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ABSTRACT" 

Observations and calculat~ns of the dep~larl~ation 
\ 

effects due to forward and backward scattering from precipitation 

have been carrled out at 3 GHz. 

The theoretical calculatlons, based on Raylei~h 

3catte~lng theory, of the effects of forward scatterlng from 
~ 

wnt~r elllp30ids suggest that propa~atlon throup,h hpavy rain can 

,ilter the polarizatlon of the transmitted radiation to the extent 

thllt, the polarlzatlon parameters of: thf" backscattered radiation 

ûrp no lonr;er dlrectly related to the backscatter propertles 0 f 

ttJf' pr('clpitation partlcles. The PPI displays of the 

po lar izatlon parameters for a convect ive storm show the presence 

of- ~:;tronp; propagation effects. 

Observations made in widespread precipitation show the 

characteris tics 0 f the polar! zation parameters ln rain and the 

meltlng layer ... The obseryations are consistent with the idea , 
that ralndrops. tend to fall as oblate spheroids witt! a vertical 

minor axis thus forming~an anisotropie p~opagatlon medium. 

Calculations of the effects of"backscattering from 

wat,er ellipsoids ,show the relatlonshll? of the rainfall rate and' 

drop size distribution to the polarization parameters of the 

backscattered radiation. 
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RÉsuMÉ 

Des observations et calculs des effets de 

'dépolarisation due à la prodiffusion et la retrodlffusion de la 

pr~clpitation furent établis à 3 GHz. 

Basés sur la dif"fuslon Raleigh, les calculs théorlques 

des effets de prodiffusion d'ellipsoïde d'eau suggêrent que la 

propa~atlon dans une pluie dense peut altérer la polarisatIOn qe 

la radiation transmise à un tel point que les paramètres de 

polârisation de la radiation rétrodlffusée ne sçnt p~us 

dlrect~ment reliés aux propriétés rétrodlf"f"uses des particules 
1 ~ 

de prée Ip1tatlon. Les présentations PPI des paramêtres de 

polarisation ct 'une temp~te de pluie convective démontrent la 

forte présence des effets de propagation. 

Des observations en précipitation étendue démontrent 

1('3 charactérlstiques des pavamètres de polarisatIon dans la 
r 

pluie et au niveau de fusion. Ces observations sont compatibles 

avec l'idée que les gouttes de pluie tendent à tomber comme des 

sphéroïdes aplatis ayant leur axe mineur dans la vertical, 

formant ainsi un milieu de propagation anisotrope. 

Des calculs des effets de rétrodif"tusion d'ellipsordes~ 

d'eau démont rent la relation entre l' intensi té de la l' 

précipitation et la r~partition des gouttelettes en fonction de 
J 

leurs dimensions, avec les paramètres de polarisation de la 

radiation rétrodiffus~e. 
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Varlou:l p~oplc nnnuclntf'd watt th(' Albf'lrtn Hn'n Studh'n , 

IlflVI' lll'cn involvpd-ln radar ntudleu to dlncrlmlnntc bctwcC'n rnln 

wlLh th\' Ilcqulultlon of a 10Hz polnT'lzntton dlvprn1ty radar 

wlllcll, ln a(ld1tlon to the rf'flf'ctlvtty. 1l11owed tlH' c, T'culnr 

Ikplllar1zIlt1on ratto (CDB), and t.tw ptHlac rJlff(lrf'nc(~ and 

il'f'('latloll tw1-ween t1lP orthop;onal cnmponf'ntn of thp 

hl\(~l\:;t'at.tf'r('d radlution to tH' ntu!11f'd. 

TIlt' fil':.t Invf':1tlp:ll'tlorl of hall (}f'tf'cttOtl wtt.h tllf' 

~l()II\T·I7.atton dlvt.'ralty radnr WIl:1 rcpartf'd hy Barp;f' (11J7?). Hln 

v,l'OI1Tld nh:H\ rvat 1 on:l () f rain and lInll. 

A:l a follow up, t.hl:i Uwnln WfW undertaken ta (h~termlne 

\ r m!~n:;urt'ment:'l twlow the mel tlnp: lev!'l of the phanc nnv,lf' and 
, 

Ctll'l'('lation could nid ln ,<llncrlmlnatlnp; rain from hntl. 'rhe 

alltllor :;pent the ~lummer of 1971 col1ectlnp; polarlzntion data 

w HII H l'anv,e -az 1 mutll p;ated chart r("corde r :~y B tem whlc tl i~nmpl C3 

t ln' baCknc·a().~('~~ ulp;nal from one aclccted area of a storm'" durlnp; 
~ ,l 

,'aeh rotat ion 0 f ,the antenna. The nnalys ls 0 f the dat Il, carrled 

oul dlll'.lnp: thE' wlnter at Mealll, Indicated that the polarlzatlon 

p:tr'amp t<'rn 1 n ques tion were dl fferent ln hall s torms than ln 

~trntlform raln but because of limitations ln the data the resson 

for these dlrrerenccs could'only be guessed at. 
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For the SUJDJDer of 19:12 equIpg»ent developed by the 

National Res~arch Councii enab le:l the phase anp:le and corrf"latlon 

to be displayed on a PPI scope for the first time. This dlsplay 

was a slgnificant aid ln the Interpretation of these two 

parameters. The analysis of these data led to the investigation 

of forwa~d scattering phenomena. 

The following are the original contributions to 

knowledge of this thesls: 

,a) Observations of the rf"flectlvlty. CDR, .phase angle~ and 

correlation tor,ether with theoretical cal~ulatlon3 show 

that propagation through heavy rain can depolarlze a 3 GHz 

circularly polarlzed 'wave. It is shown that this 

propagation effe~t can seriously influence the CDR sO,that 

It i3 no longer representatlve of the ba~kscattered 

propertles of the precipitation partlcles. 

b) It i5 demons'trated that the propagation effect tends 'to 

mask the effects pf non-Rayleigh scatterlng wi th the 

result that the phase angle does"not readl1y dlscrlmlnate 

ratn from hal'1. 

c) For a glven reflectivlty it is found that the averap;e 

correlation measured at 3 GHz ln Alberta is gener&lly 

lover than that mêasured at 16.5 GHz ln Ottawa. ThIs 

average correlation tends to lncrease vl.th the 

reflectlvlty. The correlation below the meltlng level ln 

convective storms or convective cells imbeddêd in 

wldespread precipitation 1s usualÎy greater that 671 

vil -
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Indicatlnv. that a majo'rtty of the sc-attere1"8 havE' similar 
t 

orientations and tbU9 form an anisotropie propa~atlnn 

, medium. 

d) Calculatlons of the COR and rcflrctlvlty for val"lous 
~ 

ralnfall r:ates us!n,,; the drop size ,dIstributIon of 

Marshall and Palmer t19~8) and the size-nhape relatlonshlp 

of Pruppacher and PlttC'r (1971) nup:~(,Bt that the CDR for 

raln han a llmltlng value. Furthcrmorf', these 

('al culnt lunn show that the rf' flec t 1 v lty Ilnd COR ar(> 

~~ensitlve ta dlfferent parts of the drop slze 

distrihution. The drops that contrlbute the mont to the 

COR arr larp:pr than the dropa thnt contributp the mont ta , 

th(> reflectlvlty. 

, 
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CHAPTER l 

THE POLARIZATION PROPERTIES OF ELECTROMAGNETIC RADIATION 

1.1 Ttle Monochromatlc Plane Wave 

The polarizatlon of a monochromatlc plane wave refers 

to the time variation of the electrlc field vector at sorne 

flxed point ln space. In general the electric vector wlll~ove 

periodically around an ellipse called the polarization ellipse 

and the wave ls said to be elliptically polarized. When looklng 

in the direction of propagation If the electrlc vector rotates 

elockw13e the polarlzatlon 13 rlght hand eillptical (RHE) and 

countcrclockwise rotation defines left hand elliptical (LHE). 

In the special case when the ellipse reduces to a straight line 

the wave ls llnearly polarized and when the electrlc vector 

traces ou~ a circle the wave 15 clrcularly polarized. Fig. 1.1 

lilustrates the three types of polarlzatlon. 

The complete polarization properties of the wave are 

speclfled by the shape or axial ratio of the polarization 

ellipse, its orientation, sense 9f rotation, and the maximum 

amplitude of the electric field vector describlng the ellipse. 

Conslder a radar whlch transmits radiation with a known 

state of polarization and suppose that thls radiation Is 

scattered back by a region of precipitation. The backscattered 

rad~ation will generally be eillptically polarlzed and will 

therefore by descrlbed by the backscattered ellipse. Information 

about the 3catterers ls obtalned by comparlng the polarization 1 

properties of the backscattered ellipse to those of the 

- 1 -
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Fig. 1.2 The re1ationship of the orientation of the 
backscattered ellipse to the phase difrere~ce betveen 
the 1eft hand clrcular and right hand clrcular 
components. The top figure represents one Iperiod of 
a right hand elliptically polarized wave p~pagating 
towards the radar (out of the page). • ia the angle 
of the minor axis of the backscatt~d ellipse vith 
respect to the x-axis as viewed tram the r ar. The 
two bottom figures represent the lert hand (circular 
and right hand clrcular componenta wfth thelr phase 
angles at time t:O. 
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main eomponcnt and an orthogonal component and m(,3fiUf'lnl1, the 

amplltudps and relative phases of the se component3~ 
f 

If linear radiation 18 transmitted and the 

backscatlered ellipse Is resolved into orthogonal Ilnear 

compon('nt!l then the main component lies in the saRI(> plane as 

tilt' tr.:m5mltted radiation and the orthogonal component 15 

P('y'pf'ndlcular to thls plane. The ratio of the power of the 

nrthop-onal component to that of the maIn component wIll be call{'d 

the llnear depolarlzation ratIo (LDR) and ls related tü the shape 

of thf' backscattered ellipse. 

If clrcular radiati~n 1~ transmltted then the 

h:lc~~;cattered ellipse can be resolved lnto a rlght hand clrcular 

(fille) component and a lert hand clrcular (LUC) component. In 

thls case the maIn component has a sense of rotatIon opposite to 

that of the transml tted radiat Ion and the orthogonal component 

h33 the saine sense of rotation as the transml tted rad t at Ion. For 

clrcular components the ratio of the power of the orthogonàl 

component to that of the maIn component will be called the 

elrcular depolarlzatlon ratIo (CDR) and ls related to the shape 

of the backscattered ellipse. 

When circular components are used the orientation of 

the mlnor axIs of the backscattered ellipse ls related to half 

the phase dlfference between the RHC and LHC components. From 

Fig. 1.2 it can be seen that 

eH - eL • 
• • 2 + m(2) (ln.l) 
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where • is the angle of orientation measured counterclorkwlse 

from-the x-axis; eH-eL Is th~ phase dlfference between the RHC 
• Tf< <Tf 

and LHC component; m i3 an integer chosen so that - 2 - ~ - 2 . 
ft 

1.2 The Polarizatlon Propertles of a Quasi-Monochromatic Plane 
Wave 

Sa far only monochromatie radiation has been 

con~idered. T41is type of radiation 1s always polarized whlch 

mean" that at each point ln spaee the electrie vector moves 

p0rtodtcally around an elltp::;e. At the other extreme l'r, 

unpolarlzed radiation where the electrlc vector moyen 

1 r'rep;ularly. To avoid confusion, 1t should be noted at thls 

po tilt that the term dep'.:Jar 1 zat Ion re fers to a change ln the 

polarlzation "tate of a wave as a consequence of propa~atlon, 

:;eattprlnp;, or any other interaction wilh matter. The wave, 

lltlwever, remai ns po lar1 zed. rrhuG the term::J dcpo larized and 

unpu l~lri zetl re fcr to two di fferent wave propertics. 

1't)e radiation backscattered from precipl tation 13 

u::Jually quasi-monochromatlc. This means that the radiation 

containG more than one frequency bu,t the departures from the 

mean frequency f are small. The varlous frequeneles are a result 

of Doppler 3hlft3 due ta the movement of the precipitation 

partlclc.3. In this case the movement of the electric vector Is 

neither completely regular, nor completely lrregular and the 

radlatio~ i3 said to be partlally polarized. , 

At sorne point ln .the wave field let the two orthogonal 

components of the backscattered ellipse be 

- 3 -
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" E.(t) • Sl(t) ej[2,~t-~1(t)] 

E
2
(t) • al(t) ej[2wrt-~2(t)] 

(l,_ 2) 

(1. 3) 

whcrc t ls the tlme; r ls the mean frequency; al(t) and al(t) 

arc thf' ampli tudes; '~l (t) and. $2 (t) are the phases _ "For a 
i 

monochromatic Wllve al, a2, ~I, and $% would be constants and 

for a quasl-monochromatlc wave these quantlties nre tlme 

depcnden t but the changes are re lat 1 va ly small in any Ume 
1 

Illtervlll thnt 18 small compared to the InversC' of the spectral 

wldth Ar. 
'. The po1arlistlorl properties of a quasl-monochromatlc 

wavp clln be determlned by uslng the coherency matrix Introduced 

by Wolf (19?4). The cotwrency, matr!x J 18 deflned as 

J • [ <E1E~> <EIE~>] 
(1. 4) 

<E%E~> ,'<EIE!> 
1 

whe re the bent b l'acke ts denote time average; the as terlsks 

denote the complex conJu~ate. Substitutlng equatlons 1.2 and 

1.3 into the coherency ~atrlx y le Ids 

[ <à 1 " <ala.ej(:'-~l )'] 
'J • 

, < a l a 2 e - J. $ 2 - ~ l ) > 
(1. 5) 

, 

. <a2 > 

. 
1 r Rile and LUC components are used then uslng the notat 1Gn of 

McCormlck (1968)r the matrlx elements will be wrltten as 

" 

(1. 6) 

where WI, W2, WJ , and W .. will-'be called the observables_ The 

diagonal elements of the coherency mâtrlx, W. and W2, ~epresent 
. '. 

the.lntensitles of 'thé two orthogonal clrcular components and 



the no~-diagonal ele~nt8. W,+JW, and express the 

correlation between the two ca.ponent Wolf (1959) derlves 
) 

a complex correlation f~ctor p such that 

The absolute value, Ipl ls a .easure of the desree of correlation 

betveen the tvo co~onent8 and '. ls the effective phase 

dlfference betveen the •• 

If E.(t) ls the orthogonal /clrcular component and 

E2 (t) 18 the maIn clrcular component then the clrcular 

depolarlzatlon ratle 18 

CDR • ~ (1. 8) 

Havlng deterained the coherency matrlx for the 

backscattered radiation the next step 18 to relate the 

observables to propertles of the scatterlng partlcles. ThIs 

problem vill be dlscussed ln Chapter III. 

- 5 -
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CHAPTER II 

A REVIEW OF POLARIZATION STUDIES OF PRECIPITATION 

The polarization properties of non-spheric~l 
• 

precipitation particles were first given theoretical 
.. 

consideration by Kerker and Hitschfeld (1950); Atlas, Kerker, 

and Hitschfeld (1953); Labrum (1952); and later by Shuplatskii 

(1959);. and Oershenzon and Shupiatskil (1961). The basls of 

these studies was Gans' extension of Raylelgh's scatterlng theory 

to ellipsoids (Gans, 1912). Results indicated the possibllities 

of determinlng the type of precipitation that the radar was 

detecting by measuring the po1arizatlon properties of the 
. C 

backscattered radiation. 

