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ABSTRACT

4

Observations and.calculaﬁions of the depglarization
effects due to forward and backward scattering from precipitation
Qave been carried out at 3 GHz.

The theoretical calculations, based on Raylelgh
scattering theory, of the effects of forward scattering from
water ellipsolds suggesﬁ that propagatibn through heavy raln can
alter the polarization of the transmitted radiation to the extent
that the polarlization parameters of the backscattered radiation
are no lonpger directly related to the backscatter properties of
the precipitation particles. The PPI displays of the
polarization parameters for a convective storm show the presence
off strong propagatlion effects.

Observations méde in widespread precipitation show the
characteristics of the polarization parameters 1in rain and the
melting layer. , The obseryations are consistent with the ldea -
that raindrops. tend to fall as oblate sphercids with a vertlcal
minor axls thus fofming'an anisotropic propagation medium.

Calculations of the effects of backscattering from
water ellipsoids show the relationship of the rainfall rate and®
drop slize distrigution to the polarilzation parameters of the

backscattered radiation. '




‘ P ’ RESUME

"t

Des observations et calculs des effets de

1

-

dépolarisation due 3 la prodiffusion et 1la rétrodiffusion de 1la

précipitation furent établis 3 3 GHz.

Basés sur la diffusion Raleigh, les
des effets de prodiffusion d'ellipsoide d'eau
propagation dans une plule dense peut altérer
la radiation transmise 3 un tel point que les

polarisation de la radiatlon rétrodiffusée ne

calculs'théoriques
suggeérent que la
la polariéatidn de
paramétres de

sont plus

directement reliés aux propriétés rétrodiffuses des particules

]
de précipitation. Les présentations PPI des paramétres de

polarisation d'une tempéte de plule convective démontrent 1la

forte présence des effets de propagation.

Des observations en précipitation étendue démontrent

les charactéristiques des paramétres de polaflsation dans 1la

. plule et au nlveau de fusion. Ces observations sont compatibles

avec 1'1dée que les gouttes de pluie tendent 3 tomber comme des

sphéroides aplatls ayant leur axe mineur dans la vertical,

formant ainsi un mlllieu de propagation anisotrope.

Des calculs des effets de rétrodiftfusion d'ellipsoidesgy,

d'eau démontrent la relation entre l1'intensité de 1a

précipitation et la répartition des gouttelettes en fonction de

leurs dimensions, avec les parameétres de polarisation de la

radiation rétrodiffusée.
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PREFACE A

Various people assoclated with the Alberta ﬁnil Studles
have been Involved In radar studles to discriminate between raln
and hatl. The scope of thls type of 1n§vnt1gat10n was expanded
with the acquisition of a 3 GHz polarization diversity radar
which, In additlon to the reflectivity, allowed the clrecular
depolarization ratio (CDR), and the phase difference and
vtrrnlnhlon’bvtweon Lhe orthogonal components of the
backseattered radlation to he studied.

The first Inveatipgatlon of hatl detection with the
polartzatton dlveralty rédar was reported by Barpe (1972). His
research was primarlly concerned with rolatlﬁg observations
below the melting level of both the reflecti'vity and CDR to
wround obgervations of raln and hall.

As a kollow up, thls thesis was undertaken to determine
11" measurements below the meltling level of pho phase angle and
correlation could ald in discriminating rain frém hatll. The
author gpent the summer of 1971 collecting polarizatlion data
with & range—aélmuth pated chart recorder system which Qnmples
the bncmnﬁggor?ﬁ signal from one seclected area of a storm during
vach rotation oratheganteﬁna. The analysié of the[data, carried’
out durdng the ylnter at McG1ll, indicated that the polarization
parameters in question were different in hallstorms than in

dtratiform raln but because of limitations in the data the reason

for these differences could only be guessed at.
I§ \
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For the summer of 1972 equipment developed by the

National Restarch Council enabled the phase angle and correlation

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

was a significant aid in the interpretation of these two

parameters. The analysis of these data led to the investigation

of forward scattering phenomena.

The following are the original contributions to

knowledge of this thesls:

\a)

b)

c)

Observations of the reflectivity, CDR, phase angle, and
correlation together with theoretical caltulations show
that propagation through heavy rain can degolarize a 3 GHz
circularly polarized wave. It is shown that this
propagation effect can seriously influence the CDR so that
it 1s no longer representative of the bagkscattered
propertlgs of the precipitation particles.

It 15 demonstrated that the propagation effect tends to
mask the effects of nén—Rayleigh scattering with the
result that the phase angle does not readily discriminate
raln from hail. )

For a given }eflectivity it 1s found that the average
correlation measured at 3 GHz in Alberta 1s generally .
lower than that méasured at 16.5 GHz in Ottawa. This
average correlation tends to increase with tée
reflectivity. The correlation below the meiting level 1in
convective storms or convective cells imbeddéd in

s

widespread precipitation is usually greater that 67%

b
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. indicating that a man‘rlty <;f the scatterers have similar
orlentations and thus form an anisotroplic propagation
"medium. |
d) Calculations of the CDR and reflectivity for various
raiﬁfnll rates using Ehe drop size dlstribution of

Marshall and Palmer (1948) and the size-shape relationship °

of Prﬁppacher and Pitter (1971) suppest that the CDR for
rain has a limiting value. Furthprmuro, t hese
calculations show that the reflectlvity and'CDR are
sensitive to different parts of the drop size
distribution. The dreops that contribute the ﬁost to the
CDB are 1arger than the drops that contribute the most to

the reflectivity.
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Fig. 1.1

RIGHT HAND ELLIPTICAL
POLARIZATION

N Prosmmamsegprems 3¢
<

LINEAR POLARIZATION

RIGHT HAND CIRCULAR
POLARIZATION

Illustrations of elliptical, linear, and
circular polarizations. The figures on the
left represent the paths traced out by the
electric field vectors as the waves propagate
in the z direction. The figures on the right
represent the paths traced out by the
electric fleld vectors at a fixed point in
space.
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CHAPTER I

THE POLARIZATION PROPERTIES OF ELECTROMAGNETIC RADIATION

1.1 The Monochromatic Plane Wave

The polarizatlion of a monochromatic plane wave refers
to the time varliation of the electric fleld vector at some
fixed polnt 1n space. 1In general the electric vector willamove

periodically around an ellipse called the polarization ellipse

and the wave 1ls sald to be elliptically polarized. When looking

in the directlon of propagation if the electric vector rotates

clockwlse the polarization is right hand elliptical (RHE) and

counterclockwise rotation defines left hand elliptical (LHE).

In the specilal case when the ellipse reduces to a strailght line

the wave 1s linearly polarized and when the electric vector

traces out a clrcle the wave 1s circularly polarized. Fig. 1.1
illustrates the three types of polarization.

The complete polarization properties of the wave are
specified by the shape or axial ratio of the polarization
ellipse, its orientation, sense of rotation, and the maximum
amplitude of the electric fleld vector describing the ellipse.

Consider a radar which transmits radiation with a known
state of polarization and suppose that this radiation is
scattered back by a region of precipitation. The backscattered
radtation will generally be elliptically polarized and will
therefore by described by the backscattered ellipse. Information
about the scatterers is obtained by comparing the polarization'

properties of the backscattered ellipse to those of the

-1 -
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The relationship of the orientation of the
backscattered ellipse to the phase difference between
the left hand circular and right hand circular
components. The top figure represents one period of
a right hand elliptically polarized wave propagating
towards the radar (out of the page). ¢ 1is the angle
of the minor axis of the backscattered ellipse with
respect to the x-axis as viewed f the radar. The
two bottom figures represent the left hand circular
and right hand circular components wfth their phase
angles at time t=0.
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temsmitted wave,  The polaricat lon propertlies of the

backsenttered elllpse can be determined by resolving 1L Into a

maln component and an orthogonal component and measuring the
amplitudes and relative phases of these components.
r
If linear radiation is transmitted and the

backscattered ellipse 1s resolved into orthogonal linear

components then the main component lies in the same plane as

the transmitted radtation and the orthogonal component is

perpendicular to this plane. The ratlio of the power of the
orthoponal component to that of the main component will be called

the llnear depolarization ratio (LDR) and is related to the shape

of the backscattered ellipse.

