results
are further summarized and concluded in section 5.

2. Background

As we seek to better understand the estimation and utiliza-
tion of Kpp and 4, it is desirable to examine both within a the-
oretical framework. The plots in Fig. 1 were created using the
T-matrix calculation method (Waterman 1965; Vivekanandan
et al. 1991) to illustrate the backscattering magnitude, back-
scattering phase, and real parts of the forward scattering am-
plitude. Results for polarizations at both the major and minor
axes are shown for both wet and dry hailstones as a function
of the equivolume diameter. The hailstones were assumed to
be oblate spheroids with an axis ratio of 0.7. For the wet hail, the
dielectric constant was calculated using the Maxwell-Garnett
(M-G) mixing formula with the assumption of 20% melting and
water as background following the melting model used in Jung
et al. (2008) and Zhang et al. (2021). Figure 1a illustrates the ab-
solute value of the scattering amplitude. The square of this is pro-
portional to the scattering cross section and thus proportional to
the radar reflectivity factor (Zy or Zy). Initially, we do see a
monotonic increase in this scattering amplitude which follows
Rayleigh scattering. However, once the size of the hydrometeor
surpasses the Rayleigh scattering size, we begin to see resonance
effects. Figure 1b shows the squared absolute value of the ratio
in scattering amplitude between the major and minor axis po-
larizations. This is the differential reflectivity Zpg for mono-
dispersive hailstones. With the aforementioned assumptions,
we initially see values increase and remain greater than zero.
The Zpg for the “wet” spheroid continues to increase until a
maximum is reached near ~25 mm before decreasing. The
Zpr for the “dry” spheroid also increases until a maximum is
reached, though this occurs at a larger diameter (~42 mm)
due to the lower dielectric constant. For both “wet” and
“dry,” resonance effects begin to set in after the maximum is
reached after which negative values may occur. The behavior
displayed by the “dry” hail illustrated in Fig. 1b closely
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resembles the results shown by Seliga and Bringi (1978). These
kinds of resonance effects are also seen in polarimetric radar
data of tornado debris, which will be discussed in section 4.

Figure 1c shows the phase of the scattered waves polarized
in the major and minor axes for both wet and dry hail. Ini-
tially, phase increases for both. At approximately 19 mm, we
begin to see a decrease in phase for both axes of the wet parti-
cle though this decrease is short lived and followed by a signif-
icant increase from ~22 to 39 mm. The dry particle maintains
its increase in the phase for both axes up until ~50 mm where
both show a sharp decrease though the abrupt change for 6,
is due to phase folding. Somewhere after ~50 mm, each axis
of both the wet and dry particles again shows some magnitude
of the increased phase. In Fig. 1d, we take the difference of
the backscattering phases in both polarizations, which corre-
sponds to the differential backscattering phase 8. Using the
T-matrix calculation with an aspect ratio of 0.8, Balakrishnan
and Zrni¢ (1990) showed that spongy hail (40% water) could
produce substantial variations in delta beyond 5 cm displaying
values between —50° and 90°, while dry hail showed very little
8 (only ~8° at 8 mm and falling to —20° at 50 mm). Our calcu-
lations yielded similar trends but different values because a
different implementation of the M-G mixing formula, aspect
ratio (0.7), and percentage of melting (20%) were used. Apart
from hailstones with a small diameter (<10 mm), this § is
nonnegligible. Though dry hail (or low melting percentage
hail) showed near constant values near zero until 50 mm, we
then see that § can rapidly become negative. Our wet hail cal-
culation shows that 6 tends to increase with size. Slight in-
creases are seen up to ~20 mm (~10°) before jumping to
~40° by 27 mm and again to ~125° at 55 mm.

In Fig. le, we plot the real parts of the forward scattering
for both the major and minor axes. These are related to the
specific propagation phase due to the presence of hydrome-
teors. The specific differential phase is expressed by Eq. (4.106)
of Zhang (2016):

RE

o~ TJRe[sa(O, D) - 5,00, D)]N(D)dD%(l b e 2h)e 2,

as the integration of the difference between the real parts of
the forward scattering amplitudes (s, and s;) at the major and
minor axes weighted by DSD and canting angle parameters
where o and o, are the standard deviation of canting angles
in the scattering plane and the polarization plane. As shown
in Fig. 1f, initially, we do see an increase in the difference. Af-
ter the “wet” hail grows beyond ~25 mm in diameter, nega-
tive values begin to occur. The dry hail shows a larger range
of positive values, with negative values not reached until a di-
ameter of ~50 mm. This suggests that even well-defined Kpp
does not behave as a monotonic function outside of the Ray-
leigh scattering regime. This helps illustrate why, particularly
in the operational processing of K pp-> Simple explanations for
negative values (i.e., vertically oriented particles due to
charge differentials in elevation) may not always be correct.
Different scenarios might result in this negative Kpp, each
with different physics, in addition to those caused by 6 and
measurement error &, mentioned earlier. The occurrence of
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nonuniform beamfilling can also result in negative Kpp, par-
ticularly along the melting layer (Ryzhkov and Zrni¢ 1998).
Along with vertically aligned ice particles within Rayleigh
scattering regimes, we may also see estimation error causing a
“bump” in @DP. The LSF processing will result in negative
values of K, along the trailing end of the said bump. Figure 1f
shows negative Kpp may also arise from large particles outside
of the Rayleigh scattering regime.