Experimental procedures for measuring these 

polarlzation properties have been discussed by Newell et al. 

(1955), Marshall and Gordon (1951), and Shupiatskii and Morgunov 

(1963). ~cCormick (1968) described an antenna capable of 

slmultaneous measurement of the main and orthogonal components 

of the backscattered radiation. 

Early measurements of the po1arization propertiea of 
• 

radiation backscattered by precipitation were reported by Browne 

and Robinson (1952), Hunter (1954), Wexler (1955), and Nevel1 

et al. (1955). These investigations were involved with the 

measurement of the LDRs and cancellation ratios 2 of radiation 

2 The cance1lation ratl0 18 the ratio of/the' power of the 
orthogonal back8cattered component when clrcular polarization is 
transmitted to that of the main backscattered component when 
llnear polarlzatlon ls tran8~tted. 

- 6 -
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backscnttered from raln, snow, and the meltin~ layer 30 th~t 

information about the shape of the backscattered ellipse was 

obtained. The depolarlzatlons measured from snow were larger 

than predicted iJy Altas, Kerker, and Hltschfeld (953) who 

calculated negligible values for snow particles of low density. 

Polarization observations of thunderstorms which 

pr'oduccù hail have been reported by Newe Il et al. (1957) and 

Ppter (1966). A comparison shows the results to be contradictory 

:;U'~i,:c:;tlnp: that measurements of the COij or LOR were not 

3uffIrIent to unIquely dlscriminate betwecn hall and rain with 

11 radar. Barp;e (1972) combined measurements of the reflectivlty 

factor (Ze) and ttle CDR anù compared these values with ground 

ut) ;,e rval Ions of precipi tat ion. l t was found that th(' combinat ion 

wa~ more effective in dlstlnp;ulshing hail than either quantlty 

t<1ken <110ne. 

Observations of polarization parameters Includln~ the 

pha:>e angle and correlation between the main and orthogonal 

components at 16.5 GHz have been reported by McCormick and Hendry 

(1910, 1912). n)ey have found that for rain the CDR Increases 

U:, Ze increaDes; for reflecti vitles greater than 30 dBz the 

'correlation ls around 80S, and the phase angle in rain suggests 

that the drops fall wlth thelr minor axis vertical. Barge (1972) 
~ 

also found that at 2.88 GHz the COR increases with Ze. 

P~opagatlon effects have prlmarlly been the concern of 

people in communications. As radiation passes through' a reglon· 

of precipitation comprlsed of non-spherical drops wlth a 

preferred orientation the polarization may be altered. 

- 7 -
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Theoretlcal con:3l.d.erat~s pl"oolem have been reported by 

Oj~uch t (1 ~H)O. IIJ61~, 1966). Ile calculated the forward and 

backwarcl 3cat terlnp; amplitudes at 19.3 and 14.8 GHz for 

nOrl-~)pherlcal ralndrops whlch were not ~~mal1 witt! respect to the 

wavelpngth~ Watson and Arbabl (1973) calculated the ùlfferentla1 

uttcnuatlon anù dlfferentlal phase 3111 ft, between tlol'lzontally 

polarlzed radiation and vertlcally po1arlzed radiation for 

fr'l'qlH'IlC les bet,ween 3 and 36 GHz for varlou3 raln fa 11 r;It,(':,. 

'l'tH'lr rnt'anurcment:; were carrlcd out at 11 GHz. At tht' fk'll 

Labor'atorlc3, Morrlson, Crosn, and Chu (1973) have performl'd 

~alculatlonn glmllar to Oguchl's and obtained the dlffrrent1al 

;}tt(,l~uation and'phase ~,lilft nt 4, 18.1 and 30 GHz. 'l'he y 

.;UV.f,:(':;ted that thC' diffcrpntlal phas!" shi ft 'ln heavy raln c()uld 

inducp depolarlzation of an clectromap:net1C' wave at ~ (;Hz. 

l'r'\lp~wa t lon e rfeets Inducf'd hy pree Ipi tat ion ut lb. ~ and 2.88 GHz 

have bcpn rcpot'ted by McCormlck f't al. (197?). 'l'he ob:>crvatl(>n:, 

tndlcat('d that nt 16.5 GHz tllf're wa::; n slp;nlf1eant propaf':at1ün 

l'ff('('t dup to rain. The observation of a propagation cffect at 

2.88 GHz was attributed to the existence of hall in the 

propa~ation path. 

"The extent that raln may cause depolarizatlon of an 

clcctroma~netlc wave at 3 GHz has not been thoroughly 

Investlgated. Nor has there been signiflcant observational 

evldence to show that a propagation effect due to rain has been 

observed at this frequency. Po1arization observations at 3 GHz 

continue to be Investigated as a means to distinguish between 

- 8 .. 
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rain and hail with a radar. Since caused by 

propagation through rain could ~gnlflcantl influence the 

intèrpretatlon of the data,~the exeent to whlch rain aan induce' 

a propagation effect __ at 3 GHz 15 a problem of prime importance. 
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CHAPTER III 

THE SCATTERING PROBLEM 

In this chapter/the observables discussed in 

Chapter l will be related to the propagation of a wave from the 

radar to the 'target;, scatte'rlng ftom the target; and propagation 
, . 

back to the radar. These relationphips will be ~ade py using 
..: 

, / 

the scattering maxrix whosé e1ements are determlned by the 

properties" of the scatterlng parti~le. Ray~eigh scatterlng 
\ 

theory is used to obtain the scatterlng matrfx elements for 
...." , 

el~ipsoidal targets. Many of the gevelopments in this chapter 

follow the work of McCormlck (~68), Barge (1912), and the 

theories set forth in Van'de.Hulst (1951). • 
"-3.1 Components and Coordinate Systems 

, 
Considèr a radar transmittlng radiation of arbitrary 

.elliptlcal polarization that ls scattered by a precipitation 

parti~1e. The transmitted elliptièal wave can be resolved into 

components along the x and y axes" of a basIc xyz coordinate 
, 

system. In this basic coordlnate system the z-axls i5 along the 
~ 

direc%lon of propagation pointing away from the radar, the y-axi~ 
). 

15 along the horizontal, and the x-axis is orthogonal to bath. 

T~e wave may then be written as 

~+ • Ex.i • Ey+' (3.1) 

. wbere i and y are unit vectors ln the d1rection oC the axes; the 
< 

plUS sign 1ndicates propagation away from the radar. If c1rcular 

10 -
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compo~ents are conaldered then 

E+ - ER+R+ + EL+~+ (~.2) 

where R+ and L+ are unit vectors' for RHC and LHe polarlzatlon 

travelling away from the radar. The l'elatlonshlp between the 

uni t vectoJ'ofJ for clrcular and 11neal' polarlzatlons ia discussed 
, 

ln Crispin and ::a e ge l (1968 J • pp. 49-58) with the result 

[~:] • -h.. [~ -~l [~]. ur;] ( 3 . 3 ) 
/2 

". 

where j-r-ï ~. The components are then related by 

[~R+ ] . 1 [1 
EL+ • 12 l -~](:;:l · U· [Ex+ 1 

Ey+ 
(3.4) 

01' 

[~;;) . 1. [~j 1WR+) . T [ER+] (3.5) , 
j EL+ U E /2- . L+ 

where the asterisk denotes the complex conjugate and~the T 

dcnotcn the transpose. 

To preserve the sense of rotation, as deflned ln 

Cllapter l J for transmitted and backacattered radiatloh the 

re lat.i onnhlp between the~ backscat te l'ed l1near' and circulaI" 

components 18 +' 

[:~=) 1 [~ -~] [:;=) ~ u (:;=1' .-
ff 

(3.6) 

or 
,{ 

~ ~~ -.. ~ -
(~=l (1 1] [&R-) . U1T[ER-] • .....L 

ff 
j -j E

L
_ E

L
_ 

where the m1nus sign 1ndicates propagation towards the radar. 
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Fig. '9.1 Orientation of the symmetry axes of an 
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3.2 Propagation Between the Radar and Scatterer 

In an isotropie propagation medium the x and y 

components of the transmitted wave at a distance r trom the 

radar May be written as 

A 
Ex+ -~ ; eJ(-kor+wt-+x ) 

E :: ~ J (-kor+wt-+ ) 
y+ r e y 

(3.8) 

Î 

where, ko 15 the propagation constant of the med1um; w 15 the 

angular rrequenèy; .x and .y are 'phases. 

A region of precipl tation composed of elllpsolda1 

partieles with a preferred orIentation conati tutes an anisotropie 

propagation medium. This anisotropy ~an be speclfled oy 

propagation constants k' and k" 80 that the components along a , 

new set oC axes XI 'and Ylt whl.ch are the symmetry axes of the 

anisotropy, may be wrltten "as 

E x.+ 
• AXl J(-ktr+wt-t ) 

r e x. (3.10) 

(3.11) 

Retainlng only the range dep~ndent terms the components at the 

seatterer are expressed in terms of the Ir valuea at the radar oy 

!.[e-Jk
'
r -~k·rl[Ex'+l \. .-

r 0 e E + 
y 'radar 

(3.12) 

If the xa-axis oC the X1Y.Z' coordlnate system makes an 

~ngle t vith respe~ to the x-axis of the basic xyz cool'dinate 
ry 

system, as ln F1g. 3.1, then the. components ln each system are 

related by the rottltlon 

- 12 -
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( 3.13) 

or 

[EXl+] . [COST -SlnT] [Ex+] _ Ri[Ex+] 
E + sInT C06T E + E + 

Yl Y Y 
( 3.14 ) 

Therefore the components at the scatterer ln the 
~ 

xyz coordlnate system are 

(E x+] R 1[e-
Jk1r 

\E • Ir 0 
Y!catterer 

(3.15) 

When clrcular components are uaed eQuatlona (3.4) and 

(1.,) must be applied to equatlon (3.15) with the result 

[ER+] . UIR !..[e-Jk
'
r ~~k"r]~tf'[ER+] 

E 1 r 0 e. EL+ 
L~catterer radar 

( 3.16) 

wlilch upon expansion becomes 

[ER+] 1 e-Jkr ( l 
. • - J (X+2t) EL+ r 11- ( peJ X ) z pe 

scatterer 

peJ( X-
2T

)] [ER+] 
1 E (3.17) 

L~adar 

where 

k'+k" 
k - 2 (3.18) 

Equatl,:>n (3.17) can be rewrltten as 

[
ER+] • e -J kr p [ER+] 
EL+ r EL+ 

scatterer radar 

(3.19) 

J 

wlth P referred to as the propagation matrlx. 

For a wave travelling. from the target ta the radar 

T appears to change sign 80 that for radiation orlg1natlng at 

the target-the field in clrcular components at the radar ls 

- 13 -
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Fig. 3.2 

" 

• 
Xa X 

~~-~----.-y 

Ref."'" 
Axis 

/ 

~--~~----------z 

\ ' 

The coordinate sY8tems deflnlng the orientation 
of thEi 5catterer. The top figure relates the 
X,Yaz coordlnate system ta the basic xyz 
coordlnate system. The bottom figure relatei 
the reference ax18 of the scatterer to the 
xaYaz coord1nate system. The rererence &«18 
lies ln the XaZ plane. 

, . . , 



cD 

• 

( ~:H-] • 
I.~­

radar 

-Jkr p 

r 

, 
(3.20 ) 

3.3 Scatterln~ ~rom the Tarr,et , 

A re ference axis. say an altln or nynunetry, May be , 

attachrd to thp ~catterln~ partlcle and an xaYaz coordlnnte 

:;y~;tcm deflncd 50 that thl!l axis l1e3 ln thf' X2Z pInne and makcA 

an :tnv.k 6 witt. the z-axl:\. nu~ xa-axis 1:; lncllned at 1\n anp:le 

After resolvin~ th(' lncldpnt and r.cattert"d wave tnto 

eompnupnt:J alonp: the X2 and Y2 axen a 8catterlnp: matrlx 13 

(i.21) 

where lhe SlJ are clementn of the sca~tPrlnl1. matrlx whlch ,,111 

h(' dlaeu:J3ecl 1 n Sect Ion 3.1 and where 1 twill he shown that for 

The components ln the xaYzz' coordlnate nyntem are , , 
re lal('d to the components ln the ltYz coordlnate system by the 

rotatIon 

( r;F~yX] . (cosa 31na](Exa ]_ (Exa] 
_ -31no cosa E Ra E 

# Ya Ya 
( 3.22) 

or 

[EX a) _ (C030 -31na) (Ex) . R~(Exl 
Ey 31no cosa E 2 E 

a y y 
'(3.23) 



The scatterlng equatlon (3.21) can now be wrltten as 

Ta obtaln the result of scatterlng wlth circular 

components equa~lons (3.5) and (3.6) are applled to equatlan 

(3.24) ta yield 

[::~] . [
Sil su] T T[ER_] 

URt S S R1U E 
12 22 L-

scatterer 

wIll C'll upon e xpans ion be cornes 

[ 
l': R _] • S \ l + S a a [v + 
E 2 l L-scatteN"r 

wltll 

i • ( Sil -s a 1 + 2 J S li ) 
V Sll+S22 

±2J (J e 

Bcatterer 

± 
The ~;('attering term v can alno be wrltten a~; .. 

(3.25) 

(1.26 ) 

(3.27 ) 

wher'e 6 ± 13 the :3 catte rIng dl fferen t laI phase shi ft. f<'or 

symmctrlc particles S12-0 and therefore 6+ 8 6_ 80 that 

(3.29 ) 

3.4 The Rece 1 ved Signals 

.Expressions have now been obtalned that descrlbe the 

, efrects on t.he transml tted radiation as 1 t travels to the target, 

scatters from the target, and travels back to the radar. The net 

result of these interactions i8 obtained by combinlng equations 

- 1.5 -
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(3.19), (3.20) and (3.26) to yleld 

e-
2jkr 

T[V+ v=]p[EE"R+] (S 11 +522 ) P 1 
2r 2 L+ radar 

(3.30) 

whpre terms involving the propagation factor to higher than the 

fi r:~t order have been dropped. This is based on the assumption 

tllat p«l whlch 13 vaUd on1y as long as propagation effeets do 

n0t dnmlnate ncatterlng effects. 

If clrcularly polarlzed radiation of unit amplitude Is 

t raflGml t ted then from t 'll1at ion (3. 31) the orthop;onal eomponent, 

nt tlH' radar, of the radiation baekscattered by a single partiele 

13 

E1
1

- e-2Jkrl (Slli+S2Ii)[vleJ(6i1201)+2peJ(Xi2T)] 
21" 2 

i 

(3.32) 

where the upper plus sign refers to transmission of RHC . 