If circular radiation 1s transmitted then the
backscattered ellipse can be resolved into a right hand circular
(KHC) component and a left hand circular (LHC) component. In

this case the maln component has a sense of rotation opposite to

that of the transmitted radiation and the orthogonal component

has the same sense of rotation as the transmitted radiation. For
circular components the ratio of the power of the orthogonal
component to that of the main component will be called the

clrcular depolarization ratio (CDR) and 1s related to the shape

of the backscattered ellipse.
‘When circular components are used the orlentation of
the minor axlis of the backscattered ellipse 1s related to half

the phase difference between the RHC and LHC components. From
&y
Fig. 1.2 1t can be seen that
0, - 0

v St a(d (r.1)

i
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where Yy 1s the angle of orlentation measured counterclockwise
rrom;the x-axls; 6p-6; 1s the phase difference between the RHC
. T <

and LHC component; m 1s an integer chosen so that - 5 - ] : % .
v

1.2 The Polarization Properties of a Quasi—Monachromatic Plane
Wave
So far only monochromatic radliation has been
considered. This type of radlation i1s always polarized which
means that at each polnt in space the electric vector moves
periodically around an ellipse. At the other extreme i

unpolarlzed radiation where the electric vector moves

irregularly. To avoid confusion, 1t should be noted at thls
point that the term dep.-larization refers to a change In the
polarlzation state of a wave as a consequence of propagation,
scattering, or any other interactlon with matter. The wave,
hiowever, remains polarized. Thus the terms depolarized and
unpol%rized refer to two different wave properties.

The radiation backscattered from precipitation 1is
usually quasli-monochromatic. This means that the radiation
contalns more than one frequency but the departures from Fhe
mean frequency f are small. The varlous frequenclies are a reshlt
of boppler shifts due to the movement of phe precipltation
particles. 1In this case the movement of the electric vector is

neither completely regular, nor completely irregular and the

radiation is said to be partially polarized.

At some polint in .the wave fleld let the two orthogonal

components of the backscattered ellipse be

-3 - v
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Er(6) = a(t) ed[2PRE-01()] ' (1,2)

Ea(t) = ap(t) eJ[2TTE=02(t)] (1.3)
where t 18 the time; T 1s the mean frequency; a,(t) and a;(t)
arc the amplitudes; '¢,(t) and ¢.(t) are the phaggs. 'For‘é
monochromatlic wave a,, a,, ¢;, and ¢, would be constants and
for a quasli-monochromatic wave these quantitles are time
dependent but the changes are relatively small in any time
!

interval that 1s small compared to the inverse of the spectral

width Af.

The polarlgation properties of a qﬁasi-monochromatic

¥

wave can be determined by using the coherency matrix introduced
by Wolf (19%4). The cohcrency matrix J is defined as
<B B> <E,E%>
J = . (1.4)
<E2E;>/*<E;E§>
where the bent brackets denote time average; the asterisks
denote the complex conjugate. Substituting equations 1.2 and

1.3 into the coherency matrix ylelds

<a, ?> <ajaged (#2-01), :

~d2-01), ca,?> (1.5)

\J =
R 1<a,8;z¢e

If RHC and LHC components are used then using the notation of

McCormick (1968) the matrix elements will be written as
W, WetJW, "
J LN (1.6)

Wy-JW, Wa

where Wy, W2, Wy, and Wy will'be called the observables. The

diagonal elements of the coherency mdtrix, W, and Wi, represent j -

the intensities of ‘the two orthogonal|c1rcu1ar-components and !

- - > L4
-4 -
~ 4 ’
. . . Cgrs )
. . ﬁ et

- . 3




= L4

the non-diagonal elements, Wy+jW, and{W;-JW, express the
correlation between the two components.: Wolf (19%9) dériyes

a complex correlation factor p such that oL

o = |p| et = Wati¥s T am
/W W,y )

“~«

The absolute value |p| 1s a measure of the degree of correlation

between the two components and ¢ i3 the effective phase

K

difference between them.
If E;(t) is the orthoéonallclrcular component and
E,(t) 1s the main circular component then the circular

'depolarization ratio is
CDR = gb (1.8)
2

Having determined the coherency matrix for the
backscattered radiation the next step is to relate the
observables to propertlies of the scatteﬁing particles. This

problem will be discussed in Chapter III.
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CHAPTER II
A REVIEW OF POLARIZATION STUDIES OF PRECIPITATION

The polarization properties of non—spher%cal
precipitation particles were first given theoretical
consideration by Kerker and Hitschfeld (1950); Atlas, Kerker,
and Hitschfeld (1953); Labrum (1952); and later by Shupiatskii
(1959); and Gershenzon and Shupiatskii (1961). The basis of
these studles was Gans' extension of Rayleigh's scattering theory
to ellipsoids (Gans, 1912). Results indicated the possibilities
of determining the type of precipitation that the radar was ’
detecting by measuring the polarization propertles of the
backscattered sadiation.

Experimental procedures for measuring these | *
polarization properties have been discussed by Newell et al.
(1955), Marshall and Gordon (1957), and Shupiatskiil and Morgunov
(1963). McCormick (1968) described an antenna capable of
simultaneous measurement of the maln and orthogonal components
of the backscattered radiation.

Early measurements of the polarization properties of
radiation backscattered by precipitation wére reported by Browne
and Robinson (1952), Hunter (1954), Wexler (1955), and Newell
et al. (1955). These investigations were involved with the

2

measurement of the LDRs and cancellation ratios™ of radiation

The cancellation ratio 1s the ratio of‘ the power of the
orthogonal backscattered component when circular polarization is
transmitted to that of the main backscattered component when
linear polarization 1s transmitted.

"6- , 'y



backscattered from rain, snow, and the melting layer so that

information about the shape of the backscattered elllpse was

obtained. The depolarizations measured from snow were larger

than predicted by Altas, Kerker, and Hitschfeld (1953) who

calculated negligible values for snow particles of low denslity.
Polarizatlon observations of thunderstorms which

produced hall have been reported by Newell et al. (1957) and ~

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

sumpresting that measurements of the CDRB or LDR were not

sufficlient to uniquely discriminate between hall and rain with

a radar. Barge (1972) comblned measurements of the reflectivity
factor (Z2e) and the CDR and compared these values with ground
observations of precipitation. It was found that the combination
was more effective in distingulshing hall than either quantity
taken alone.

Observations of polarization parameters including the
phase angle and correlation between the main and orthogonal
components at 16.5 GHz have been reported by McCormick and Hendry
(1970, 1972). They have found that for rain the CDR increases
as 2e increases; for reflectivities greater than 30 dBz the
-correlation 1s around 80%, and the phase angle In raln suggests
that the drops fall with thelr minor axls vertical. Barge (1972)
also found that at 2.88 GHz the CDR increases with Ze.

Propagation effects have primarily been the concern of
people in communications. As radiation passes through a region-
of precipitation comprised of non-spherical drops with a

preferred orientation the polarization may be altered.

’
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. Theoretlcal conslderath problem have been reported by
Opiucht (1960, 1964, 1966). He calculated the forward and
backward scattering amplitudes at 19.3 and 34.8 GHz for
non-spherical ralndrops which were not small with respect to the
wavelength. Watson and Arbabl (1973) calculated the differential
attenuatlon and differential phase shift between horizontallyh
polarlzed radilatlion and vertlically polarlzed radiation for
frequencies between 3 and 36 GHz for various ralnfall rates,
Thelr measurements were carrled out at 11 GHz. At the Bell
Laboratorles, Morrison, Cross, and Chu (1973) have performed
calculatlons similar to Oguchi's and obtained the differential
attenuation and-phase shift at Y4, 18.1 and 30 GHz. They
suppested that the diffcrontiql phase shift ‘In heavy rain could

Induce depolarization of an electromagnetic wave at 4 GHz.

! Propagration effects induced by precipitation at 16.% and 2.88 GHz
have been reported by McCormick et al. (1972). The observations
Indicated that at 16.5 GHz there was a slgnificant propagation
effect due to rain. The observation of a propagation effect at
2.88 GHz was attributed to the existence of hail in the
propagation path.

TQe extent that raln may cause depolarization of an
electromagnetlic wave at 3 GHz has not been thoroughly
Investigated. Nor has there been significant observational
evidence to show that a propagation effect due to rain has been

¢

observed at thls frequency. Polarization observations at 3 GHz

. continue to be investigated as a means to distinguish between

-
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rain and hail with a radar. Since depolanization céused by

propagation through rain could Stgnificantly influence the
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intérpretation of the data, the extent to which rain oan induce

a propagation effect at 3 GHz 1s a problem of primé importance.
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CHAPTER III

! THE SCATTERING PROBLEM

»

In this chapter,the observables discussed in v

Chapter I will be related to the pfopagation of a wave rrOQ the
rédar to the‘target;,scattéring from the target; and propagation
back to the radar. Tﬁese relationghips‘will be made by using
the scattering maxrix‘whosé elements are determined by the
properties of the scattering particie.' Raylelgh scattering
theory 1s used fo obtain the scattering matrix elements for
elLipsoidél target;t Many of the developments in this chapter
follow the work of McCormick (}968), Barge (1972), and the
tﬁeoyies set forth in Van de. Hulst (1957). Py
3.1 Components and Coordinate Systems

| Considér a radar transmitting radiation of arbitrary
.elliptical polarization that 1s scattered by a precipitation
partiple. The transmitted elliptical wave can be resolved into
components along the x and y axes:-of a basic xyz coordinate |
system. In this basilc coordinéte sysiem the z-axls 1s along the
direcﬁion of propagation pointing away from the radé}, the y-axis
is along the hbrizontal, andathe x-axils 1s orthogonal to Sbth.

