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Abstract— It is shown that in the simultaneous dual polarization 

radar mode, the differential phase (β) between the orthogonally 

polarized waves impinging on hail affects the polarimetric 

variables. This effect is caused by interference of the polarized 

waves scattered by non-spherical particles. The β-impact is 

considered for dry hail and water-coated hailstones. For the 

hailstones’ canting angles oriented uniformly relative to the 

vertical, reflectivity and differential reflectivity do not depend on 

β, but the correlation coefficient between the polarized waves and 

phase upon scattering do. Tumbling of falling hailstones is 

considered using the Fisher distribution of the orientation angles. 

It is shown that the β-impact enhances with increasing tumbling. 

The β-impact should be considered in hail detection methods 

utilizing the correlation coefficient. The potential of using the 

differential phase upon scattering in hail detection and sizing is 

also discussed.  

Index Terms—Polarimetric weather radar, polarimetric 

variables, scattering from hail, hail signature. 

I. INTRODUCTION

etection of hail in thunderstorms is one of the main 

missions of weather radars. To forecast and detect hail, 

the US National Weather Service has been using its S 

band weather radar network (WSR-88D also known as 

NEXRAD) for decades. Before 2013, hail was detected using 

radar reflectivity, its height profile, and thermodynamic cloud 

parameters [1, 2]. A recent study of relations between radar 

reflectivity (Z) and the giant hail size does not show a 

correlation [3] that could be because of the scattering resonance 

effects. It was found that the wind fields play a major role in 

hailstorms producing giant hail [3]. In 2013, the radars were 

upgraded to dual polarization, and methods to detect hail using 

Z, differential reflectivity (ZDR) [4-7], and correlation 

coefficient between received electromagnetic waves at 

orthogonal polarizations (ρhv) [8-10] have been developed. A 

fuzzy-logic combination of these three variables is currently in 

use in hail detection and sizing with WSR-88Ds [11]. The 

theoretical foundations used to interpret data in the above-cited 

articles are based on spheroidal models having smooth surfaces. 

Advances in electromagnetic modeling [12-13] allow 

considerations of natural [14-16] or artificial [17] hailstone 

shapes. Recent advances and the current state of radar hail 

detection and sizing are summarized in [16]. 

Most dual polarization weather radars utilize simultaneous 

transmission of orthogonally polarized waves frequently called 

SHV mode (Simultaneously transmitted and received 

Horizontally and Vertically polarized waves). The differential 

phase (β) of the impinging waves is caused by propagation

through clouds and/or precipitation and by radar hardware. The 

latter phase shift is called the differential phase upon 

transmission (ψt) and is caused by differences in the signal paths 

in radar hardware creating horizontally and vertically polarized 

transmitted waves. Scattering of waves by non-spherical 

particles leads to interference of the primary and depolarized 

scattered waves and can bias ZDR [18]. The phase β affects the 

interference intensity. These effects were analyzed in [19] for 

ice cloud particles. To our knowledge, these impacts have not 

been considered for hail and that is the focus of our study.   

II. BASIC RELATIONS

A. Radar Polarimetric Variables

The radar polarimetric variables from hydrometeors are 

calculated using the scattering matrix S. Let Ehi  and Evi  be the 

amplitudes of horizontally (subscript h) and vertically 

(subscript v) polarized waves impinging (subscript i) on a 

scatterer. Then, the received voltages ehr and evr from a single 

scatterer can be written as, 

 (
𝑒hr

𝑒vr
) = (

𝐶𝑅ℎ 0
0 𝐶𝑅𝑣

) (
1 0
0 𝑒𝑗𝛾) (

𝑆hh 𝑆hv

𝑆hv 𝑆vv
) (

1 0
0 𝑒𝑗𝛽) (

𝐸hi

𝐸vi
),    (1) 

where 𝐶𝑅ℎ and 𝐶𝑅𝑣 are the radar constants (the range

dependence is included) for the horizontal and vertical 

polarization channels [18], 𝛽 = 𝜑𝑑𝑝+ 𝜓𝑡  is the impinging phase

with 𝜑𝑑𝑝 being the one-way propagation differential phase and

 𝜓𝑡  is the  differential phase upon transmission (DPT), γ

= 𝜑𝑑𝑝+ 𝜓𝑟  with  𝜓𝑟  being the receiver differential phase.

Phases 𝜓𝑟  and 𝜓𝑡  may differ because the signal paths in a radar

transmitter and a receiver are different. Eq. (1) does not account 

for differential attenuation, but that has no bearing on the β-

effects.  