From the definition of K, = (1/2)(d¢pp/dr), the specific
differential phase can be estimated from two measurements
of ®pp at two consecutive range gates as follows:

lci)DPDP(”z) - (i)DP(rl)
2 (r,— 1) ’ @

Kpp =

when dA)DP contains no differential backscattering phase 6 and
is devoid of &. Given that the statistical error can often be
prevalent, acquiring a valid K pp result per Eq. (1) is impracti-
cal. Due to the relative consistency in hydrometeor character-
istics from one gate to the next, estimations are often made
using more than two gates to solve this issue, but in using mul-
tiple measurements, the estimation of Kpp can become over-
determined (Rodgers 2000). The simple regression method of
LSF is the operationally used approach for acquiring solutions
to the overdetermined system. This approach uses the LSF
slope of multiple @DP measurements adjacent to the range
gate at which a Kpp estimate is sought. The WSR-88D sys-
tems use a piecewise approach to determine the filter lengths
(i-e., 9 or 25 gates, which is equivalent to the range resolution
of 2.25 or 6.25 km) contingent on the reflectivity Zy at a given
gate. When the Zy is at or below 40 dBZ for an intermediate
gate, a filter length of 25 gates is used to make the estimation.
When the Zy exceeds 40 dBZ, the filter length is reduced to
9 measurements surrounding the intermediate gate. Thus, the
LSF estimation method can be calculated as follows (Doviak
and Zrni¢ 1993):

S [ - el -7}
Kpp(7) =* ; : )
2; [r() — 71

Here, K pp(7) is the estimated value at the mean range, which
is the distance of the intermediate gate, n is the filter length
(either 9 or 25 gates), and CfDDP is the mean value across the fil-
ter length. This estimation technique can mitigate ¢ in the
measurements, but it still includes artifacts from the 6 inher-
ent within some ®pp measurements. There have been some
advancements in the estimation of Kpp by trying to mitigate the
effect of non-Rayleigh scattering regimes. Giangrande et al.
(2013) presented an application of LP to Cf)DP with the aim of
estimating the differential propagation phase ¢pp With mono-
tonic profiles and nonnegative constraints applied to the K DP
retrieval. Huang et al. (2016) expanded upon this methodology
by setting upper and lower limits to the Kpp estimation deter-
mined by a constraint among Zy, Zpg, and <i>DP measurements.
These limits are then incorporated into the LP system. However,
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even with these advancements, there have yet to be successful at-
tempts at estimating and utilizing 8.

The methodology used in this study is a composite ap-
proach combining classification techniques and fitting techni-
ques such that the fitting is only performed within certain
classifications. It will build upon previous research by using
the LP approach across identified intervals of Rayleigh scat-
tering along a given radial. Each gate will be classified as ei-
ther a Rayleigh or non-Rayleigh scattering regime using the
measurements of ®pp, Zy, and py,y. This should allow for accu-
rate estimates of ¢pp and Kpp to be obtained within Rayleigh
regimes such that we may interpolate these measurements in
adjacent non-Rayleigh scattering regimes and then obtain esti-
mates of d.

3. Methodology

This section will provide a detailed description of how the
estimation of ¢pp, Kpp, and & is performed. Briefly, the pro-
cedure can be broken down into the following steps: segments
of Rayleigh scattering are identified and separated from non-
Rayleigh scattering regimes. An estimation of ¢pp and Kpp is
performed for each Rayleigh scattering segment using linear
programming. Along a given radial, these Rayleigh scattering
segments are connected to provide an estimation of ¢pp and
Kpp within non-Rayleigh scattering regimes. The ¢pp and
Kpp estimation results are then smoothed for display pur-
poses. Finally, 6 is estimated from the difference between the
@DP and the estimated ¢pp. These steps are illustrated within
the flow diagram depicted in Fig. 2. We will now provide more
detail of each of these steps within the estimation process.

The estimation process begins by calculating a starting ¢pp
value to be used for each radial as shown in Fig. 2a. For each
radial, the first 15 range gates are inspected. Any gate that has
pny less than 0.96 or both Zy less than 0 dBZ and signal-to-
noise ratio (SNR) less than 20 dB will be omitted. The median
value is then taken from the remaining gates. This is done for
each azimuth angle such that each angle provides one median
value. From the values returned across all azimuth angles, a
median is taken to determine the starting ¢pp value. This
starting value will be used as the initial lower bound con-
straint for the linear programming function and will also be
applied to all gates prior to the first Rayleigh scattering re-
gime for each radial.