The wave may then be written as

. -> A 2

where X and j are unit vectors in the direction of the axes; the

o

_plus sign indicates propagation away from the radar. If qi}cular

- 10 -



-

s

components are consideied then

54 - ER+ﬁ+ + EL+£‘+ ’ (3.2)

where ﬁ+ and ﬁ+ are unit vectors for RHC and LHC polarization
travelling away from the radar. The relationship between the
unit vectors for circular and linear polarizations is discussed

in Crispin and Siegel (1968,.pp. 49-58) with the result

&) -2 k a”] - (3] 3.3 &
L, V2 1 3ty y
where j-lfT\. The components are then related by
AR ) I o R
R+ 1 x+ wl xt
. - . = U (3.4)
[hL+ v 1 - By, Egt
or )
st Rl W | g R
x+ 1 R+ T| 'R+
- B e - U - (3‘5)
L‘“yt /oo =3 JEL, EL+ °

where the asterisk denotes the complex conjugate and~the T
denotes the transgpose. ' ™~
o To preserve the sense of rotation, as defined in

Chapter [, for transmitted and backscattered radiation the

relationshlip between the, backscattered linear and circular

components 1s o,
E 1 -3)(E E. ' ‘
R- 1 X~1 o X-
i =) N g I -6
or -
T (E 1 1)(E E
| . L R . -T[ R—]
Sl =i v [ g I g B CRE

where the minus sign indicdtes propagation towards the radar.

Ay,

- 11 -




Fig. 9.1

Orientation of the symmetry axes of an
anisotropic medium with respect to the
basic xyz coordinate system.
Propagation 1s along the z-axis.
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3.2 Propagation Between the Radar and Scatterer . ,
In an 1isotropic propagation medium the x and y

components of the transmitted wave at a distance r from the

radar may be written as
A

E,, = & el (ortut=4,) (3.8 -
A
= J(-k P"’Ut-’ ) :
By, = L ed (Tortut=g, (3.9 ,

where Kk, 1s the propagation constant of the medium; w 1s the
angular frequency; L and ’y are phases.

A region of precipitation composed of ellipsoidal
particles with a preferred orlentation constitutes an anisotropic
propagation medium. This anisotrépy can be specified by
propagation constants k' and k" so that the components along a ,V/W!

new set of axes x; and y,;, whith are the symmetry axes of the

anisotropy, may be written 'as

A v

By, = b eJ(-k rtut-¢, ) (3.10)
A "

Eyl+ - _%_L eJ(‘k I‘*‘Mt’¢yl) , (3.11)

Retaining only the range dependent terms the components at the

scatterexr are expressed 1n terms of their values at the radar by

. ~jk'r
E e™d 0 E
X ¢+ -;_ _ " ) SR 4 I
bl [ el o e
Yifcatterer YiZadar
If the x,-axis of the x;y,z coordinate system makes an
angle t with respeet to the x-axis of the basic xyz coordinate

system, as in Fig. 3.1, then the‘componehts in each system are

related by the rotdtion

- 12 -
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sint cost}{E

E

y+ yt

or
+

yat y+

Therefore the components at the scatterer in the

xyz coordinate system are

-Jk'r
E e 0
+ 1
{Ex } ) R‘;[ 0 -Jk ]R‘[ y+]

?gcatterer

o e RS N

Ex1+ i} cosT =-sinrTt Ex+ . RT Ex+
E sint cost Ey E

radar

(3.13)

(3.14)

(3.15)

When clrcular components are used equations (3.4) and

(3.5) must be applied to equation (3.15) with the result

-Jk'r - .
E e 0 lE
{ R*] - u'nl%[ 0 e—Jk"r]agdf[ER*] (3.16)
L+ . L+
scatterer radar
which upon expansion becomes
’ (
J(x=21)
ER+ 1 e"Jkr pe ER+
-y STy 3 (x427) ) g | (3.17)
Ers T 1-(pedXx)2\P€ L+
scatterer radar
where
o LU ' [} "
pedX . tanh{J(E—gﬁ—)’], K = &ﬁgﬁ- (3.18)
Equation (3.17) can be rewritten as
E -Jkr
[am - P[ ] (3.19)
. Lgcatterer radar v

with P referred to as the propagation matrix.

For a wave travelling. from the target to the radar

T appears to change sign so that for radiation originating at

w

the target-the fleld ln circular components at the radar 1is

-13 -
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Flg. 3.2 The coordinate systems defining the orientation
of the scatterer. The top figure relates the
. Xa2y22 coordinate system to the basic xyz
coordinate system. The bottom figure relate
the reference axis of the scatterer to the T
Xa2Y¥22 coordinate system. The reference axis
lies 1n the x,;z plane.




F -Jkr E
R- . © T{ "R~
radar ‘scatterer

3.3 Scattering From the Target

A reference axis, say an axis of symmetry, may be
attached to the scattering particle and an Xxpya2z coordinate
system defined so that this axis 1ies In the xa2z plane and makes

an angle 8 with the z-axis. The xz-axis iz Incllned at an angle

a with respect to the basic x-axis (see Fig. 3.0).

After resolving the Incident and scattered wave Into
components along the x; and ya axes a scattering matrix 1s
defined so that

Exz— Sy Sia .
b (3.21)
Sa21 S22 Ay + -

y'scatterer 23catterer

where the SlJ are elements of the scattering matrix which will

be discussed 1n Section 3.7 and where it will be shown that for
Plllp olds 011-331.
The components In the xpy;z" coordinate system are

14

related to the components in the xyz coordinate system by the

rotatlon
[Ex] [cosu sina][Exz) [Exg] . )
: | " |- = Ra (3.22
y ”slna cosa Eyz Ey,
|
or
E cosa -sinal |E T(E
X2] a X[ o .| X .
[E ] [sinu cosa][E ] R’[E ] (3.23)
ya2 y y
- 14 -
S



The scatteriﬁg equation (3.21) can now be written as
E__ S S E .
X = Ry Ry | X (3.24)
E,_ Si1z2 Saz Eye
scatterer, scatterer
To obtaln the result of scattering with circular
components equations (3.5) and (3.6) are applled to equatlon

(3.24) to yleld

Ep_ Si1 S T|Ep.
R ] = UR, Riy | R (3.25)
E.L_ Si12 S22 EL—

scatterer scatterer

which upon expanslon becomes
+

K v 11 |E

R- - S11*S33 R+

{EI _] {1 \’-] [EL ]
‘scatterer gcatterer

t . (§L1:§L1§21§L1) +2a
v S511+52; ¢ (3.27)

b <
The scattering term v- can also be written as
L3

s,,—s,,32ls,;‘ ed (8,820) . (3.28)

S11+S22

(3.26)

with

b4
v =

where 61 1s the scattering differential phase shift. For
symmetrlic particles S,2=0 and therefore 6+-6_ so that

o« |S12=822

J(822a) _ | J(8t2a)
S11+522° ve

(3.29)

3.&0 The Rece;ved Signals

.Expressions have now been obtalned that describe the
© effects on the transmitted radiation as it travels to the target,
scatters from the target, and travels back to the radar. The net

result of these interactions 1s obtained by combining équations

- 15 -




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

+
B, ~2Jkr ofv" 1) (E
R ] « & (S11#S22)F -|p{ B¢ (3.30)
Ep- 2r? 1oV g,
radar ?adar

Expanslion of this equation results in

B ] o-2dkr vteoped (x+27) 1 En,
L '——:;*~(011+Szz) 1 v—+2peJ(X'2T) £, (3.31)
radar °© radar

where terms involving the propagation factor to higher than the
first order have been dropped. This 13 based on the assumption
that p<<1l which s valld only as long as propagation effects do
not dominate scattering effects,.

If circularly polarized radlation of unit amplitude 1is
transmitted then from c¢quation (3.31) the orthogonal component,
at the radar, of the radiation backscattered by a single particle
is .

e~ 2Jkry
hli' —;—T (3111*3221)[\)19
Ty

where the upper plus sign refers to transmission of RHC

J(8y20,) 5 ed (X22T) (3.32)

“polarization and the lower minus sign to transmission of LHC

polarization; the i identifies the scattering particle. The

main component 1is,
K2, = ———= (51,,+S22,) (3.33)
b > 2 b i
< r‘i
For an ensemble of N scatterers the orthogoﬂb&vﬁnd main

components recelived at the radar are I

N N
E, = iz.i , Ej = iE'i (3.34)

where single scattering 1s assumed. *

- 16 -
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3.9 The Observables

Having obtalned expressjons for the main and orthogonal

circular components of the backscattered radliation it 15 now

possible to find expressions for the observables W;, Wy, W; and !
Wy Introduced in (1.6). .