'~p01arlzatlnn and the lower minus sign to transmission of LHC 

polartzatlon; the 1 identifies the scattering partiele. The 

matn component i5, 

e -2jkr1 
E21 • (5111+S221) 

21" 2 
1 

(3.33) 

For an ensemble of N seatterera the orthogO~and main 

components recelved at the radar are 

(3.34) 

where alngle 8catter~ng là asaumed. 
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., 3. '-, The Observab le:; 

Jlavlnl~ obtalned expre~~:;,On!l for the main and ortho~nal 

clrcular components of the backscattered radiation it ln now 

possible to rind expressions for the observables VI, Wt, Ws and 

WIIt' Inlroduced ln (1.6) .. 

The maIn backscattered power, VI, ls obtalned by taklng 

the tllll€" average of El Er 50 that 

j"" I.et tinp; 

2r 2 
1 

( 3.35) 

(3.36) 

and assumlng the scatterers to be dlstrlbuted randomly in space 

then the products of phase terms BIBt. wlth l~t. average to 

zèro. Therefore equatlon (3.35) becomes 

W2 · <rIBl" IS.ll+S221 ,2
> 

1 

Applylng the same arguments to the orthogonal 

backscattered power, VI' ylelds 

• WI • <E1EI> 

• <tIBI" IS 1I
1

+Siz
1
I Z IveJ(61±201)+2peJ(xt2T)r'> 

1 

(3.31) 

(3.38) 

Instead or worklng with W,+JWIIt-<E1E~> it 18 convenient 

to conslder the expression 

• 
<r 1 B11' 

1 , 
<flBlll JSlll+Sa~lla> 

- 17 -
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McCormick (1968) has ~uggested a model where the 

fraction Pa of the soatterers have Mean Gcattering parameters 

v. ~, and orientation a. The fraction 1-Pa are randomly 
, 

oriented and thuG make a null contrIbution to the term contalning 

e!J2a. Equation (3.39) then reduces to 

W,+JW ... PaveJ (6t2ci') + 2peJ<Xi2t) 
Wz 

Recall equatlon (1.7) 

J t W +JW P • Ipl e • J" 
.'WlWï 

(3.40) 
..J 

where 1 p 1 ls a measure of the degree of correlation and t 18 

the effective' phase differenee between the main ànd orthogonal 

component s . It can be 3f>en that the e rfeeti ve phase difference 

13 f!:lven by 

tan t • W .. W. 

and in an isotropie medium 

For ellipsoidal Rayleigh seatterers 6~O 50 that 

t • arctan ~ - t20 W, 

(3.41) 

(3.42) 

(3.43) 

which states that the orientation of the backscattered ellipse 

i5 the same as the orientation or the eontributing scatterers. 

This 1s not true in an anisotropie medium where propagation 

e ffects become important. 

18 -
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The CDR 18 glven by 

<EIBlI2IS111+S22112IveJ(6t±2at)+2peJ(xt2T)II> 
1 

The correlation ls 
1 1 

1 (
w z+w 2)2 (w.z+w ... z)(~)lr pl. 1 .. • ! ~ 

W1W2 W2 1 
(3.45) 

1~erefore, combinln~ equatlons (1.40) and (3.44) wlth (3.~5) 

yleldn 

1 P' · 
IPaveJ(6t2a)+2peJ(xt2T)1 

(IveJC6t2a)+2peJ(xt2T)lz}t 

whlch in an isotropie mvdlum reduces ta 

1 pl· 
, - J(6t2a)1 

Pa \le 

( 1 veJ (~ ± 20) , 2 ) t 

.. 

(3.46) 

(3.47) 

Thin :llloWG that the correlation 13 a measure of the fractIon of 

:;cattererg with II preferred orientation. In general IpISPa . 

As the propap:atlon term, 2peJ (X t2a ), begln3 to dom1nate the 

J(6t2a) ( 
~}cllttprlnp; term, \le , the correlation will Increase and 

1 n t he li mit approach uni ty • 

) 

The observables have now been related to the effect Dt 
. 

~;eatterlng and the influence ,of an anisotropie propagation 

m~dlum. The scattering effect i3 descrlbed by the scatterlng , 

matr1x elements. The propaga·tlon effect wlll now be treated as 

a forward scattering probiem and related to the 8catterlng 

matrlx elements. 

- 19 -
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of water drops forming an anisotropie 
medium. The top figure relates thé 
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3.6 Forward Scattering and Propagation 

Let a single water drop shaped like an oblate sphero1d 

be oriented so that in an XIYIZ coordlnate system its symmetry 

axis Iles in the XIZ plane as in Fig. 3.3. Conslder an incident 

plane wave of unit amplltude llnearly polarized in the Xl 

direction. This wave may be written as 

Eo .. e- jkoz 

wllere ko ls the propagation constant of the medium; th~ time 

dependent term has been omltted. 

On the z-axis at a distance r from the particle the 
.' 

spherical scattered wave 15 of the form 

311(8) e- jkor 
E_ = = 

~j • r 
SI1(8) e-jko(r-z)Eo 

r (3.49) 

where Sll(8) i3 the scattering amplitude (an element of the 

~cattering matrlx); a-o o for forward scat~er~ng and 0-180° for , 

backscattering. 

In the forward direction the resultant field is the 

surn of the scattered field plus the incident field 50 that 

ER • Es+Eo • Eo(1+S1~(O) e-jko~r-z») (3.50) 

Now conslder a plane parallel slab of depth t 

contalning Many Identical drops wlth Identical orientations. 

At sorne point P where Op·z the resultànt field i3 

ER • Eo[l+SII(OlIe-Jk;(r-Zl] (3.51) 

where the sum 15 carrled over aIl N drops in a uni t volume • 

Fig. 3.4 shows the geometry of the situation. For z 
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~fiClentlY)laree r~Z+(X12+Y12)/2z and r-Z~(X12+Y12)/2r 30 that' 

~q~atlon (3.~1) becomes , 

/ 1 ( 2 2] \ , _ J k x ~ +y 1 ) 

~R • Eo 1+S11(O)Ee Or r .. 0.52) 

If N 15 lar~e tb~,summatlon May be replaced by INdx,dy,dz to yleLd , 

(3.53 ) 

The slab of drops can be replaéed with a homogeneQu8, 

materlal wlth complex refractlve index rn-k'/ka 0 The field wlth 

the slab ln place ls 

-jk'l 
ER .. e 

and with 1t removed 

Eo = e-jkol 

(3. 5~ ) 

(3.55 ) 

Therefore, the presence of the medium decreases the field by 

E R 
- = 
Eo 

(3.56) 

wh1ch for m close to unlty reduces to 

Comparing equation~ (3.53) and (3.57) 1t can be seen 

that 
(3.58 ) 

or in terms of the propagation constant 

kt = k~+Sll(O)2nNk~1 
, l , 

In general Sil (0) will be complex so that k -kr-J~.1' The real 

part determines the phase lag of the wave travelling through the 

medium. In a distance 1 the phase changes by 
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, de~~l'eeu • (3.60) 
\.) 

'('he Imnp;1nllry pa~t ùetcrmlne3 the attenuntlan of the wave ln 

ttw medium. ln a dista.nce l tho 1ntens! ty decreaaea by 

Al • 8.686kjl dB (3.61) 

-Par n pinne wave of arbltral'y polarlzatlon, l'eaolved 

1/11,0 li neur' componpntn in the x 1 and y 1 di rect lonn, \.tH' re lnt10n 

Ilt'twt'('n the tne IdNlt and oent tf'l'cd wnvc in p;! ven by ('qunt t on 

(Ln). lt w1l1 he shown ln SectIon (3.7) that ln tilt· cnae of 

[
1\1+] .' [SlI(O) 0] [I!:Xl+] 
E 0 S22(O) E 
Yl~ftel' Y1tefore 

a e fi t. t e 1'(' r Ilcatterel' 
~ 

Ir th!"' Idf>lltlcnlly orlt'nted dropn have fi drop alze dtutrtbutIon, 

t.1l1'n th(~ propnp:nt ton constant~l for the components of the fteld 

(11()n~~ the XI and YI axea arc 

k' • k +?1T 
o ko !S • .(O)N(O) dD CL63) 

k" • k +?1T 
o ko !S22(O)N(fl) tlD ( 1. 6~ ) 

wtwr'e N(U) <iD 1:3 the number of dropa pel' unit volume. with 

dtameter between D and D+dD. 

, " Except for 3pherlcal drops, k ~k and the component ., 
ln ttlC Xl dlrection will attenuate and change phase at a rate 

f 

dlfferent from the component ln the YI dlrectldn. The 

dlfferential attenuatlon ln a path length l la 
fi , 

AA • 8.686t(k j -kJ ) dB (3.65) 

und the dlfferentlal phase ahlft 15 

A+ • 1:0 (k;-k~) degrees. (3.66) 
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Recalling the expression for the propagation term 

peJx • tanh[j(k";k')r) (3.67) 

and substltuting equatlona (3.65) and (3.66) into this 

expression ylelda 

pe Jx • tanh[O.0515àA+J36oàtJ (3.68) 

3.7 The Scatterlng Matrix Elements 

The development ln thls aeation followa that of 

Atlas et al. (1953) and Van de Hu1st (1951, ch. 6). 

Conslder an arbltrarily orlented water drop shaped 

IJke an ellipsoid. A coordlnate system (nI, n2, n,) 15 set up 

along the body axes of the drop as ln Fig. 3.5. Resolving an 

incident wave into components along the body axes results ln , 

(3.69) 
" " ,.. where ni, n2, n, are unit vectors ln the direction of the axes. 

This incident wave sets up a dipole moment in the drop 

(3.70) 

where al, (12, Cl, are the polarizabllities of the drop along the 

body axes. In rnatrix form equatlon (3.70) Is 

1 ~ ~ ] · 1 ~ 1 ~ 2 g l [i ~ !] 
p, 0 0 a, E.+ 

(3.71) 

At sorne distance r the scattered wave, according to 

Van de Hulst (1951, p. 64), is 

[!::] . (3.72) 
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and substittiting equation (3.71) into (3.72) ylelds 

[El_) 1 e-
Jkor t l 0 ° Wl+] Ez_ • ko r 0 al o EI+ (3.73) 

E,_ 0 0 a, E,+ 
( 

The nln2n, coordinate system can be related to the 
. 

X2Y2Z coordinate system by the orthogonal transformation 

(3.74) 

>~ 
whpre c

1X 
ls the direction cosine of the nI-axis wlth respect 

. 
to the x2-axls etc. In terms of the components of the e1ectrlc 

field the re1ationship is 

li;] · c [i~~] (3.75) 

Rewritin~ equatlon (3.73) ln terms of the components 

ln the X2YZZ coordlnate system ylelds 

[ ~X2 -i y2-
o 

( 3.76) 

where E -0 since propagation 15 along the z-axls. For spheroldal 
Z 

scatterers wlth nI along the symmetry axIs al-a., and equatlon 

( 3.76) becomes 

New the X2YIZ coordlnate system was prevlouslY deflned 

so that the symmetry ax1s, n., )les ln the XIZ plane and makes 

an angle B wlth the z-ax1s. Thus ,C lx-s1n8 and c
lY 

-0 50 that 

[:x.-] • ko 2 
e-jkor [(al-al)8inlB+a. 0] (EXI+] 

(3.78) r o al Eya+ y2-
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This deCines the scattering matrix with elements 

S" - ko
2 [(01-01)sinzS+ol] 

'. 

(3.19) 

The X2Y2Z coordinate system is related to the basic 

xYZ coordlnate system by the rotation defined in equation 

(3.22) 50 that for a spheroidal scatterer with 8=90 0 

RT x+ OllE 1 kolol 1 E + 
Yscatterer 

The po1arizabi1ities al, Oz are given by 

v ... L + 1 1 lE 1,2 4 .. 0 1 1 ml-l 

O.80~ 

( 3.81) 

where V 15 the volume o~. the drop; ml is the dlelectrlc constant Il 

of t~e drop. For oblate spheroids 

by Van de Hulst (1957, p. 71) as 

l+f l 1 LI = -- [l--f arctan f] f2 

LI _ (l-La> 
2 

the shape factor LI ls glven 

(3.82 ) 

where a 15 the length of the symmetry axIs and b is the axIs 

perpendlcu1ar to a. 

3.8 SUlDDlary 

In thls chapter it has been shown that radIatIon, 

transmitted by a radar and scattered back to 1t by preclpitation 

partlcles, 15 1nf1uenced by the propagation medlum and by 

sc~ttering rrom the particles •. The ooservables VI, VI, V, and 
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W_ were related to the propar,at1on and scatterlng effects. The 

observables can be man1pulated to obtain information about the 

shape-CDR, orientation-a, and the fraction of scatterers w1th a 

preferred orlentat1on-lpl. The Bcatterlng and propagation 

effec~s were related to the scatter1ng matr1x elemen~s wh1ch 

were related to the polar1zab111t1es of the part1cles. 

• 
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CHAPTER IV 

THE RADAR FACIL~TIES 

~.l The Alberta Hall Studles Radar 

AlI the data ror tht.{1 thesls were obtalned wlth the 

Alb~rta Hall Studles radar. l ThIs radar ls equlpped with a 

variable polarlzatlon antenna and a dual channel receivin~ 

5y:.tem. The antenna 13 capable of transmittlng eillptically 

polarlzcd radiatIon of any chosen axial ratio and orientation. 
~ 

TIle r~celv~d radiation Is resolved by the antenna system into 

it:. maIn and orthogonal cOlllponentn. A complete description of 

the antenna 13 ~lven by Allan ct al. (1967) an" by McCormick 

(1968). A block dla~ram of the antenna microwsve circuit ls 

3hown ln Pige 4.1. The hybrid circuits and the power divider , 

dctermlne the shape and sensc of rotation or the transmltted 

ellIpsE:'. the phase shirtcr determln~s the orientation or the 

transmltted ellipse. Normally the phase shlfter la set to 0° 

and ttJ(~ microwave circuIt la set to transmit LHC polarlzation. 

nie recelved radIation 13 then resolved lnto RHC (main) and 

LHe (orthogonal) component3. These components go into separate 

1 peak power 
pulse duratlon 
PRP 
rrequency 
beaa wldth 
antenna gaIn 
antenna rotation rate 
elevatlon prograa 

27 

250 kw 
1. 75 .. sec 
480 sec- I 

2.88 GHz 
1.150 (aIl planes) 
'3.2 dB (at pedestal) 
8 RP" 
sp1ral scan: Increases at 
.1330 sec- I to 80 or 2.0 0 wlth 
l.aedlate return to OO--compl@te 
cycle time 1.5 or 3 min. 

, 
14 

'3 1_ 
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b. 

arf' 1()f~i\rlthmlcnl1y ampllfl('d and thf' p('nk ntp:nal in cach 0.7 

mile rnnp;e Intervnl ln detf'ctecl and retalned. The peak detected 

matn ~11~nal ln next pa~sed throup;h A threshold ampll'rter anct 
, 

eOllvprteù to a p;rey Rhaded dlgplny. 'rhf're are flve levt'"13 of 

p,rey :\hTlùe corr<,spondlnp; tü 10 dR lncrementn ln the main r.lp:nal. 