Since theory necessitates ¢pp be estimated within Rayleigh
scattering regimes, it is necessary to locate the gates at which
those regimes might exist before the actual estimation process
commences. This step is illustrated by the flow diagram in Fig. 2b.
To do this, a 5-point sliding window is used to move down a given
radial while analyzing the measured Zy, Zpgr, pnv, and ®pp.
Because of potential clutter contamination of near-radar gates,
stricter conditions are established for the first 11 km. In this zone,
each gate within a 5-point window must contain py,, greater
than 0.96, SNR larger than 20 dB, and Zy; larger than 0 dBZ
for the gates within the window to be considered as Rayleigh
regime gates. Furthermore, to ensure low variability among
the ®pp measurements in the window, the standard deviation
of & pp across the five gates must be no higher than 6°. If each

MISHLER ET AL.

807

Initialize Starting ¢pp Value
(a
4 E2 )
Determine Rayleigh/non-
Rayleigh Scattering Regimes (b)
¥

a N

Smooth Individual Rayleigh

LRegime Segment

¥

rApply LP processing to

1 Rayleigh Regime Segment
with Fixed Lower Bound  (d)

\ Y, )

¥ i
~\

Realism Check and Potential

Re-estimation with Previous

: k Lower Bound

. ~ ¥

Find Next Rayleigh Regime

Down Radial (f) 3
. , RangeGateloop .

7 ‘ Exit Loop ‘

1}
(CL 1

N\

(e) 1

¢ 4 N
Connect Rayleigh Regime
| Segments (g))
N Radial Loop b N
M ‘ Exit Loop ¥
Smooth 2D ¢pp and Kpyp
Estimates (h)

FIG. 2. A flow diagram illustrating the process used for estimat-
ing the differential propagation phase ¢pp and specific differential
phase Kpp at a given elevation of a NEXRAD Level II data file.
The range gate loop indicates traversing down range of a given ra-
dial, while the radial loop indicates looping over radials at all azi-
muth angles.

of these conditions is met, we flag these gates as being “good”
(i.e., gates determined to be Rayleigh scattering regime). Past
11 km, nearly the same restrictions are applied with the differ-
ences being that the py,, threshold is reduced to 0.95, the SNR
threshold is reduced to 5 dB, and a single gate within the 5-point
window may deviate from the restrictions (i.e., a single gate may
have either a pyy, SNR, or Zy value below the given thresholds).
The combination of thresholds was chosen based on our physical
understanding of Rayliegh scattering regimes and their ability to
return reasonable results.

We begin the estimation process by finding the first Rayleigh
gate in a given radial using the flags created. We begin looping
from this point to the end of the 1D radial vector (illustrated by
the inner loop in Fig. 2). If we encounter a “bad” (non-Rayleigh)
gate, the window automatically closes. If we encounter a NaN
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value in the measured @DP, we mark this position and then look
forward to the next good gate while tracking the number of con-
secutive NaN values that occur before this location. In the case
that either a “bad” gate was encountered, or 3+ consecutive
NaN values were encountered, the estimate window is fixed from
the starting position of the window up to the gate prior to the
consecutive NaNs or non-Rayleigh regime gate. Due to the possi-
bility that a NaN value could exist within this estimation window,
a 3-point median filter is applied to the window to ensure no
NaN values exist within the estimate window as depicted in
Fig. 2c of the flowchart. At this point, a LP estimation of both
épp and Kpp will be performed on the segment vector (Fig. 2d).
The methodology outlined in Giangrande et al. (2013) is utilized
such that, through a series of linear constraints, an optimally min-
imized difference between the provided <i>DP profile and the cor-
responding ¢pp can be achieved, while the monotonic constraint
will also allow for the return of a nonnegative profile of Kpp.

By instantiating a monotonic increase constraint along each
radial, the last value of the estimated ¢pp window will be set
as the lower bound for the next window estimated down ra-
dial. The next estimate will begin from the next good gate fol-
lowing the previous estimation window as depicted in Fig. 2f.
There is a possibility that, even with the thresholds set to es-
tablish a good Rayleigh scattering gate, the classification
could have been faulty. Thus, measures have been established
to counteract the possibility that an estimate window results
in an unrealistically high lower bound that skews the results
of the rest of the down-radial segments as illustrated in Fig. 3.
This is done by analyzing the difference between the Ci)DP at
the first gate of a new estimation window and the current
lower bound (estimated propagation phase of final gate in
previously estimated window).