T™e maln backscattered power, W2, is obtained by taking
the time average of E:E} so that

W, = <EsE}>

~2Jkry 2Jk*ry
= <§g______ (S1ag#S22() ig_____ (S"z*s”z).> (3.35)
2[;11 2!"1
Letting
-2Jkry
B, = e (3.36)
2r?

i
and assuming the scatterers to be distributed randomly in space

then the products of phase terms BIBQ’ with 1#f, average to

Azéro. Therefore equation (3.35) becomes

-,

Wy = <IlB Il |S|| +S22 |2> (3.37)
1 1 i 1
Applying the same arguments to the orthogonél
backscattered power, W,, ylelds

Wy = <E;E}>
= <zl81|2 lslll+si11|2 IveJ(Git.?ai)*zpeJ(xi?r)'3> (3.38)
1

Instead of working with H,+JH.=<E.E:> it is convenlent

to conslider the expression .t

Hl"’,!";

2
<E|B,|? [S11,+S22,]? [ved(612201)+2pe3(x¢21)]>
4= ; : (3.39)

2 2,
<§|51| [S11g #5224 | >

- 17 -
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McCormick (1968) has suggested a model where the
fraction pg of the scatterers have mean scattering parameters
v, §, and orientation a. The fraction l-p, are randomly

oriented and thus make a null contﬁibution to the term containing

eiJzQ. Equation (3.39) then reduces to
!1%%!1 - pgied (8129) 4 oped(x221) &3.&0)

Recall equation (1.7)

p = |p| ed¥ « WatiWe
MW,

where |p| iIs a measure of the degree of correlation and ¢ 1is
the effective phase difference between the main and orthogonal
components. It can be seen that the effectlve phase difference

is glven by

tan & = (3.41)
I and in an 1sotropic medium
:‘ﬁ = tan (&12a) | (3.42)
For ellipsoidal Raylelgh scatterers 6=0 so that
. ¢ = arctan g% = t2a (3.43)

which states that the orientation of the backscattered ellipse
— 1s the same as the orientation of the contributing scatterers.
This is not true in an anisotroplic medium where propagation

effects become important.

- 18 - .



‘ The CDR 1s given by
St t
<£|81|’|3111+8111|’|ve5( 1 2a1)+2ped(x 21)|z>

. e /

‘§f31|1|3111*3221|2> ) i

J(822a)

= |ve +2pe"(x121)|2 ' (3.44)

The correlation 1s
2

A 1
Weltwy 2)? (Wl+Wa2)(Wp))? .
(o = [Haghpes)” - (e h ] (3.45)

Therefore, combining equations (3.40) and (3.44) with (3.45)

“

ylelds - A
o - loated (42 zped (120)) 5.u6)
p .
(lvej(81207+2peJ(X£§T)lz)%
which In an isotropic medium reduces to
o IGBJ<3!25)|
lol - (3.47)

'[lveJ(Szzu)lz]%

This shows that the correlation 13 a measure of the fraction of

scatterers with a preferred orientation. In general |p|Spq.

As the propagation term, 2peJ(Xi2“)

J(6t2a)

» begins to domlnate the
scatterlng term, ve » the correlation will 1increase and
In the 1imit approach unity.

The observables have now been related to the effect of
scattering and the 1influence of an anisotropic pﬁbpagation
medium. The scatter}ng effect 1s described by the scattering
matrix elements. The propagation effect will now be treated as

a forward scattering problem and related to the scattering

matrix elements.

- 19 -




Fig. 3.3

Y

Coordinate systems defining the orientation
of water drops forming an anisotropic
medium. The top figure relates the
symmetry axes of the anisotropy to the
basic xyz coordinate system. The bottom
figure relates the reference axis of the
water drop to the symmetry axes of the -
anisotropy.



3.6 Forward Scattering and Propagation /

Let a single water drop shaped like an oblate spheroid
be oriented so that 1n an x,y:z coordinate system 1its symmetry'
axls lles in the x,z plane as 1in Fig. 3.3. Consider an incident
plane wave of unit amplitude linearly polarized in the x,
direction. This wave may be written as

Eo = e JKo? (3.48)
where ko, 1s the propagation constant of the medium; the time
dependent term has been omitted.

On the z-axls at a distance r from the particle the

spherical scattered wave is of the form

—jko(r;z)

g = S11(8) e70eT 5),(0) e Eo (3.49)

3 r r

where 5,1(68) 1s the scattering amplitude (an element of the
scattering matrix); 6=0° for forward scattering and 6:180° for
backscattering.

In the forward direction the resultant field 1s the

sum of the scattered fleld plus the incident fleld so that

Ey = E +Eo = E°[1+§l%igl e’3k°fr'2)] (3.50)

Now conslder a plane parallel slab of depth %
contalning many identical drops with identical orientations.

At some point P where OP=z the resultant fleld is

Eg = Eo[1+snx(0)£e‘3“°(”'2)] (3.51)
r

where the sum is carried over all N drops in a unit volume.

Fig. 3.4 shows the geometry of the situation. For z

- 20 -
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. S}zf‘iclently\)large r=z+(x;*+y?)/2z and r-z=(x,%+y,?)/2r so that'
édu@tion (3.%1) becomes
N

) (Xy24y,?
_Jko,_é_rT_y_L_)
\\ER = EO 1+Sll(0)£e = ol Y (3-52)

If N 1s large tha%summation may be replaced by SfNdx,dyidz to yiéLd .

Ep = Fol1-JE N2§11(0)] (3.53)

o
3y

The slab of drops can be replaced with a homogenequs,

material with complex refractive index m=k'/ko. The fleld with

the slab in place 1s
Eg = e‘Jk‘m (3.54)
and ;ith it removed

Eo = e k0! (3.55)

Therefore, the presence of the medlum decreases the fleld by

E ! ' e
EB = e-Jkog[(k /%o)‘l] = e-Jkgl(m‘l) (3.56)
o]
which for m close to unity reduces to
ER
P 1-Jkof (m-1) y (3.57)
[o]

Comparing equations (3.53) and (3.57) it can be seen

that ‘ -
m = 145,;,(0)2nNk5" (3.58)

or iIn terms of the propagation constant

k' = Ko+Sy1(0)2mNKS'" (3.59)
In general S5;:1(0) will be complex so that k'-k;-Jhs. The real
part determines the phase lag of the wave travelling through the

‘ medium. In a distance & the phase changes by

- 21 -




‘l’ 180 | 0
¢, = —/ k¢ degrees, (3.60) ;
1 n r N }

The imaginary pa@t determines the attenuation of the wave In
the medium. 1In a distance t the intensity decreases by

3z dB (3.61)

*For a plane wave of arbitrary polarization, resgolved

Ay = B.68B06k

into linecar components in the x, and y; directions, the relation
between the Incldent and seattered wave 1s given by eguation
(3.21). 1t will be shown In Section (3.7) that in the case of

scattering from an oblate spherold S;,=0 so that

Lx|+ ] S1:1(0) 0 bx.* (3.62)
| 0 S22(0) ) {E '
Yifrter Yigerore

scatterer scatterer

I the ltdentically oriented drops have a drop size distribution,
then the propagation constants for the components of the fleld

along, Lthe x, and y, axes are

k' = k°+§l fS11(0)N(D) dD (3.63)
k" = ko+51 SS,2(0)N(D) dD , (3.64)

where N(D) dD 13 the number of drops per unit volume with
diameter between D and D+dD.

Except for apherical drops, k'wk" and the component
in the x d;;ection will attenuate and change ppase at a rate
different from the component in the y, directiJn. The
differential attenuation in a path length & 1is

AR = 8.6862(k}-k}) dB . (3.65)

and the differential phase shift {s

A"' 180

8¢ = =— (k;-k;) degrees. (3.66)
b
- 22 -
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WRecalling the expression for the propagation term

" ' )
pedX = tann (3 (5)y) (3.67)
and substituting equations (3.65) and (3.66) into this

expression ylelds

pedX = tanh[0.05758A+) 575061 (3.68)

3.7 The Scattering Matrix Elements
The development in this section follows that of
Atlas et al. (1953) and Van de Hulst (1957, ch. 6).

