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ABSTRACT

Precipitation comprising rain and hail is studied. Specifically, techniques to identify and quantify such pre-
cipitation in terms of rain and hail fall rates using dual polarized radar data, are presented. Included for con-
sideration are Zy, the reflectivity factor for horizontal polarization, Zpg, the differential reflectivity, and Kpp,.
the differential propagation constant. A variety of simple models of mixed-phase precipitation are first examined.
Electromagnetic scattering computations are performed to simulate and study the behavior of Zy, Zpg, and
Kpp. It is shown that it is possible to distinguish the mixed-phase precipitation from either rain or hail by using
Zy, Kpp pair and also to infer the thermodynamic phase and orientation from Zy, Zpg pair. On the basis of
physical principles, it is shown that Kpp senses primarily liquid water in the form of raindrops even when these
are mixed with hailstones. The self-consistency of Zy, Zpr, and Kpp is then exploited to estimate both the rain
and hail fall rates. The ability of the methods to estimate rain and hail fall rates is demonstrated with actual

radar data from two Oklahoma storms.

" 1. Introduction

A long-standing problem in meteorology is that of
distinguishing, by remote probing radars, between ice
and water phases of precipitation. This is especially
challenging in convective storms, where water can exist
at temperatures below 0°C and ice can be found at
temperatures above 0°C. Virtually all single and mul-
tiparameter radar techniques conceived so far, have,
at one time or another been aimed at this problem,
(for instance, see Special Issue of Radio Science, Vol.
19, No. 1, Jan-Feb 1984). Equally important is the
problem of quantifying rain- and hailfall rates when
the precipitation is a mixture of the two.

A single static hydrometeor is characterized by two
independent measurements of its major and minor
axes, if simplifying and often justifiable assumptions
are made, such as spheroidal shape of the scatterer and
negligible effects due to the intervening medium, the
differential phase shift upon scattering, and the canting
angle. If an assembly of scatterers fills the resolution
volume of the radar, as many pairs of independent
measurables as the number of different categories of
scatterers are needed to comprehensively solve the in-
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verse scattering problem. This is technically not feasible
and intractable. In such situations, often the recourse
is taken to model the distribution of scatterer shapes,
sizes, thermodynamic phase, and canting angles with
known and physically plausible functional forms. The
radar is then used to estimate a finite number of pa-
rameters of the assumed model. This is justified since
the parameters of meteorological interest are the bulk
properties like rain rate, hail rate, and hquid water
content. Most common is the estimation of rain rate
from the reflectivity factor wherein the rain drop size
distribution is characterized by a single parameter. It
should be pointed out here that, in reality, the scatterers
are in motion, and this leads to fluctuations in radar
signals that are due to random constructive and de-
structive interference among the backscattered waves
from each scatterer. Hence, the radar estimates are ob-
tained from time averages of autocorrelations and cross
correlations of received echoes.

Polarization radars, as well as multiwavelength ra-
dars, permit the estimation of more than one indepen-
dent variable. These additional measurements of pre-
cipitation echo characteristics can be used, in principle,
to estimate parameters such as the mean values and
the breadth of the distributions of size or shape, and
spatial orientation of the particles filling the radar res-
olution volume, their thermodynamic phase, and also
the bulk properties of the intervening medium. How-
ever, even with the most advanced radars, the available
independent measurables are fewer than necessary to
estimate all of these parameters. Hence, in most cases
the radar observations are interpreted in the light of
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other experimental/theoretical evidence relating to
size, shape, and spatial orientations of the hydrome-
teors. Even with such simplifying assumptions, the in-
terpretation of backscatter data from a single resolution
volume is difficult. This is because several precipitation
models yield the same backscatter signatures; i.e., the
inverse problem is not unique. Therefore, one must
capitalize on the ability of the radar to scan a volume.
This yields spatial profiles of polarization variables from
which information about precipitation habitats and
their thermodynamic phase could be obtained.
Polarimetric radar measurements and interpreta-
tions owe much of their development to the extensive

theoretical and experimental work of McCormick and

Hendry (1975, 1979). They were the first to measure
relative phase and coherency of co- and cross-polar
echoes. These measurements together with the circular
-depolarization ratio (CDR ) led them to infer the extent
of common alignment and oblateness of hydrometeors.
Seliga and Bringi (1976) used the evidence that rain-
drop oblateness is related to size (Green 1975) and
that the drops are highly oriented. On these bases, they
showed that the two parameters of an assumed expo-
nential size distribution .can be estimated from the
measured values of Zpg, the differential reflectivity,
and of Zy, the reflectivity factor for horizontal polar-
ization. Coherent radars that are capable of measuring
Zpr could also measure the two-way differential prop-
agation constant Kpp that according to Seliga and
Bringi (1978) may be used instead of Zpg to estimate
the drop size distribution. Both Zpg and Kpp can be
derived. from circularly polarized echoes as suggested
by McGuinnes and Holt (1989). This paper explores
the possibility of discriminating between pure rain, pure
hail, and rain and hail mixed-phase precipitation on
the basis of radar measurements of Zy, Zpg, and Kpp;
an attempt to quantify the contributions due to rain

and hail is also made. Many of the earlier studies re--

ported in the literature are confined to discriminating
between pure rain and pure hail phases of the precip-
itation. Steinhorn and Zrni¢ (1988) explored methods
to identify mixed-phase precipitation, but there have
been no published results allowing quantification in
terms of rain- and hailfall rates.

Of the three polarization measurables, Zy and Zpr
are affected by both anisotropic (like rain) and isotropic
- (like spherical or tumbling hail) constituents of the
precipitation. However, Kpp is independent of the iso-
tropic constituents. Even anisotropic hail, containing
oriented oblate spheroids, affects Zpg and Kpp differ-
ently. Though both Zpr and Kpp, in a sense, measure
the oblateness of hydrometeors, Kpp is affected very
little by the addition of hail. This is due to a lower
number concentration associated with hailstones and
" their smaller dielectric constant, compared with that
of raindrops. But because Z g is a measure of the re-
flectivity weighted oblateness (Jameson 1983), the hail
part of the mixed-phase precipitation contributes
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dominantly to the measured Zpg. These different at-
tributes of Zpr, Zu, and Kpp are used in this paper as
ideal tools for diagnosing mixed-phase precipitation.
With the recent studies relating the linear and circular
polarization measurements (Jameson 1987), it is also
possible to use the techniques presented here for in-
terpreting the measurements made with radars em-
ploying circular or slant linear polarizations.

We first establish that it is possible to identify (on
the basis of Zy and Kpp) and quantify (on the basis
of Zu, Zpxr, and Kpp) individual contributions due to
rain and hail. This is based on the computations of
scattering parameters from which the polarization ob-
servables are calculated. An important premise of the
technique is the characterization of the hailstone size
distribution by a single parameter. Although it is
somewhat justified by earlier experimental evidence
(Cheng and English 1983), this premise is the weakest
link in the method and is needed to quantify the hail
part of precipitation. Our technique is facilitated by
the relative insensitivity of the rain rate obtained from
Kpp to drop size distribution variations (Sachidananda
and Zrni¢ 1987). Furthermore, if the thermodynamic
phase (i.e., dry or wet ) and orientation of the hailstones
are known, Zy and Kpp are sufficient to identify the
mixed-phase precipitation and also estimate the rainfall
and hailfall rates. Thus from the fall rates, it is possible
to compute the Zpg . In order to obtain the actual ther-
modynamic phase and orientation of hailstones, Zy-
Kpp measurements are used to estimate the rain-"and
hailfall rates and compute the Zpr for a few realistic
hail models. Phase discrimination is achieved by com-
paring the computed Zpgr values with the measured
Zpr. It is shown here that among the considered hail-
stone models there is only one characterizing the ther-
modynamic phase and orientation of hail for which
the computed Zpr (from Zyu-Kpp measurements)
agrees well with the measured Zpg. In essence, a self-
consistent set of Zy, Zpr, and Kpp provides sufficient
information for determining the individual contribu-
tions due to rain and hail, as well as the type (i.e., wet
or dry) and orientation of hail. Actual radar observa-
tions of Zy, Zpr, and Kpp and their vertical profiles
demonstrate that it is possible to identify rain and hail
in mixed precipitation, and also quantify their indi-
vidual fall rates.