The measured differential phase 𝛷𝐷𝑃 is

𝛷𝐷𝑃 = 2𝜑𝑑𝑝+ 𝜓𝑡 +  𝜓𝑟  +  𝛿 =  𝛽 + 𝛾 +  𝛿,           (2)

where 𝛿 is the differential phase upon scattering. The constants 

 𝐶𝑅ℎ,𝑣 in (1) are obtained from radar calibration and are

important in the Z and ZDR measurements; all other radar 

variables are independent of these constants. We consider a 

calibrated radar and known  𝐶𝑅ℎ,𝑣, hence Ehi and Evi can be

considered equal, therefore, they and  𝐶𝑅ℎ,𝑣 can be omitted in

further discussion of the 𝛽-effects. Then (1) simplifies to 
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𝑒hr = 𝑆hh + 𝑆hv𝑒𝑗𝛽 and 𝑒vr = (𝑆vv𝑒𝑗𝛽 + 𝑆hv)𝑒𝑗𝛾 .            (3)

Radar receives the scattered waves from all particles in the 

resolution volume and resulting voltage is 

𝐸hr = ∑ 𝑒hr
(𝑛)

exp(𝑖𝑘𝑟𝑛)𝑛 ,  (4) 

where n numerates the scatterers and exp(𝑖𝑘𝑟𝑛) accounts for the

range 𝑟𝑛 from radar to the nth scatterer. The time-dependent

exponent is omitted in (4) without loss of substance. An 

equation similar to (4) can be written for 𝐸vr by replacing the

subscript h with v. 

    The received power in the channel with the horizontally 

polarized wave is 

𝑃h =< 𝐸hr
∗ 𝐸hr >  ,  (5) 

where the brackets stand for ensemble averaging and the 

asterisk indicates complex conjugate. The averaging is 

performed over the sizes, shapes, orientations, and distances 𝑟𝑛.

Assuming that the scattering amplitudes do not depend on 𝑟𝑛,

the averaging over 𝑟𝑛 can be separated from other averaging.

Then range reshuffling of the scatterers leads to   

𝑃h =< 𝑁(𝐷)𝑒hr
∗ (𝜃, 𝜑, 𝛼, 𝐷)𝑒ℎr(𝜃, 𝜑, 𝛼, 𝐷) > ,  (6) 

where N(D) is the size distribution of the scatterers with D being 

a characteristic size of the scatterer (e.g., its maximum 

dimension) and the sum in (4) is replaced with the mean product 

and the brackets stand for averaging over the sizes, shapes, and 

orientation angles 𝜃, 𝜑, and α defined in Fig. 1. 

       Fig. 1. Scattering geometry for an oriented spheroid. 

      To study the β-effects, we consider scattering by spheroids 

because a) the current WSR-88D’s hail detection algorithm is 

based on this model and b) this model allows for understanding 

of the main features of the effect. 

      The frame XYZ of scattering geometry (Fig. 1) is placed at 

the scatterers’ center and its XY plane is horizontal. The 

spheroid’s minor axis A makes the angle θ (the canting angle) 

with the vertical. A projection of the spheroid’s minor axis to 

the XY plane defines the point M and the angle φ between the 

X axis and projection.  Angle α is an angle of rotation of the 

spheroid around its minor axis. Angles 𝜃, 𝜑, and α are the Euler 

angles. It is assumed that Evi is directed along the Z axis, i.e., 

the radar antenna elevation angle is zero. The direction of 

propagation of the impinging wave (the vector k in the figure) 

coincides with the X axis. 

     Assuming independence of the scatterers’ orientation angles 

from their sizes and shapes, averaging over orientations can be 

performed for a scatterer having a given size and shape. This 

may not hold in nature because our knowledge of hailstones’ 

dynamics is limited. Then, for a given size D:     

𝑃h(𝐷) = 𝑁(𝐷) < 𝑒hr
∗ (𝜃, 𝜑, 𝛼, 𝐷)𝑒hr(𝜃, 𝜑, 𝛼, 𝐷) >𝜃,𝜑,𝛼,   (7) 

where the subscripts at the brackets denote averaging over the 

angles. Then, using (3) 𝑃h(𝐷) and 𝑃v(𝐷) can be written as,

< 𝑃h(𝐷) > = 𝑁(𝐷)[< |Shh|2 >θ,φ,α+

2Re(< Shh
∗ Shv >θ,φ,α 𝑒𝑗𝛽)+< |𝑆hv|2 >𝜃,𝜑,𝛼],      (8) 

and 

< 𝑃v(𝐷) > = 𝑁(𝐷)[< |Svv|2 >θ,φ,α+

2Re(< Svv
∗ Shv >θ,φ,α 𝑒−𝑗𝛽)+< |𝑆hv|2 >𝜃,𝜑,𝛼],          (9) 

where Re(x) stands for the real part of x. 