Figure 3a depicts a faulty estimate segment (circled in
black) at ~47 km. The estimated ¢pp for the last gate of this
segment is then set to be used as the lower bound for the next
Rayleigh scattering segment (boxed in red) at ~50 km. This
lower bound is nearly 40° higher than the &)DP recorded at the
range the final Rayleigh regime begins. As shown in Fig. 3a,
were we to allow this lower bound to be used in the LP esti-
mation, the monotonic increase constraint would result in an
unrealistically large estimate. In this case, the previous esti-
mate (circled in black in Fig. 3a) is omitted. The final segment
is instead estimated using the lower bound given by the previ-
ous Rayleigh up-radial segment. This is illustrated in Fig. 3b,
where the lower bound provided by the upstream Rayleigh
estimate at ~30 km (circled in black) is used for the final seg-
ment (boxed in red). This results in a much more realistic esti-
mate for the down-radial segment with the faulty region now
being classified as non-Rayleigh and thus no longer containing
an estimate.

After these steps have been completed for the entire radial,
we move on to connecting the Rayleigh regimes as shown in
Fig. 2g. First, all values in the estimate vector prior to the first
Rayleigh regime gate are set to the starting point value. The
final index of the first Rayleigh regime segment is marked as
the left bookend, and the first index of the second Rayleigh
regime segment is set as the right bookend. A linear interpo-
lation is done between these two bookends to estimate the
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FIG. 3. (a) How an incorrectly classified Rayleigh scattering esti-
mate (circled) can result in a lower bound that causes a down-
radial estimation (boxed in red) to be unrealistically high. (b) The
same radial estimation of ¢pp with the faulty segment removed
such that the later segment (boxed in red) would have been esti-
mated with the lower bound provided by the previously estimated,
up-radial segment (circled in black).

¢pp and Kpp along the non-Rayleigh scattering regime. This
process of connecting bookends continues down the rest of
the radial. Any non-Rayleigh scattering gate past the final
Rayleigh scattering segment is set to NaN within the ¢pp esti-
mate vector. Figure 4 illustrates the results of this step for a
single ray. Figure 4a shows a radial in which an LP estimation
of ¢pp has been made for each Rayleigh scattering segment.
Figure 4b shows how a linear interpolation can be done be-
tween these Rayleigh scattering segments to estimate the ¢pp
in the non-Rayleigh scattering regimes.

After the connection process has been completed for each
radial, smoothing is performed for display purposes for both
estimates depicted in Fig. 2h. A 3-point median filter is ap-
plied azimuthally to the Kpp estimate for smoothing between
radials. Within the ¢pp estimate, each gate with a NaN value
is checked to see if its adjacent gates of the same range have
non-NaN estimates. Linear interpolation is used to estimate
these NaN values, and a moving average is applied azimuth-
ally to smooth between radials using a 3-point sliding window.
With the estimates of ¢pp and Kpp now complete, the differ-
ential backscattering phase & is estimated simply by taking
the difference between the @)DP and the estimated ¢pp.

We acknowledge that within the non-Rayleigh scattering
regions, the linear interpolation estimate of the ¢pp (Which
could differ slightly from the true propagation phase) may
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FIG. 4. (a) The <f>DP (blue) and the unconnected estimated ¢pp
within the determined Rayleigh scattering regimes (red). (b) As in
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tering regimes providing an estimation of ¢pp in non-Rayleigh
scattering regimes.

negatively affect the estimation of the 6. Furthermore, the es-
timated & likely contains some components from the measure-
ment errors. However, we believe this effect would be
relatively small as a differential backscattering phase tends to
be on the order of 10°, which should allow the estimation made
through the simple connection to be within a few degrees. The
“fixed” value of Kpp made throughout the non-Rayleigh scat-
tering regime would also likely differ from the true Kpp in this
region, which would show more variation. The intrinsic Kpp
along the non-Rayleigh regime is dependent upon several un-
knowns (size, shape, composition, percentage of melting, etc.).
Because there is not yet a community-accepted way of accu-
rately determining these parameters, we chose the linear inter-
polation for Kpp estimation in non-Rayleigh scattering regimes,
which may be improved with further study.

4. Results

The methodology detailed above was applied to a case
from 19 April 2023, when there was a 7.6-cm (3 in.) diameter
hailstone reported in Amber, Oklahoma (SPC 2023). We are
using the level-IT data at the low elevation (0.5°) collected by
the WSR-88D KTLX (Oklahoma City, Oklahoma) system at
2330 UTC. These files were obtained from Amazon Web
Services (AWS 2023). Furthermore, we will briefly analyze
two tornado events in which discernable & signatures were
collocated with tornado debris signatures (TDSs; Ryzhkov
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et al. 2005b; Kumjian and Ryzhkov 2008). Specifically, we will
analyze the signature from the EF4 tornado that devastated
Rolling Fork, Mississippi, on 24 April 2023 and the EF3 tor-
nado that hit Cole, Oklahoma, on 31 March 2023.

