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Abstract— Radar sensors with dual-polarization capabilitpwllh better understanding and characterization of
weather hazards, especially hydrometeor particlese knowledge of natural polarimetric hydrometeor
scattering signatures, on the other hand, has Ioe#ed in theoretical calculations, simulationsdastorm-scale
radar measurements. In this investigation, an éxmetal approach was designed with the assistafice o
controlled laboratory environment. An advancedteeoetwork analyzer-based scatterometer systenbéas
developed in harmony with an environmentally-morgtb anechoic chamber with special configurations fo
hydrometeor measurements. The polarimetric RadasCSection (RCS) of various natural and man-niade
hydrometeor samples are measured across wide X{pagdencies and compared with theoretical modeling
results. The dual-polarized radar variables areveérfrom the RCS measurements with interestingoiadions
obtained. The described technology and resulteesgs\the basis of a new hydrometer microphysicsvlatge
base for hydrometeor classification processingh@ hext generation multi-channel, dual-polarizedana
monitoring radars.

Index Terms— Radar Polarimetry, Radar Scattering, Radar Crose®s, Scattering Parameters

Measurement, Meteorological Radar



I INTRODUCTION

The radar sensors with dual-polarization capabditpw better understanding and characterizatioweéther
hazards, and hydrometeor analysis techniques lmasddal-polarized radar signatures have been eil[2-3].
Advanced knowledge-based hazard detection algositivould require better knowledge of wave scattering
characteristics of hydrometeors such as raindrdpesjstones, and snowflakes. Especially, scattering
characteristics become important for optimally izitlg phased-array dual-polarization radar systd#is
Traditionally, theoretical approaches [5-9] haverbesed to calculate scattering characteristicssanek as the
main knowledge source, while lab-measurements dfdweteor scattering have not been fully explouae of

the earliest efforts, [10], presented backscatienreasurements of man-made water and ice sphed&$eaént
sizes with single polarity at the X-band. In [1distributed man-made targets (water-filled ping-gp®alls) were
used as the targets and the dual-polarized resmdribes media excited by short-pulse is record#d, 13] also
reported scattering measurements of man-madehdittd or hydrometeor targets. None of these prewarks
have taken the measurement of the natural hydremstmples. Also, because of the sensitivity litiotes,

there have been no systematic polarimetric radassmrements on individual hydrometeors.

On the other hand, the technologies for RCS meamnmts have made steady improvement during recems ye
[14-17], which include better chamber constructienhanced data processing, and more precise d¢aiisa
The facilities introduced in [18, 19] have beenduge polarimetric characterization of distributeatget for
terrain remote sensing. The phase information hadcconcept of complex RCS measurement are intraldince
[20]. The advance of RCS measurement technologiakles the polarimetric hydrometeor characterigfigrt

in this study.

The key challenges of characterizing hydrometeattsdng in a laboratory are as follows: (1) thetinment
needs to be highly sensitive to measure the stajtdield of a single hydrometeor, which is impartédor
microphysical studies; (2) Calibrating over a widieequency band is needed and the environmental
noise/interference must be carefully isolated enaeed; (3) The antenna used in simultaneous duatiped
measurements need low side-lobes and good croaszation isolations. In this study, a new experiitaé
approach is introduced with the assistance of aralbed laboratory environment. Both natural andnamade
hailstone samples are measured with an advancddm\gNA network analyzer-based scatterometer syste
Broadband polarimetric scattering signatures artain®d and compared with the predictions of existin
theoretical models. The measurement frequencydseshat the X-band because the results are usedttorne
weather radar processing. To improve measurementracy, sensitivity, and the interference-immuraityfar-
field, the time-domain gating and tracking, as wa#l intermediate frequency control are used in the
measurement process. The measurement of polaniRadar Cross-Section (RCS) and the related dual-
polarized radar variables give valuable insighthi® microphysics of hydrometeors, especially lavget’ hails.