2. Techniques for hail identification

In single-parameter radar studies, the ability of the
radar to map the reflectivity profiles, over a volume,
is exploited to infer the presence of hail. The vertical
profiles of reflectivity, the maximum reflectivity, and
the height of the 45-dBZ level above the 0°C isotherm
are used, with some success, to define criteria for hail

.detection (Waldvogel et al. 1979). A 55 dBZ threshold

on reflectivity is another useful indicator of the possible
presence of hail (Mason 1971)..
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Dual-wavelength radars, in principle, attempt to
identify hail from measurements of reflectivity at two
wavelengths (Atlas and Ludlam 1961). Despite sub-
sequent suggestions by Eccles and Atlas (1973) for the
use of the range derivative of the ratio of echo powers
received at 10- and 3-cm wavelengths, the dual-wave-
length radars, in practice, have not provided evidence
of consistent and reliable hail discrimination (Jameson
and Srivastava 1978). Rinehart and Tuttle (1984)
brought out the fact that serious errors are caused by
mismatched antenna beams and the attenuation effects
at shorter wavelength, rendering the reliable interpre-
tation of dual-wavelength signals difficult. However,
recent exercises of Tuttle et al. (1988 ) show promising
applications of dual-wavelength observations combined
with dual polarization, in the study of the evolution of
intense storms. Yet, because of tight frequency allo-
cation policies and a factor two increase in hardware,
dual-wavelength radar is not a candidate for nationwide
operational application.

Barge (1972), using a 10-cm circular polarization
radar, measured the effective reflectivity factor Z,, the
circular depolarization ratio (CDR ), and the phase be-
tween echoes received in orthogonal polarization
channels. Comparing surface reports of precipitation
type with the radar measurements overhead, he brought
out that simultaneous measurements of Z, and CDR
provides a better indication of hail than either quantity
alone. This is because Z,and CDR values for pure rain
and pure hail fall in distinctly different regions of the
Z.~CDR plane. His measurements also indicated that
orthogonally polarized echoes from storms that pro-
duce hail have larger phase differences than echoes from
storms with only rain. However, no conclusive quan-
titative evidence could be drawn because separation of
differential propagation phase shifts from differential
phase shifts due to scattering was not possible in these
measurements, '

Using linear polarized radar data, Leitao and Watson
(1984) established a boundary in the Zy-Zpr space
that separates rain from hail. Bringi et al. (1984 ) pre-
sented convincing evidence of hail detection with the
Zy, Zpr pair measurement. These successes have
prompted several studies devoted to exploring the Zy
and Zpr combination, augmented with the informa-
tion obtainable from vertical profiles of Zy and Zpg,
to effectively discriminate between precipitation phases.
Most notable are the extensive studies of Bringi et al.
(1986a, 1986b) where a detailed graupel-hail melting
model is coupled with the electromagnetic backscatter
model to describe the vertical profiles of Zpg and linear
depolarization ratio LDR. They compared the theo-
retical results for the distribution of ice spheroids with
radar measurements. Based on simulated radar data
from disdrometer measurements, Aydin et al. (1986)
proposed a new hail signal Hpg, a measure of departure
of the observed Zy from the hail-rain boundary in
Zy—-Zpr space. These studies, prima facie, established
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that the polarization radars are aptly suited for detec-
tion of, and discrimination between, ice and liquid
phases of precipitation.

Though the techniques of utilizing the hail-rain
boundary, either in the Z,~CDR or Zy-Zpr space,
and the vertical profiles measured by the radar, could
be effective in discriminating between pure rain and
pure hail states of the precipitation, they become am-
biguous and less effective when the radar encounters
mixed-phase precipitation. For instance, the large
spread of Zpgr around a mean value, due to drop size
distribution variations, makes it difficult to establish
the boundary precisely. In reality, the boundary be-
tween the hail and rain phases is diffuse, being char-
acterized by hydrometeor phases where rain and hail
coexist. The presence of large nonrain hydrometeors,
even in small amounts, if not inferred and accounted
for, leads to large errors in the rain rates predicted using
Zu and Zpg. It is imperative that the boundaries for
discrimination between rain and hail should be based
on appropriate polarization measurables such that the
estimated rain-and hailfall rates are within acceptable
accuracies even in mixed-phase precipitation region.
It is shown in the following sections that the polariza-
tion measurables, Zy and Kpp, are suited for this.

3. Dual linear polarization radar observables

A typical dual linear polarized radar alternately
transmits vertically and horizontally polarized electro-
magnetic waves and receives polarized backscattered
signals. Because the hydrometeors are not exactly
spherical, their radar backscatter cross sections are not
the same for the vertically and the horizontally polar-
ized transmissions, nor are the propagation character-
istics of the medium containing such hydrometeors.

a. Estimation of polarimetric parameters

Representing the complex (i.e., amplitude and
phase) samples of echoes from a given resolution vol-
ume as H and V for horizontally and vertically polar-
ized transmissions, respectively, we obtain the mean
powers Py and Py by averaging M samples having the
same polarization:

(1)

(2)

The differential reflectivity (Z pr) is expressed in
decibels as

B
Zpor = 10 log(P—H).

v

(3)

This definition based on a square law estimator of
powers (1), (2) has been established as the best esti-



568

mator (Sirmans and Dooley 1986; Chandrasekar et al.
1986) with lowest variance for a given number of sam-
ples. The reflectivity data used here are averaged over
at least 1 km in range and have standard errors less
than 1 dB; similarly, standard errors in Zpg are less
than 0.1 dB.

Another measurable, specific to the dual polarized
radar, is the differential propagation constant Kpp. In
an anisotropic precipitation medium, propagation
constdnts for the vertically and horizontally polarized
signals are different. Thus, the vertically and the hor-
izontally polarized signals backscattered from a reso-
lution volume arrive at the receiver with different cu-
mulative phase shifts. The phase difference ¢pp for the
entire two-way propagation path can be extracted from
the echo samples. Estimation of ¢pp requires more than
measuring the phase difference between H and V sig-
nals, because the H and V' transmissions are not si-
multaneous but alternate. This introduces an additional
phase shift between H and V samples, due to Doppler
shift. An estimator suggested by Mueller (1984) and
Jameson and Mueller (1985) can extract ¢pp from al-
ternately polarized waveforms. The estimator is given
by

dor = 5 arg[ R ) 4)
where R, and R, are autocorrelation estimates from
M consecutive HV and V H pairs given by

. 1 ¥
Ra:A_JE] H’2an2n+l, (5)
- 1 M
Rb =5, 2 V;:n+lH2n+2- (6)

M n=1

This estimator and its performance have been analyzed
by Sachidananda and Zrni¢ (1986, 1989) who also
suggested how to obtain Doppler shift from alternating
sequence. Because Kpp is the rate of change of ¢pp with
range, we choose the slope of linear regression line
through ¢pp data over successive range locations as a
suitable estimator. Thus Kpp is given by

N
_Zl (¢pri — dop)(ri — F)
E(ri~—f)2 ?

kDP ==

where ¢pp; and r; are the two-way differential phase
shift and range. The “hat” ( ) indicates estimates of
the mean values, and N is the number of contiguous
range locations over which the estimate is made. It is
seen that a larger weight is placed on the difference in
Kpp between ranges that are farther apart. The variance
of Kpp is linearly related to the variance of the differ-
ential phase shift ¢,? by

(7)

0'4,2

var(Kpp) =

(8)
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With 256 alternately polarized samples (i.e., M
= 128), it is possible to limit the statistical uncertainties
in ¢pp to less than 1.72° if Doppler spectrum widths
are larger than 1 m s™' and correlation coefficient be-
tween H and V echoes are larger than 0.98 (Fig. 2 in
Sachidananda and Zrni¢ 1986). In all the results pre-
sented here, data over 2.25 km are considered for ob-
taining Kpp. This gives an accuracy better than 0.6 deg
km™!, that is, a 40% improvement over the estimator
that takes a linear average to calculate Xpp with a same
range resolution.