‘ Conslder an arbitrarily oriented water drop shaped
like an ellipsoid. A coordinate system (ny, n2, ny) is set up
along the body axes of the drop as in Filg. 3.5. Resolving an
Incident wave into components alongﬁthe body axes results 1n

>

E+ = E1+61 + Ez+ﬁ + E,*ﬁ (3.69)
where ﬁl, ﬁz, Ny are unit vectors in the direction of the axes.
This incident wave sets up a dipole moment in the drop

B = a1Eny + azEzh, + ayEgNy (3.70)

where a,, az, as are the polarizabilities of the drop along the

body axes. In matrix form equation (3.70) 1is -
P ay 0 0 }[E,
[p2] = [o az O HE,I] (3.71)
P 0 0 Qs E'+

At some distance r the scattered wave, according to

Van de Hulst (1957, p. 64), 1s

o-dkor|P1 ‘
S g: (3.72)
- 23 -
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‘ and substitiuting equation (3.71) into (3.72) ylelds
Ey_ . e JKol Ex+
Ez_ = ko ————-IT-—— 02 0 (3.73)
Ey_ ay Eg+ . »

The n;nzn,s coordinate system can be related to the

X2y22 coordlnate system by the orthogonal traﬂsformation

nj Cix Ciy Ci1z
Ny Cox: Cay Caz
where c 13 the direction cosilne of‘the n;-axﬁs with respect

1x
to the xa2-axls etc. In terms of the‘components of the electric

field the relationship 1s
Ey Eya
Ez = C Eyz (3-75)
o E,

Rewriting equation (3.73) in terms of the components

in the X,y;2 coordinate system ylelds

Eya- —Jker qlaa
E;:_t = kot E——¢ o a: 0 ]C[Eyz+] (3.76)
0

where EZ*O since propagation 1s along the z-axis. For spheroidal
scatterers with n; along the symmetry axis a=ay, and equation

(3.76) becomes

[Ex _] . e~JKor [(al-az)clx+uz (a,-uz)clx ly][Exl+] (3.77)

Ey _ r (ar-az)e, 0, (ay-az)c, +nz X1+

New the x,y22z coordinate system was previously defined

30 that the symmetry axis, n;, lies in the x,z plane and makes

an angle B with the z-axis, Thus,clx-sinB and c'y-o so that d
- i !
[Exa-] - k.2 e~JKor [(01 az)sin®B+a, 0][Ext*} (3.78)
o .
' Ey!— ) r 0 [+ ¥ Eyt'.‘
- 24 -
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This defines the scattering matrix with elements
S11 = ko?[(ay-az)sin?g+a,]
S22 = kolaa

S12 = S29 = 0

(3.79)

The x3y2z coordinate system 1s related to the basic

xyz coordinate system by the rotation defined in equation

(3.22) so that for a spheroidal scatterer with 8=90°

- 2
Ex- _e Jkor . ko%a, 0 RT Ex+
E,_ r L0 kotax) tlE,,
Yat r Y3catterer
The polarizabilities a;, az are given by
1 >

\
E;;I = L1 + T i 1,2

¥
*d
]
E
1

4

3

(3.80§L\ ‘

(3.81)

where V is the volume of, the drop; m? is the dielectric constant

of the drop. For oblate spheroids the shape factor L1 is given

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

1412
fz

[1-% arctan f]

L, =

2 |b 2 = (1-L,)
oo () b - sl

(3.82)

where a is the length of the symmetry axis and b is the axis

perpendicular to a.

3.8 Summary

In this chapter it has been shown that radiation,

transmitted by a radar and scattered back to it by precipitation

particles, 1s influenced by the propagation medium and by

scattering from the particles. .The observables W;, Wz, Wy and

L]
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W, were related to the propagation and scattering effects. The
observables can be manipulated to obtain information about the
shape-CDR, orientation-a, and the fraction of scatterers with a
« preferred orientation-lpl. The scattering and propagation
effects were related to the scattering matrix elements which

were related to the polarizabilities of the particles.
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Fig. 4.1 Block diagram of the antenna microwave circuitry
of the Alberta Hail Studies radar.




o CHAPTER IV
THE RADAR FACILITIES

4.1 The Alberta Hall Studles Radar

All the data for thia thesis were obtained with the

. Alberta Hall Studles radar.l This radar 13 equipped with a

variable polarization antenna and a dual channel receliving
system. The antenna 1s capable of transmitting elliptically
polarized radlatlon of any chosen axial ratlo and orientathf.
The recelved radiation is resolved by the antenna system 1into

_Its maln and orthogonal components. A complete description of

the antenna 1s glven by Allan ct al. (1967) andt by McCormick
(1968). A bLlock dlagram of the antenna microwave circuit is
shown in Fig. 4.1. The hybrid circuits and the power divider

determine the shape and sense of rotation of the transmitted

ellipse, the phase shifter determines the orientation of the
transmitted ellipse. Normally the phase shifter 1s set to 0°
and the microwave circult 13 set to transmit LHC polarization.
The recelved radiation is then resolved into RHC (main) and

LHC (orthogonal) components. These components go into separate

peak power 250 kw

pulse duration 1.75 u sec

PRF 480 sec™!

frequency 2.88 GHz

beam width 1.15° (all planes)

antenna gailn 83.2 4B (at pedestal)

antenna rotation rate 8 RPM

elevation program spiral scan: increases at

.133° sec™! to 8° or 20° with

' immediate return to 0°--complete

cycle time 1.5 or 3 min.
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Fig. 4.2 Block diagram of the two channel receiving (system.
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recotlving channels (gee Wy, B00) .
In each channel the 11 sipenala from the preamplifieras
are logarlthmically amplified and the peak signal in each 0.7

mile range interval 15 detected and retalned. The peak detected

main slgnal 1s next passed through’n threshold amplifier and
converted to a ﬁrey shaded éisplny. There are flve levels of
grey vhade correspondling to 10 dB increments in the mailn sipgnal.
The darkest shade torresponds to powers between =90 to -80 dBm
and the brightest shade correspoﬁdn to powers between -50 to
-0 dbm. |

To obtaln a dlaplay of the CDR the peak detected maln

and orthoponal signals are differenced and the result 1s passed

through a threshold amplifier and converted to a grey shaded
dtoplay. There are flve levels of grey shade, Tour of which
correcpond to % dB increments in the CDR from -29% 4B to -9 dB,.
The other grey shade represents CDRa less than =29 dR. A pgate
ensures that the CHOR 1s not displayed when the orthoponal signal
s less than recetlver nolse., Both the maln power and the CDR
were displayed on PPl scopesg which were contlinuously photographed
with 3% mm cameras. The gscopes were monitored with Polarold
cameras to maintain a consistent level of brightness. A
deseription of the recelver system and calibration procedures .
it yiven by Barge (1972).
4.2 The Chart Recorder System

Until the summer of 1972 only the main power and the
CDR were displayed on PPl scopes. To obtain the phase and
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. -
correlation information a chart recorder system-was used. A

bloek diagram of this system 1is shown in Fig. U4.3.

¢

]
A
)
;
3
s

The signals from the preamplifiers first go through
step attenuators into llnear amplifiers. The attenuators as
wclf';s an automatic gain control prevent the linear amplifler o
from reachling saturation. The output frpm this astage goes
through a two-way power divider with half the signal golng to
one of the inputs of a double balanced mixer and half golng
through a saturation amplifier. The output of the saturation
amplifler has constant amplitude and a fixed phase ré&latlonship
with the inpuﬁ.

For mixers 1 and 2 the reference input (L-«port) ls
limited and the signal lnput (R-port) is proportional to the
orthoponal or maln component. The output of thegse mixers 1is

V = KE coay (4.1)
where ¢ 1s the phase angle between the two lnputs; E 13 the
amplitude of the signal at the R-port; K is a constant dependent
on the mixer gain. The cable lengths arc adjusted so that y=0°
for the inputs of mixers 1 and 2, and therefore the outputs are

Vy, = K E) (4.2)

V2 = K2E; (4.3)
Thus V, and V, are the envelopes of the corresponding IF signals
and' therefore V,;? and V;? are measures of the powers of the'

orthogonal and main components.

In the case of mixer A both 1nputs are limited and
the output 1s
Vo = Kpcose B (h.h)
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where 8 15 the phase difference bietween the maln antd orthogonal -

componentsa. The Input to the H-port of mixer B 13 shifted in

¢
phase by 90° so that the output 1is

VH - KI

Normally the chart recorder system i3 calibrated and adjusted so

ind (4.5)

that K.-Kz-KA-KB. \

The outputs of the four mixers are fed Into range
pates and then Into azimuth sample hold clrcults. This allows
the slgnals to be sampled and averaged within a specified range
Interval (usually 1 mile long) and azimuth interval (usually 1°
wldo)\and then held for one revolution of the antenna. For the

Alberta radar a range interval of 1 mile la equivalent to

-approximately 6 half-pulse lengths and 1° In azimuth contalins

-~

10 pulses apanning 21 milliséconds. Since the time required for
the scatterers to shuffle from one array to another independent
array 1s of the order of 10~? second, the number of Independeng
samples averaged by the range: gate and azimuth sample hold
clrcults la probably between 12 and oh, Th&n means that the:.
measured average main and orthogonal powers are within *30 or
N0 percent of the correct average powers 80 percent of the Limé.
It 15 not known whether or not these limlts also apply to the
phase angle and correlation measurements.

When the antenna 1s not Iin a spiral scan but flxed for
observations the azimuth sample hold circultry is set to
shmpio continuously. The four gated outputs along with range,

clevation, azimuth, and automatic gain information arec displayed

on an elight-track chart recorder.