Differential reflectivity 𝑍DR, correlation coefficient 𝜌hv , and

phase upon scattering 𝛿 are obtained as, 

𝑍DR(𝐷) = 10 log(< 𝑃h > /< 𝑃v > )     (dB),        (10) 

𝜌hv(𝐷, 𝛽) = 𝑁(𝐷)| < 𝑒hr
∗ (𝜃, 𝜑, 𝛼, 𝐷)𝑒 vr(𝜃, 𝜑, 𝛼, 𝐷) > |/

(< 𝑃h >< 𝑃v >)1/2 ,  (11)  

and 

𝛿(𝐷, 𝛽) = arg(< 𝑒hr
∗ (𝜃, 𝜑, 𝛼, 𝐷)𝑒 vr(𝜃, 𝜑, 𝛼, 𝐷) >) 180 𝜋⁄ −

𝛽 − 𝛾 (deg),                 (12) 

where the subscripts 𝜃, 𝜑, 𝛼 are omitted to shorten notations. 

The phase 𝛿 enters in the measured 𝛷𝐷𝑃 (2), so, to obtain 𝛿 from

(2), phase 𝛽 + 𝛾 must be subtracted from the argument of 

correlation function. It follows from (3) that the vertically 

polarized wave acquires the phase 𝛾 relative to the phase of the 

horizontally polarized wave. Because 𝛿 is obtained from the 

argument of < 𝑒hs
∗ 𝑒vs >, the phase 𝛾  in 𝑒vr does not affect 𝛿

and for computational purposes we can set 𝛾 = 0, then 

      𝛿(𝐷, 𝛽) =
arg(< 𝑒hs

∗ (𝜃, 𝜑, 𝛼, 𝐷)𝑒 vs(𝜃, 𝜑, 𝛼, 𝐷) >) 180 𝜋⁄ − 𝛽 (deg).(13)

If backscattering does not change the phase between the 

scattered polarized waves (for instance, if a scatterer is a 

sphere), then 𝛿 = 0 regardless of 𝛽. The correlation function in 

(13) is written as,

< 𝑒hs
∗ (𝜃, 𝜑, 𝛼, 𝐷)𝑒 vs(𝜃, 𝜑, 𝛼, 𝐷) > = < 𝑆hh

∗ 𝑆vv > 𝑒𝑗𝛽 +

< 𝑆hh
∗ 𝑆hv > + < 𝑆hv

∗ 𝑆vv > +< |𝑆hv|2 > 𝑒−𝑗𝛽.        (14) 

The values of 𝑍DR(𝐷), 𝜌ℎ𝑣(𝐷, 𝛽), and 𝛿(𝐷, 𝛽) for hailstones of

various sizes D are presented in section III. It is also shown in 

section III that 𝑃h, 𝑃v, and 𝑍DR are independent of 𝛽 at the

uniform distribution of 𝜑, and therefore, we do not indicate 𝛽 

in their arguments in (7)-(10). For spheroids, the scattering 

properties do not depend on 𝛼, and, therefore, it is omitted in 

the further discussion. For natural nonsymmetric hailstones, 

averaging over 𝛼 is needed. 

B. Angular averaging

Hailstones tumble in the air, and the orientation angles 𝜃 and φ 

change over time. To perform averaging over these angles, a 

probability distribution W(θ, φ) should be defined. We assume 
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a uniform distribution in angle φ (0 ≤ φ < 360o) in the horizontal 

plane OXY (Fig. 1). The Gaussian distribution of canting angle 

determined in the polarization plane has been used (e.g., [6]), 

which is an approximation that breaks at wide distributions. The 

Fisher distribution correctly describes W(θ, φ) for all possible θ 

and φ ([20] chapter 8, [21] section 2.3.6).  

      Free falling hailstones change their orientations in time. 

Terms “tumbling” and “tumbling intensity” are used here for 

this change in θ and its dispersion. This change is characterized 

by the mean canting angle <θ> determined as the mean 

deviations of the spheroid’s minor axis from the vertical 

orientation. For the Fisher distribution, the standard deviation 

in canting angles (σθ) depends on <θ>. Weak tumbling has 

small <θ>, and <θ> increases with increasing tumbling. At 

random tumbling, <θ> = 90o. Little is known about hailstones 

tumbling and we show our results for moderate (<θ> = 20o), 

strong (<θ> = 40o), and random (<θ> = 90o) tumbling.  

For the uniform distribution in 𝜑, W(θ, φ) depends on 

θ only, i.e.,  

𝑊(𝜃, 𝜑) =
𝜇

4𝜋 sinh(𝜇)
exp(𝜇𝑐𝑜𝑠𝜃) ,   𝜇 ≥ 0 ,        (15) 

∫ 𝑑𝜑 ∫ 𝑠𝑖𝑛𝜃
𝜋

0

2𝜋

0
𝑊(𝜃, 𝜑)𝑑𝜃 = 1 .  

 

The parameter μ is related to <𝜃> and 𝜎𝜃 via: 

 

         < 𝜃 > = ∫ 𝑑𝜑 ∫ 𝜃𝑠𝑖𝑛𝜃
𝜋

0

2𝜋

0
𝑊(𝜃, 𝜑)𝑑𝜃, 

     𝜎𝜃
2 = ∫ 𝑑𝜑 ∫ (𝜃2−< 𝜃 >2)𝑠𝑖𝑛𝜃

𝜋

0

2𝜋

0
𝑊(𝜃, 𝜑)𝑑𝜃 .        (16)  

 

     Relations between <θ>, 𝜎𝜃, and μ are depicted in the 

Supplemental material (Fig. S1). The relation between <θ> and 

𝜎𝜃 is almost linear up to <θ> = 50o (the right panel in Fig. S1). 