In order to verify the rain phase in Zy-Kpp space
and also the standard error in the radar estimates of
Kpp, data from a storm on 10 June 1986 is analyzed.
The data was collected with a 10 cm wavelength radar
performing sector scans at a fixed elevation of 1 deg.
The data analyzed are from 38 to 62 km with a range
resolution of 150 m. Range and elevation angle are
chosen as above to ensure that the data set is not unduly
affected by ground clutter and also does not include
echoes from resolution volumes near the melting layer.
The radar configuration was such that a calibrated re-
flectivity factor Z was obtained in real time from a sum
of Zy (dBZ) and Zv (dBZ). Thus, whenever data is
presented the symbol Z signifies this average. In our
calculations we use Zy because it has a clear physical
meaning, it differs only slightly from Z and in the future
it will be available in real time.

A scatter plot of Z and Kpp pairs in rain, is given in
Fig. 1. In this figure Z is averaged over 2.25 km, and
Eq. (7)is used to calculate Kpp over the same distance.
The mean of about 1400 Z-Kpp pairs in Fig. 1 is in
excellent agreement with the Z- Kpp relationship

Z = 13.86 log(Kpp) + 44 (9a)

which is derived from the assumption of M-P drop
size distribution. In Eq. (9a), Z is in dBZ and Kpp is
in deg km ~!. The rms deviation from the mean of Z-
Kopp pairs [Eq. (9a)] for the data in Fig. 1 (at constant
Z) is found to be 0.72 deg km ™!, The difference be-
tween this error and the theoretical standard error of
0.63 deg km ~! [ obtained from Eq. (8) for a measured
correlation coefficient of 0.98] could be attributed to
the variation in the drop size distribution.

A curve depicting the boundary of Z- Kpp scatter is
included in Fig. 1. The empirical relationship for this
boundary that distinguishes the pure rain from mixed-
phase and hail is given by

Z = 8 log(Kpp) + 49. (9b)

Although hail did not fall on the ground it is not pos-
sible to explain unambiguously the few points above
the boundary in Fig 1. Imperfections of the boundary
and statistical uncertainty may be the cause, but pres-
ence of partially frozen precipitation aloft or some
contamination with ground echoes can not be ex-
cluded.
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FIG. 1. Scatter plot of Z-Kpp of about 1400 radar measurements
from a storm on 10 June 1986. Z is an average of reflectivity factors
Zy (horizontal polarization and in dBZ ) and Z (vertical polariza-
tion).

The lower the measured Kpp from that given by Eq.
(9b), the higher the probability that the precipitation
contains hail. The analysis of data from another storm
on 20 May 1985 yielded the same boundary as that
given in Eq. (9b). It is worth noting that the curves
(9a) and (9b) intersect at 55.6 dBZ. Experience sug-
gests that when Z exceeds 55 dBZ hail is likely (Mason
1971); our data confirm and refine this heuristic cri-
terion.

b. Relationships between Zy, Zpr, and Kpp in rain

In order to use Zpr and Kpp for discriminating be-
tween hail and rain, it is necessary to understand the
interrelationship between Zy, Kpp, and Zpg in rain
and in hail. Compared with the hail medium, the rain
medium is far simpler to characterize because rain-
drops, in general, are spheroidal and fall with their
symmetry axes along the vertical. The mean axis ratios
of the spheroidal rain drops is reasonably well approx-
imated by the equilibrium model of Green (1975),
which allows us to calculate Zy, Zpg, and Kpp from
the drop size distribution (DSD). Although Zpg and
Kpp are differential parameters dependent on shape
and size distribution, one interesting observation is that
they have opposing tendency with variations in N, the
intercept of the drop size distribution. Figure 2 shows
a plot of Zpg and Kpp variation, with N for rain me-
dium and Z as a parameter. With increasing Ny, Zpr
decreases, while Kpp increases, for a given Zy. This is
because Zpg depends on N, only through the exponent
A of the DSD [Eq. (10)], whereas Kpp depends ex-
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plicitly on both N and A. For a given Zy, an increase
in Ny necessarily means a large number of smaller drops
with smaller axis ratios. This reduces Zpg. But, the
total water content in the resolution volume becomes
larger with increasing No; this increases the differential
propagation constant at a higher rate than the reduction
by a decrease in average axis ratios. In the following
sections, the interrelationship between Zy, Zpg, and
Kpp are analyzed in rain and hail mixtures.

4. Rain-hail models

Theoretical models used in the study of rain and
hail are discussed in this section. The effect of the vari-
ations in hail-rain fraction in the mixture, and the type
and orientation of hail, on Zy, Zpr, and Kpp is ana-
lyzed in detail.

a. Rain model

In practice there is no need to consider any specific
drop size distribution because Kpp directly provides
liquid water content and rain rate that are relatively
insensitive to DSD variations (Sachidananda and Zrnié
1986). But for modeling purposes one must resort to
a representative distribution. Therefore, the theoretical
calculations presented here assume the well-known
truncated Marshall-Palmer (MP) drop size distribu-
tion, which is given as

N(D)ZNOe_AD, O‘<~D<Dmax' (10)

The intercept parameter N, is constant and is equal to
8000 m > mm !, This form has the advantage that a
single parameter A describes different raindrop size
distributions. Green’s equilibrium drop shape (Green
1975) is used, and the raindrops are assumed to be
oriented with their minor axes vertical. The maximum
diameter Dp,,, is set at 7 mm, whereas the relationship
between the terminal velocity and size is taken as given
by Atlas and Ulbrich (1977). The radar wavelength is

Kpp (°km ™)

FIG. 2. Variations of Zpg and Kpp in a pure
rain medium with fixed Z.
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10.4 cm, which justifies the choice of Rayleigh ap-
proximations for the scattering by raindrops.

b. Hail model

One of the inherent difficulties in inferring the phys-
ical properties of hail from radar measurement is the
lack of adequate models with manageably few variable
parameters that could describe the shape, size, orien-
tation, and dielectric constant of hail. Generally the
distribution of sizes is a three parameter distribution
consisting of Ny, A, and D,,,,. Therefore, even when
hail is remotely detected it is very difficult to determine
the maximum size not to mention the other two pa-
rameters. The data collected on the numbers and sizes
of hailstones, worldwide, indicate that reasonable ap-
proximations could be made about size (Douglas 1964;
Ulbrich and Atlas 1982; Cheng and English 1983; Zie-
gler et al. 1983) and the shape (Barge and Isaac 1973;
Torlaschi et al. 1984; Knight 1986), in order that the
radar measurables are amenable to meaningful inter-
pretation.

1) SIZE DISTRIBUTION OF HAIL

On the basis of samples collected at Alberta, Douglas
(1964 ) suggested the use of exponential distribution to
approximate the size distribution of hailstones. Ziegler
et al. (1983) found that a gamma distribution is better
suited. The observations of Carte and Held (1978) re-
vealed that sometimes showers of large hail are nearly
monodispersed. Cheng and English (1983 ) showed the
usefulness of the following exponential model in de-
scribing the hail size distribution:

N(D) = N, exp(—AD);
Ny = 115A*® (m 3 mm™), (11)

where A is in mm ™! and D is in mm. This affords the
convenience of using a single parameter to describe the
hail precipitation or hailfall rate R, (mm h™!) that is
related to A by (Torlaschi et al. 1984)

A= (ln §§)/3.45.
Ry

This distribution has also been used by other inves-
tigators ( Torlaschi et al. 1984; Metcalf 1986; Bringi
1986a,b); hence the scattering computations presented
here are also based on it. Thus whereas qualitative in-
terpretation of the data based on this model is feasible
quantitative inferences cannot be made with certainty.
The maximum and minimum equivalent diameters
are taken as 60.0 and 3.75 mm, respectively. Ulbrich
and Atlas (1982) have shown that integral parameters
such as reflectivity are insensitive to changes in the
product AD,,., for values of ADy,, > 5. Thus our
choice of large Dp.x is justified because the over-
whelming majority of experimentally measured distri-

(12)
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butions have ADy,., > 5 (Ulbrich and Atlas 1982). In
preference to the empirical relationship given in Eq.
(12), Ry is computed numerically. The fall velocities
[V(D)=4.51D% ms™!, Din mm] and densities are
taken as those given by Cheng and English (1983).