- 30 -




a
;
3

The chart recorder system has limitatlons in that

»
information from only one small area of the storm is obtained

during each revolution. Furthermore, these data must be reduced

3

to obtaln the standard polarlzation parameters and thus a

-7

real-time evaluatlon 1s not possible.

4.3 The Phase/Correlation PRI

For the summer of-1972, equipment developed by the
National Research Council (Hendry and Allan, 1973) enabled the
phase aﬁgle and correlation to be displéyed én a PPl scope. The
system was designed so that elther the phase angle or the
correlation could be displayed. Mixers A and B provide the
s51gnals so that when the display 1s turned on these two outputs
are not avallable for the chart recorder.

a

The outputs from mixers A and B are aﬁeraged and the

smoothed voltages may be written as . e
. _ T
V, = KCcos® . (4.6)
Vp = KCsin® (4.7)

where K 13 a gain constant and C 15 related to the correlation.

The currelation 1s then represented by displayling the voltage

SRR
/’VA'%VBi in five levels of grey shade. The brightest shade

corresponds to correlations between 100 and 83% with the other
shades representing correlations between 83 apd 67%, 67 and 50%,

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

1

displayed.

o

The phase angle is represented by displaying the

-

voltage efarctan(Vé/VA) which 1s quantized into ten 36° ssectors.

*
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A selector switch enables any five sequential”ééctors to be
displayed in five shades of grey. For example, if the selector *
switch is set to 0° the brightest shade corresponds to‘phase
angles between 0.and 36° with the darkest corresponding to angles
between 144 and 180°.

The PPI display of the correlation or phase angle was
manually photographed with a standard single lens feflex 35 mm
camera. As a result, the quantity of data obtailned was adequate

but not large. ,

4.4 Calibration

The calibration of the chart recorder and phase display
was carried out with the aild of a remote transmitter, or monitor,
situated on top of a 90 ft mast located 1300 ft from the radar.
This monitor was capable of transmitting LHC or RHC polarization
as well as 1linear polarization of any orientation.

To calibrate the main and orthogonal output channels®
of the chart recordgr, equal signals are 1njected into the
'preamplifiers by setting the anténna to transmit circular
polarization while the monitor 1s transmitting linear verticail
pglarization. The gains in the chart recorder system are
adjusted so that the maln and orthogonal channels have equal
outputs for equal inputs. Since the monitor power 1s constant
the transfer characteristics of the chart qfcorder are obtalined

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

from the monitor is determined by comparing its output at the
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4.5 The outputs of mixers A and B as a function of the
RF phase shifter setting or the orientation of the
linear polarization transmitted by the monitor.
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chart recorder with the signal injected by an RF generator : 3

into the wavegulide of the antenna.

There are two methoda of calibrating the phase angle i
outputs of the chart recorder and phase angle display. 1In the N
first method the antenna 18 set to transmit clircular polarization
while the monlitor transmits linear vertical polarization. The RF
phase shifter (see Fig. 4.1) 1a then rotated which changes the
phase of one of the recelved components with respect to the
other, The phase of the RF phase shifter is then recorded with :
the outputs of mixers A and B, The phaaé angle display chassis
has ten lamps on the front panel corresponding to each of the
ten 30° asectors, As the phase shifter is rotated 1t is only
necessary to see that each of the ten lamps 1light up for the
approprlate phase angle,

The second method entalls setting the phase shifter
to zero and rotating the monitor while it is transmitting llnear
polarlization. The orientation of the monitor them corresponds
Lo the orlentation of a dipole scatterer. The monitor
ortentation 18 then recorded with the outputs of mixers A and B.

Fig., 4.5 shows the mixer outputs for both types of calibration.

o

S
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CHAPTER V
PROPAGATION

5.1 Phase Angle Observations
Frequency distributiong of the orientation of thé

backscattered ellipse measured during four days in 1972 are

shown in Flg. 5.1. The observatlions were made with the chart
recorder system and measurements were obtalned from many areas
within the precipitation. The days of 12 June and 23 June 1972
were stratiform raln situations for which a bright band was
observed on the PPI display. There were no reports of hall in

the area where the data were taken. The days of 23 July and

27 July 1972 wWere convective situations with reports of hail. ,
The interesting feature 13 that the frequency
distributions for the two days in June are centered close to an
orlentation angle of 0° whereas the diﬁtributions for the
convective July days are shifted to about 20°.
At thls polnt recall the following expression that

was obtained in section 3.5

W!;'zlwh - puGeJ(GtZE) + 2peJ(Xt2T) ’ (5.1)

From this equation it was shown that the phase angle, which 1is
related to the orlentation of the backscattered ellipse, is
glven by 8=arctan(W,/Wy). Thus the orientation of the
backscattered ellipse 18 a function of the mean orientation of

the scatterers (a), the non-Rayleigh scattering phase shift (§).,

\

\
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and propagation through an anisotropic medium (x) with
orientation T.

Since the two days In June were stratiform rain
sltuations for which the observed reflectlivitlies were generally
quite small it 1s reasonable to assume light to moderate rain

»

was being observed. Furthermore, on 23 June 1972 a truck from
th: Alberta Hall Studies was measuring the rainfall rates
directly. under the region being sampled by the chart recorder
system and the rainfall rates measured were never greater than
5.3 mm/hr. For this situatlion the propagation effects are
expected to be small and since the ralndrops satisfy the
condltions for Rayleligh scatterlng theory at 3 GHz the

dl fferentlal phase shlft upon scattering, 6, =~ zero. Therefore,
the orlentation of the backacattered ellipse for the two June
days 1s the same as.the mean orilentation of the raindrops--
distributed narrowly about 0°. More evidence to support this
conclusion 1s glven in Chapter 6.

As previouslj~mentioned the frequency distributions
for 23 July and 27 July 1972 are shifted to about 20°. It seems
unllikely that the shifted peak in the distributlons 1s a result
of the orientation of the scatterers because 1f positive
orientations were measured when the storms were west of the
radar then negative orientations would be expected when the
storms were east of the radar. Such was not the case.
Furthermore, these were convective showers containing hall so
that propagation and non-Rayleligh scattering effects were

probably present.
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' drops. a/b 1s the axlal ratio where a 1is the

; distance between the top and the silhouette base
of the drop (the silhouette shape is the shape as
it appears to an observer looking at the drop

¥ from the side) and b 1s the greatest width of the

: drop. D, 13 the equivalent diameter, defined as

F the diameter.of a sphere with the same volume as

? the deformed drop. The curve i3 reproduced from

Pruppacher and Pitter (1971).
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The problem then, 15 to determine which effects
contribute significantly to the phase angle, 1.e. the orientation

of the backscattered ellipse.

5.2 Calculations of the Propagation Effectr

To determine whether propagation through rain could
seriously influence 3 GHz circularly polarized radiationg
ngleigh theory calculations were made to determingzthe
scattering matrix elements for ralndrops. The drd;s were
assumed to be oblate spherolds falling with their minor axes
vertical (a=0°). The drop size distribution of Marshall and
Palmer (1948) was used and the size-shape relationship was that
of Pruppacher and Pitter (1971) (see Fig. 5.2). 'The dielectric
constant primarily used 1n the calculations was that of water
at 0°C (79.0-326.4) although the values for water at 10°C and
20°C were used to check that there were not any significant
changes in the results.

Once the scattering matrix elements were determined
the effective propagation constants for various rainfall rates
were calculated for ver;ical and horlzontal linear polarizations.
The difference in attenuation between the vertical and horizontal
polarizations was then determined.’ This §1fferent1al attenuation
15 shown in Fig. 5.3 as a function of the rainfall rate. It can
be seen that even at a rain rate of 200 mm/hr the differential
attenuation is only 0.024 dB/km and thus insignificant.

The difference in phase between the vertical and

horizontal polarizations was calculated next. This differential
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phase shift 13 shown in Fig. 5.4 where 1t can bg seen that for
large rainfall rates the differential phase shift is significant.
To understand how the rain induced differentf%l phase
shift can influence the polarization of the transmitted radlation
consider a LHC polarized wave propagating through a reglon of
uniform rain. Resolving the circular wave into vertical and
horizontal components 1t can be seen in Fig. 5.5 that as the wave
propagates through the raln the phase of the horizontal component
will lag the phase of the vertical component. The result 1is that

the wave becomes elliptical (LHE) with an orlentation of U45°,

When the total differential phase shift becomes 90° the wave will'

be linearly polarized. As the wave propagates ev?n further it
becomes elliptical agaln but with the opposite sense of rotation
(RHE). Thus propagation through rain could alter the
polarization of the wave to the extent that CDRs obtained from
the back of the rain regiqn would not be related to the shape of
the scatterers,

To determine the effect of propagation n measurements
of the CDR recall equation (3.44) for the case of Rayleigh
scatterers (6=0°) with orientation a=0° and anisotropy

orientation 1=0° so that .