We indicate <θ> and the corresponding 𝜎𝜃 in the computational 

results in section III. 

      The product < 𝑆hh
∗ 𝑆hv > in (8), (9), and (14) can be written 

using 𝑊(𝜃, 𝜑) as,  

 < 𝑆hh
∗ 𝑆hv > = ∫ 𝑑𝜑 ∫ 𝑆hh

∗ (𝜃, 𝜑)𝑆hv(𝜃, 𝜑)𝑠𝑖𝑛𝜃
𝜋

0

2𝜋

0
𝑊(𝜃, 𝜑)𝑑𝜃 . (17) 

 

Other moments are written similarly. The product of matrix 

elements in (17) depends on the size and shape of a scatterer as 

well as on <θ>. The matrix coefficients for a scatterer of any 

shape can be obtained using software for solving 

electromagnetic problems. We have used the WIPL-D package 

[12, 22]. 

III. COMPUTATIONAL RESULTS 

Hailstones have a variety of shapes: some are close to spheroids 

with smooth surfaces; large hailstones (sizes > 4 cm) frequently 

have rough surfaces [14-17] affecting their scattering 

properties. To study the impacts of 𝛽 on the polarimetric 

variables, we have modeled hailstones with spheroids of 

various sizes and oblateness. We also consider hailstones 

covered with a water film frequently called “wet” hailstones.  

Oblate spheroids are characterized with a maximal size D 

and a ratio of minor (b) to major (a) semiaxes (b/a < 1). For 

spheroids, D = 2a and b/a is a measure of oblateness. The most 

frequent hailstones’ b/a lay in the interval 0.6 – 0.8 [23, 24]. In 

this section, we present our results for b/a = 0.7 and results for 

b/a = 0.6 and 0.8 are in the Supplemental materials. Our results 

show that the β-dependencies of δ and ρhv exhibit periodicity of 

180o. Therefore, the β-dependencies are shown in the interval 0 

– 180o. For completely random tumbling, ZDR = 0 dB hence ZDR 

panels are not shown.  

       Our results are presented here for selected sizes to analyze 

the main features of β-dependencies. The size distributions of 

hailstones are quite variable (e.g., [16]). To assess the β-impact 

on collections of hailstones, one should assume a distribution 

of <θ> for hailstones of various sizes, which is unknown. Non-

spherical shapes of hailstones most likely result from non-

chaotic tumbling, especially for large hailstones. Not 

completely random tumbling could result in various water 

content on their surfaces. The assessment of the β-impacts on 

collection of hailstones of different sizes will require a thorough 

analysis of the assumptions to be made.    

  

A. Dry hailstones 

To study the β-impacts on the radar variables from hail, we have 

used hail density of 0.92 g cm-3. Our results show that 𝛽 does 

not affect Z and ZDR if the canting angle θ is distributed 

symmetrically relative to the vertical (top panels in Fig. 2). This 

is because < 𝑆ℎℎ
∗ 𝑆hv >𝜃,𝜑= 0 in this case. 

 
 

Fig. 2. Dry hailstones. (Left column): ZDR, δ, and ρhv as 

functions of β for <θ> = 20o, b/a = 0.7. S band. (Right column): 

as in the left column but for <θ> = 40o. 
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       Significantly severe hailstones (D > 5 cm, the size name 

adopted from [25]) can produce negative ZDR discussed in 

[9,14] (see also the top panels in Fig. 2). One can see that the 

ZDR values remain negative up to strong tumbling that makes 

such values informative for the detection of significantly severe 

hail. Negative ZDR at the top of Z cores can be produced by 

conical graupel [28].    

       In [23], the δ values larger than 5o are attributed to wet hail. 

Our results show that dry hail of D > 3 cm can produce δ > 5o 

(the central panels in Figs. 2, S2, S5, and S6). The δ typically 

increases with size up to D = 5 cm (Figs. 2, S2, S3, S5, and S6) 

and exhibits weak dependencies on 𝛽. For significantly severe 

hail (D > 5 cm), the resonance effects can bring δ to the values 

characteristic of smaller sizes. One can also see that δ increases 

with decreasing b/a and δ decreases at stronger tumbling which 

introduces an uncertainty in the relation between δ and size. To 

estimate the hail size, all dual polarization variables should be 

considered.  

      At completely random tumbling, δ does not become zero at 

any 𝛽 as ZDR does (left panels in Figs. 3, S4, and S7) because 

despite symmetry in the orientation angles θ and φ, this 

geometry is not completely symmetrical for the impinging 

orthogonally polarized waves shifted in phase [19]. One can 

also see that δ(𝛽) can change the sign. The amplitude of the δ 

variations is small for dry hail at < θ > = 90o, but significantly 

increases for wet hail (subsection B).  