The scattering characteristics measurement ofgeshydrometeor not only validates the widely-usedittering



theories, but also enables the tracking of hydreoreevolution process (such as melting). Eventudhg

technology will create a new source of knowledgehfarardous hydrometeor characterizations.

This paper is organized as follows: Section |l déses the basic principles for dual-polarized RCS
measurement. The details about the scatterometgmsyand experiment setup are addressed in Sélitidime
hydrometeor samples used in the measurementstesduned in Section IV. Measurement results arsgnted

in Section V, including the discussion of the mmjtiprocess, and the results of both man-made anolaha

hydrometeor samples. The summary and conclusiogiaea in Section VI.

[I. DUAL-POLARIZED RADAR CROSSSECTION (RCS) FOR ICY HYD ROMETEORS

For a single scatterer, the radar range equatioh polarimetric RCS is the basis of hydrometeortteciag

measurements. At any particular frequency, itvegiby

: )

where s the received backscattering signal power fay pwlarizations (eitheh or v), is the transmit
signal power for multiple polarizations,s the wavelength, and is the range of the hydrometeor under test.
and denote transmit and receive antenna gains at gppoifirization combinations, respectively; is the
dual-polarized RCS to be measured. From (1), ohdbeaantenna and scatterometer parameters angrkribe
RCS can be derived by measuring the T-R power edtgpecific frequencies for a fixed-range tar&ece

and  vary with frequency, their antenna patterns owerinterested frequency band are measured andistore
before system calibrations. Physically, is determined by the shape, size, and materitiehydrometeor

as well as the environmental parameters (i.e., éeatpre and humidity). Three types of hydrometeaterials

are defined in the laboratory studies: dry-ice vi@er mixture (wet-ice), and water. In this studysimple
spherical shape hydrometeor model with two layeosg and coat) [9] is used. The Mie-scattering aaph [8]

is used for theoretical RCS and scattering ampditcalculations.

The laboratory measurements result in four polariméack-scattering RCS records:, , , , with
the first letter in the footnote representing traiispolarity and the second letter representingirex polarity.
Assuming spherical shapes of the hydrometers, dnenwnly-used dual-polarized radar variables ofraylsi
hydrometeor can be derived, following [1]:

(a) Reflectivity factor at horizontal polarization



, )

(b) Differential reflectivity:

D (3)

(c) Linear depolarization ratio:
— (4)
In (2) through (4), the constant coefficient relates the backscattering RCS with the scattexinglitudes,

and is given by

E— (5)

where s the relative dielectric constant of the materi/e directly use  instead of to describe the co-

polarized scattering properties in this study sispecial procedures are needed to calculate tHectiie

constant of the mixed-phase hydrometeors.

The theoretical and empirical knowledge obtaineahfrthe S-band WSR-88D [1,2] show that is an
indication of the rain intensity or hail size, wehil is closely related to the shape and orientatiothef

hydrometeors, and LDR is associated with the catéart and material (e.g., melting) of the hydroroese

M. SCATTEROMETER AND MEASUREMENT SETUP

A. Basic Instrumentations

The measurement setup is designed to emulate gpdlaalzed, single beam airborne weather radaratjpey at
X-band (8-12 GHz). An Agilent E8364B PNA networkadyzer is used as a centerpiece for performingpuar
in-door measurements. The PNA system is an effeqiece of equipment which simplifies and signifitta
improves the traditional antenna and RCS measurepresess. Another important part of the systerthés
dual-polarized receive antenna. Different illumiaathorns with fast polarization tuning installat®are used
for transmit antennas, and an open-boundary qugrhorn from ETS-Lindgren is used for the receive
antenna, which covers the 2-18 GHz ultra-broadlzamtihas better than 25 dB cross-polarization igwlaf his



dual-polarized antenna enables simultaneous c@palcross-pol measurement, which is important ifoet

sensitive process monitoring (such as melting).