Figure 5 illustrates the supercell that produced the 7.6-cm
(3 in.) hailstone as it moved into Amber, Oklahoma, just mi-
nutes before the time of the reports. We see the well-defined
reflectivity Zy signature of the supercell in Fig. 5a to the
southwest of the KTLX. At the center of the supercell, we see
reflectivity values that exceed 60 dBZ indicating the likely
presence of hail (region circled in black). Figure 1b illustrates
how differential reflectivity Zpr can become negative when
hailstones grow beyond the Rayleigh scattering regime, and
in Fig. 5b, we see Zpg values fall below 0 dB in the area of el-
evated Zy values. Furthermore, Fig. 5S¢ shows that py, values
fall below 0.9 in this region. This drop in py,, along with the
Zy and Zpg signatures, provides a compelling case for the
presence of hail. Figure 5d depicts a large increase in the total
differential phase measurements @DP near the vicinity of this
hail core. Downrange of the well-defined supercell (west-
southwest) is another region of enhanced reflectivity (boxed
in black). This region also seems to show indications of a hail
signature with near-zero Zpg values, low py, values (<0.9),
and Zy values greater than 55 dBZ.

We have selected a single 1D ray to analyze from the scan
which, in each plot of Fig. 5, is shown as the black ray emanating
from the radar. This ray passes through the north-northeastern
periphery of both hail signatures. As per Fig. 1d, resonance ef-
fects begin after the dry hailstone grows beyond ~40 mm, so we
chose a ray passing along the peripheries of the hail cores in or-
der to best illustrate positive 8. The 1D plots associated with this
ray can be seen in Fig. 6. From ~49 to 60 km, we see the Zy val-
ues above 50 dBZ as seen between the orange dashed lines in
Fig. 6c. We also see Zpgr values begin to drop from ~5 dB at
~50 km and hit a local minimum of ~—0.5 dB at ~57 km which
is consistent with resonance effects we saw in Fig. 1b. The CfDDP
remains relatively constant until ~50 km where it then begins in-
creasing. However, at ~56 km, we see the CfJDP slope begin to in-
crease more rapidly hitting a local maximum in magnitude of
measured values at ~60 km. TheA @DP then begins to fall until
~65 km. The local maximum in @, associated with this bump
appears slightly downrange of the highest Zy values, which
agrees with the plots in Fig. 1 that demonstrate how the maxi-
mum reflectivity does not necessarily correspond with the maxi-
mum backscattering phase. However, the bump does occur
within the apparent hail signature per the trends in py, and Zpg.
We see a very similar trend downrange near ~75-80 km corre-
sponding to the second enhanced reflectivity regime (between
the vertical black dashed lines). Again, the local & pp Maximum
is slightly down radial of the local Zy maximum though still in
phase with low values of p,,, and Zpg. These results suggest that
these bumps in & pp are likely due to the differential backscatter-
ing phase from hailstones exceeding the size of the Rayleigh
scattering regime. It is possible that the effects of differential at-
tenuation and nonuniform beamfilling might be contributing to
these low values py, and Zpg, particularly where we see the sec-
ond peak in @DP which is collocated with Z values of ~30 dBZ.
Here, we are analyzing beams that pass just along reflectivity
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FIG. 5. Low-elevation (0.5°) surveillance mode raw data from KTLX at 2330 UTC. (a) Reflectivity factor Zy,
(b) differential reflectivity Zpg, (c) copolar correlation coefficient py,, (d) total differential phase ®pp, (¢) hydrome-
teor classification, and (f) radial velocity. The primary region of enhanced reflectivity is denoted with the black circle
in (a)—(c), while the second region, farther down radial, is denoted with the black box.

gradients. These tight reflectivity gradients often occur in
the presence of significant hail. Due to the broadening of
the beam, it could still be capturing hail in one sidelobe,
which can reduce p,, and affect thDP. In this nonuniform
beamfilling, both Rayleigh and non-Rayleigh scattering oc-
cur. The overall reflectivity might be dominated by the
lower reflectivity Rayleigh regime due to the higher number
concentration, but the presence of large particles in part of the
beam resolution can still cause the backscattering phase. Thus,

we suspect the presence of 6 from non-Rayleigh scatterers to
be the key contributors to both bumps in @DP.

Figure 7 illustrates the 2D results of the new methodology’s
performance on the Amber, Oklahoma hail case. Figure 7a
displays estimated ¢pp, which captures the broad essence of
the measured <f>DP displayed in Fig. 5d with the notable differ-
ence being the monotonic increase in values due to estima-
tions only being performed within determined Rayleigh
scattering regimes in which, particularly at this low-elevation
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FIG. 6. Ray plots of polarimetric radar data for the highlighted beam in Fig. 5: (a) reflectivity
factor Zy with horizontal black line at 50 dBZ, (b) differential reflectivity Zpg, (c) copolar corre-
lation coefficient py,, and (d) total differential phase ®pp. The region between the vertical or-
ange dashed lines indicates the first region of enhanced Zy, while the region between the dashed
black lines indicates the second region of enhanced Zy;.