 

 
                 Fig. 3. As in Fig. 2 but for random tumbling 

 

      The authors of [23, Table 2] indicate that the bulk values of 

ρhv from hail at S band are larger than 0.95. But in [23], the 

authors consider polarimetric variables that are not obtained in 

the SHV mode whereas we explore the effects of that mode. 

Our results show that significantly severe dry hail can produce 

ρhv  < 0.95 (right bottom panel in Figs. 3, the right panels in S6, 

and S7). Non-spheroidal hailstones can also produce these 

values [14]. The values of ρhv strongly depend on 𝛽. For 

instance, at D = 4 cm ρhv drops from 0.990 at 𝛽 = 0o to 0.975 at 

𝛽 = 90o and <θ> = 40o (Fig. 2, right column). Generally, ρhv 

decreases with the hail size, but the 𝛽-impact introduce 

uncertainty to this dependence. The β-impact increases for more 

oblate hailstones (right panels in Figs. S5-S7).  ρhv attains its 

minimum at 𝛽 = 90o regardless of the hail size and tumbling 

intensity. It is problematic to quantitively use ρhv from hail 

without knowing β. 

B. Wet hailstones 

Hailstones can be covered with liquid water films during wet 

growth [26, 27] and due to melting and/or collision with 

raindrops below the melting layer. Such hailstones are 

frequently called ‘wet’. In our calculations, the maximal 

thickness of the water cover has been obtained from [26], where 

the mass of water cover Mw retained on the hailstone’s surface 

is defined as,  Mw = 0.268 +0.139 Mi, (g), and Mi is mass of the 

ice core in g. The thickness of the water film is depicted in Fig. 

S8. 

      ZDR(D) for horizontally oriented dry and wet hailstones with 

b/a = 0.7 are quite different (Fig. 4, left).  Dry hailstones 

produce negative ZDR at D > 6 cm, whereas wet ones exhibit 

negative ZDR at D > 4 cm and ZDR(D) is more complicated 

because of a stronger resonance effect. Generally, negative ZDR 

indicates hail regardless of wetness. Conical graupel can also 

produce negative ZDR [28]. Graupel typically produces higher 

ρhv than large hail and that can be used to distinguish between 

these types of hydrometeors [23]. Tumbling reduces absolute 

ZDR values, but these can remain negative at resonance sizes 

even at moderate and strong <θ> (Figs. 5, S11, S12, S14, and 

S15).  

 
Fig. 4. ZDR and δ as functions of the dimension of horizontally 

oriented dry and wet hailstones with b/a = 0.7.  

 

 

      The δ values of wet hailstones are significantly larger than 

those of dry particles at D less than about 4 cm (Fig. 4, right 

panel). The same feature can be observed for b/a = 0.6 and 0.8 

(right panels in Figs. S9 and S10). Large δ (> 10o) are more 

probable from wet hail than from dry hail [8, 23]. Our results 

are in accord with this observation. At moderate <θ>, hailstones 

of D < 5 cm can exhibit δ > 10o (left central panels in Figs. 5 

and S14). Larger hailstones can produce lower and even 

negative δ due to resonances. Notably, δ does not significantly 

depend on β. At intense tumbling, δ generally decreases and 

exhibits more complicated dependencies on D.  

      For wet hail with D > 4 cm, the authors of [23] indicate δ > 

15o. Our results show that smaller δ can be produced by larger 

hailstones having resonance sizes (the curves for D = 5 cm in 

Figs. 5, S11, S12, S14, and S15). Negative δ (Figs. 5, S11,  S12, 

S14, and S15) are produced by hailstones with D ≈ 5 cm, which 

could be used to indicate significantly severe hail. We repeat 
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that in [23], the polarimetric variables are not obtained in the 

SHV mode and that our main goal is to indicate the effects of β 

in that mode.  

      The ρhv from wet hailstones exhibits a strong dependence 

on β. For instance, for D = 2 cm, ρhv drops from 0.997 at β = 0o 

to 0.982 at β = 90o (Fig. 5, left column), which is a significant 

change. For D = 5 cm, this drop is from 0.995 to 0.974. For 

resonance sizes, ρhv can drop below 0.9 that could be used to 

detect large hail (Figs. 5 (right column), 6, S14, and S15). At 

increasing <θ>, ρhv generally decreases and its dependence on 

β becomes stronger.  

 

 
Fig. 5. Wet hailstones. (Left column): ZDR, δ, and ρhv as 

functions of β for <θ> = 20o, b/a = 0.7 and the sizes indicated 

in the insert. S band. (Right column): As in the left column but 

for <θ> = 40o.  