2) SHAPE DISTRIBUTION OF HAIL

Barge and Isaac (1973) reported that 83% of the
hailstones they observed had an axial ratio between 0.6
and 1.0, 15% between 0.4 and 0.6, and 2% less than
0.4 (Torlaschi et al. 1984). The analyses of hail shapes
by Matson and Huggins (1980), Knight (1986), and
several others also support the observation that the
majority of hailstones are spheroidal and have an axis
ratio of 0.8. Knight (1986) also observed that the
Oklahoma hailstone embryos are predominantly frozen
drops and are therefore nearly spherical. A few trial
computations with the axial ratio distribution suggested
by Barge and Isaac (1973) and also used by Metcalf
(1986) did not produce results significantly different
from those obtained by assuming a constant axial ratio.
of 0.8. Hence, ice and water-coated spheroidal hail-
stones are assumed to have an axial ratio of 0.8 as in
Bringi et al. (1986b). In addition we consider spherical
hail, which is also a good model for tumbling hail.

Although the constant axial ratio approximations
are acceptable (Bringi et al. 1986b), Longtin et al.
(1987) showed that, in the case of spongy ice, the
backscatter properties are sensitive to axial ratio vari-
ations. This is particularly true when the water fraction
is 30%-40%. The electromagnetic modeling described
here also includes spongy hailstones with 40% water
fraction for which the relationship between axial ratio
and diameter is obtained from the measurements of
Knight (1986).

3) ORIENTATION OF HAIL

List (1959) reported that 80% of hail in heavy hail-
falls in Switzerland is ellipsoidal, and that these non-
spherical stones fall with their minor axes vertical, thus
acquiring a maximum drag coefficient and a minimum
fall speed. On the basis of analysis of the structure of
the hailstones, Knight and Knight (1970) contended
that they fall with constant attitude sometimes and
random tumbling at other times. Browning and Bei-
mers (1967) observed that the growth structure of the
hailstones could conceivably be produced by uniform
fall with the minor axes vertical, whereas Knight and
Knight (1970) observed that the minor axis wobbles
considerably and is horizontal in the limit. Depending
on the axis ratio, size of the spheroid, and the envi-
ronmental damping, it is possible that one could ob-
serve either spherical (or isotropic if it tumbles) hail
or oriented (anisotropic) hail (Pruppacher and Klett
1978). The anisotropic hail could be oriented with mi-
nor axes either vertical or horizontal. A randomly ori-
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ented distribution of hydrometeors would statistically
contribute to the dual polarization measurements,
similar to spherical hydrometeors.

The horizontal reflectivity Zy is more affected by
changes in the phase of hydrometeors than by changes
in their orientation or fall pattern for axial ratios of
0.8. Hence any effort to model hailstone orientation
distribution using Gaussian or other functions is not
likely to affect the variations of Zy. Furthermore, be-
cause Kpp is very small in hail, the choice of model for
hailstone orientation has no practical consequences.
However, even in moderate hailfalls, the Z pg of a mix-
ture of rain and hail is completely dominated by the
Zpr of hail. Hence, the measured Zpgr could provide
the necessary information concerning the orientation
of hail. These arguments have led us to analyze the
following cases: 1) all spheroids oriented with their mi-
nor axes vertical, 2) all spheroids oriented with their
minor axes horizontal, and 3) all hailstones distributed
with random orientations leading to a statistically iso-
tropic medium.

4) REFRACTIVE INDICES AND SCATTERING COEF-
FICIENTS OF HAIL

Hailstones have been observed to have a wide variety
of composition, depending on growth and environ-
mental conditions. However, it is intuitive that spongy
hailstones would have scattering properties that are
close to those of pure ice (if the percentage of ice is
very high) or pure water (if the percentage of water is
high). Both of these can be calculated accurately. The
vertical profile of Zy and the height of the freezing
level are useful in distinguishing between wet and dry
hailstones. Also, estimates of liquid water content and
hailfall rate are not affected significantly by the lack of
information on the precise amount of liquid water
within a hailstone. Hence, the results we present con-
sider only pure ice, pure water, or spongy ice with 40%
water fraction as constituents of hail. This particular
percentage was chosen because it produces scattering
properties that appear to differ most from those of wet
and dry hail.

The refractive indices of water and ice are taken as
(9.0585 + 1.3421j) and (1.78 + 0.007 /) at a frequency
of 2.88 GHz (Warner 1978). The refractive index of
spongy hailstones is obtained from the refractive index
formula for mixtures given in Longtin et al. (1987).
The water fraction in the mixture is taken as 40%. The
scattering coefficients for spheroidal hail are obtained
from Warner (1978). Those for spherical and spongy
hail are computed using a computer code for the ex-
tended T-matrix technique (Barber and Yeh 1975).

The scattering coefhicients are used to compute the
scattering cross sections. For reflectivity computations
from the scattering cross sections, we assume the re-
fractive index of water, irrespective of the thermody-
namic phase of the precipitation, because that is a
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standard procedure in weather radars. The density of
the ice part of hail is taken as 0.9 g cm ™.

5. Polarization parameters for mixtures of rain and
hail

a. Complete model

The results of the calculations of Zy, Zpr, and Kpp
for various rain-hail mixtures presented here are based
on the extended T-matrix method. The mixtures are
characterized by the paramieter ¢ defined as

Ry Ry

S"®+R) R

(13)

where R, R,, and R, are the halil, rain, and equivalent
precipitation rates in mm h~!. Rainfall rates R, up to
200 mm h ! and hailfall rates R, up to 60 mm h ™! are
considered.

As explained earlier, the hail part of the mixed-phase
precipitation spans:

1) spheroidal (anisotropic) hail oriented with minor
axes either vertical or horizontal in the plane of polar-
ization, axial ratio 0.8

2) spherical (isotropic) hail, and

3) spongy hail with 40% water function; axial ratio
to diameter relationship for this case is obtained from
Knight (1986).

Refractive indices of pure water and pure ice are as-
sumed for wet and dry hail, respectively.

The variations of Zy, and equivalent precipitation
rate (R, = R, + R,) with the hail fraction £ as a pa-
rameter are shown in Fig. 3 for wet, dry, and spongy
hail. The fact that wet hail has higher reflectivity than
dry hail is often used to infer the thermodynamic phase
of the precipitation from the vertical profile of Zy.
When the orientation of the minor axes of hail changes
from vertical to horizontal, the horizontal reflectivity
Zy reduces by an amount equal to Zpy as depicted by
dotted lines in Fig. 3. Zpg is dependent on orientation
of hailstones and their thermodynamic state. It is about
1 dB for dry hail, and is greater than 2 dB for wet hail,
and is zero for spherical hail. Because the axial ratio
of our hail is 0.8, the reflectivity factors for spherical
hail and oblate spheroidal hail are not significantly dif-
ferent. This shows that Zy is more sensitive to the
thermodynamic state of the hail (i.e., wet or dry) than
to the orientation or the distribution of canting angles.