angle (0.5°), the horizontally polarized wave should be more
affected than the vertically polarized wave. Taking the differ-
ence between the measured & pp as seen in Fig. 5d and the es-
timated ¢pp displayed in Fig. 7a, we get the estimation of &
which is shown in Fig. 7b. The hail region associated with the
defined supercell shows positive § signatures particularly at
the northern and southern peripheries of the core; however,
the signature nearly disappears at the core center. This is
likely due to the resonance effects illustrated in Fig. 1d.
Figures 7c and 7d illustrate the estimated f(DP using the LP
and the LSF, respectively. The latter shows significantly larger
positive values as well as gates with negative K pp Values. The
LSF estimation method applies a range derivative to the mea-
sured @DP, which, as can be seen Fig. 5, can contain well-
defined bumps, and results in enhanced kDP estimates near
the leading edge of the storm followed by negative estimates

near the trailing edge, which is evident in Fig. 7d. As can be
seen in Fig. 7c, the LP estimation applied only to Rayleigh
scattering regimes prevents these issues. This results in signifi-
cantly reduced K pp Values and no negative K pp iN regions
that would not make physical sense.

Figure 8 illustrates the 1D plots corresponding to the em-
phasized ray shown in Figs. 7a—d. Figure 8a plots the estimated
épp (red) against the pp (blue), which helps emphasize the
bumps in dA>DP at ~60 km and again at ~78 km from the &
component. The difference between the two plotted lines in
Fig. 8a is the estimated & which is shown in Fig. 8b. Near the
range of both hail regimes, we see 6 maxima near 50°. The two
discussed Kpp estimation results are shown together in Fig. 8c.
The LSF estimation produces four well-defined bumps in be-
tween ~47 and 60 km, which are likely to be artifacts caused
by 6 and measurement errors. The latter three of these bumps
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FI1G. 7. Estimation results for the image data shown in Fig. 6: (a) estimated differential propagation phase ¢pp, (b) estimated differential
backscattering phase 8, (c) LP estimated Kpp, and (d) LSF estimated Kpp.

show Kpp estimates near 6° km™! with negative values be-
tween the peaks. The LP estimation contains the initial kDP
increase near ~47 km, albeit at a reduced magnitude, though
we do not see the trailing spikes seen in the LSF estimate. In-
stead, we see that the LP estimates remain relatively constant
and small before falling slightly near the beginning of the
backscattering phase regime near 55 km. We see no jump in
the LP K pp downrange around the second high reflectivity re-
gion. We believe that this is likely due to the lack of Rayleigh
scattering regimes between ~65 and 85 km.

An area of enhanced kDP within the forward flank of a
supercell has acquired the name “KDP foot.” Figure 9 pre-
sents a zoomed-in view of the primary supercell responsible
for 7.6 cm (3 in.) hail reports in Amber, Oklahoma, with the
KDP foot signature denoted by the purple line. Figure 9d de-
picts the LSF kDP in which we can see the elevated values
particularly along the north-northwestern edge of the super-
cell where the KDP foot is located. Here, there are multiple
gates exceeding 6° km™!. The LP estimation, illustrated in

Fig. 9c, shows significantly reduced values of K pp across the
entire region of the supercell but particularly within the KDP
foot region when compared to the LSF results. By restricting
the Kpp estimation to Rayleigh scattering regions, we mini-
mize the additions of the 6 component within the range deriv-
ative, which is inherent within the operationally used LSF
method. The LP estimation shows a K pp Maxima in the same
location as the maxima in the LSF plot suggesting there is en-
hanced liquid water content within a portion of the KDP foot
signature, but the magnitude of this LP maxima is greatly re-
duced (~3° km™!), and the enhanced values do not dominate
the majority of gates within this region. Figure 9b depicts the
estimate of the § component. We see enhanced values of posi-
tive & along the northwestern and southwestern peripheries of
the Zy maxima. Near the vicinity of the Zy maxima, we see
range gates showing both positive and negative values of 6.
We believe that the high variability in 8 is likely the result of
the non-Rayleigh scattering resonance effects illustrated in
Fig. 1d. Furthermore, we see a large negative & signature
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FI1G. 8. Estimation results for the highlighted ray plots in Fig. 6: (a) measured total differential
phase (blue) and estimated differential propagation phase (red), (b) estimated differential back-
scattering phase, and (c) LSF estimated Kpp (blue) and LP estimated Kpp (red).

along the southern edge of the supercell. This is collocated
with negative values of f(DP within the LSF processing plot
(Fig. 9d); thus, this is likely the result of the (fDDP drop on the
backside of the bump. This results in the estimated ¢pp being
larger than the measured CfDDP for a short range. An example
of this can be seen in the 1D plot illustrated Fig. 8a from ~81
to 85 km. The elevated & values south of the cell (outside of
the outlined region) are likely due to low SNR and could be
filtered out to improve detection.