 

      Resonance scattering is typically related to sharp changes in 

the reflected powers or ZDR as functions of size. For instance, 

this effect for wet hailstones can be observed in Fig. 4 at the 

sizes of about 5, 8.2, and 9 cm. In the right panel of Fig. 4, one 

can see sharp alterations in the phases at 5.4 (a negative drop) 

and 5.7 cm (a positive bump). This can be called a resonance 

effect in the δ values that do not correspond to the ZDR 

resonance sizes. Fig. 7 and 8 depict ZDR, ΦDP, and ρhv for sizes 

of 5.4 and 5.7 cm that replace D of 5 and 6 cm. The δ values at 

D = 5.4 and 5.7 cm (Fig. 7) retain their signs and large values, 

but strongly depend on β. At random tumbling (Fig. 8), the δ 

and ρhv curves for these sizes practically coincide. Because 

these δ resonances occur at close sizes, resulting ΦDP can be 

obtained as the sum of phases from hailstones of D = 5.4 and 

5.7 cm that results at much smaller values which could not show 

the resonances. The ρhv values drop strongly (Figs. 7 and 8) and 

will not change much with this averaging and remain very low. 

These effects can also be observed in Figs. S26-S28 for b/a = 

0.6. This means that δ-resonances in narrow size intervals could 

not be observed in the ΦDP, but very low ρhv values can indicate 

the resonances. The latter feature could be used to indicate wet 

5 – 6 cm hail.      

 
                Fig. 6. As in Fig. 5, but for random tumbling.  

 

 

      Our study also shows that the thickness of water cover 

strongly affects the radar variables The amount of water on 

hailstones before water shedding can be larger than that 

obtained in [26]. It is also known that hailstones can be covered 

with water in the shape of a toroid [26, 27]. Increasing water 

content on hailstones shifts the resonance dependencies to 

smaller sizes; see, for instance, Fig. S17 for spongy hail with 

volume water content of 0.1. The dielectric constant for spongy 

hailstones has been calculated using the Maxwell-Garnet 

equation (e.g., [21] section 1.6) at a temperature of 0oC. Water 

or ice have been taken for the matrix. Quite different radar 

variables have been obtained for the water matrix (Figs. S18-

S20) and ice matrix (Figs. S21-S23) with complicated 

dependences on <θ> and β.  More research is needed to study 

these dependencies on water content and composition of 

ice/water inclusions in water/ice matrices. The WIPL-D allows 

obtaining the scattering properties of particles having complex 

compositions. Such a study could verify the Maxwell-Garnet 

equation for hailstones in wide intervals of ice/water contents 

and size/shape inclusions.         
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Fig. 7. As in Fig. 5, but for D = 5.4 and 5,7 cm instead of  D = 

5 and 6 cm. 

  

 
Fig. 8. As in Fig. 6, but for D = 5.4 and 5,7 cm (the curves 

practically coincide) instead of D = 5 and 6 cm. 

 

     The phase 𝛽 in precipitation changes with range because the 

propagation part 𝜑𝑑𝑝 increases. The second contribution to 𝛽 is 

the phase upon transmission 𝜓𝑡  (2). The latter phase is not 

known on WSR-88Ds and can vary across the network. These 

variations may lead to different ρhv measured with adjacent 

radars and may produce different results in hail detection. To 

eliminate the uncertainty caused by β, the phase upon 

transmission ψt should be measured. If ψt is known, ψr can be 

readily obtained from ΦDP measured in rain areas closest to 

radar. In these areas, ΦDP = ψt + ψr according to (2) because φdp 

and δ are negligible and if ψt is known, ψr is obtained from 

measured ΦDP. Then the incident differential phase at any 

distance in precipitation can be obtained from (2) 

 

  β = (ΦDP -  𝜓𝑟 +  𝜓𝑡)/2.         (18) 

 

       

        IV. A HAILSTORM 

      A hail thunderstorm was observed with the WSR-88D 

KOUN (Norman, OK) on 26 April 2017. The radar can scan in 

elevation and thus collect vertical cross sections (Fig. 9) called 

RHIs (Range-Height-Indicators). One can see an enhanced area 

of ΦDP at heights from 4 to 7 km located in the reflectivity core 

(Fig. 9, bottom panel). The measured differential phase ΦDP 

consists of three contributions: the propagation phase 2φdp, 

system differential phase ψt + ψr, and phase upon scattering δ 

(2). The propagation phase in precipitation increases with range 

whereas δ increases in areas of large scatterers (hailstones) and 

is small for smaller scatterers (raindrops) at S band.  

      For a radial at an antenna elevation of 3.3o, ΦDP = 13o at the 

closest thunderstorm’s edge at the distance of 65 km (Fig. 10). 