Constant Zy and Kpp contours on the R,— R, plane,
for wet, dry, and spongy hail are presented in Figs. 4.
It can be inferred from the straight portions of curves
that, even at moderate hailfall, Zy is dominated by
hail rather than by rain. An exactly opposite effect is
seen in the contours of constant Kpp. Even in the
heaviest wet hailfalls, changes in Kpp due to hail con-
tamination are less than 1.3° km ~!. Furthermore Kpp
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ameter, and dry hail has a lower dielectric factor. Ad-
dition of larger hailstones to the rain medium produces
rapid increase in Zy; (dependence for small hailstones
proportional roughly to D®). The Kpp changes only if
the oblate hailstones are oriented, and that too at a
rate less than D*?* (Sachidananda and Zrni¢ 1986).
These factors result, as seen in Fig. 5, in large, distin-
guishable deviations of Zy~- Kpp values in mixed phase
from those in pure rain. In brief, the Zy-Kpp values
are more stable indicators of the mixed-phase precip-
itation than Zy4-Zpg. This is particularly true when
Kpp is higher than 0.5° km ™! (or rain rate larger than
10 mm h™h).
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F1G. 3. Variations of Zy; with equivalent rain rate R, (a) in mixtures
of rain and wet hail: Orientation of hailstones is graphically indicated. 1000
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E w00F Kpp =1°km ! 3 579
. . . . SN
is much less for dry hail, and zero for spherical hail. e« e \ T gg =70 dBZ
These attributes are réflected in the fact that constant - Y — +—— 60
Zy and constant Kpp contours intersect at near right < 1OF } —':\'\
angles in the R,—R, plane. It is worth noting that the S ’ N '! {
constant Kpp contours for spherical hail would be ver- & —ﬁ soy 1%
tical lines in Fig. 4. The constant Zy, plots for spherical T 1 L 45% (I
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and hence are not shown. :

The interrelationships between Zy and Kpp for var-
ious rain-hail mixtures are shown in Fig. 5. The hail
has a lower N, near-spherical shape, and larger di-

RAIN RATE R, (mm h™)

FI1G. 4. Relationships among Zy, Kpp, R,, and R, for (a) wet hail
and rain mixtures. (b) As in (a) but for dry hail and rain mixtures.
(c) As in (a) but for spongy hail and rain mixtures.
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FIG. 5. Zy~- Kpp variations in (a) mixtures of rain and wet, oblate spheroidal hail. (b) As in (a) but for mixtures
of rain and dry, oblate spheroidal hail. (¢) As in (a) but for mixtures of rain and spherical hail. The curve for
wet hail and R, /R, = 1 coincides with the curve for dry hail. (d) As in (a) but for a mixture of spongy hail and

rain.

Figures Sa—d also indicate that, from the Zy and
Kpp pairs, it is possible to get the hail fraction £, and
hence quantify individual contributions due to rain
and hail, provided the information concerning the
thermodynamic phase, orientation, and shape of hail
is available. The shape and orientation information
can be inferred from Zpgr. The inference can be verified
by calculating the Zpg for the appropriate model from
Zy and Kpp, (and hence £) and comparing it with the
measured Zpgr. Model results in Fig. 3 to 5 are not
sensitive to moderate changes in the maximum di-
ameter, for hailfall rates that are less than 30 mm h~".
For example, if Dy, is reduced by a factor of 2 to 30
mm the reflectivity factor decreases by less than a dB.
For hailfall rates of 50 mm h ™', which is the maximum
that we deduced in our data, the reduction is 6 dB.

.Thus the choice of 60 mm for D,, should not have a

significant effect on the comparisons with our data,
this however does not exonerate the use of Cheng and
English distribution.

Shown in Fig. 6 are the Zy-Zpr plots for a few
mixed-phase precipitation models. It is apparent that
Zpr, which is a measure of reflectivity weighted mean
axis ratio (Jameson 1983; 1985), tends toward that of
hail. The sign of Zpg is solely influenced by the ori-
entation of the minor axis in these models and is not
very sensitive to the relative amount of rain. For spher-
ical or tumbling hail Zpy is close to zero. In spongy
monodispersed hail Zpg is known to vary between large
positive and negative values with variations in diameter
or axial ratio (Longtin et al. 1987). However, for ex-
ponential distribution (Cheng and English 1983) and
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axial ratio distribution given by Knight (1986), Fig.
6a shows that Zpy is positive whenever the minor axis
of the hail is oriented in the vertical. The Zpg is neg-
ative (Fig. 6b) only when the minor axes are oriented
in the horizontal direction. In essence, Zpy is a good
indicator of the orientation and shape of the hail part
in a mixed phase.

It is seen from Fig. 6a that wet hail mixtures in the
regions of 45-55 dBZ reflectivity yield Zy-Zpr mea-
surements that are also possible in pure rain. This
makes it difficult to identify mixed-phase precipitation
on the basis of only Zy-Zpr measurements.

The discussions so far point out clearly that the
measurement of Zy, Kpp, and Zpg can be used within
admissible approximations to identify and quantify
mixtures of rain and hail.

| b. Simplified model

The scattering models analyzed earlier are applicable
to isotropic and anisotropic hail. However, when the
hail is isotropic, it is possible to quantify the hailfall
and rainfall rates by using a simpler technique. Con-
sider a homogeneous mixture of isotropic and aniso-
tropic hydrometeors along a propagation path. Let the
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ensemble average of the propagation phase constant
be {ky ) for vertical polarization and {ky ) for.hori-
zontal. Without loss of substance, attenuation can be
neglected and these phase constants can be written as
(Oguchi 1983).

(kv = ko + (ke + kva, (14a)
Chu) = ko + (ke + kuny, (14b)

where kg is the free-space propagation constant, kv,
and kv, are contributions by rain and hail to the con-
stant for vertically polarized waves, and ky, and ky;,
are similar contributions for horizontally polarized
waves. Now for isotropic hail (kv y = (kun ), so after
(14a)is subtracted from ( 14b) the two-way differential
propagation constant becomes

Koe = 2(Cku) = (kv ) = 2(Chnry = Chvr)). (15)

This remarkable yet simple result states that the dif-
ferential propagation constant is affected by anisotropic
hydrometeors only, (in this instance, rain). The phys-
ical explanation behind this fact is trivial. Isotropic hy-
drometeors produce equal phase shifts for either po-
larization, and the difference is due only to the noniso-
tropic constituents of the medium. Even for statistically
isotropic hail mixed with rain, the Kpp will be mainly
affected by rain drops if the water coating on hailstones
is thin, mainly because ice has a considerably lower
refractive index. In the next few paragraphs we briefly
expose a method that allows separation of hail and
rain contributions to the reflectivity factor.

To obtain the portion of reflectivity factor due to -
hail one needs to subtract from the measured Z the
part produced by rain, Z,. A direct estimate of Z, is
not available, but an indirect one may be obtained from
the Kpp, R and Z,, R relationships. For a wide range
of drop size distributions a single R(Kpp) relationship
gives accurate rain rate estimates. We use the relation-
ship proposed by Sachidananda and Zrni¢ (1987):

R(Kpp) = 20.35(Kpp)®*¢ (mm h™'), (16)
in which KDP is in deg km ™. Combining ( 16) with

Z, = 200R" (mm® m™3), (17)
we obtain the following Z,, Kpp relationship:
- Z, = 24800(Kpp) '8¢, (18)

Now the reflectivity factor of hail is estimated as
Zyn=27Z— Z,(mm®m™). (19)

Two limitations are associated with this estimate of
hail reflectivity. First, the Z,, R relationship (17) may
not be appropriate for a particular rain-hail mixture,
in which case an unknown bias will be present. Second,
errors in Z and Z, will cause errors in Z;. These can -
be controlled because they depend on the number of
samples M, Doppler spectrum width, and other known
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or assumed parameters. From the statistical analysis
in the Appendix it seems that quantifying hail with this
simpler technique may be feasible as long as its reflec-
tivity factor is at least 7 dB more than the reflectivity
factor of rain in the mixture.

6. Radar observations

Two case studies of radar observations pertaining to
mixed-phase precipitation on the ground are presented.
The data were collected using the 10-cm, dual-polar-
ization, NSSL radar at Cimarron. The quantification
of rainfall and hailfall rate is based on the methodology
described earlier.

a. Analysis of 14 May 1986 data

Severe thunderstorms on this day lasted longer than
24 hours across Oklahoma. These storms produced
eight tornadoes, strong winds, hail, and flooding. Across
many areas of the state hail ranging from 3% to 4%
inches in diameter fell, accompanied by 3 to 4 inches
of rain, in a few hours (NOAA Storm Data 1986).
Radar data presented here are from vertical cross sec-
tions (RHI) over Norman when pea-sized hailstones
mixed with rain were observed by NSSL scientists. The
mixed-phase precipitation subsequently tapered off to
nearly pure rain on the ground. Rawinsonde data
showed that the 0°C isotherm on this day was at
3.5 km.