The multi-function scatterometer, which can covemnf S-band to Ku-band (3-18 GHz) with such system
configurations, can emulate continuous wave transignals at different frequencies as well as thésed
waveform of a multi-functional phased-array rad@he scatterometer system configuration is showhrign 1.
Thus far, the internal gating contained in the PiAwork analyzer has been sufficient so that nereai gating
hardware has been invoked. The dimensions of thgerare such that far-field requirements are mdttha
height of the antennas from the ground is suffictencontrol ground reflection and sidelobe intezfece. The
scatterometer has the basic system parameterd irst€able 1, which make it well-suited for the amt RCS
characterizations. The system setups have resuitesl transmit-to-receive power ratio of -90 dB imet

frequency domain and -110 dB in the time domaialimntenna pointing directions for the empty range

As an “environmental electromagnetics chamber”, ahechoic chamber itself has been lined with stahda
radar-absorbing foam along all significant surfaged integrated environmental sensors. The temperaf all
current hydrometeor measurements is maintained at (room temperature) and the relative humidity is
tracked to be during measurements. The icy hydrometeors areepres in freezers with dry ice. The

‘wetness’ of the icy hydrometeors is controlleddxposure time in the test environment during mesamants.

Different techniques are developed to appropriatetyunt the samples under test. When there are plaulti
samples (distributed targets), a precise rotanyesf@.1° turning resolution) can be used and theptes can be
placed on top of absorbent material surfaces. Wheimgle hydrometeor is measured, as in most dasiss
study, the rotary stage could introduce unwantéetfierence to the scattering field. For such sdesaa rig has
been specially designed to allow the suspensiodiftérent-sized targets using a low net constructed of
monofilament. The rig allows stable suspensiotheftarget and allows the target height to be aefugom

behind the antennas without needing to go downrange

B. Considerations of sensitivity and noise immunity

Special techniques have been used to achieve do@ed sensitivity and noise immunity over ultraxaddband.
The intermediate frequency (IF) bandwidth contsobine of the traditional techniques used in vengiwork
analyzers, which limit the overall receiver noisemer by adopting a narrow IF bandwidth (1KHz in case).
Furthermore, a significant amount of noise was iglated by the use of time-gating. The PNA's iraégating
is operated by use of discrete inverse Fouriesfoam. The received signal is mathematically tfamsed from
the frequency domain to the time domain. Arifpassband window (corresponding with Ia5round trip
distance) is applied to the transformed time donsanal, and is centered on the distance to theomyeteor.
After time-domain adjustments, the measured signtiien transformed back into the frequency donaaithe

corrected output of measurements.



It is known that using a greater frequency spaowallfor better resolution in the time domain. Thegfiency
range used in the current study is 8-12 GHz (byaisin X-band horn as transmit antenna). Applying a

‘Normal’ bandpass impulse window, the resolutioritef time-domain measured is given by [21]

A (6)

where is time-domain resolution insand is the total frequency span in GHz. From (6),40@istime-
domain resolution can be achieved with the 4 Gkl teandwidth, which corresponds with a distancésébém
Because of the two-way travel time of reflectionasirements, a minimum resolvable separation distah@
cmis implied. Even though a single hydrometeor may e completely resolved from this range gatesit i
sufficient to isolate the target from noise backgm. To enhance the range resolution, differentuisg

windows can be applied or larger can be used.

As a tradeoff to the range-resolution, the maxinaffactive range of the system should include the tistance
of the hydrometeor, which needs to be beyond théidll range. Otherwise, the aliasing effect witintaminate
the true target response. To avoid aliasing andtaiai required range resolution, it is necessargdguire a
sufficient number of data points over the frequebaynd to achieve good frequency-domain resolui&imen

that the frequency span is 4 GHz, the alias-fregeas given by

— ()

where is the phase velocity of light in the specific pagation media, and is the frequency step size,

given by

— (8)

where is the number of points in frequency domain. Faaraple, if the number of points was set to 801,
about 60 meters of alias-free measurement rangeébeasbtained, which is sufficient to cover the entest

range and also provides good data resolution dneed tGHz frequency band.