With Kpp being defined and understood as half the range
derivative of the differential propagation phase, in theory, the
estimation of Kpp should only be valid when restricted to
Rayleigh scattering regimes in which the differential backscat-
tering phase is negligible. When that is done, as with the LP
Kpp estimator, we see a large reduction in the estimated val-
ues when compared to the LSF estimator. Thus, the KDP
foot, which is characterized by enhanced K pp Within the for-
ward flank of the supercell, is eliminated. We believe this

signature of enhanced values seen within the LSF estimation is
due to the range derivative being applied to both the ¢pp and
6 components as opposed to only the propagation phase for
which Kpp is defined. Hence, the signature commonly referred
to as KDP foot is an artifact of flawed methodology utilized
within current operational estimations of Kpp. Furthermore,
as this signature of enhanced values is not actually a result of
true Kpp (i.e., the range derivative of ¢pp), we propose that it
be retermed as “§ artifact.”

The debris lofted into the atmosphere by tornadoes can be
larger than or comparable to the wavelength (~10 cm) of an
S band radar, yielding radar returns in non-Rayleigh scatter-
ing regimes. Hence, we would anticipate TDSs to be associ-
ated with noticeable & signatures. We will look at two
separate tornado cases in which well-defined TDSs were pre-
sent within the radar data.

The evening of 19 April 2023 resulted in severe thunder-
storms forming along a dryline in central Oklahoma. One of
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FIG. 9. Primary supercell responsible for reported 3-in. hail in Amber, Oklahoma, corresponding with scans depicted in Figs. 5 and 6.
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these storms produced a tornado that struck Cole, Oklahoma,
and produced EF3 damage resulting in one fatality (NWS
2023). Below, we analyze the 0035 UTC 20 April 2023 WSR-
88D KTLX 0.5° elevation scan file. A black box has been
drawn over the top of the TDS on each plot in Fig. 10. Figure 10a
depicts the hook echo seen in Zy descending on the southern
side of the supercell where the tornado was located. Figures 10b
and 10c help illustrate the TDS with a negative Zpg signature
collocated with the ball of low py,, (<0.7). As shown in Fig. 1b,
the resonance effects caused by large debris can result in highly
negative Zpr. Though it is not quite as large as the TDS seen in
the pp, and Zpgr plots, we see a defined, collocated, negative
signature of & in Fig. 10d.

In the evening hours of 24 March 2023, a large tornado
ripped through the town of Rolling Fork, Mississippi. This
tornado produced EF4 damage and resulted in at least 17 fa-
talities (NESDIS 2023). We analyze the 0106 UTC 25 March

2023 WSR-88D KGDX (Jackson, Mississippi) 0.5° elevation
scan file. Figure 11 depicts the TDS associated with this tor-
nado as it moved into Rolling Fork. We have boxed the re-
gion of interest in each of the six plots. Figure 11a shows Zy
values over 60 dBZ embedded within the line at the location
of the tornado. Figure 11c depicts a prominent debris signa-
ture in the py,, data. Similar to the Cole tornado analyzed in
Fig. 10, we see pyy values fall below 0.7 near the location of
the tornado, and Fig. 11b shows us a Zpg signature with values
again falling below 0 dB. However, unlike the Cole, Okla-
homa, tornado case, we see a predominantly positive & signa-
ture in Fig. 11d. Though a couple of gates near the center of
the TDS show negative values of & (~—20°), the majority of
gates associated with the signature are between 15° and 25°.
Figure 12 presents a side-by-side comparison of the two
TDS cases by zooming into the areas boxed in Figs. 10 and 11.
Specifically, we focus on the Zpg, pny, and 6 signatures. The
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F1G. 10. Low-elevation (0.5°) surveillance mode data from KTLX at 0035 UTC 20 Apr 2023. (a) Reflectivity factor
Zy, (b) differential reflectivity Zpg, (c) copolar correlation coefficient pyy, (d) estimated differential backscattering
phase 8, (e) hydrometeor classification, and (f) radial velocity. The black box emphasizes the region of the TDS.

difference in the & signatures between these two tornado
cases, seen in Figs. 12c and 12f, could be the result of multiple
effects. The Rolling Fork, Mississippi, tornado was much far-
ther away from radar than the Cole, Oklahoma, tornado.
Sampling at a farther distance from the radar may result in
both precipitation and debris being sampled due to beam
broadening. In addition, Fig. 1d illustrates how wet particles
display less tendency to produce negative 8 than do dry par-
ticles. Hence, the positive 8 signature might be indicative of a
rain-wrapped tornado. This notion is supported by the higher

values of pp, that surround the TDS in the Rolling Fork,
Mississippi, case as compared to that from Cole, Oklahoma,
as seen in Figs. 12b and 12f. Finally, as seen in Fig. 1d, the res-
onance effects associated with scatters outside of the Rayleigh
scattering regime can result in positive, negative, and even no
o6 signature. Though the & signatures could provide more in-
formation regarding the location of these scatterers, the reso-
nance effects may limit the quantitative utilization of 6 on
its own for the purpose of sizing due to the large variability
they cause. However, when it is used together with other
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F1G. 11. Low-elevation (0.5°) surveillance mode data from KDGX at 0106 UTC 25 Mar 2023. (a) Reflectivity factor
Zy, (b) differential reflectivity Zpg, (c) copolar correlation coefficient py,, (d) estimated differential backscattering
phase 8, (e) hydrometeor classification, and (f) radial velocity. The black box emphasizes the region of the TDS.

polarimetric variables, we speculate 6 might still provide help-
ful information into the size of the scatterer.