'Ill(' darkeat shad(' corr(>:3ponda lo powern betwepn -!JO ln -80 rlBm 

and t 11(> brtllhtf'ot nlHHic correr.ror~dn ta powern tH'twcpn -~O tn 

_IIU dHrn. 

To olltaln a ùlap1ny of the' f:DH thf' pNlk df't('('!t.t'd maln 

dl;;pl.'ly. TtH'rc are flve lcvpln of p;rf."y ~tJade, fOllr of whlch 

'l'tif' ottlPl' p:l'ey ntla(jf." repreaent:::; CDHn 1(':1:; ttwn -2r-) etH. 1\ p;ntc 

PTl!lUl'l':; that thp CDH 13 not dl:::;played when the orthop:onal 3t.~.nal 

1:. l (':;:\ th an r('ce 1 ver no l:3e . Roth the mal n power and the eUH 

W,'f',· dt:;p1nY('d on PPI ncope:J whlch Wf'r(' contlnuounly pholop,raphf:'d 

witt) ~I) mm Cam('l'an. The acop<'f; werc monltorpd wlth Polarotd 

l~:tml'ra:~ to mllintatn a connlstent lew'l of brt.p;htn(>~'W. A 

df':'\crlptlon of the recelver system and calibration procedures 

\:~ ~~lvf>n by Bar~e (1912). 

It .2 'l'he Cllart Recorder System 

Untl1 the summer of 1972 only the main powe,r and the 

CDR were dlsplayed on PPI scopes. To obtaln the phase and 

- 28 '-
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t 
correlation informatlon a chart recoTder system'was used. A 

block diagram of this system 18 shown ln Fig. ~.3. 

~le signaIs from the preampllfiers flrst go through 

Gtep attenuators tnto 11near amplifiera. The attenuators ap 

w('llttt:''ln an automatic gain control prevent the llnear amplifier 

from reach 1 np; sut urat Ion. The output from th 18 ~ tap:e p;oes 

ttlT'oup:ll Il two-wl1y power dlvldcr 'tIltt~ half the ni.p:nal p;olnp: to 

one of the input.s of a double balanced mixer and half golnp; 

t.h r'ou .. ~h :1 ~3nturat t on ampli fier. The out~ut 0 r the nnturat t on 

amplifier han conntant amplitude and a fixed pha8P rft1atlonnhtp 

witt! tlle input. 
" 

For mixers land 2 the referencp input (L·port) tH 

llrnl t,('d and the signal Input (R-port) in proportlonal to' the 

Ol'th()p:unal or maIn component. 'rhe output of thpne mixers if> 

v - KE c031P (4. l ) 

where IV 13 the phane angle between thp two Inputs; E 13 the 

amplltude of the ::lignal at the R-port; K ls a constant depenqent 

nn the mixer gain. TIle cahle lengths arc adJ~sted'3o that IV-O o 

for the inputs of mixers land 2. and therefore the outputs are 

(4.2) 

(4 • 3) 

Thun V, and V2 are the envelopes of the correspondlng IF signaIs 

and' therefore Vl
2 and V2 2 ar& measu~es of the powers of tHe' 

orthogonal and main components. 

In the case of mixer A both inputs are limlted and 

the output ia 
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wtu'rC' f} 13 the ph/'H'e dlrf('r('llc(' lH'tw('('n t.1lt' main tUtti orthop:onnl 

rompon('nt~, Tlle Input tu the H-port of mlxer R 13 nhlfted in 

.J5fla~w by 90° ~o t.hnt. tht' output ln 

N,)rmally th.-' chart recorder sy,ntt"'m 13 cnlihrnt(>d and ndJuntf'd no 

th:) .. K1-K2-KA-Kn, 

The outputn of th(> four ml xer:' are fpd Int0 rnnp:t' 

f:att'~~ and ttwn lnto azlmuth :-;nmple holci r1rcult~', 'rhlB n.llows 

tilt' ~;l .. ~nal~; to be Gumpled and nvera~ed wtthln 1\ ~pf'drt('<l rnnp:(' 

tilt t'l'val (u~lIJnlly l mile lonp:) and azlmuth lntC'rvnl (uHunlly 10 

wI,k) :md thtOn Ill'Id for one rf'voluiton of thp nntennn, Jc't)J' th(' 

1\1bt'l'ta rndnr a r:mp;(' Intf'rval of 1 ml1t' l~, equlvnlt'tlt tn 

·appt'\)xlmat('ly h half-puül(' INlp:thn nnd 1° ln azlmuth contulna 

10 l'lll::~':~ :~pannlnp: 21 mlI11necond:1. Slnc(' the time rf'qulred for 

tilt' n('attercr:> to 3huffle from on(' nrray 1,(1 nnothf'r Independent 

. ~nmpÙ':, nVf'rap;ed by the rnnp;cc p;at(' and az\mutll ~H\mp1e hull! 

,'trl'utt~, b probably bf'twl'cn 1? and i'L Thl:~ mennn thnt. thf>' 

mf'a:;UI'('d nVf'raf\f' main and ortho~~onal pow<,r:, al'~' wi th ln t 10 or 

lW ;:wrcf'nt of the correct average powers Bo percent of th<' time, 

11 1" Ilot kno~n whether or not the3e limita al~lO apply to the 

pha!1f' nn~l e and corre lat Ion measurementn, 

When the antenna 19 not ln a spiral scan but flxed for 

\)k;('rvatlonH the' azlmuth sample hold circultry ls set to 

~:1mpl(" cl..mtlnuously, The four f\ated outputs alotlf\ wlth rangf>, 

elf'vatlon, azlmuth, and,automatlc gain information arc dlsplayed 

on an ~l.ght-track chart recorder. 
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, 
Th!' chart recorder system has limitations in that 

• 
information from only one small aren of the storm i5 obtained 

durlng cach revolutlon. Furthermore, ~eBe data must be reduced 

ta obtaln the standard polarizatlon parameters and thus a 

real-tlme evaluatlon is not possible. -- 1 } 

1'he Phase/r,orrelatlon pv,r . 
!<'or the summer of~ 1972, equlpment 'developed by the 

Nat ton:ll Rcsearch Councl1 (Hendry and Allan ~ 1973) enabled the 
1 , 

phu"13(, angle and correlation to be di5played on a PPI scope. The 

~y~tem was designed so that either the phase angle or the 

correlation could oe di!1played. Mixers A and B provlde the 

~;lgnals 80 that when 

are not availab le for 

The outputs 

:,mo'othed voltap;es may 
... 

VA. 18 KCcO:J e 
-
Vn 8 KC~lne 

the dlsplay 18 turned 

the chart recorder. 

from mixers A and B 

be wri tten as 

on these two 

"" 
0 

are averaged 

outputs 

and the 

( 4 .6) 

(4 .7) 

where K '13 a gain con~tant and C ln related to the correlation. 

'l'he curre lat ion 13 then represented by display lng the vol tage 
" . 

f-V/fZ+VB
2 ln five levels of grey shade. The brlghtest shade 

corresponds to correla,tions between 100 and 83% wi th the other 

JhadcG representing correlat ions between 83 ard 67%, 67 and 50%, 

SO and 33%, and 33 and 17%. Correlations less than 17% are not 

d~:jplayed . 

The phase angle is represented by disp1aylng the 

v)ltap;e a~arctan(VB/VA) whlch ls quantized lnto ten 36° '<tJectors. 
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A sèlector switch enables any five sequentlal 'sectora to be 

displayed in five shades of grey. For example, if the selector ~ 

swltch 15 set to 0 0 the brightest shade corresponds to phase 

angles between O·and 360 with the darkest correspondlng to angles 

between l~~ and 180°. 

The PPI dlsplay of the correlation or phase angle was 

manually photographed vith a standard single lens reflex 35 mm 

camera. As a result, the quantity of data obtalned was adequate 
~ 

but not large. 

4.4 Calibration 

The calibration of the chart recorder and phase dlsplay 

was carrled out wlth the ald of a remote transmitter, or monitor, 

sltuated on top or a 90 ft mast located 1300 ft from the radar. 

This monitor was capable of transmlttlng LHC or RHC polarizat1on 

as weIl as llnear polarization of any orientation. 

To ca1ibrate the main and orthogonal output channeis' 

of the chart record~r, equa1 s1gnals are InJected into the 

preampllfiers by settln~ the antenna to transmit clrcular 

polar1zatlon while the monitor ls transmittlng I1near vertical 

polarlzatlon. The gains in the chart recorder system are 

adJusted 50 that the main and orthogonal channels have equal 

outputs for equal inputs. Slnce the monitor power 15 constant 

the tran~fer characterlstlcs of the chart ~corder are obtained 

by uslng the step attenuators (see Fig. 4.4). The power received 

from the monitor 15 determl~ed by comparing Its output at the 
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chart recorder wi th the 9l~nal lnJected by tln RP generator 

Into the wavegulde of the antt'nna • 
• 

There are two methods of callbratlng th~ phase angl~ 

output:\ of the chart recorder and phase an~le dlsplay. ln th~ ., 

ftrnt methnd the antenna 10 oet to trannmlt clrcular pQlarlzatlon 

will le t.he mon1 tor tranBml ta llnear vertical polar1 zatlon. The RP 

phn!H' nhlrter (l'IPC- Fip;. 4.1) ln then rotated wh!ch changea the 

pllllnr 0 f one 0 f the recel ved components wl th respect to the 

() t lu'!'. The phaaf'l 0 r the RF phase oh! fter la then recorded wl th 

tlH' out.putt) of mixers A and B. The phase angle d1splay chassi8 

Il:1:1 t,('n Inmpn on the front panel correspondlnp; to each of the 

t(,11 ~b\) n('ctors. AB the phase nhlfter 18 rotat~d lt 13 on1y 

neCf>nnllry to tlee that each of the ten lampa llght up for the 

npproprlntc phnB(' nnF,le. 

'rh~ second method ent al18 set tlnp: the phase oh! f,ter 

lo zero and rotatlng the monitor whlle It 18 transm1ttlnp; llnear 

polarlzatlon. Thc- orientatlon of the mOr;lltor then corresponds 

to the orientation of a dlpol{' scatterer. The monitor 

oritmtation i3 th en record~d wl th the outputo of mixers A and B. 

1.'1p;. 4.5 3hows the mixer outputs for both types of calibration. 
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Fig. 5.1 Frequency distribution of orientations of the 
backscattered ellipse for observations above 
and below the meltlng level. 
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CIIJ\P'l~EH V 

PHOPAOATION 

5.1 Phane Angle Observations 

Frequency di8tribution~ of the orientation of the 

backscattered ellipse measured durlng four days ln 1972 are 

nhown ln Fig. 5.1_ The observations were made wlth the chart 

recorder system and measurements were obtalned from many areas 

wlthln the precipitation. The days of 12 June and 23 June 1972 

w~re 8tratlform rain situations for whlch a bright band was 

observed on the PPI disp1ay. There were no reports of hall ln 

the ar-ea where the data were taken. The days of 23 July and 

27 July 1972 were convective situations with reports of hail. 

The interestlng feature 13 that the frequency 

distributions for the two days in June are centered close ta an 

orientation angle of 0 0 whereas the distributions for the 

convective July days are shifted ta about 20°. 

At thls point recall the followlng expres~lon that 

W8S obtalned ln scctlon 3.5 

WJ+JW __ p~veJ(6±2a) + 2peJ(Xt2t) 
W2 ... (5.1 ) 

From thls equatlon it was shown that the phase angle, which lB 

related to the orientation of the backscattered ellipse, ia 

given by a-arctan(W_!W.). 'Thus the orientation of the 

backscattered ellipse la a functlon of the mean orientation of 

the 3catterers (Ci), the non-Rayleigh scattering phase ahlft (~)'J 
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and propagation through an anisotropie medium (X) with 

orientation T. 

Sin ce the two days in June were stratiform rain 

situations for whlch the observed reflectlvlties were generally 

quite small it is reasonable to assume 1ight to moderate rain 

wa3 belng obsel"ved. Furthermol"e, on 23 June 1972 a truek from 

the Alberta Hail Studles was measul"lng the rainfa11 rates 

dlrectly. under the l"egion being samp1ed by the chart recorder 

uystem and the rainfa11 rates measured wel"e nevel" gl"eater than 

5.3 mm/hl". For thls situation the propagation effects are 

~xpected tG be Amall and since the l"aindrops satlsfy the 

('ollditions for Rayleigh scatterlng theory at 3 GHz the 

ci l fferent laI phase shI ft upon scat tering, 6, c:.::: zero. There fore, 

tlle orl.entatlon of the backncattered ellipse for the two June 

day~ i~ the same as. the mean orientation of the ralndrops--

dlslributed narrowly about 0°. More evldence te support thls 

conclusion is glven in Chapter C. 

An prevlously mentloned the frequency distributions 

for 23 July and 27 July 1972 are shlfted ta about 20°. It seems 

unlikely that the shifted peak in the distributions ls a resu1t 

of the orientation of the scatterel"s because if positive 

orientations were measured when the storms were weot of the 

radar then negative orientations wo~ld be expected when the 

ntorms were east of the radar. Such was not the case. 

/ Furthermore, these were convective showers containlng hail 50 

that propagation and non-Rayleigh scatterlng erfects were 

probably present. 
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Fig. 5.2 Size-shape relatlonshlp for treely falling water 
drops. a/b ls the axial ratio where a Is the 
distance between the top and the silhouette base 
of the drop (the silhouette shape 18 the shape as 
It appears to an obaerver looklng at the drop 
from the slde) and b la the greatest wldth of the 
drop. Do ls the equlvalent dlameter. deflned as 
the dlameter· of a sphere vith the 8ame volume as 
the de rormed drop. 'nle curve 18 reproduced rrom 
Pruppacher and' Pltter (1971). 
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The problem then, 1~1 to de termine which effects 

contrlbute 31p;nlftcantly to tht:' phase anr;le, i.e. the orientation 

of the backscattered ellipse. 

5.2 Calculatlons of the Propagation Effect 

Ta determine whether propagation through rain could 
<1\ 

serlously influence 3 GHz clrcularly polarized radiationi 
1 

Ray lelgh theory calculations were made to determino/ the 
1 

scatterlng matrix elements for raindrops. The dr~ps were 

assumed to be oblate spherolds falling with thelr minor axes 

vertical (a-OO). The drop size distribution of Marshall and 

Palmer (1948) was used and the size-shape relatlonshlp was that 

of Pruppacher and Pitter (1911) (see Fig. 5.2). The dielectric 

constant primarlly used ln the calculations was that of water 

at OOC (19.0-j26.4) although the values for water at 10°C and 

20°C were used tb check that there were not Bny slgnificant 

changes in the results. 

Once the scatterlng matr1x elements were determlned 
.\ 

the effective propagation constants for various ralnfall rates 

were calculated for vertical and horizontal linear polarizatlons. 

The dlfference in attenuation between the vertical and horizontal , 

polarlzations was then determined.' This dlfferentlal attenuat10n 

15 shawn in Fig. 5.3 as a funet10n of the rainfall rate. It cao 

be seen that even at a rain rate of 200 mm/hr the differential 

attenuation ls only 0.024 dB/km and thus insignirlcant. 