Two sample plots of the vertical profiles of Z, Kpp,
and Zpp are presented in Fig. 7. Here Z and ZpR are
averaged over 2.25 km in range. Using Eq. (7) Kpp is
obtained over the same range interval. Data were col-
lected about a range of 40 km, with the radar scanning
in an RHI mode. The first plot is for the time when
the mixed-phase precipitation was observed on the
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ground; Fig. 7b represents data from the decay stage
of the storm when the hail fall ceased. The vertical
profile of Z (Fig. 7a) shows that the reflectivities of 45
dBZ extend as high as 10 km, indicating a high prob-
ability of hail on the ground (Waldvogel et al. 1979).
Absence of a distinctive melting layer in the Z profile
is typical of convective storms. The Kpp rapidly in-
creases below 3.6 km and thus one can infer the onset
of melting. The differential reflectivity Zpgr increases
slowly below the 0° isotherm. This could correspond
to tumbling or spherical hail, also in conformity with
the Kpp profile that is zero above 4 km. With the onset
of melting, liquid water builds and, if ice particles are
larger then 9 mm, small water drops are shed (Ras-
mussen et al. 1984 ) that may coalesce to produce larger
drops. Also, smaller partially melted hail and snow ag-
gregates retain oriented oblate shape before larger hail-
stones melt. As soon as there is a small amount of
oblate wet (or melted) hydrometeors, Kpp begins to
increase. However, Zpr changes more gradually be-
cause it depends on the axis ratio and reflectivity com-
binations of both rain and hail being weighted more
toward the axis ratio of higher reflectivity hailstones,
whereas Kpp is not affected by the presence of hail.

At the onset of melting, Zpg is dominated by con-
tributions from hail and is insensitive to the few rain-
drops. As melting proceeds, more drops are generated
and Zpr begins to grow. Thus, there is a 1 km lag
between the altitudes at which Zpgr and Kpp start to
increase significantly. This lag would depend on the
hail reflectivity and the rate at which water drops are
formed. It should be noted that although the small
negative excursions of Kpp above 6 km altitude are
within the experimental accuracies of Kpp measure-
ment, their consistency suggests the presence of verti-
cally oriented hydrometeors.
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F1G. 7. Vertical profiles of Z, Zpg, and Kpp at 1559:32 CST 14 May 1986. Range is 40 km
and azimuth is 130°. (b) Asin (a) but at 1611:06 CST.
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Below the melting layer, Kpp has the same height
dependent form as Z, which decreases at 1.8 km be-
cause of the increase in fall velocity that acts to decrease
the drop concentration (Battan 1966). The decrease
in Z and the steady slight increase in Zpg suggest pro-
gression of melting down to the ground, a possibility
confirmed by observation of hail and rain mixture at
the ground.

Figure 7b shows the vertical profiles of Z, Zpr, and
Kpp at the tail end of the storm, The 45 dBZ reflectivity
is at a lower altitude of about 4 km. There is no sig-
nificant lag in altitudes at which Zpg and Kpp start to
increase, indicating a low concentration of hail aloft.
A more pronounced peak in the Z profile, showing the
effects of changes in fall velocity, and constant Kpp and
Zpr near ground characterize a very low rate of hailfall,
if any, at the ground. Also, the vertical profiles of Z
and Zpg in Figs. 7a and 7b indicate the changeover
from a mature convective to a decaying “rain out”
phase of the storm (note the distinct peaks about 2 km
in Fig. 7b) with graupel aloft which melts causing a
rapid increase in fall speed. At the earlier time (Fig.
7a) small hail (1 cm) mixed with rain was observed
on the ground. Later (Fig. 7b) no hail was observed.

The scatter of measured Z and Kpp stratified ac-
cording to altitude is given in Fig. 8a for the first few
minutes of the storm (from 1559:00 CST to 1605:00
CST). The mean Z and Kpp variation for pure rain
(section 5) is shown by a dotted line. Remarkable sim-
tlarity with theoretical curves (Fig. 5) suggests a pro-
gressively larger amount of hail in the mixture with
height, with the result that between 3 and 4 km most
of the hydrometeors are frozen. Figure 8b is a scatter
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FI1G. 8a. Scatterplots of Z and Kpp measured from 1559:00 CST
to 1605:00 CST on 14 May 1986.
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plot of Z-Kpp later in time when pure rain was ob-
served at the ground.

The variations of Z, Kpp, and Zpr with time are
presented in Fig. 9. Data are averaged from 0.1 to 1
km in altitude and smoothed over half-minute intervals
for clarity. Note that the reflectivity factor drops by
more than 15 dB (from more than 60 dBZ ), whereas
Zpr decreases by less than 1 dB from an otherwise
modest 2 dB. The initial small Zpg but large Z and
subsequent small decrease in Zpg but large decrease
in Z are an indication of transition from mixed-phase
precipitation to rain.

Algorithms for rain rate based on Zy or on Zy and
Zpr often fail if applied to a mixture of rain and hail.
This is illustrated in Fig. 10. The empirical relationship
given by Ulbrich and Atlas (1984), which is applicable
for exponential drop size distribution, is used for R(Z,
Zpr); the R(Z) relationship is due to Marshall-Palmer
(17); R(Kpp) is given by (16). The accumulated rain
measured by a low-resolution rain gauge (not shown)
follows nearly the variations of R(Z). This is because
the rain gauge measures total accumulation due to both
rain and hail.

During the initial portion of the storm R(Z, Zpr)
predicts unusually high rain (>500 mm h ") and hence
is not represented in Fig. 10. Its high predictions are
due to bias introduced in Z and Zpr by the presence
of hail. From the measured values of Z and Zpg, the
contributions Z, and Zpg, due to rain are obtained
using the measurements of Kpp and assuming a dry
oblate spheroidal hail. The rain rate computed using
Z,and Zpg,isincluded in Fig. 10. As anticipated, R(Z)
predicts higher rain rate than R(Kpp) initially. At the
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FIG. 8b. Scatterplots as in Fig. 8a, but from
1607:00 CST to 1612:08 CST.
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FiG. 9. Time history of Z, Zpg, and Kpp produced
by the storm on 14 May 1986.

tail end of the storm, R(Kpp) and R(Z) are nearly
equal, but R(Z,, Zpr,) is noisier and generally larger.
This amply demonstrates that adequate caution must
be exercised in using Z, Zpg to predict rain rates in
mixed-phase precipitation and that satisfactory cor-
rection is not always possible. We believe that the same
reasons may explain the observation of Bumgarner and
Dooley (1986) that in high reflectivity regions, algo-
rithms based on Zpr and Z, overestimate the rainfall
rate. Both our model and observations imply that in
mixed-phase precipitation, the actual rain rate is less
than predicted by R(Z), R(Z, Zpr), or R(Kpp).
However, the rain rate is closest to R(Kpp). A method
of extracting actual hailfall rate and rainfall rate from
the dual polarization data is described next.
Measured Z and Kpp are used to predict the Zpgr
values for all the thermodynamic states and orienta-
tions of hail considered in section 3. The measured
Zpr and the predicted Zpgr (computed from measured
Z and Kpp) for a few models are presented in Fig. 11.
Most other models of hail produced large departures
from the measured Zpg, and hence are not included
in Fig. 11. Considering only the initial portion of the
storm, it is concluded from Fig. 11 that the hail seen
in this storm is dry hail, oriented with the minor axes
vertical. At about 11 min into data collection (Fig.
9), the Z drops below 50 dBZ, indicating a decrease
in precipitation intensity. From there on the model of
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FiG. 10. Rain and hail rates versus time relative to 1555:00 CST.
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FI1G. 11. Comparison of measured Zpr with that predicted from
measurements of Z and Kpp for a few models of hail.

wet spherical hail agrees better, in an rms sense, with
the measurements; the dry oblate hail model is biased
with respect to the measurements, although it preserves
a similar shape variation with time. The hailfall inten-
sity during this time is very low, indicating that the
dominant hailstones, if any, are smaller in diameter.
Knight’s measurements (Knight 1986) from other
Cklahoma storms indicate that the axis ratios of smaller
hailstones (<15 mm) are 0.9 or larger. This may ex-
plain our observation that, during the later part, the
Zpr measurement agrees well with that predicted using
a wet spherical hail model.