CDR = |v+2pe"xl2 (5.2)

Since the rain induced differential attenuation 1s negligible

equation (3.68) becomes '

pedX = tanh(Jzgy 86]

. (5.3)
=J tan[gsa a¢]
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Fig. 5.5 Depolarization of a wave due to propagation throuéh
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by the electric field vector, aswviewed from the :
radar, at successive points in the rain region.  The
total differential phase shift increases for each .
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whore A¢ La the total dIfferential phase ahift,  Then nq'um,lnn

©

(H.2) becomen

COK = mlvnl’ R lc.(.nn’l-*%-()- A;] (5. 0)

Now ummid«:x' the sltuatton whete Lhe Leanasmittoed wave
pl‘t;pnp:utt‘u throupgh a reglon of heavy ratn Into n reglon of Tlght
raln. At the front of the heavy raln vregfon the propagatlon teem
1 neplbgtble and Lhe nun-[J]". In the leht raln on Lhe Par
Alde Lhe propngntion torm becomen dominnnt, nn;l the

CDR e "H:m’[ i?m A .

To determine how propapgatlon affecta the phnoe angle

conatder equation (H.1) with a=1=48=0° no that

R R T 1 P SR b
lw, W PVt b

_ " (H%.h)
' - ()(‘V4.‘J ‘,ﬂl\lm 1\¢]

¢

A Lhe Front of the ratn repglon when the propapation terem fs
amall (A¢-09) W¢/Wa=0 and O=arctan(We/Wy)=0". As Ad Increncen

W bLecomes complex and 6>0°7, In the 1ipht ratn at the ar otde of
the precipitation repgton the drops are small and apherieal ao
thay Wy/Wy*0 and 0=902 with the reault that the ortentatlon of
the backseattopred ol lipse ta 0/«05° 0 [ further on fnoeinygre the
radtat fan .';;'::ln cricounters heavy raln Wg/Wa nnd V}‘u/W; will hoth
beAgonaeroe and Dc0«90% no that, Lhe orlentntlon of the

buckosenttered elltpie will be between 0 and 85,9,
S
In order Lo establtiash the senositivity of the
calculations of the differential phase shift to the drop osize

distribution a monodlapersive distribution was used. For each
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ralnfall rate the drop slze was used which contributed the most

to the reflectlvity in the Marshall-Palmer distribution. The
number of drops was 1ncreascdkso that the reflectlvity was the
same as for the Marshall-Palmer distribution. The results are
shown in Flg. 5.6 and 1t can be seen that the sensitivity s

not great.

.3 The Storm of 27 July 1972 w

on 27 July 1972 a large thunderstorm developed
northwest of the radar site and passed within 30 km to the north
of the radar. The hlgh reflectlivity regions were on the side
nearest the rad?r with the far q}dg of the storm containlng the
low reflectivity regions. Plate 1 shows the maln power PPI
display at 1° elevation for 0146 MDT. The correlation PPI for
Lh{s time (Plate T1IT1) shows that the high reflectivity region;\
had a hlgh degree of correlatlon indicating that a large rrqctlon
of the scatterers had similar orientations. The situation was
ldeal for a propagatloﬁ effect to be prominent. If indeed a
propayatlion effect was present 1t would be expected that the
orientation of the backscattered ellipse would be 0° on the front
slde of the storm and progress with range towards 45° in the low
reflecgivity reglons on the back.

Plates IV and V show the phase angle PPI display for
two different grey scale ca;ibrations. In Plate 1V three shades

i

are vislible. The darkest shade along the front of the storm

’

corresponds to-orientations of the backscattered ellipse between
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. 0 and 18°. The next shade corresponds to orientations between

18 and 36° and the large arca of the third, brightest, shade
cor}esponds to orilentations between 36 and 54°, In Plate V,
which was taken 3 minutes after Plate IV, the grey scale
callbration has been adjusted to emphasize the front cdpe of

the storm. Now-only the two brighteat nhades are vialble with
the darker one corresponding to orientations of the backacattered
clltpise boetween 0 and 18° and the brighteat corresponding to
ortentationa between 18 and 36°.  Therefore, the orientatlion

does progress with range from 0 Lo 4%° indicating the presence

b of a propapatlon effect. -Plates VI, VIIT, IX and X nhowqthv

maln power, correlation, and phase angle PPI displays for

0207 MDT.

.

To egtimate the extent of the propagation effect
h“;’j-" sneveral rediall pat.r'm‘m,;re cqh():',cn through the storm. The pgrey
shades along, cach of the paths were ‘noted from the mailn power
PP and the correspending reflectivities were dotermined.  Slnee
the prey shades are in 10 dB steps the refleé¢tivities were
calculated for thé upper and lower limits ;ﬂ‘ each shade dlsplayed
s0 that estimates could be obtalned nf/the max i mum agd minimum
propagation effects through rain.
The reflectivities were related to the ralnfall rate by
tlmﬂrvlntionshlp of Marshall and Palmer (1948)
. ze = 200110 (5.6)
where Ze 15 in mm*m~> and R i3 in mmhr~'. Then based on the drop
' size distribution of Marshall and Palmer (1948) and the size-

-
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shape relationship of anppacher and Pitter (1971) the CDRs

were calculated along each path without the propagation term.
Theaoe will be called the intrinsic CDRs and are related directly
to the shape of the scatterers. The CDKRs were then calculated
with the propagation term included. The results for a path
through one Intense reglon of the storm at 0146 MDT and for
patha through two infense reglons at 0207 MDT are shown in

Fipos. 5.7, 5.8, and 5.9.

It can be seen that the upper and lower egstimates of
the Lntrinsic CDR drop to =25 dB or leas In the low reflectivity
rnqiun§ at Lthe back of¥ the storm., However, when the propagatlon
term 15 Included even the lower estimates of the CDR gre grpater
than =20 dB. Obgerving the CDR display shown in Platgs 11, for
0146 MDT, and VII, Cor 0207 MDT, 1t lg seen thal once the beam
hao passed through the hipgh reflectivity reglons at 350° azimuth,
at 0146 MDT, and at % and 25° azimuth, at 0207 MDT, the CDHs do

not drop below -107dB even in the low reflectivity replons.

An Intereatlinyg, feature 1s the ngich aurroundod by
bright shade between 35 and 45 miles at 350° azimuth in Plate I
and at %° azimuth In Plate VII. This could posslbly be a reglon
where the propagation effect has accumulated to thepolnt that
the CDR exceeded -% dB and hence was not displayed 3ince the
brightest shade of the grey scale corresponds to CDRo between
-10 and =% dB. In Plates 11 and VIT it can e seen that the

notch ia along a radial line from the radar. Furthermore, the
1

development of the noteh colncided with the development of the
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high reflectlivity reglon direetly between 1t and the radar., If
thin interpretatlion of tLhe noteh {8 correct then this {tu an
example of a very large propagation effect, Regardlesn of the

notceh there 1a atrong evidence of a olgniClcant propagation

effect.  Therefore, observatlonn and theoretical calculations

tudleate that nt 3 Gz clrcularly polarized transmitted radiation
e be alepntificantly depolarized by propagation through heavy
preeipttation,

AN
H o Propagation Through Hatl

The extent that propagation through hall may alter
the polartention of the beam to a difficult problem to nolve,
Whereas eaindrops may be dealt with by Raylelph scattering
Lheary for 3 Gz radlatlon, cceabtering by hallastonen muost be
hand led with Mie theory,

Unpubl tohed scattering amplituden for a colleretion
of hatlatonen have been calculated by Oguchla. The otoneg
were assumed to be oblate apherolds of lce at 0°C.  The
d!rrl;ulty with applylng these calculatlons to the propagatlion
problem T that the number density of the hallastones 1o not
known nor o there a slmple slze-shape relationship for
hallutones ny there 1s for raindropo.

Table 5.1 lists the maximum and minimum dimensions of
the oblate hallstones for which the calculations were made along
3 Thg;e calculatlons were passed on to the author by
br. G.C.McCormick.
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with the differential phase shlft and attenuation. To obtain
the differential phase shift and attenuatlon for each hailstone
a number density of one stone per cubic meter was assumed.

nglish (1972} estimates that for large hallstones such ar those

o - -
In Table 5.1 the number denslty 18 between 10 ! and 107* m~?,

IT these estimates are used then the differential phase shifts

and attenuations are reduced by a faator of 10 to 10%, The
results Indicate ihat Lt 18 posslble for hall to significantly
alter the polarization of radlation by propagation effects.
Note that for hallstone (2) even the differential attenuation

o large. \

TABLE 5.1, The minimum and max{mum dlameters of four
hallstones and their corresponding differential
phase shift and attenuation at 3 (OHz based on
scattering amplitudes calculated by Oguchi for
oblate spheroids of ice at 0°C. The number
density was assumed to be one hallstone per
cublc meter,. )

]

MINIMUM MAXIMUM DIFFERENTIAL DIFFERENTIAL

DIAMETER  DIAMETER  PHASE SHIFT ATTENUATION
(cm) (cm) (deg/km) (dB/km)

(1) 3.05 S 3.71 ' 6.7 0.6

(2) 2.54 4.11 160.4 14.4

(3) 2.16 3. 30 80.2 " y.0

(4) 1.27 1.91 12.0 0.1 *
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PLATE I.