Examining the time-domain signature of the hydraroet is an important step for establishing accurate
measurements of polarimetric parameters of a simgleometer sample. The example dual-polarizedasiges

for a single ping-pong ball and averaged hailsteamples are shown in Fig.2. Transmissions areceérti
polarized and receptions are simultaneously V aqmbldrized. From the time-domain screen, both teefilled

ping-pong ball and the hail samples display strpagks at times corresponding to the expected dissarand



have comparable magnitudes in VV polarization. ¥bir polarization, on the other hand, the hailstohagea

much stronger response because of their irreghlgres.

C. Instrument calibrations

The scatterometer measurement errors originate fremmoise/interference reflections from the envinental
chamber, the cabling/connections of the systems, the instrument’'s internal drifting errors. Accigra
calibrations with standard targets (such as cdlimaspheres) must be completed before performersitive
hydrometeor measurements. Fig.3 depicts the pwiritee basic calibration procedure when a ‘standardet is
used. First of all, all the scattering signaturéghe fixtures/system transmission lines as wellttses empty
ranges were ‘zeroed-out’ by normalizing the ‘backgrd’ trace memories. After this step, any change i
amplitude/phase is considered due to the additfothe target under test. Secondly, the internaibcation
curves are applied when the initial S-parameterson@anents are generated. After the time-domaimgatnd
filtering, the measurement data were transforme ba frequency domain, and the possible biasingremwere
corrected again with theoretical curves. All thébration data/coefficients were stored and usedmthe ‘real’

hydrometeor targets were used.

Aluminum spheres with different diameters were uasdhe standard targets for this case. A compan$s@
scatterer's RCS were measured based on (1) tohdgwmrdtical results obtained from Mie scatteringotie

prediction demonstrated an excellent correlatisrsteown in Fig. 4.

V. HYDROMETEOR SAMPLES

The natural hydrometeors have different shapegntaiions, mixing phases, and material compositidine
laboratory experiments have the capability to diyemeasure the natural hydrometeor samples asasathan-
made hydrometeors. Hailstones are good examplésge icy hydrometeors collected from severe stolms
Fig.5, some of these hail stone samples collectenhgl spring storms are displayed. It can be gaskn that
some of the samples are relatively smooth, whiheist are more irregularly shaped. Sophisticatedetsaglich

as the generalized Chebyshev shape model (withsgwrignetry assumption) have been used to descritbe ha

stone shapes [7]

9)



Where the surface distance from the particle ceister is the equal-volume-sphere radius, andare the
Chebyshev coefficients. Other models of hailstomepses, such as the diameter protuberance modehd¥g
been used by meteorologists. On the other handatidom nature of the particle surface determihegetis no
true accurate model for hail-shapes, and laboratoeasurements are quite important for getting the r

physical scattering data for a single hailstone.

Different types of man-made hydrometeors are shiomiig.6, including a man-made foam sphere soakigal w
water, and an ice sphere fabricated from a mold:i¢n7, two types of man-made hydrometeors witbguiar
shapes are displayed; one is from freezing theldm#ktone samples together as a cluster (as haneement
of reflectivity), the other is a semisphere shaplee laboratory environment is able to create ottieds of

hydrometeor samples with different sizes and shapes

V. MEASUREMENT RESULTS AND DISCUSSIONS

A. The effect of the melting process

Once a dry ice type hydrometeor is placed intddberatory environment, the melting process stamtsa water
layer covering the ice starts to build up. Meltisga common evolutionary process of natural hyditeors,
which results in ‘mixed’ hydrometers in the atmosghmicrophysical process. The ‘coated sphere’ in6iiés

used as the key theoretical tool in this study,clwhilescribes the natural hailstone as a multi-lapderical
structure with water as the outmost layer. Theteindhe dry ice is exposed to room air, the thirthermelting
layer is, and the measured RCS becomes closeretahtoretical predicted curves of dry-ice. Our aesle
showed, however, that the water-coating layer playlminant role in the polarimetric scatteringnsimires.
Using Mie-scattering code for coated spheres, weented the RCS (for both VV and HH) of ice sphewxith