The dlfference in phase between the vertical and 

horizontal polarizat.1ons was calculated next. 'Ibis dirrerentlal 
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Fig. 5.3 The rain Induced dirrerential attenuation. 
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• 

phase shl ft 13 shown ln Flr;. 1).4 where i t can be seE'n that for 

large rainfall rates the dlfferent1al phase sh1ft ls s!gnlf1cant. 

To understand how the rain induced differentlal phase 

shift can influence the polarization of the transmitted radiation 

consider a LHC polarlzed wave propagatlng through a region of 

unlform raine Resolvlng the clrcular wave into vertical and 

hor1 zontal components 1 t can be seen in Fig. 5.5 that as the wave 

propa~ates throUgh the ra1n the phase of the horizontal component 

will lag the phase of the vertical component. Th~ result- 13 that , 

the wave becomes elliptical (LHE) ~lth an orientation of 45°. 

When the total differentlal phase shift becomes 90 0 the wave will' 

be linearly polarized. As the wave propagates even further 1t 

becomes elliptical again but with the opposlte sense of rotatlon 

(RHE). Thu3 propagation through rain could alter the 

polar1zation of the wave to the extent that CORs obtained from 

the back of the rain region would not be related to the shape of 

the scatterers. 

To determine the effect of propagation ~ measurements 

of the COR recall equation (3.44) for the case of Rayleigh 

scatterers (6~OO) with orientation n-O o and anisotropy 

orientation T-O o so that 

(5.2) 

Since the rain Induced dlfferentlal attenuation Is negllg1ble 
l 

equatlon (3.68) becomes 

peJx " • tantl(J3bü 6.] 

" • J tan(m 6.] 
(S.3) 
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• wh.· rt" ". ln ttlf" t.o Ual Il 1 fff'rt'ut' nl phil"" :\111 rt. 'tthen nqllnt.lon . 
( " , ;~ ) bQc:omt't\ 

--
GIJf< • 1 vi' + IH.nn li ir,ü "~l 

l 

Nllw t~()rlll'(h'J' tilt' t11t.Ullt,tllfl wllf'l'" tilt' 1.1'1"1:111111,1.,,11 WltVf' 

l'a ln, At t.llI' fJ'lI11t of tI ... l\I'llvy l'utll 1·"V.~1!1I tilt' Pl·0I'IltJ:/lt.l1.11 I,"r'm 

1:: Iwv.llv.l1.lt' lilld tllI' C:PB-fvl'l, 1 fi tllo 1 11-':111. rll t" Oll tll" l'III' 

• ~.+JW't 
W, 

1\1 tI ... fl'(llIt td' "'" l':d" r't'~~I()1I Wlll'Il tllf' PI'llplll~"It.ltlll t.l't'rn 1:1 

fi. . \ t\ tfJ 1 III' l" • .' .. : t ' ,1 

W bpl'I,III":: t'omplf'x and (l'>()" , 

Uw b:lf'h'.;('llt t t'l'I',l f'l 1 tp:\t' t;: 0/.,./1',", 

~ 

l'.ldLI1!ull :qr:tllI "'I('ol1llt("';1 tlf'HVy "{lin W,/W, Itnd Wî./W'I wIll h,d.1a 

hl.'~\ln':I'I',r alld ()<(I .. q()o :\0 thllt. t!1f' nl'I(>llt.lltlflll (lf' t111' 
J 

calculatl()n:~ of UI<' dlff,'I'('ntlI11 plHwe :lhlft to the drop :117.(' 

dt~ltrlhut.lon (l mOflodt:Jpern1vc dlutrlbuttorJ WU:1 uneeJ. 1<'01' each 
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rnlnfall rate the drop ~lze wan uBed whlch contrlbuted the most 

ta th(' reflectlvity ln the Mar3hall-Palmer dIstributIon. The 

number of drops was Incressed no that the reflectlvity wan the 

:~nm(' n~; for the Marahall-Palmer dbtrllJut.lon. Thc rC3ults are 

~;h()wn ln J.'ip;. ,.6 and it can be se en that the sens1tlvtty ls 

no t ~~rt'at. 

1>. i 'l'Ile St 0 rm 0 f 21 J u l y 191 2 

On 2"/ .fuly 1912 Tl larr;e thunderstorm devcloped 

lIol'tllwe:Jt of the radar site and pU33eù wlthln 30 km to t.he north 

l)f Lilp radar. 'l'he hlgh reflect,lvlty rep;lons were on the aIde 

Ilt':ll'l',;t t!w l'udnr wlth the far :'.;ie of the utorm cont.alnlnp; th(' 

low r'l' flect t vtt Y rep;ions. Plate 1 shows the main powpr PPI 

d1.;play al, 1° clevat10n for Ol~6 MDT. The correlation PPI for 
"1-­

Lht~; Ume (Plate 111) show:J that the hip;h reflectlvtty rep;lons 

!lad fi tllgh degrN~ of correlation indicatlnp; that fi larp;e fraction 

of the :Jcntterer:3 had 3imilar orientation::;. The aituatlon was 

ldpal for a propap;atton effect to be prominent. If indeed a 

pI'opa~~atlon eff('ct was present il would be expected ttlat the 

()rl.entation of the backscattered ellipse would be 0° on the front 

slde of the tltorm and progl"es!3 wlth l"anp;e towards 45° ln the low 

reflcctlvlty reglons on the back. 

Plates IV and V show the phase angle PPI display for 

two dl ffel"ent grey scale calibrations. In Plate IV three shades 

are visible. The darkest shade along the front of the storm 
1 

, 
corresponds to'orientations of the backscattered ellipse between 
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o and 18°. The !1t"xt. nhadc corrnupondn to orl("ntatlonn lH·tW('f'n 

lA and 36° and lhp Inrp;e IlrNl of lh(' lhlrd. hrlf':htrnt., ahlllh' 

corrcoponda to 9rlentntlono hetwcpn 16 and ~~o. In Plute V. 

wlllch W/lIJ taken 3 m1nutea aft:'er PInte IV, the IT,rey ncale 

cnllhrntlon haB been ndJuotcd to pmphnnlz(' the front edp,c of 

th(' st.orm. Now'only the two urtp:htent nhlldClJ are vlnlhle with 

t.tlf' {jat'ker one correapondlnp; lo orlf'ntnltonn of t.h(' hnckncat.t,pr('d 

nr" f'ut.nt.lonn uctwt'cn 18' and '1(,0. Thcre fore, the or' f:!ntnt 1 on 

dlW:1 ~lrop'r('nn witll rantr.e from () ln 4~o Indleatlnp; ttw preo(>ncc 

(lf ft pl'opap;ntlon I~ffect. ~I' lalen VIt VI l l t IX anel X nhow ttlf' 
1 

maIn pow('r, correlatIon, and phase anp:le l'PI dleplayn for 

0;07 MP"'. 

'1'0 <':ltlmate the l'xtent of t;he propap;Ilt,lon f't"f{'('t 

:IPVt'ra 1 r:rd\lll. paUin were cho:H.m throup,h t.hp ntorm. The p:rey 

:1!\:I(h'n alonp: ea('f1 of the patlln Wf'r(' noted from UJ(' maln power 

PPJ :mcl the corl'(,~lpondlnp; r .. flf'cllvlt1cn Wl"'r(' dvterm1nf>d. :;lncl"' 

th,1i Vorey nhUtjp:1 ar(\ ln 10 dB nt('pn tht' reflcé'tlvltlc:l wcr(' 

calculatcd for' '-tif; upp<,r and lower llmlt"f. nf ellch !3hade dlnplnyed 

:10 tllat cstimale=, could he ohtatned of the maxImum and minimum 

propap:nt 1 on e ff('ct.~l throup;h rllin. 

TIlf' r('flectlvitlen were related tu the rainrall rate by 

titI"' l'P lalion3h Ip of Marshall and Palmer (1948) 

z(' • 2(lOHl. 6 (5.6) 

wtH~re 7.e 13 in mm'm -, and R 13 ln mmhr-
l

• Then baaed on the drop 

nlze dIstributIon of Marshall and Palmer (19'148) and the slze-
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shape relatlonshlp of Pr.uppacher and Pitter (1971) the CORs 
, . 

w('re calculated alonp; each path wl thout the propagat 10n term. 

TI1(>~le will be called the intrlnslc CORn and are related directly 

1.0 the nhape of the 13catterero. The COBs were then ca·lculat(>d 

wittl the propagation term included. The rcnults for Il path 

Ulroup;h une intense rer.ion of the :~torm at 01lf6 MOT aml for 

patlul Ull'OUp;1l two Intcnnc rep;lonn nt 0207 MDT arp shown ln 

l" 1 r,n. ~l. 7. 1). A. and '5.9. 

1 t cnn lH! seen that the upper and lower p:Jtlrnaten of 

ttlf' lnf.rlnnlr- GDH drop to -25 dB or lenG ln th!' low rpflect.\vlty 

r('r,hlll:1 at L!tr bn.ck or; the otorm. However, wtH'rl th!"' propay,atlon 

term 1:; lncluded pvcn thp lower eotlmates of ttH' CDR are F,rpnter . 
tl1an _,lO dL~. Obaervlnp; ttl(' CDR dlHplay shown ln Plalp".l J J, for 

n]Ij() MI)'I', anJ VTI, rOI' O?07 MD'I'. It l~~ Gccn that unce th .... l,cam 

h:u; pa:;:lPd tbrollgh the hlv,1l reflcctlvlty rcy,long 'l'tl ~r)oo mdmuth, 

al. Ol/tb Ml)T, and at ~ and 25° azlmuth, nt O?07 Mm', tllf' enBn do 

!lllt drop b(~low -10 'dB cven in the low reflectlvlty rpp;lom1 • 

I\n 1 nte rp(1 t tny, feat ure 1 G the nMeh uurr()un(t~(i hy 

Ilrtp;ht nliUlie uet-ween 3~ and 45 ml1eB at 3500 az1muth ln Plat", l [ 

and nt f)O 3z1muth ln Plate VII. Thin could posnlbly .. he a rep;\(m 

wher(~ the propagat ton e freet has necumulated to the -lpO 1 nt tha t. 

tlle CDB exceeded -) dB and hence was not di'splaye<l Il tr)ce the 
r 

t)rlgll"te~lt nhade of the (T,rey neale corresponds to CDR~~ betwecn 

-10 and _f) dB. ln Plate:.; II and VIT 1 t can -tlc :Jecn that the 

rwtcll l[~ alonp; fI l'adlal 11ne from the radar. Furthermore, the 

,dl'velopment of the notch colnclded wlth thE' developmpnt of the 
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Il t p:h l't' rioct.! vi ty r'cp:lon dl t'po t, Ly hp.twcf.!f1 t t llnr:! t.ho radar.. Ir 

t.hl:l lnt,f'rprotnt Ion of \,11(\ rHlt,dl 1n eorr~ct, thon ttl1 n tu Rn 

f'xnmplf' or n vf'ry lnrp;t~ pl'opulI,lltlorl prr,.(!t. Hep;arcl1pon or the 

-1 Illlt.e" tl"'1'(' 1:\ ntr'ontf, p.vldoncw of n CIl p:n 1 ft eunt. propap:oti on 

"ITt'cl. '1'lu·l'pro .. "'. oblwrvnt.loflll and thf'ot'('tlcnl culculat.tonn 

IlIdl(':III' \.tlllt.. nt. i OHz clreulnrly polnrlzt'd t.rllnllmtttf'd rn(]11ltlon 

\'Hlrbt' :11p:ntftetmt.ly dopolnr17.l'd hy pr'opnF,nt1on t.hroup:h hfH1VY 

pl'I'clplt,ntlofl. 

11\1' 1\(\laT·t~~1l1.1(l1l of' ttH' tH'am Ir\ 1\ dlrrleult pr'ohlf'm to no]w'. 

t.lII'tll'Y l'or' ~ <ll/z r'lldl11t..l,otl. llol!tt('rlnp: by Illlllntorl0/1 tn1.wt bo 

t1l1puhll:1llf'd IIcntt.prt/lp; nmplltudf'rI for Il eollf'ct..jnn 

tIr Il:111:\t.t)lIl':\ haVI' b0('tl clllcl.llnt.f·d hy Op:uch1 3, 'nIf' nt,om'o 

WI'I'" :t:;:lum,'d ln Ill' oblnt.f' npllf'1"oidn of lep nt ooe.' 'l'hf' 

Il 1 l'l't ('U l ty w) t.h HlJply 111fT, th(l(j(: culcl.llnt. lorw 1,0 ttlC propllgut 10n 

(l1'tllllt'"' 1:\ I.hnt tilt' numh('r (\Nwlty of the hn,tlat,oncB it\ not 

krwwll f10r t n Uwrp n a lmple nlze-nhllpc T'oInt lonshlp ror' 

h:dl:\t,r)l\Nl lUI th('rc 10 for rulndropu. 

'l'nl>le 5.1 116ta the maximum 'Und mln1,mum dlmenBlorm of 

tilt' ohlatt' hnllntonea for whlch the cnlculatlona were made alonp; 

ThNlr. cnlculat tons wcrc paosed on to the Iluthor by 
Or, U,C,McCormlck, 
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• wlth the dlfferential phaGe nhlrt anel attenuatlon. Toobtatn 

the dlfrerentlal phase ah1rt and nttenuatlon roI" eRch hnl1ntone 

n number denalty of one atone pel" cub1c meter waB BBBumed. 

1':f1~11 oh (l972) estlmates that for lal"p;f> hallntoneR nuch an thone 

.JI -2-. ln Tnble 5.1 the number denslty ia between la and la m 

r r thenc eotlmates are uaed then the dtfferentlal phase shlfts .. 
and aitf>nunt iQnn nre reduced by fi factor of 10 to 10 2 • The 

r'\':;uli:1 indicatt' ihnt tt IG pooalble for hnll to olgntflcantly 

alter the polarlzatlon of radiation by propap;ntlon effeels. 

Nnt,(, Chat for hallaione (2) cven the d1fferertial nttcnuatlon 

10 1 nrv,p. 

'l'J\[~I,E S.l. The minimum and max (mum di nme te ra 0 r four 
halla toncs and the 11" oorrespond tnp; dl ffercnt luI 
phnne ohl ft and attenuatlon at 30Hz bnsed on 
ocatterlng amplitudes ealeulated by Oguehi for 
oblate sphero1de of iee at ooe. The number 
denoity waB assumed ta be one hatlotone pel" 
euh le metcr. ' 

MINIMUM MAXIMUM bn~FEHENTIAL D t Ff1~ERF.NTr AL 
DI AMI':TEH DIAMETEH PHASE SHIFT ATTENUATION 

(cm) (cm) ( dep;/km) (dB/km) 

( 1 ) 1.05 3.71 6.7 0.6 
J 

( ?) 2.54 4.11 160.4 14.4 

<i) 2.16 3.30 80.2 4.0 

(LI ) 1--27 1.91 12.0 0.1 
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PLATE 1. MaIn power PPI at 1° e1evatlon for 01_6 MDT-
27 Ju1y 1972. The grey shade sca1e ls ln 10 dB 
steps vith the darkest shade correspondlng to 
values between -90 and -80 dBm and the brlghtest 
to values betveen -50 and -_0 dBm. The range 
rings are at 10 mile (216.1 km) Intervals. 
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PLATE II. 