Though the comparison of measured and predicted
Zpr 1s done for a variety of hail types and orientations
(Fig. 11), in actual practice the vertical profiles of the
polarimetric observables considerably reduce the com-
parisons to a manageably few models of hail. The hail-
fall and rainfall rates obtained from the measured Z,
Zpr, and Kpp are shown in Fig. 10. The rainfall rate
is close to R(Kpp) for all practical purposes in this
case, and hence is not shown separately. The negligible
difference is due to the contribution to Kpp by oriented
oblate hailstones.

b.‘ Analysis of 2 June 1985 data

Severe weather on 2 June produced a series of tor-
nadoes and stones varying in size from pea to baseball
(NOAA Storm Data 1985). Some of the storms on
this day produced radially aligned echoes behind strong
reflectivity cores. Zrni¢ (1987) attributed this phe-
nomenon to three-body scattering involving a path
from large hail to the ground, from the ground back
to the hail, and finally to the radar antenna.

The sounding on this day indicated a deep (surface
to 800 mb) moist layer with a mixing ratio of >12 g
kg ! capped by an inversion. An almost dry adiabatic
lapse rate of temperature extended from 750 to 500
mb to provide sufficient potential instability for strong
updraft formation. The wind speed was increasing
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throughout the troposphere, but with very little veering
in the lowest levels. Thus, the environment was not
conducive for supercell mesocyclonic storm formation
but was very favorable for intense hailstorms.

Several RHIs were collected at successive azimuths
and their location is superposed on the reflectivity fac-
tor contours, obtained by the Norman radar, in Fig
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12. For every scan, 16 range gates were alternately po-
sitioned beginning at 82.5 and 87.15 km with a range
resolution of 300 m; 512 alternately polarized samples
were collected for each range and analyzed. This re-
sulted in reduced altitude resolution compared with
14 May 1986 data (scan rates in elevation were the
same ), but improved accuracies in the radar estimates
of Z, Zpr, and Kpp.

Constant Z and Zpgr contours from elevation scans
at two successive azimuths (241° and 242°) are given -
in Figs. 13a and 14a. The constant Kpp contours are
presented in Figs. 13b and 14b. The Kpp contours are
obtained by using a fifth-degree polynomial fit to ¢pp
data from successive range gates and then taking the
derivative with respect to range to reduce the edge effect
and present this data over the same range as Z
and Zpg.

From Fig. 13a, we see that, between 82.5 and 85.5
km, Zpp is negative and Z is close to 60 dBZ near the
ground. This indicates the presence of hailstones ori-
ented with their minor axes horizontal. Rawinsonde
data on this day indicate that the 0°C isotherm was at
4.8 km height. An interesting observation is the rela-
tionship between Z, Zpg, and Kpp signatures at points
marked A to D in Fig. 13a near the ground. The re-
flectivity factor Z above points A, B, and C is larger

b
y Kpp (/km)
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=
20 IS
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86 88
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FiG. 13. (a) Constant Z and Zpg contours for the storm at 1858:
41 CST 2 June 1985 and azimuth of 241°. (b) Constant Kpp contours.
(¢) Vertical profiles of Z, Zpr, Kpp, R, and R, for the storm at 84.5
km. The 0°C isotherm is at 4.8 km.
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than 60 dBZ. At point A, Zpg is less than —1 dB, and
Kpp is 2° km ™!, whereas at point B Zpg is larger than
—1dB, and Kpp is 4° km™!. These signatures indicate
(from Figs. Sa—d) that precipitation at A has a larger
ratio of R;/R, than precipitation at B; also after ex-
amining Kpp data for heights above 5 km (Fig. 13b)
we speculate that precipitation there is frozen, with the
possible exception of small supercooled droplets. Gen-
eral features of the Zpg and Z fields are similar to the
observations by Bringi et al. (1986b) in a Colorado
hail storm, except that our negative Zpg values have
larger magnitudes. The difference may be due to sizes
that were smaller (<3 cm) in the Colorado storm,
compared with >4 cm in the Oklahoma storm. Knight
(1986) presented evidence that larger hailstones are
more oblate; if their minor axes are horizontally ori-
ented they would, according to our model, produce
larger | Zpg| than smaller hailstones.

Vertical profiles of Z, Zpg, and Kpp, averaged over
2.1 km in range (centered at 84.5 km, point B), are
given in Fig. 13c. The Z variations and height of the
45 kBZ level, above the 0°C isotherm, indicate a higher
probability of hailfall. At the cloud top of 12 km Zpg
is nearly 0 dB. It decreases to —0.7 dB at 6 km. Around
the 0°C isotherm (4.8 km), Zpy is close to 0 dB; below,

N. BALAKRISHNAN AND D. S. ZRNIC

579

b
14

K pp (%/km)

S ®
T

HEIGHT (km)

i

[0
N
023
H

86 88 90 92
RANGE (km)

FiG. 14. As in Fig. 13a,b but for 1859:29 CST and azimuth of
242°, (¢) As in Fig. 13c but at 90.5 km. The 0°C isotherm is at 4.8
km.

Zpr decreases. Above the 0°C isotherm Kpp is small
but positive, whereas at lower heights it increases.
Decreasing Zpr and small but positive Kpp between
7 km and 6 km (Fig. 13c) could be reconciled by the
graupel growth with ice crystals as embryos (Prup-
pacher and Klett 1978). Simultaneous presence of
graupel and oriented hail could present negative Zpg
and small positive Kpp signatures. According to Knight
and Knight (1970) and List (1959) the stable mode
for small hailstones (<20 mm) is with a minor axis
oriented vertically. Larger hailstones may fall with their
minor axis horizontal. Without supporting evidence it
is not possible to infer precisely the relative composition
of hydrometeors above the freezing level. Another pos-
sibility is that, between 7 and 5 km, precipitation con-
tains supercooled water drops brought up by the up-
draft, in addition to graupel and small hailstones. Al-
though it is not possible to deny the presence of small
droplets (not detectable by the radar), previous evi-
dence (Wakimoto and Bringi 1988) has shown that
signatures of large drops, extending on both sides of
the melting layer, are visible as a positive Zpg field,
and disappear quickly because of freezing. We thus
conclude that it is unlikely that significant amounts of
supercooled drops are present in the region between 7
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and 5 km. This is supported by our observation that
Kpp is less than 0.5 deg km ™! in this region.

Below the 0°C isotherm, melting and shedding of
water stabilize the orientation of hailstones, in this case,
with their minor axes horizontal. Water drops contrib-
. ute to the increase in Kpp seen below 0°C isotherm,
similar to the May 14 case (Fig. 7a). The increase of
Kpp confirms that the melting and shedding are in-
complete even at the ground level; this is a characteristic
of mixed-phase precipitation. We notice kinks in the
vertical profiles of Zpr and Kpp (Fig. 13¢) near a 2
km height. From Figs. 13a and 13b it is seen that these
have been caused by the spatial averaging (ovér 2.25
km centered at 84.5 km) of nonuniform Kpp (Fig. 13b)
and Zpg (Fig. 13a) at that level.

Comparison of data for 14 May 1986 (Fig. 7a) and
for 2 June 1985 (Fig. 13c) shows that higher Z (>59
dBZ ) and negative Zpy are associated with the 2 June
1985 data. The cloud top height, as well as the subzero
temperature region, are larger on 2 June. These also
indicate that the hail size on 2 June is expected to be
larger. \

Values of Z and Kpp at heights less than 2 km (Fig.
13c) were used to predict Zpg for dry, wet, and spongy
hail (40% liquid water). In all cases the orientation of
the hailstones is such that their minor axes are hori-
zontal. Calculated and measured Zpg were found to
match closely when the spongy hail model was used.
The rain- and hailfall rates using this model are given
in Fig. 13c. The mixed-phase precipitation near the
ground is seen to consist of 76 mm h ™! of rain and 23
mm h~! of hail— R,/ R, =~ 0.24. The precipitation rates
in Fig. 13c assume that the liquid water content of the
spongy hail is 40% at heights up to 4 km.