different thicknesses of the coated water layehe @xample of Fig.8 (a) shows the simulated RC& wét-ice
sphere (1.5-inch diameter, both HH and VV). A tidos from dry-ice type RCS to a water-like RCS dam
observed as the thickness of the water layer isessaand for a water layer as thin as 0.5 mm, b8 Bf this
coated hydrometer behaved almost like a pure vegtkere. For a larger ice-core diameter, a thiokelting

layer is needed to make the scattering propertbsve like a water sphere. Such an example is shroWwiy.8

(b), where the diameter of the ice core is extertdeglinches. The RCS still tracks the curves gfide for thin
water-coatings, however, larger oscillations arseobed at frequencies higher than 12 GHz. Suchgrhenon

has been verified in the actual measurements tisengcatterometer system.

B. Man-made large icy hydrometeors with differesmpositions

Strictly speaking, emulating the generation andnginoof hailstone-type hydrometeors requires spewiad-
tunnels and other controlled facilities [22]. Howeyvfor studying the scattering properties reldatedhe size,

shape, and materials, man-made spherical hydronseteih basic shapes are sufficient. An interesting



measurement on large man-made ‘super-hail’ wasopadd to see if a hydrometeor can generate strong
scattering. In Fig.9, a dual-polarized RCS of thanrmade hailstone was measured and compared to a
theoretical prediction of the RCS of a perfect agridr sphere with the same diameter. Results shaivthe
RCS does have comparable values to the perfectuctordsphere, however, the two polarizations hareng

differences and frequency variations were observed.

It is evident that natural hailstones generallyndd have ideal spheroid shapes. For any isolgibdre, cross
polarization is minimal, and theoretically zero,t beal-world hailstones exhibit significant crossigrized
signatures. The next experiment observed the qrolssized RCS characteristics for non-sphericalabjects.
Two types of shapes were examined. The first tyb@om-spherical scatterer measured was construsted
natural hail collected after a storm (Fig.7 (aJhe hailstones were .5 to 1.5 inches in diameterewacked into
a spherical mold, and lightly coated with liquidteta The mold was refrozen, so that the result a/&sinch
hail cluster. The second type of hydrometeor whsmisphere of ice made from half filling a mold lwivater
and freezing it. The measurements were takenvatiaty of orientations and the average resultssamvn in
Fig.10.

One can see that the cross polarization RGJ Values for both scatterers are much higher thaasared for
spherical ice, and are similar to the two typeaaispherical scatterers. The cross polarizatio8 Bhe hail-

cluster, on the other hand, has much larger freqpudependent variations than the hemisphere.

3-inch water spheres were constructed using abigerfonam (Fig.6). The backscattering of dry foarasw
indiscernible over noise, and so the wet foam wadeated as being a sphere of solid water. Compasisbthe
water sphere to a wet ice sphere are shown inlRig. Even though the melting process began takifegte
during the measurement, the size of the ice spaselarge and the layer of water thin enough thatite
sphere still followed frequency fluctuations corgdae to dry ice. Note that while the wet ice liEdmonstrated
less reflectivity than the theoretical predictiar firy ice at frequencies less than 10 GHz, thkeetdity was

still 10 dB higher than the water, and exhibitedenbpequency-dependent variations.

C. Measurement of natural hailstones

All the collected natural hail samples of compagasize to ping-pong balls were measured and aver@iza
from different samples and measured at differemntations); the results are discussed in respeatot

polarized measurement, cross-polarized measureamhtjerived polarimetric parameters.

1) Co-polarized scattering signatures and their aage

Fig.12 summarizes the measurement results of desimgdrometer over an 8-12 GHz frequency band (the

artifacts at low and high edges of the frequenaydbare attributed to the low-pass Butterworth fiitg). The

10



average ping-pong ball RCS is between the RCS yfiak and water, while the hailstones show stonger
fluctuations across different polarizations. Itimderesting to note that for the average HH and &(rfves
( ), the hailstone samples closely follow the thdoattcurve of the water sphere. This implies
that for normal-sized hailstones, the simple wafgtere model can be useful in terms of statistearage.