This phase is the system differential phase 𝜓𝑡 +  𝜓𝑟 . To analyze 

the ΦDP values along this radial, its range variations are depicted 

along with Z, ZDR, and ρhv (Fig. 10). The ΦDP sharply increases 

at a distance of 67 km (ΦDP = 13o), attains its maximum at a 

range of 71.75 km (ΦDP = 34o), then decreases and attains a 

relative minimum at a range of 75 km (ΦDP = 19o). The 

propagation phase 2φdp increases in range assuming the 

hydrometeors are nonspherical and have their major axis more 

aligned with the horizontally polarized wave. The total value of 

2φdp is obtained as a difference in ΦDP at ranges of 75 and 67 

km, i.e., ΔΦDP = 6o. The linear increase of the propagation phase 

is shown in Fig. 10 with the yellow line. The δ value at a given 

distance is obtained as the deviation of ΦDP from the yellow 

line. The maximal deviation is 19.5o at the range of 71.75 km, 

which is the maximal δ for this radial. At that range, Z= 62 dBZ, 

ZDR = 4.6 dB, and 𝜌hv= 0.986. These values of ZDR and 𝜌hv are 

typically observed in heavy rain, but the δ values undoubtedly 

point to hail presence because of the ΦDP hump above the 

yellow line.    
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Fig. 9. RHIs of (top) reflectivity and (bottom) ΦDP collected 

with KOUN 26 Apr 2017 at 0300 UTC in an azimuth of 122o. 

 

   In the WSR-88D’s hail detection procedure, a sliding 

averaging over 9 successive range gates is utilized [11]. Using 

such averaging for data in Fig. 10, the following radar variables 

have been obtained at the range of 71.75 km indicated in Fig. 

10 with the dashed line: Z = 56 dBZ, ZDR = 3.7 dB, δ = 10.3o, 

and 𝜌hv = 0.973. Figs. S14 and S15 indicate that these δ and 

𝜌hvvalues can be produced by wet oblate spheroidal hail with 

b/a = 0.6 and sizes 2-3 cm, but the corresponding ZDR values 

are lower than the measured 3.7 dB. There is also a large range 

of different parameters (hail size, liquid coating thickness 

and/or distribution within the hailstone, aspect ratio, <θ>, and a 

mixture of hailstones and large raindrops in the radar resolution 

volume) that can also produce these radar values. The ZDR and 

𝜌hv values do not allow detection of hail, whereas measured δ 

undoubtedly indicates hail. The storm did not produce hail at 

this time [29], 3.8 cm hail was reported at 0346 UTC. Hail 

indicated with KOUN using δ at 0300 UTC could be from the 

growth stage. The WSR-88D’s current hail detection algorithm 

analyzes reflectivity values at various heights along with 

thermodynamic parameters. The observed δ values 

unequivocally indicate hail. This points to an advantage of 

using δ in hail detection and sizing. 

  

 
Fig. 10. Range profiles of reflectivity (the black line), 

differential phase (in red), ZDR (in blue), and ρhv (in green) for 

an antenna elevation of 3.3o and distances 60 - 80 km. The 

dashed vertical line is the range marker to read the values of 

radar variables. 

 

V. CONCLUSIONS 

Radar detection of hail remains challenging. Returned radar 

signals from hail depend on the hailstones’ sizes, shapes, water 

on and inside hailstones, and tumbling intensity. The 

polarimetric variables provide more information about 

scatterers, but the radar detection and sizing of hail remain 

ambiguous. We show in this paper that the differential phase β 

of impinging waves in the SHV mode also affects polarimetric 

variables. On radars employing simultaneous transmission of 

polarized waves, β contains two parts: the propagation phase 

acquired in precipitation and the differential phase upon 

transmission, a radar hardware characteristic, which is typically 

not known. Therefore, to use polarimetric variables for hail 

detection and sizing more efficiently, the phase β should be 

considered.  
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      To assess the impacts of β-effect on the radar variables, we 

have studied oblate spheroidal hailstones. The β-effect is caused 

by interference of the polarized waves scattered by non-

spherical particles. The intensity of interference depends on the 

orientations of hailstones. We considered scattering using the 

Euler orientation angles and their Fisher distribution for the 

probability of orientations. We introduced the mean canting 

angle <θ> as a measure of the tumbling intensity of hailstones. 

At weak tumbling, <θ> is small and it increases with tumbling 

intensity. At completely random tumbling, <θ> = 90o, i.e., an 

intuitively clear value. Little is known about hailstones’ 

properties in their fall, and we present the results for moderate 

(<θ> = 20o), strong (<θ> = 40o), and random (<θ> = 90o) 

tumbling.  

      If the canting angles are distributed randomly around the 

vertical (a not too restrictive assumption), then Z and ZDR do 

not depend on β but depend on the tumbling intensity. The 

phase upon scattering δ and correlation coefficient ρhv are 

affected by β and <θ>; the β-effect increases with increasing 

<θ>.  

      For dry hail, δ increases with increasing hail sizes up to a 

size of 5 cm at moderate and strong tumbling (Figs. 2, S2, S3, 

S5, S6). Larger hail exhibits strong resonance impacts, and the 

latter dependence does not exist. Large hail can be indicated by 

negative ZDR and negative δ. For wet hail, δ increases with hail 

sizes up to a size of 4 cm beyond which the resonances destroy 

this dependence. Generally, for hail up to 4 cm, δ is larger in 

wet hail than in dry hail. The β-impact on δ is weaker than that 

on ρhv. This makes δ a useful variable in hail detection. It is 

demonstrated in section IV that ρhv and ZDR can have values 

characteristic of rain, but δ values unequivocally indicate hail. 