\ 

1 0 
'. 

PPI dlsplay of th~ COR at 10 elevatlon for 
01~6 MDT-27 July 1972. The grey shade scale ls 
ln 5 dB steps with the darkest shade corresPQndlng 
to values of the COR less than -25 dB and the 
brightest to values between -10 and -5 dB. The 
range rings are at 10 mile (=16.1 km) Intervals. 
At 80 m1les ls an azimuth dlsplay of attenuatlon 
(Zawadzkl and Rogers, 1969). 
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PLATE III. 

.. 

PPI dlsp1ay of the correlation at 10 e1evatlon 
for 0146 MDT-27 Ju1y 1972. The darkest shade of 
the grey'shade scale corresponds to correlations 
between 17 and 33%. The other shades correspond 
to correlations between 33 and 50S, 50 and 67S, 
67 and 83%, with the bright'est 83 and 100%. The 
range rings are at 10 mile (=16.1 km) intervals. 

/ 

; 
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1 
PLATE IV. Phase angle PPI at 1° elevatlon for 0149 ,~DT-

21 July 1912. The darkest shade of the grey shade 
scale corresponds to orientations of the minor 
axis of the bàckscattered ellipse between 0 and 
18°, The other shades corresponp to orientations 
between 18 and 36°, 36 and 54°, 54 and 72°, with 
the brightest 12 and 90°, The orientations or the 
minor axis of the backscattered ellipse are 
measured counterc1ockwise from the vertical as 
viewed from the radar. The range rings are at 
10 mile (::16.1 km) Interva1s: 
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PLATE V. 

, , 

. , 

Phase angle PPI at' 1° elevation for 0152 MDT-
27 Ju1y 1912. The grey shade seale has been 
adjusted 50 that the darkest shade correspond& 
to orientations of the minor axis of the 
backscattered ellipse between -54 and -36°. The, 
other shades correspond to orientations between 
F~6 and -18°, -18 and 0°, Q and 18°, with the 
brightest 18 and 36°. The orientations' of ~he 
minor axis of the backseattered ell1ps"e are 1 

measured counterclockwlse from the vertical, a8 
viewed ~rom the radar. The range rings are' at 
lü'mile (~16.1 km) intervals. ~ 
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,.. valueo between --90 and -80 dBm and the- hrl~,htent 

ta values between -50 and -4~ dBm. ,Th~ ran~e 
rings are at 10 mile (~)6.1 km) Intervàla. 
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PLA'rl': VII. PPI dlaplay of tho,ODR at 1° elevatlon for 
0?07,MDT-27 Jllly 1972. ' The grey shlidc flcale ir. 

"ln 5' dO stepo W"tth the darkcot nhadc cOl"rcspondlnp; 
-/ ,to values or the CDR 1e813" thah -25 dB "and the 

brtp;htest to va1ueo betwe'en -10 and -5 dB~ The 
range rln~3 are at 10 ml1é (~16.1 km) Intervals. 
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,.l;1 l'LI\'I'E VIII. pr! display or the correlation at 1° clevatlon ror 

" 

0207 MDT-27,.TulY 1972; :rh0 dSJ".kcst shadf' or the­
~rey ahad0 seale corrcsp~ndn to corre lat tonn 
between ~7 and 33%. The other shad~3 corrcnpond 
to correlations between 3 and 50%, 50 and 67%, 
67 and 83%, wlth the br1 htent 83 and 100%. TIlC 

range rin~3 are at 10 mi e (~l6.1 km) Intervals. 
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PLATE IX., 

-' 

Phn:H~ anp;lc PPl at 10 p.levat lon for 0210 Mt>'r-
i7 .July 1972. The darke3t nhnde 0 r the p;r"'y nhnde 
:.leulf:> correapond!\ t() orlentatlono of ttlP mlnor Il,,,!n 

'0 f the hackncattered elllp3e betwcen e and iAo. 
'l'he other shades corre3pond to oTlentatlonu oetwcen 
1 ft and 36 0

, 36 and 514°, 514 and 1'iJo, w 1 th the 
brly,htent 72 an<J 90°. The orlentat,l.on""'-of the 
mlnor axln or the b~ckscattered ellipse are meunurpd 
countcrclockwlse from the vertical' an viewpd from 
t.he radar. The range r1np;a are at 10 m'Ile 
(~l6.1 ~m) Interv~13. 

, , , 
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PLA'rE X, Phase anp;le PPI st 1° (' levni ion fOf' 0211 MD'l'-
27 .July 197?, The p:rey ahadf" :1ca1(> h'w been 
ndJunted :JO that the dnrkcHt :lhade correnponds ln 
urientations of the m\nor Ilxl~, of the lJnckncattered 
elllpse het.wC<ln ~-514 "and -36 0 . The othe!"' nhllden 
correspond to orlentntlonn b~twéen -]6 and -18°. 
-18 and 0° J 0 Rnd 18° J wlth the brlghteat lA and 
36°, The orlentàtlons of the m1 nor axio of the 

'backscattered ellipse are mea~lurf'ld counterclockwlne 
frem the vertical as vlewed from the radar. The 
range rings are at 10 mlle (~16.1 km) Intervals. 
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Cil 1\ 1"1'1': li V t 

" 

III Cilllpt,Pf' 1) 1t.. WTU\ not.pd !.hllt. for' t.tw low l'nlnrnll 
. 

"llt!':1 Iltl:l!'I'Vf'd ln wldf'IlJ)f'("llCl pt't'(·lpttnt.lon ttlf' propn~at.l(}n 

-;:('''('l'C't. !:1 :\Jnnll nUI! nlne<', nt 3 '0111., r'nlndr'np:, h"IHlV" n~ Hnyl("~tI 
, ... 

:wat.L"I'I'I':1 t, t.h~ Il 1 ~f('T'('ntlnl pllll:lt' nlll n. "l'on :wnt.tl'I·lnv, \;1 

'lll:;PI'vat,\IIl\11 (lf' 1 tH' pila:!" lU1V,lp :lhown ln '·'tv:. ',.l llltwtratf' 

1·1l:t\. rOI' 1.1\11 tW11 clayn ln ,rurw il\!" orh'ut.llttoll or OH' 

IlIlCk:ll'at.Lt'T'pd ('Ill put' wan pT'~domlnnflt ly ahout. 0° whlch ln 

('Iln:l! :11,1'111. wltll UH' ! rka th~t t'1l1ndt'opu fa Il 1L!l ohl11t.P nphf'rold:t 

wl111 :\ Vl"'tlnl~,l a{~rnm('t.ry :Lxi:!, !lur'inv. th(' .lummf'r:l,nf 1971 and 

. ll)'f,' plia::!' anJ.lf' dat.a weI'!' eu) }.f~d,pd l'lit' :lPvf'I'rll dny:t wlth 

(J('('a:: IOIl,; Ut(' f'r'('(luPIU'Y dIllt.r·lbut,lon:l of ttH' orlt:'nt.nt.ton of Uw 

11I'a1' 0° and 1.11(' 1.1111 b('t,wppn 0 ancl Ip)o. 'l'IH' t.n' 1 hl'lw('pil 0 and 

'1'/(' IndlcnLt.:':I tllL' Influer}(!(' of' a propap;atlon ('rfc-ct hut Ilot :~() 

:~ t 1'(Hl~",: a:l Ln ~~h 1 ft' the peak. away from On, 

Ir LIli' conc lU810n 1:3 corrpct thnt ralndrop:> tpnrl t.O 

fall wittl n vprtlchl aymmetry :.lxl!) then even for convective' 

:3ituat.1on:.1 lt w~uld be expE'ct0d thnt the orientation of ttlf' 

back~;cnttered ellipse would he close to 0° at the front edp:e of 

'--
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Samples of observations of the melting layer obtained with the chart 
recorder. system. The antenna was at a f1xed az1muth 'as the range gate 
was moved out ln range. The observations ,are along a slant path and the 
top scale g1ves the ne1ght of each ~bservat1on al,ng the path. 
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tl\(' pt't'C tpl tat 1011 wllere the propaf~lii 1.on t(~rm 1.:1 P lllle tl 

IV, V, IX and X of the phnnc Ilnp;1e ppr (11~3pllly :lhow lltllt nlonp; 

tilt' fl'ollL t~d~~(' or the convf'ctlvc :\lorm of ,?'( <Tuly 1~}7;) tlw 

O!'\""Lat.\()1I of tilt' bllckacattered t'lllp:H' Wll:; Indf't><! hr.-tw('('n 

Il :tnd lAo. 

r,l Brl~~ht Band OIl:lt'rvat!ot!:1 , 

\ On :lt'vf'ral ocean1.orw dur1"np; Mny and .TurlP 1 ()7;) dl[lrl 

!'t'(~()r'dr'!' and l'Pl ()1l.;ervatl(Jn:~ wC'rc mact~ on dlly:3 ~llen tlj('re wn:> 

wldf':l(ll'f'wl pl't'clpltntlon witt! Il brlp;ht band prcuent. 1'hf~ elw.ri-

l't'COl'fh'l' data w(~re obta1ned with tlle nntennn fixf'ci ln po:;ltion 

• • i() tllal tilt' ranJ~(' p;att' coule) be mc)ved bnck and forth to ol>talll 

r r tilt' prec1 p!ta t1 on 1:; 

III)r'lzontal1y unlform t.hen th1u :llunt. ranp;c profile CUIl 1l1:1() tH' 

IlIt(·r'pr·(·t,fJd :l.:) a tH'l..,;ht profUe. Sorne example:l of oh:l('r'vaUon:: 

of' tilt' mt'lUnf~ level obtalned wltll the chart r('('ordpr ;;y:ltNn 
1 

It. nltoilld b(' not,('d t.llat. thC'!'e werp 

.,,~vf~r·al cn;H':J wlwn nelther' the reflpct.lvlty nor the CD/{ Ilac) 

pf"a01 IH'low the meltinp; level. Ifowever, wh en the COB and 

l't.'fll~etlvtt.y dld :3how a peak, :Juch a:.l tI10:JC l11;u~~trat.p<1 ln 

Fl~~. ().I,' the peak in the COB was often· l)(!low the peak, in the 
! ! 

l'e flect l-vi ty. This phenomenon ha::3 a1so been reported by Newell 

d. al.. (19'J5). Lhermltte and At1a8 (1963) conc1uded that ttYe 

failofr ln rerl~ctlvity helow the meltlng layer 10 partly the 

rpsult of drop breakup. ThJs 11ne of reasoning suggesto that 

when the drops are blaklng uP. thus ~ecrea.lng the rer~ectlvHy. 
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III . :t 1< 1 rit h C' t'I' r 1 f \ (' t J viI. Y . 

~ 

Mt'lHlIlrt'IIH'lllu of t,)1f' l'll/lnt' nnp;lp ln p:etlf'I'nl nhnw 

-09 
'l'tl(' cort'{' lilt. JUil ITlt'iUlUl'elllt'tit,n Iwutllly :lt!()W fi drop {)ff' 

!lit' 1 t. t Il ~~ 1 t' V f' 1 • 

'l'Il!' P"'I dl:~p1ny:l for tilt' main powPr', CI)H, ('()T'!'('la1.1on, 

,Hill ptJ:~:l(' an~~l(' ar't' :JtlOwn ln Pll!tfls Xl, XIl, XT1T, XIV for th!' 

w.1de:'pt'pad pain ~;ttuntlon of ,)~ .1unf' lIn?,· 1\1UlOuv,h tlH' mpltfnp: 

}l'vpt dt)('~) !lOt. ntand out 011 LIli' mnLn POW('I' dl:lplay IL ln r'Nldl1y 

dl:l('t'Y'lIthle on tht' oth('r dl:Jplayn. 

l'latp Xll t'evealn that. In UH' rn('lt1n~~ lf~vl'l, at about 

110 mll\':l r'anp;(', tlll' valuc~l of the GUH althoup;h not unlfc)rm 1u'e 

,.~l'Ilf'l'ally Ill~~her tlW.n tn th~ raln,l>elow. -The CIJH 13 not 

li l:iplaycd ln the IIp;ht ,prC'dpitation re~iona becawH:' the 

.~~rtllO~~onal_ sip;nal in too clO,le to the r('cçl ver nol~c. 
, ' 

'l'Ile correlation PPI (l1s-play (Plate XUI) in. 'somewhat 

:;pect<lt'd ln the meltlng layer but t>y p;ol'np; out ln ran~~e ttlroup:h 

t.lte brl[Sht band n decrease in correlation can be ob!3erved. In 

Pl~te' XI two cell::> of heavler e.r:e.c1pitation can be seen at 20 G 

'-

- 56 

, . 



,,, t h,' ,nu' llI'a,\' • ",,";1'> .·.·11 .• ,;, all,l .... , 0" ,tif' '-"1-'>'-':11 ""II l"" 

ha,,". 

'1' ... l'h:Wf' an...:l ... ""1.11:1,,111)1 ln '1,,'1f' ;11,,·.'kl,',1 ,,, tllf' 

1'.-,.", 1) 1,\ 'l',". 

:: ••• " hWI'.1 t •• r t Il .. ,'a,I:,,-. 

",'1'11'1'11 vl' , .. ;: .... , "'.· .. 11 .~., a" .. 'l'. ml t .. :: ". '11f' III"" 1I-lIl lf" Il'>:1:'1. ",f' 

'1... l'ad:'I'. 