However, the irregular shapes of natural hailsonftice large variations over frequencies.

2) Cross-polarized scattering signatures and thaverage

Theoretically, for spherical hydrometeors. To display the crosisiized signatures of a single
hydrometeor measurement, the co-polarized theateRES curves are still used as references. As show
Fig.13, the averaged |, , and are compared. The average cross-pololarized RESdth
cases is at about -60 dBrevel (which is close to the noise-base), and @senthan 30 dB lower than the co-
polarized RCS, as shown in Fig.13(a). However, Riveg Pong ball has a much lower cross-polarized ,RCS

especially for VH polarization and averaged resassshown in Fig.13(b) and (c).

The measurement results for X-band polarimetri¢tsdag clearly validate that the cross-polarizatRCS is a
good indication of hydrometeor shape. Since theriperfect spherical object in nature, ‘residue’ and
always exist in polarimetric radar measurementsvéi@r, for a man-made hydrometeor with better spaker

shapes, the cross-pol RCS is much smaller and ynaffdcted by the sensor’s noise level.

3) Dual-polarized radar variables

Equations (2)—(4) defined three basic polarimetddar parameters (, ZDR, LDR) for hydrometeor
characterizations. Laboratory measurements ofetlpsgameters for single natural hydrometeors hate n
previously been reported. Based on the dual-pEdriRCS measurement results in the previous ssction
however, the polarimetric radar variables can Istlyeabtained. As mentioned before, is used in place of
because the properties of reflectivity are maidéfined for volume targets, while our studies foaus
scattering characterizations of a single scattétso, the effective dielectric constant of theaater-ice mixed
hydrometeor needs to be accurately determinedatbtte meaningful results, which has been a microphysical

challenge and beyond the scope of this study. Fewemetails about this aspect the reader can t@f{e3].

Fig.14 and Fig.15 depict the ZDR and LDR resultsveel from the dual-polarized RCS measurementsiriga
the selected natural hailstones have an avergeetgarsimilar to a Ping Pong ball (1.5 inches), bade similar
as the water-filled Ping Pong balls (Fig.12). Hea®e as seen in Fig.14 and 15, the averaged haiples
have 4-5 dB higher ZDR and 10-15 dB higher LDR tRamg Pong balls. Also, much stronger ZDR variaiion
hail sample curves can be observed. The ZDR and kIgRatures have such significant differences that

classification algorithm can use them to discrintenaatural hails from man-made hydrometers.

11



VI. CONCLUSION

The dual-polarized radar signatures of both maneret natural hydrometeors over X-band frequeraies
measured using an advanced scatterometer systerspanthl-designed laboratory instruments. Techmidoe
time-frequency domain transformations and gatingeh@duced noise and interference, while facitigpatihe
calibration process. The key polarimetric signaduire this study are the orientation-averaged do&dszed
RCS and the dual-pol variables derived from theraaMirement results are compared with the Mie-stajte
theoretical predictions, while important observasioelated to size, shape, and composition of ydedmeteors

over ultra-broad frequency band are obtained.
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Table 1. System parameters of the scatterometer system.