At point C (Fig. 13a) Zpy is negative throughout,
and only above point C negative Kpp values at 4-6 km
heights are seen (Fig. 13b). Also the height at which
Kpp begins to increase above zero is lower by more
than 1 km from the 0°C isotherm. A hail shaft may
be responsible for this descent of the 0° Kpp contour.
If the precipitation were predominantly large hail, it
could be oriented with minor axis horizontal and cause
a small negative Kpp. Because thermal inertia of large
hail is high, it would take some distance below the
melting level before melting would produce measurable
Kpp. This may be further aided (or alternately ex-
plained) if downward airflow is present, both by down-
ward advection and by cooler air in which hailstones
are imbedded.

The measurements at point D show a positive Zpr
column, otherwise the precipitation signature is similar
to that seen in Fig. 7b, with a distinctive bright-band
signature in both Z and Zpg. The column and the one
at 89 km may contain a low concentration of big rain-
drops mixed with spherical hail. Also, the reflectivity
factor Z at point D is less than 55 dBZ near the ground.

RHI data collected over several azimuths on 2 June
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1985 showed polarimetric signatures that are similar
to those in Fig. 13. In some of the cross sections Zpg
is negative over the 10 km range, Z is 60 dBZ or larger,
and the differential propagation phase shift (¢pp) is
more than 70°. These values indicate the severity and
extent of the storm. The contour plots of Z and Zpg
measured at 242° azimuth are presented in Fig. 14a;
Fig. 14b shows the constant Kpp contours. The sig-
natures of Z, Zpg, and Kpp around 86 and 90 km
range (Figs. 14a and 14b) are similar to those seen
near point C in Figs. 13a and 13b. The large region of
substantial negative Zpg values-is remarkable. Fur-
thermore, two distinct depressions of the Kpp contours
(Fig. 14b) suggest that two hail shafts may be present.

Vertical profiles of Z, Zpgr, and Kpp averaged over
2.1 km centered at 90.5 km in range are given in Fig.
14c. Note that the vanations of Z, Zpg, and Kpp are
similar to those seen in Fig. 13c, but the kinks near 2
km height are not present in Fig. 14c. This is because
Z, Zpr (Fig. 14a), and Kpp (Fig. 14b) do not change
much in the range (89.45 to 91.55 km) over which the
spatial averaging is done. Values of Kpp in excess of 6
deg km ™! close to the ground indicate that the rain -
rate is >100 mm h™'. The electromagnetic scattering
model with spongy hail (40% liquid water) is also found
to yield a closer match between predicted and measured
Zpr at lower heights. The precipitation rates in Fig.
14c¢ are based on this model. The negative Zpg (0 to
—0.5 dB) and positive Kpp (0 to 1 deg km™") in the
height interval 5.5 to 7.5 km are noteworthy. Aligned
hail mixed with drops or with graupel may be the cause
but this could not be independently verified.

7. Conclusions

The identification of precipitation type as rain, hail,
and rain-hail mixture is possible from reflectivity factor
Z and differential propagation constant Kpp measure-
ments. The Kpp yields a good estimate of liquid water -
in a rain-hail mixture, and it can be used together with
differential reflectivity Zpr and reflectivity factor Z to
infer hail rate also. This is because Kpp is sensitive to
anisotropic hydrometeors (rain); pure hail, which is
nearly isotropic and has a small refractive index, is
almost transparent to Kpp. But the hail rate cannot
be estimafed uniquely because of the uncertainty in
size distribution. In this paper a single parameter dis-
tribution is used for modeling polarimetric signatures;
thus theoretical results are exploratory and qualitative.
Differential reflectivity Zpr depends on the relative
amounts of rain and hail, and hence is not suitable, by
itself or in combination with Z, to gauge the amount
of either rain or hail in the mixture. We have shown,
using radar data, and confirmed on the ground that
R(Z, Zpr) predicts large rainfall rates (500 mm h™")
when the precipitation is a mixture of rain and hail.
Yet with a proper account for the rain and hail, the
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corrected precipitation rate R(Z,, Zpg,) becomes con-
sistent with other algorithms and ground truth.

Modeling shows that Zpp is positive whenever hail-
stones are oriented with their minor axes vertical. It is
negative only when minor axes are horizontally ori-
ented. This and the fact that wetness of hailstones in-
creases Z and the magnitude of Zpg make it possible
to qualitatively infer the-full pattern and the phase state
'of the hail. Our conclusions are based on the self-con-
sistency of Z, Zpgr, and Kpp data obtained from two
Oklahoma storms and their spatial correlation that is
in accord with the postulated behavior.
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APPENDIX
Standard Error of Hail Reflectivity Factor

We examine the standard error of Z;, estimate (19).
Assuming that a standard error should be less than a
fraction « of the mean value, we write

VAR(Z,) = VAR(Z) + VAR(Z,) < o*(Z — Z,)%.
(A1)

An approximate expression for the VAR(Z) from
Doviak and Zrni¢ (1984, p. 99) is:

VAR(Z) = Z2/(2MLo,,V7), (A2)
where the denominator represents the equivalent
number of independent samples at the output of a
square law detector. The reflectivities on the Cimarron
radar are obtained from a logarithmic receiver (square
law is also available but not calibrated ) for which the
variance is about 15% larger. Nevertheless we consider
the square law because it yields the smallest possible
error. Here M is the number of time-averaged samples
(in the case of alternate polarizations it is also the
number of sample pairs); L is the number of averages
in range, and o, is the normalized (to the unambiguous
interval ) Doppler spectrum width. The variance of Z,
is related to the variance of Kpp through (18) by
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VAR(Z,) = 1.18 X 10° X (Kpp)®77? - VAR(Kpp),
(A3)

where Kpp is in deg km ™!, VAR (Kpp) is expressed in
terms of variance of the differential propagation phase
shift ¢pp by Eq. (9).

Sachidananda and Zrnié ( 1986) produced curves for
the standard errors of ¢pp. These errors are not sensitive
to the Doppler spectrum width and hence an approx-
imate equation for o,” can be written as

0y ~ (5.4)/ M (deg km™"). - (Ad)

From (8) and (A4) the variance of Kpp becomes

VAR (Kpp) = (5.4)2/[M? 3 (ri — 1)?).

i

(A5)
A sequence of substitutions (AS) to (A3) to (Al)
and (A2) to (A1) produces the inequality:
Z*[1 /(4xM?*L%0,,) — a®] + a?-4.96
X 10*ZK 153 + 3.44+ 6 10'°KBE?
JIM2L(L/2 + 1)(L + 1)Ar?]
— 1.54- 10%K3)2 <0, (AS6)

where Ar is separation between adjacent range gates in
kilometers. For a fixed rain rate (or Kpp) one can sub-
tract Z, from Z in the equality (A6) and plot Z; vs.
M. This is illustrated in Figure Al where Kpp = 4°
km™ (R = 68 mm h™!) and ¢,, = 0.04 (this would
correspond to 1 m s™! if the unambiguous velocity
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FIG. Al. Hail reflectivity Z, and the number of sample pairs M
for a 1 dB variation in the mean value of Zj,.
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interval were 25 m s™!; here this interval corresponds
to twice the pulse repetition time because polarization
is alternating). The L is set to 6, which for a NEXRAD-
type radar would mean the average in range is taken
over 1 km; that average is also the range interval for
calculating Kpp; « is set at 0.25, implying less than 1
dB variation in the mean value. The reflectivity factor
of rain for this example is 52 dBZ, and we see that a
reasonable number of samples ( <50) suffices to yield
acceptable precision as long as the reflectivity of hail
is larger than about 45 dBZ.
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