It. IH (l1ff'1f'u,lt tn 

, 
'-alelliatp tht' JI,'op:W::.t!.lon tf"t"m ln th'n :lttuatl,1tl :1111('" t.Jlf' 

a,·,. unknown. 
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PI'\ ('nt.n\ \ \ln Il f t.IH· lm \ :10 t.l'opy • l, n,'t f.Il 0 1
' ttlr f~xpr(':III' Iln 

(6.1) 

"plat. .. " t\l tlll' d,rr".'('f\\"111 phil:'" ::"'1'1 upnll ;l('nt1.('r'tlf~ ((i) 

wlll'Il 1 Ill' "pl"'pav,at 1011 lpf'll\ III :Imall, ApI) l.v ,1 /Iv. liny le 2 v.11 UII'(}I',Y 
• t ,;-/ 

t." ,lt'ht t l','III~ rr'oll\ :loml) t'II lp::ol":\ yl,'ldn {iw(Jn. 
, -

(1II~'. 1':'Idl:I' t"fI Il:1' L,:t.o,,,·:1 l'ail lin\. ~\f' "(IIl:\ldf't'pd :1.1 ::111:111 :lIIII 

dl 1'1'""",,1 '\11' ,'alll :111" li III b"('awlI' of' pll:::l1bl,' dlf'fp""Il' 1111 

/' 
1'11:1.11' .:fa 1 f't ,: 111"111 ::(':tvt"l'll\~~ b.v 1111 1 l , WI'IJ t/tln ln rnll/cl !.II'" 

1'/1:11'" l','('nl'd,',, da t.a :md plllllnv,l'apll:l «, ~ t ",. pha.H'. 1'1' 1 dl :\JI Illy 

alld ('PH:: wlll'rp hall would be ('xppcl('d IH\Ppt'tl to t!(· ltH' rt'p:l,onn 

'hat ('ontr"plutp \,11(',\ mo~t tu thf' propap:aUon lerm. 

lInln~~ tlH: unpul)llshpd neatt.er'tnp; amplttu<f('~; for 

ltal1~~t.(ln('~j calculatl'd by O~uchl the dtff('rentlnl ncatt,prlnp: 

phn:H' :~h 1 ft wan ca lculatt'd for each hall n tone, Th<- renult::; are 

- 58 -
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$ 1 

p;tVe'11 ln 'T'nhlp (J.l whf're thf' orientation of the bnokncattf'rf'cl 

• pll1p:H' for ('HPII lIallnton'p ln tnbulat.ed wlth dlm('nn,lona, 1U1Rumlnp; 

ltH'lr :lllnppn ln!Jp ohlate !Iphc·rnldn. 'rl1f' tnhlf' nhown thnt 

t 

W 0 Il 1 d Y l !' 1 d :ln 0 rie n t fi t l on () f t, Il (' li n c k fi (! Tl l t p re d (' 11 1 p:l (' t h Il t Il (' 3 

wit.hln tlH' t'HIlp:(' of vnltH'rJ Utat cnn bp attrlhuted ta propflp:atlnn , 
,'ff'p(~t:~. '1'11f' pr~'!\fJIIC{' of l'aln would nhlft thf' ortc'ntal\on:1 

1 owa rd:\ 0°. 

'l'AI:H,t-; fI.1. 'i'II(~ IIItillmUlII and maximum (llametcrn of fuur 
ol>laLf' hhllntonen alH~he orlN\lntlon of thf' 
lHwk:lcnttere'd elllpne or Il rpp;lon contnlnlnp: 
only that typP of I1n11: t.one. " 

M1NIMIIM MAXIM\JM nH mN'T'A'T'ION OF 
DT AMWT'EH I> r 1\ MWI'E H fi 1\ c: K ~C A 'T"T'E HE P gl,l,IP:m 

(cm) (cm) (de Pt) r--
( 1 ) 3 . nI) L'n ") ') 

• L 

CI) , ;1 • lj l, Il. 11 ;>1 

(0 ?11) , L 3D " 
t:J f-

( 4 ) 1.27 1. <)1 2 , 
J 

'l'II!' 0111 Y r"jf,lon:: wtH'r('~ unu;:unl ptHUlf' anp,le:; havp lH!f'n 
, . 

<lll:;rrved WPT'I' alJovc th" mf'lt,1np: IPVPl. Plntf' XV nhown thp lt<) 

'pl('vat.!nn phanl' anp;lf' PPI for <'7 .luly }97? Thln p.,hotop,J'aph 
, . . -

WIl:> ta.kl'n about four minute::.> aftel" PInte' V. Th(" p,rey nhndf' t n 

cal tbrnted no thllt the <inrkest nhade, corrf'ApondG ta orientatlon9 

hetwL't'11 1;) ancl 90°, chnnp;lnp; in 18° ntepa (-9,0 ta -72 0 , -7'2 ta 

'_114°, -')4 to -36 0
) t-o th~ llr:lghtest shade fo'r -36 to -18°_. - At 

f 
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20 
\ 

30 
REFlECTIVI TY 

~ 

(dBZ ) 

® 
ID 

,. 

).'l,..~. h.:'1 Mf':111 <'III'rf'lat\on A.S a functlon of l''pflect\vU.y. Thp 
plllllt c r'('lprpfj('nt the average val ueR 0 f t: he corre 1 a tion 
III rpflf' ct1vlty Int,prva18 of 1 dBZ.' ~rht' data wer'e 
taken wl th t1lC' éhA.rt recorder system durlnp; the 

. , 
nummel' or 1912. AlI oboervatlons were helow the 
!np1t.ut!( levf'l and above 1° elevation. , 

.. 

/ 
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4° t'lr'lInt\nn tlH' O'J'tf>tlt.ntlon falln b"f,W('NI -i6° and -lHo wlth n 

, " 
Ilnd '1 1

/' ln tlll:\ T'1'v,1 Iltl , r tIn' not. OtlvlOlW whnt han CIlUf\pd nue" 

:Ul ()l'lr'ld.lltl()1I of tllr blwkncnttf\l'pcl f>l11pf\C' but tlll'"' nttuntlnt1. tn 

ilOt. IIlIlqlll' :ll'\('f~ a f','w nlmllar Ob:H>T'vnt.lolw t!nvp b('(lrJ rnndp nt t.ht' 
• 

Lllp Ill' nUIt'I' t.hull<lt'1'11t.or'm:I, 

J • 

1.Iw C' ( ) l' ,'(' 1 Tl t, 1 ( III 

Tt \1' 1 r' 

~ Q 

I~T'aph :\II(lW;~ t./litl. Uw cort'!' Int.I Oll aL t'f'f) ,·(,t 1 vi t 1 f'fl ~~r'f'at.r'r' t han 

Mf'IU1\U'f'rtll'f11:1 1) r th,' (~()r'l'('l nt loti 

wittl tllf' ~ fillz Alh!'J'ta liai 1 ;;tudla,p radar tl'n<l Ln Ill' lowPT' Ulml 

"01' t ntf'Il:H' thlilldf'r':;torllln, 
'\), . 

, 
1'1'(.' [1.\ a rlHI<'t.lorJ of t.}1(' rcfU·ctlvlty. 

"11 t.h<> rnea:lll1'em('~:; Uh'1t. Wf'rp U:1P(] '. 

flll' ttll:, v.rapll WI'T'(' m[l.(I(' hclow tht! lTIPltinv: ll~vel ano nbovc 1° 

'l'Ill' ~~r'apll :lhow:l' that fol'"' re f] l'ct 1 vi t 1 e!l le:1~' thnn 

'T'tH' co rrf"> lat lor, 

I.n('l'f>:we:~ wlth t!lC' reflcctlvlty ~uf.\v.e:;t\np: thnt tlw hlv,hep 

ratnfall rates contaln a larp:er fraction of dropa wittJ o1m' l'al' 
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• . 
orientations. The number of observatlon~ for reflectlvltieG 

greater than __ dBz are relatlvely few 30 that fluctuatlonn nr0 

to be expected. Slnce the ,correlatlonp measured at 3 GHz are 

genera11y lower than those measured a't 16.5 -GHz the question ls 

whether' or not this 15 a frequency dependent p'henomenon. The . . 
propa~ation effeet, which tends to in~rease the correlation, 15 

stronger at 16.5 GHz than at 3 GHz so that thls May exp1ain the 

ùlfference between the two correlation-ref1ectivlty 

!'elationships. 

Tlle correlation PPI display shows that storms in 

Alberta can have a ~igh correlation. Plates III and VIII 

tllustrate that the correlation is between 63 and 80% over a 

large rep;lon, of the intense storm of 27 July 1972. However, ut)e 

propagatIon term ls probably influencing the correlation on the 

far side of the storm. \ 

6.5 Backscatter Caleulations 

Based on the theùretical developments glven in Chapter 

III calcu1atlons were made to det~rmlne sorne of the backscatter 
{ 

i polarlzation parameters for rain. To do this the drop size 
," , 

distribution ?f Mar~hal1 and Palmer (1948) was dlvided into 80 

Intervals of diameter from 0.1 to 8.0 mm. An axial ratio was 

asslgned to eaeh drop size Interval based on the size-shape 
, 

rel?,tlonshlp for ralndrops of Pruppacher and Pltter (1971). 
j 

The seattering matrlx elements were th~n calculated for eaen of 

the elghty drop classes and from these the COR was calculated as 

, 
.'r.~ 
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a function qf rainfall rate. Uslng the scatterlng matrix 

clemcnt~ the reflectivlty wa~; al~;o calculat~d for eac.h ralnfall 

rate 50 that the CDR could he dl rectly related to the 

rcflectlvity. The result ls the ~ol1d curve ln Fig. 6.3 which , 

Inc1udes the resu1ts of Barge (1972) who compared the 

1> reflectlvity and COR measurements ln storms to the observations , 

of raIn or hall falllngjrt the ground. Barp;e (1912) al~>o 
calculated the CDR and reflectlvlty for ral~ samp1es co11ected 

by var1üus author5 and fltted a stralr;ht 11ne to the rf:"~ults 

whlch l!) thE" dashed 11ne ln Fig. 6.3. 

The present calculatlons show that using , 

Mar:-;hall-Palmer dIstrIbutIon causes the CDR versus reflect 1 vi ty 

Ilne tü decrea!)e ln slope as the reflectlvlty Increases thus 

llmltlnp' the value of the CDR. The curve of the 1in(' 1s due in 

part to the shape of the Pruppacher-Pitter curve (see Fl~. 5.6) 

whlch begins to level out as the drop slze Increases. It :-H~ems 

- . reasonable that the COR for rain shou1d approach a limltlng value 

a:J the rainfa11 rate Increases s1nce there Is a limi t to the 

drop s 1 ze and thus the drop shape as a resul t of drop b reakup. 

The maximum diameter used ln the, present calculatlons was 8.0 mm 

s1nee this 1s approxlmately the 1argest slze ralndrop that ean 

e~ist without breaklng up (Fournier and Hldayetulla, 1955). 

Therefore, sinee the axial ratIo of oblate ralndrops decreases 

as their size increases ... an upper 11mlt ln the CDR would be 

attalned if the maJorlty of the drops were 8.0 mm ln diameter. 
". 

The COR ln thls case would tie -lO.6 dB. Observations of CORs 

- 62 :.. 



.. 

" \ 

) -

• >, 

Ia~ge~' than ,this .have either been ihflw: ... nced t,y the propagation .. 

term or indicate thp 's/resencp of G~a~terers whlch arr> not ., 
rai ndrops . 

. 
Durin~ the cem~utatlon3 of the COR and refLectivlty 

for varlous rainfaii rates of the Marshall-Palmer dlstrib4tion it 

was noted that the results were sensitIve to the magrtltucte of the 

slze Intervai used. If the number or- Intervals ln the drop size 

dl~)trlbutlon ls decreased, that i3 if the width of thp size 

Interval 13 Increased, then for a glv~n rainfall rate the CDR 

dcc rea:3es anel the rc flecti VI ty Increase::J. As a resul t the gap 18 

rertuccd between the present CDH-reflectivlty curve and the I1ne 

of Barge (i972). The c 0 nsltlvlty of the 131culaJlons io the drop 

:,lze Interval dlmlnishes. as the l'ain·rail rate incl'ease~1·. 

.1 

" , 

Many of the l'a1n points in Plp;. 6.3 have CDR:.3 that Ile 

above the theoretical COR-re flect 1 vI ty curve for l'ain. Barge 

(1972) atyributed these observations ta 3mall hall that was 
r 

0bserved alort, by the radar but whlch mei ted b', the time it 

rèached the ground. ,})his 18 still a posslt:llity but on the' basis 

of the results reported ln Chapter V it Is suggested that sorne of 

these points may have been Influenced by the propagation effect. , 

As a result the oobserved CDRs were not the Intrln31~lues but a 

comblnation df the Intrlnsic COR and the altered polarlzatlon of 

the beam due te l.)l·o~~ga,t ion through raln ~ 
'! 

Te determlne which ,drops contribute most to the 
1 

reflectlvlty and:~hlch contrlbute most te the COR the percent age 

contrlbutl~n of each drop size Interyal was calculated. Th& 
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The contrlbut~ each slze lnteryal 
of the drop size distribution to the 
CDH and Z for a rainfall rate of 
100 mm/hr. There were 80 slZé Intervals 
for drbp dial'lleters he tween 0 and 8 mm. 
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The diamet,r of the drops ln the slze 
Interval contrlbuting the Most to, the 
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results are s,hown 1~ Fig. "6.4 for a rainfall rate of 100 mm/hrt._ 

It ls cvldent tllat the' drops contrlbutlnr: most to the COR are 
, 

larger and thercfore more deform.ed than the drops _contributlnp;. 
~ ~ 

most to the rerlectlv~ty. The size intervals wlth the largest 

contributions to the CDR and rerlectivlty are plotted versus the 
Jfii 

ra1nfai r rate ln ·l'lg. 6.5. The graph shows a slight Increase in 
, 

separation between the two Iines/as the rainfall rate increases. 

An estimate of the types of drop size distributions v 

that occur ln Alberta ra!n cou~d lJe obtà1'ncd 'by f\ttlng varlous 

~. - drop size dlstrlbtK.{ons to obGervatlo11S of the CDn 'and 

reflectlv{ty ln rain whlch were not Influenced by propagation 
" 

c rfcct:> . Slnce the CDR and rc flect 1 vit Y are sens 1 t 1 ve to 

dlfferent size Intervals of the,drop :jlzc distilbutlon, the 

fittfnp; procedure 15 n0t as ambiguous a3 it wo Id bE" -If the Bame 1 ,. 
3ize Intervals we~ involved for both quantlties. If th15 type 

of flttlng procedure 15 employed it should be kept in mind that 
li' 

the calcUlations are senslt!ve to the ma.gnitude 'of the dFOp 

size Interval used. 
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· , PLATE XI. Main power PPI at 1° elevation for 17~8 MDT-
23 June 1972. The grey shade 3cale 15 ln 10 dB 
s'teps wl th the darkest shade correspondlng to 
values between -90 and -80 dBm and the brightest 
to values between -50 and -40 dBm. The range 
rings are at 10 mile (~16.1 km) Intervals. 

1 



PLATE XII. 
, ,. 