Frequency coverage

S to Ku band (318

GHz)
Centerpiece Agilent E8364B network
analyzer
Transmit power 20 dBm

Antenna

Dual-polarized horn andl
low-sidelobe range
illumination horns

Polarization

Able to conduct
simultaneous polarizatiof
measurement with
appropriate antenna
configuration

Sensitivity

Better than -110 dBm 4|
6-12 GHz frequency bangl

Measurement control

PC and Ethernet

Waveform

Continuous or pulsed

Control computer
Environmental-controlled
Anechoic chamber

Rotary stage

Tx horn

E8364B

B =HH
|

Instruments 3 G

External
Rx horn
(H/V) Hydrometeors

(natural or man-made)

| Scatterometer system cabinet

Fig. 1. The instrumentation setup for hydrometeor scatjemeasurement.
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Fig. 2. Dual-polarized hydrometeor signatures of ice pingg ball and one hailstone in time-domain. The
ultra-high resolution capability of the scatteroaresystem discriminates the single ice ping-ponly &rd
similar size single hailstone from the backgroufaj.A time-domain screen-shot during the measurgéngbh
Time-domain signature of an iced ping-pong ba)l Aeerage time-domain signature of hailstone sasiple
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Fig. Ihe basic flow of scatterometer calibration fodilgmeteor measurement.

Backscattering Cross Section of Metal Spheres
-10, T T T

12-inch diameter, theoretical

AN
-13- 12-inch diameter, measured 4

6-inch diameter, theoretical

X
6-inch diameter, measured

L L
9.5 10 105 1 115 12
Frequency (GHz)

Fig. 4. Calibration of the scatterometer system at X-baitti precise aluminum spheres. Horizontal polarized
RCS measurement for 6- and 12-inch diameter céidraballs (made of aluminum) at X-band (9-12 GHz).
Vertical calibration result is similar. The measuent results based on this measurement system dlase
agreements with the theoretical predictions.
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Fig. 5. Samplehailstones collected from one severe storm (MagGf82

Fig. 6. Example of two man-made hydrometeors, both haverg shapes (3-inch diameters) and different
materials. The left one is made from microwavedparent foam soaked with water (equivalent to aemwat
sphere), the right one is made from ice.

(b)

Fig .7.(a) Cluster of hailstones and (b) Hemisphere aof ice
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RCS of Wet Ice Spheres

-15

RCS (dBm ?)
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Fig. 8. Mie scattering RCS variation of melting ice sggher respect to the thickness of the melted watgerl
covering the ice core. F is the frequency alydis the thickness of the melted water layer. (ap Bphere

diameter is 1.5 inches. (b) The sphere diamet@iinshes.
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RCS of a large emulated spherical hailstone
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s (dBm?)
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9 9.2
Frequency (GHz)

Fig. 9. Comparing the measured dual-polarized RCS of & largn-made ice sphere (3.8-inch diameter) and
theoretical RCS using a perfect-conductor Mie-seatt) code.
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(b)
Fig. 10. (a) Cross-polarized RCS for hail cluster compacedrt ice sphere of the same diameter. (b)
Hemisphere of ice compared to the same ice sphere.
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Back-Scattering Cross Section for 3-inch Spheres, Horizontal Polarization
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Fig. 11. Comparison of the ., of the ice sphere and water sphere from 8-12 GHheoretical results are
generated using standard values,dér ice and water. Similar results are obtained fp measurements.
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Fig. 12. Hailstone and ping pong ball average co-polariz&5R/s. Mie scattering for ice sphere and water
sphere, (a) HH polarization, (b) VV polarization) Averaged VV and HH polarizations.
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Fig. 13.Hailstone and ping pong ball average cross-poldrR€S vs. Mie scattering for ice sphere and water
sphere (co-pol), (a) HV, (b) VH, (c) Averaged VHIarV.
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Average Differential Reflectivity (ZDR)
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Fig. 14. Hailstone and ping pong ball average Differerfiiaflectivity (ZDR).

Average Linear Depolarization Ratio (LDRvh and LDRhv)

20F |===1 5-inch Hail Stone Average (LDRvh)
== =] 5-inch Hail Stone Average (LDRhv)
—1.5-inch Ping Pong Ball Average (LDRvh)
----- 1.5-inch Ping Pong Ball Average (LDRhv)

=
o
T

Linear Depolarization Ratio (dB)

_50 L L L

9 10
Frequency (GHz)

12

Fig.15Hailstone and ping pong ball average Linear Dejmdéiopn Ratios (LDRy and LDR).
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