      The 𝜌hv values from hail depend on hail properties and β. 

Generally, 𝜌hv decreases with decreasing axis ratios and 

increasing tumbling. Typically, 𝜌hv  from wet hail is lower than 

that from dry hail. The β-impact makes utilization of 𝜌hv less 

certain. The ρhv is employed in hail detection with WSR-88Ds. 

Unknown β leads to an uncertainty of utilizing measured 𝜌hv 

quantitatively. To use it more efficiently, the differential phase 

upon transmission (DPT =  𝜓𝑡) should be measured because it 

contributes to β. A method of obtaining DPT on radars capable 

of vertical sensing is proposed in [30]. However, WSR-88Ds 

are not capable of fully vertical sensing – their maximal antenna 

elevation angle is 60o. Therefore, other methods need to be 

developed to ascertain DPTs for WSR-88Ds.  

     We present our results for ice spheroids, which approximate 

natural shapes.  Natural hailstones can have shapes with large 

protuberances/lobes affecting their radar properties [14-16]. A 

WIPL model of an observed natural hailstone (Fig. S24) has 

been used to compare its radar properties against ones for a 

spheroid approximation. The results show (Fig. S25) that the 

protuberances alter the radar variables of the scatterer that is in 

accord with [14-16]. To further quantify these impacts, various 

natural shapes of hailstones should be analyzed at various <θ> 

and water covers. WIPL is well suited for such a study. 

      The hailstorm case in section IV shows that ZDR can exceed 

3 dB, which is a large value typically observed in heavy rain, 

whereas the δ values indicate hail. Such ZDR can be produced 

by very oblate hailstones with oblateness of 0.5, but also by less 

oblate hail having a toroidal water cover. To our knowledge, 

scattering properties of the latter type of hailstones have not 

been studied.  

      Comparing the results on the β-effect from cloud ice 

particles above the melting layers [16] and from hail, we 

highlight two features. a) Oblateness of ice cloud particles can 

be much stronger than that for small hail and, therefore, the β-

impact is stronger on ice cloud particles.   b) At S band, the 

cloud particles are Rayleigh scatterers, whereas hailstones with 

D > 3 cm can experience resonance scattering and the β-impacts 

can be strong especially for wet hail.    

     General conclusions from the presented results at S band are 

as follows. 

• In the SHV polarimetric mode, the differential phase β 

of impinging waves affects ρhv and δ; the impact on ρhv 

is stronger than on δ. β does not affect Z and ZDR if the 

canting angles of scatterers are distributed uniformly 

relative to the vertical.   

• The δ values do not strongly depend on β, therefore, 

they can be used quantitively. The δ values from wet 

hail typically are larger than those from dry hail for 

sizes up to 5 cm. The δ increases with the hail size up 

to a size of 4 cm that can be used for hail sizing. This 

dependence breaks for larger hail because of the 

resonance effects.  

• For dry (wet) hail, ρhv decreases with its size up to a 

size of 5 (4) cm. The β-impact on ρhv is strong. To use 

ρhv quantitively for hail sizing, the phase upon 

transmission of polarized waves should be known 

(measured).  

• Wet hailstones can exhibit very low 𝜌hv values (< 0.7) 

from wet hailstones with sizes of 5 - 6 cm having close 

δ-resonances of opposite signs (δ panels in Figs. 7 and 

8) that could be used to indicate significantly severe 

hail.    

• The incident phase β depends on the differential phase 

upon transmission and propagation phase through 

precipitation. For adjacent radars sensing the same 

area, both phases may differ. Values of ρhv depend on 

β. Therefore, ρhv values measured from adjacent radar 

from the same hail area can differ and impact hail 

detection based on ρhv.    

• ZDR and ρhv values from thunderstorms can have rain 

values, whereas δ can unequivocally indicate hail 

presence.  

      To estimate the hail size, several hailstones’ properties 

affecting radar returns should be analyzed: their shapes, 

wetness, the intensity of tumbling, and the β-effect. This 

multiparameter dependence makes hail sizing challenging. The 

δ values can bring additional information to the hail detection 

method based on Z, ZDR, and ρhv currently employed on WSR-

88Ds. More information about scatterers could be obtained with 

radars capable of changing their differential phase upon 

transmission. Measured δ and ρhv at various DPTs could be used 

as additional variables for the retrievals. DPT can be changed   

with a high-power phase shifter (e.g., [31]) that complicates 

radar hardware.  On modern radars with digital transmitters and 

on phased array radars, more control is available on transmit 
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pulses and DPT can be altered by delaying the transmitted 

polarized waves relative to each other.   
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