PPI dlsp1ay of the COR at 10 'elevation for "'-, 
1148 MOT-23 .June 1972. The grey shade sfale 18 ln 
5 dB steps with the darkest shade correspondln~ to 
values of. the COR less than -25 dB and -the 
br1ghtest to values betwee~ -10 and ·5 aB. The 
range rings are at 10 mile (~16.1 km) Intervals. 
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PI.ATE XIII. PPI dlsplay of the correlation at 1 0 elevation for 
1148 MDT-23 June 1972. The darkest shade of the 
grey shade scale corresponds to correlat1ons between 
17 and 33%.A The other shades correspond to 
correlat1ons between 33 and 50%, 50 an~ 67%, 61 and 
83%, with the br1ghtest 83 and 100%. The Inslde 
edg~ of the grey shade scale ls at 70 mIles 

""1 
# 

(=113 km). Oround clutter extends out to 
approxlmately 10 mIles (=16.1 km). ~ 

, -
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PLATE XIV. Phase angle PPI at lO e1evation for 1751. MDT- /' 
23 June 1972. The darkest shade of the ~rey shade 
scale corresponds t~ orientations of the minor axis 
of the backseattered elripse between -36 and -18°. 
The other shades correspond to orientations between 
-18 and 0°, 0 and '18°, 18 and 36°, with the ' 
brightest j6 and 54°. The orientations of the 
minor axis of the backscat~ered ellipse are 
measured counterclockwise from the vertical as 
viewed from the radar. The inslde edge of the grey 
shade seale ls at 70 miles (=113 km); Oround 
elutter extends out to approxlmately 10 miles 

• (= 16 . 1 km). 
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PLATE XV. 

c 1 

po 

Phase angle PPI at 40 elevation for 0156 MOT-
27 July 1972. The darkest shade of the grey shade 
scaie corresponds to orientations of the minor axis 
of the backscattered ~11ip5e between 72 and 90°. 
The other shades correspond to orientations between 
-90 and -72°, -72 and -54°, -5ij and -36°, wlth the 
brlghtest -36 and -18°. The orientations of the 
minor axis of the backscattered ellipse are 
measured counterclockwise from the vertical as 
viewed from the radar. The inside edge of the grey 
shade seale Is at 70 mlles (m113 km). ' 
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CHAPTER VII 

SUMMARY AND CONCLUSIONS 

7.1 Summary 

The review ln Chapter I~ pointed out that although the 

COR and reflectivity have been studied with respect to 

precipitation observations, the phase difference and çorrelatlon 

between the main and or~hogonal components have recelved l~ttle .. 
attention. Polarization studies lnvolvln~ parameters other than 

the CDR and reflectivlty have been restricted to the field of 

communications at frequencles hlgher than 3 GHz. Polarizatlon 

5tudies with the Alberta Hall Studies radar have been prlmarl1y 

concerned with discrlmlnatlng between rain and hall on the basts 

of mea5urements of the CDR and re f'lect i vi ty. It was thfre for~ 

thou~ht that a ~tudy of the phase angle and correlation 

measurements would prove helpful in the attempt to discrlminate 

between hail and rain. 

Chapters l and III related the various polarization 

propertles of the backscattered radiation te the observables 
. . 

measured by the radar. These observables were Pelated,to the 

number denslty and the forward and backward scattering propertles 
" ( , 

of the precipitation particles. The scatterlng propertles were 

seeQ to be a functlon of the. particle size, shape, and dle1ectrlc 
1'1 

constant. 

Chapter IV brlefly descrlbed the radar faci11tles at 

the Alberta Hall Studies.- For the summer of 1972 a new piece of 

( 
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equipment developed by the National Research Council enaoled the 

phase angle and correlation to be presented on a PPI display. 

In Chapter V it was pointed out that certain 

observations of the phase angle could not be attributed to the 

orientation of the scatterers and therefore propagation effects , 

or non-Rayleigh scattering effects must have been present. 

Calculatlons Indicated that rain can introduce a differential 

phase shift between the vertical and horizontal components of a 

wave that was ini tlally clrcularly polarized. This differential 
~ 

phase shift alters the polarizatiqn of the transmitted radiation 

30 that measurements of the etR are no longer directly related 

to the uackscatter properties of the precipitation particles. 

The storm of 27 July 1972 demonstrated that the propagation 

effect Is important at 3 GHz and that measurements of the CDR 

hehlnd r~gions of high raflectlvlty can be dominate~ by the 

propa~ation terme The clue that a.propa~ation effect was present . 
came from the phase angle PPI dlsplay whlch shows the orientation 

of the backscattered ellipse qulckly progressing wlth range from 

o to ~5°. Furthermore, the correlations in this stormtwere high 

indicatlng that a large fraction of the scatterers had siml1ar 
. \ 

orientations thus forming an anisotropie medium. Thebretical 
\ 
\ calculatlons for hallstones suggest that propagation t'hrough hall 

eould depolarize the transmitted radiation more than raine 

In Chapter VI It was demonstrated that when the 

propagation term ~ the observed values of ,the phase angle 
1 

ln rain ~re consistent wlth the idea that ra1ndrops fall as 
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o~late spherolqs wlth thelr mlnor axis vertical. The phase angle 

measurements at 16.5 GHz of McCormlck 'and Hendry (1910) are also 

-:.consisteflt with thi[l conclusion. Observations through the 

mcltlnl': layer of widespread precipit~tlon have shawn that when a 

peak occurs in bath the re flecti vi ty and COR the peak ln the COR 
. 

(l ften appears be low the peak in the re fle ct 1 vi ty . l t was 
~ 

:Ju#-".r,e.sted that thls may be partly the re3ult of drop breakup 

Inducinr: oscillations and distortions. The correlation W~3 

okicrvc<..! ta <Wcrease up throup;h the meltlng layer, signlfylnp; 

tt.:1t the .J c at tere r~; have no pre ferred ot;'ientat ion. An at tempt 

wa~ made to see if the phase angle cou Id unlquely dlstingulsh 

llctween 1'a1n and hall. The ob servat ions and theoret 1 cal 

cal~ul:1tlons 3ho~ that it Is very difficult to 3eparatc the non-

Haylelr;h ;,catterlnp; effectn, from the propagation effecl:J. 'T'he 

only unusual pha:,e angle ol1qervat Ions were ·obt ained from the 

upP'cr reg10ns 0 f thunderstorms. It ~ was :>hawn that al though the 
o 
c~rrelatiop 13 ~enerally h1gh below the melt1ng level ln 

, 'convc>ct ive 3 torrtts and conve ct 1 ve ce Ils imbadded ln wldespread 
• c 

preclpit:J.tlon, the 'average correlation meàsured at 3 GHz ln 

Alberta for a glven reflectlvlty appears ta be lower than that 
\' 

measured at 16.5 'GHz .ln Ottawa. Flnally i t was argued, through 
" ' III a 

calcùlatlqns of the CDR as a f~nctlon o~ reflectlvltY'othat the 
, ~ 

CDR tends toward a limltlng value (~-ll dB) as the ralnfall rate . . 

Increases. Observations of the CDR higher than thls 11mltlng 

value are probably the result of scatterers other than ralndrops 

or elsé the CDR 1s ~omlnated by propagation effects. Further 

! 
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Scatter dlagra,!,':o f sUTface raln and hail reports wl th 
corr&Oponding values of t~e CDR and reflectivlty 
mea~ured aloft by t~e radar and Includlng theoretical 
ca1culatlons of the COR a~d reflectivlty for raine 
ThÇ-solld 11ne cor~espond3 to the reaults of thls 
prtnent work and the dashed I1ne co'rresponds to the 
results of Barge (1172). The scatter dlagram la 
reproduced from Barge (1972). , 
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calculations demonstrated that the CDR and reflectivity are 

sensitive to different 3ize intervals of the dro~ size 

distribution. Also 1t was found that the calculat:lons are 

sensitive to the width that was used for the drop size intervals. 

7.2 Conclusions 

Observations and theoretical calculations show that 

propagation through rain can depolarize a clrcularly polarlzed 

wav~ 50 that CDR measurements are domlnated by this propagation 

effect and ~ot by the backscatter.properties of t~e precipitation 
~ 

partlcles. Before cons1derlng the consequences of this result ) 

the obr.ervatlons of a previous polarlzatlon study using the 

Alberta Hall Studles ~adar will be reviewed. ,. 

l'n the research of Barge (1972) observations of the COR 
'" J 

and reflectlvity were co~pared with ground obse~vations of the 

occurrence of rain or hall. The results were preeented in a 
r 

scatter dlagram whlch 13 shawn in FIg. 6.3. It can be seen that 

when the ref1ectlvlty was greater than 48 dBZ hall vas always 

observed on the ground., For reflecti vit ies bet"een j4 and 118 dBZ, 

the likellhood of hall belng observed on the ground Increases 

wlth the CDR. In this study Barge also calculated the CDRs and 

reflectlvitles for various ra1ndrop size spectra that 'have been 

reported ln the literature. Compared to the drop size 

distribut10n of Marshall and Palmer (1948) 1t was'"found that the 

CDRs of the other size spectra Mere either much lover or 3 to _ .. 
dB hlgher for a glven rer1ectlvit~. The on1y exceptions vere a 

... . 
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few of the size spectra of Cataneo and Stout (1968) where the CDR 

was calculated to be as high as -16 dB for reflectivities 

betwecn 30 and 31 dBZ. 

The scatter ~iagram (Fig. 6.3) shows Many raln 

observations lying weIl above the theoretical curve (solid line). 

The explanation previously given for these observations was that 

the radar was observing small hail aloft which melted by the time 

it reached the ground. While this May be true the results of 

Chapter V suggest that somc of these observations May have been 

influenced by thé propagation effect. It would therefore be 

UGcful to reanalyze the data ln Fig. 6.3 and ellminate any 

ohservatlon!,; where the propagation effect mlght be important such 

as on the far side of a thunderstorm. It is expected that some 
\ 

of the rain observations, wlth CDRs much above the theoretical 
'" 

curvc, would then be elimlnated. 
~ 

This would certalnly improve 
( 

the 5catter diagram and strengthen the conclusion that the COR 

15 useful in dlscrlminatlng between rain and hall. 

It was prevlously mentloned that whenever the 

reflectlvlty is between 34 and 48 dBZ the probability of hall 
. 

occurrlng o~ the ground increases with the CDR. Since 

propagation through heavy rain can serlously depolarlze a 3 GHz 

clrcularly polarlzed wave the Interpretation of the CDR-

-\ reflectlvity observations ln this reg10n must be made with soce 

estlrnate of the strength of this propagation effect. There a~ 

several ways that this estlmate can be obtained. 

In Fig. 5.6 1t' can be seen that the d1fferentlal phase 
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:lhlft (ln del~recn/rkm) l~; an {'xIHHlentlal funct,iofl of tl1e 

reflectivity'and theretore it shou1d be possible to inte~rate the 

reflectivity wlth range to determ1ne the total differential phase 

shlft. This cbuld be donc with a device similar te ADA 

(Zawadzki and Rogers, 1969). 

The phase angle and correlation PPI displayn are use fuI 

ln dctermlnin~ whether or net a propagation effect iR pr~sent. 

Hlp;h correlations ln the intense precipitation areas Indica't 

that a larp;c fraction of the ::;catterers have the snme orientation 

and thuG f.ürm an anisotropie propagation TT)edlum. If the 

or1entation of the backncattercd ellipse is observed la pr?~reSD 

l'[~pIdly wi th ranp;e from 0 to 4')° or to remain p;reater théln 36° 

wllf'n the reflectivity is ;rclatively 11igh then the propagat.lon 

lf'rm 18 important. 

Recause propagation through rain causes thf' orientation 

of the b nc kscat tered e 111pse to depart from the ne if':hbourhood 0 f 

0° the phase anp;le does' not readily discrimlnate between hail and 
• 

ratn on thE> ba:'lls of the non-Rayleigh differential pha:1e shlft 

upon 9catterlng. However~ theoretica~ c~lculations Indlcatc t~at 

propagation through hall can cause greater depolarlzations than 
~ 

raln and si~ce the effect' of propagation through rain can be 
1 

estimated it could be useful to study the range variation of the . • varlous polarization parameters. If changes aiong a propagatio~ 

path occur more rapldly or are larger ~han oan be attributed to 

rain then thls may indlcate the,presence of hail. This study 

would requlre ref1ectlvity contours ta be finer than the 10 dB 

- 75 -

. , 



) 

.( 
l ' 

1 
1 

1 

1 
1 

~
-'"-

,ù ... 
r 

steps now available and the orientation of the backscattered 

ellipse to be contoured in ~teps small~r than 18° (i.e. the phase 

a~gle steps smalle:r than 36°). The ,chart recorder system could 

be us a study of this type by movlng the range gâte back 

and forth through the storm with the antenna at a fixed azimuth. 

" H'owever, this procedure' was not possible in the past since the 

antenna net in the scan mode during thunderstorms so that the 

radar could be used to direct cloud seeding operations. An 
-

investigation of the range variation of the polarization 

pnrameters would be more feasible if the Alberta Hail Studien 

radar was computerized. 

At p~esent it appears triat the best way to discrimlnate 

bAtween rain and hall wlth a polarlzatlon diversity radar 18 with 

CDR-rcflectivlty me~3urements provlded conslderatlonls glven to 

the propar,-atlon effect .. 

l , 

, 
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APPENDIX l 

r 

THE ~CATTERING AMPLITUDES OF FOUR HAILSTONES 

rn 1972 the Alberta Hail Studies sent a sample of 
! 

III 

. hallstones to Dr. G.C.MeCormiek's group at the NatiQnal Researeh 

Counell to be used ln S-band seatterlng measurements. From this 

sample four hailstones, shaped like oblate spheroids, were 

seleeted and thelr minimum and maximum dimensions were, sent to 

Dr. T.Oguchi of the Radio Researeh Laboratories in Japah. 

AS3uming the four hal1stones to be oblate sphero1ds of 1ee at QOC 

hé calculated thelr forward and backward scattering amplitudes. 

Thc~ ;;catterlng ampl1turIes were passed on to the author via 
\ 

Dr. MèCormlek and were used to èalculate the parameters in 

Tabies 5.{ and 6.1. 

Table Al.1 lists the shape parameters of the four 

hal~stones, Table Al.2 lists the forward scattering amplitudes, 

and Table 'AI.3 llsts the baekward scattering amplitudes. 

(1) 

(2) 

(3) 

(4 ) 

TABLE Al.l. The minimum and maximum diameters, the 
axtal ratio, and the dlameter o~ an equlvolumfe 
sphere for the four se1ected·ha1lstones. 

MINIMUM ,MAXIMUM AXIAL EQUIVALENT 
DIAMETER DIAMETER RATIO DIAMETER 

(cm) (cm) (cm) 

3.05 3.71 0.822 3.48 

2.54 4.11 0.618 3.50 

2.16 3.30 0.655 2. fJ7~-

1.27 1.91 0.665 1.67 

, . 
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(l) 

(3) 

(4 ) 
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(1) 

(2 ) 
l" 

( 3) 

\4) 

1 

" 

TABLE' A1.2. The forward scatterlng amplitudes 
of the four se1ected hallstones. The 
underllned numbers May be' Inaccurate . 

SI '<0) Su (0) 

6 -. 6-' 9. 2)(10 1 • - 2.2 ~10 J 1. 08)(10-~ -. 3.00)(10 j 

-1 
8.9)(10 1 -

-. 1.14)(10 J , -
-2 

1.11.)(10 - 4 -. 3._)(10 j -. 4.7)(10 - 6 -It .01)(10 J 6 -s .1)(10 - 1. O§.)(lO-' j 

-ft 
8.~)(lp - 2.6!.><10-

l
j -. 1.05)(10 - 4 _5 .!.x10 j 

TABLE AI.3. The backward scatterlng amp1ituden 
, of thf> four se1ected hal1stones. Th~ 

underllned numbers May be Inaccurate. 

3 11 (180) Su (180) 

8 - 1 4 -', 4.2 )(10 - 1.9 ><10 j 4.84)(10-'- 2.58)(10-'j 

3.2><10-'- l.~ 10-'J 4 -, ·1><10 - 2·IIO-'J 

-, 
2·1)(10, -

-ft 
5.5)(10 j 6 -. 3._><10 -

-It 
9.8)(10 j 

-ft 
1. 0)(10 ,-

-5 
2.52,><10 J 8 -~ .2.><10 - 4 - 5 .0><10 j 

'" 
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