5. Summary and conclusions

To explore a more accurate method for Kpp estimation, a
composite approach of classification and estimation was de-
veloped. PRD were classified as Rayleigh and non-Rayleigh
scattering regimes, and the LP method was utilized for esti-
mation with built-in nonnegativity constraints. By applying

the LP estimation strictly to Rayleigh scattering regimes, we
can gather a realistic estimate of the differential propagation
phase and eliminate the differential backscattering phase
component, which, in the operationally utilized LSF estima-
tion, often leads to unrealistic estimates of Kpp. Taking the
difference between the measured CfDDP and the estimated ¢pp,
we can estimate 6 which looks reasonable and useful.
Scatterers residing outside of the Rayleigh scattering re-
gimes (i.e., hail and tornado debris) display notable & signa-
tures. However, due to resonance effects with increasingly
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FI1G. 12. (a)—(c) 10 km X 10 km views of the Zpg, ppy, and 8 signatures, respectively, for the Rolling Fork, Mississippi, tornado illustrated
in Fig. 11. (d)—(f) As in (a)—(c), but for the Cole, Oklahoma, tornado illustrated in Fig. 10.

larger sizes beyond the Rayleigh scattering regime, these sig-
natures do not appear to display monotonic increases corre-
sponding to increasing Zy. The analyzed hail case displayed
largely positive signatures at the downrange peripheries of
the primary hail core, but there is virtually no backscattering
phase signature collocated with the gates of maximum Zpy.
These resonance effects were further illustrated in the ana-
lyzed cases of tornado debris. The EF4 tornado that ravaged
Rolling Fork, Mississippi, on 24 March 2023 created a well-
defined TDS. The analysis provided a notably positive & sig-
nature collocated with said TDS. However, the EF3 tornado
that damaged Cole, Oklahoma, on 19 April 2023, which also
produced a well-defined TDS, corresponded with a negative 6
signature. These results have shown that while & can provide
helpful information regarding the location of both hail and
tornado debris, the resonance effects in both scattering mag-
nitude and backscattering phase complicate the utilization of
this product for sizing these scatterers.

The Kpp is defined as half of the range derivative of the dif-
ferential propagation phase. The estimation of this parameter
should be limited to Rayleigh scattering regimes exclusively
to prevent the error caused by the differential backscattering
phase inherent in non-Rayleigh scattering regimes. When
comparing the LP kDP to the LSF K pp> We not only see the
LP estimates being free of unrealistic negative values, but we
also see the LP estimates with significantly reduced magni-
tudes. Where the LSF estimator might yield values of 6° km ™!
collocated with the elevated Zy regions of the supercell, the
LP estimator yields values no larger than 3° km™'. The ab-
sence of these elevated values in the LP estimation method,
which are often seen in the leading side of the supercell with

respect to the radar when using the LSF estimation and
termed the “KDP foot,” emphasizes potential misunderstand-
ing in true Kpp. As these elevated estimates (i.e., the KDP
foot signature) are only found when the contribution of § is
unaccounted for, the said signature cannot be a result of true
Kpp. Therefore, we propose that the term KDP foot be reti-
tled as “§ artifact” because of its resulting from the estimation
process. This is not to suggest that the LSF estimates are with-
out value at the current stage. The operational community
has found use in the interpretation of unphysical estimates,
and the technique often provides reasonable results though
the uncertainty grows as the scatterer size extends beyond the
Rayleigh scattering regime.

There are still many factors and sources of error that have
not been fully accounted for and addressed in this work. They
include the potential introduction of error when the use of lin-
ear interpolation along the non-Rayleigh scattering regimes,
the potential presence of clutter, and the possibility of nonuni-
form beamfilling might potentially introduce error in our esti-
mates and pose limitations to our methodology. Also, though
it is relatively rare, propagation cross-polarization coupling,
occurring when particle alignments have slantwise orienta-
tion, could be a source of error bias for 6. Though there may
be some accuracy issues with the estimation along the non-
Rayleigh scattering regimes, our primary goal here is to pro-
vide a method that would return more reasonable estimates
than what is operationally utilized. This study shows the need
and feasibility to improve Kpp estimation and assess & for
accurate precipitation estimation and severe weather detec-
tion. Future studies will aim to enhance and validate the LP
estimator through an expanded scope of cases and thorough
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error analyses, facilitating its operational implementation
and usage.
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