Main power PPI at 1° elevation for 0146 MDT-

27 July 1972. The grey shade scale 1s in 10 4B
steps with the darkest shade corresponding 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.
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PLATE II.

PPI display of the CDR at 1° elevation for .

0146 MDT-27 July 1972. The grey shade scale is

in 5 dB steps with the darkest shade corresponding
to values of the CDR 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 miles 1s an azimuth display of attenuatlon
(Zawadzk1 and Rogers, 1969).

o

3
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PLATE ITI.

PPI display of the correlation at 1° elevation

for 0146 MDT-27 July 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 50%, 50 and 67%,
67 and 83%, with the brightest 83 and 100%. The
range rings are at 10 mile (=16.1 km) intervals.

”



PLATE 1V.

Phase angle PPI at 1° elevation for 0149 MDT-

27 July 1972. The darkest shade of the grey shade
scale corresponds to orlentations of the minor
axls of the backscattered ellipse between 0 and
18°. The other shades correspond to orientations
between 18 and 36°, 36 and 54°, 54 and 72°, with
the brightest 72 and 90°. The orientations of the
minor axis of the backscattered ellipse are
measured counterclockwise from the vertical as
viewed from the radar. The range rings are at

10 mile (=16.1 km) intervals.
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PLATE V.

,
e s sl B

a

7

Phase angle PPI at 1° elevation for 0152 MDT-

27 July 1972. The grey shade scale has been
adjusted so that the darkest shade corresponds

to orientations of the minor axls of the
backscattered ellipse between -54 and -36°. The-
other shades correspond to orientatlons between
£36 and -18°, -18 and 0°, Q and 18°, with the
brightest 18 and 36°. The orientations' of the
minor axls of the backscattered ellipse are ' .
measured counterclockwise from the vertical as
viewed from the radar. The range rings are' at ——
10'mile (%16.1 km) intervals. ¢
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PLATE V..

N

\Main power PPI at 1° elevation for 0207 MDT-

27 July 1972. The grey shade scale ig in 10 dB
steps with the darkest shade correspondlng to
values between -90 and -80 dBm and the-brightest
td values between -50 and -46 dBm.  The range .
rings are at 10 mile (=¥6.1 km) intervals.

-



PLATE

0

VIT.

¥

2

PPI display of the GDR at 1° elevation for
0207 .MDT=-27 July 1972. The grey shade scale 1o

~An 5 dB steps with the darkest shade corresponding
“'fo values of the CDR less than -25 dB and the

brightest to values between -10 and -5 dB. The
range rings are at 10 milé (=16.1 km) intervals.
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PLATE

VIILI.

PPI display of the correlation at 1° elevation for
0207 MDT-E?rJuly 1972." The darkest shade of the
Frey shade 3cale corresppnds to correlatlons
between 17 and 33%. The| other shades correapond
to correlations between B33 and 0%, 50 and 67%,

67 and 83%, with the brightest 83 and 100%. The
range rings are at 10 mile (=16.1 km) intervals.

-

i
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PLATE IX.

Phase angle PPI at 1° elevatlon for 0210 MDT-
27 July 1972. The darkest shade of the pgrey shade
scale corresponds to orlentations of the minor awls

‘of the backscattered c¢llipse between © and 18°.,

The other shades correspond to orientations between
18 and 36°, 36 and 54°, SU4 and 72°, with the
brightest 72 and 90°. The orlentationmof the

minor axis of the backscattered ellipse are measured
counterclockwlise from the vertical as viewed from
the radar. The range rings are at 10 mile

(=16.1 km) intervals.
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Phase angle PPI at 1° elevation for 0213 MDT-

27 July 1972, The grey shade scale has been
adjuated so that the darkest ashade correasponds to
orientations of the minor axls of the backscattered
elllpse between ~54 ‘and -36°. The other shades
correspond to orientations betwéen -36 and -18°,
-18 and 0°, 0 and 18°, with the brightest 18 and
36°. The orlentations of the minor axis of the
‘backscattered ellipse are measured counterclockwlse
frem the vertical as viewed from the radar. The
range rings are at 10 mile (=16.1 km) Intervals.

i

,
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. ) , CHAVTER VI

| BACKOSCAT'I'ER BERFECTS

|

~

O, The Orlentation of Ralndropn
In Chapter 5 14 wns noted Lhat 1'n‘l' the low ralnfnlil
rates obnerved In wl(lvztpreml precipltation the propapgation
: offect. i amnll and nlm:s, at. 3 (UHz, ratndrop:s behave ag Rayletgh
seatberera, the differential phase shift upon senttering Ia
\ negllegtbile, Av 0 result the orlentation of the backscnttered
olllpoe s the aame an the ()r'lvntut,lt)\n ol the ;x('nt:l,(~rc~r:t. The
observablonn of the phase anple shown In Flg. H.1 llustrate
Hmvl. ror the two days tn June the ortentatlion of the '
l—mckm':\tt,vrnd ellipae was predominantly about 0° which ia
conalatent, with the tdea that ralndrops fall as oblate spherolds
with :\l w-x't,lc,n),l Wy mmet.ry nxl:x.‘ huring the summers of 1971 and
1 ) LY phase angle data were col tected for several days with
atratdform rain 11ke 12 Ju;n- and 23, June 1972,  PFor thegy t
veceastona the f'requency distributions of the orientation of the
b4 . Mackseattered elllipse were ascymmetric with the peak ogecuring,

N - near 02 and the tall h(‘pwovn 0 and 4%°, The tall between 0 and
he tndiecates the Influence of a'propup,nt,lon effecect but not so
strong as to shift the peak.away from 0°.

If the concluslon 15 correct that ralndrops tend to
. fall with a vertlecal symmetry axis then even for convectf{ve
sltuations 1t would be expected that the orlentation of the
. backscattered ellipse would be cloée to 0° at the front edge of
%o '

v . 0
-
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recorder system. The antenna was at a fixed azimuth ‘as the range gate

was moved out 1n range. The observations .are along a slant path and the

top scale gives the neight of each observation along the path.
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the precipltation where the propagation term 1o amidll. Plateg
1V, vV, IX and X of the phase angle PPL display show that along,

the front. edpe of the convectlive storm of 27 July 1972 Lhe

Cortentation of the backascattered ellipse was lndeed between

0 and 18°,

7 Bripght Band Observations
2

On several occaslons durlng May and June 1972 chart
recorder and PP1L observatlions were made on day:s when there was
wlidespread preclpltation with a bright band present. The chart
recorder data were obtalned with the antenna flxed In position
At that the ranpge pate could be moved back and forth to obtaln
a ranpe proflle of the preclipltation, If the precipltation 1o
horltzontally uniform then this slant range profile can also be
Interpreted as a helght profile. Some examples of observation:s
nf{thv melting level oqtalncd with the Fhart‘rovordﬁr syatem
are showr In Fig, 6.1, It should be noted that there were
weveral cases when nelther the reflectlivity nor the CDR had
peakls below the melting level. However, when the CDR and
reflectivity did show a q?ak, such as those 1llustrated iIn
Fig. 6.1, the peak 1n the CDR was often’ below the peak(in the
ﬁcffectbvity. This phenomepon hasg also Jeen reported by Newell
et al. (19%5). Lhermitte and Atlas (1963) concluded that the
fafloff in reflectivity below the melting layer 1s partly the
result of drop breakup. This llne of reasoning suggests that
when the drops are brjaking up, thus éecreasing the ref%pctivity,

~
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Lthoey may be ovetllating and qutte deformed, thus ylelding n

hl ;rl». ChEL. Theretfore, g drop breakup decereanaen the ‘t'«~ Tlectivity
1L incereases the CHhR sw Lhat the peak in the (Tl)[{ occurs betow the
peak o the reflectivity,

Measurements of the ;nnﬁﬂ‘ angle In general show
orfentations of the backscattered elllpaoe gtarting out neapr 0°
and alowly Inereasing up through the melting level Indigating
the presence of a weak propapation ef'feet.,

-
The corrclatlon measurements uosually show a drop off

t.o nhoht S0 percent, as the ranpge gate s moved out through the
melting, level,  This suppedgts that the ucuttorer% may be
onclllatinge or tumbling In this reglon.

The P4 dicplays for the maln power, CDR, o;rrvlatién,
Jnd phase angle are shown in Plates X1, X11, XIIT, X1V for the
wildespread raln sltuation of 23 June 1972, - Although the melting
level does not stand out on Lhe maln power dlusplay 1t 1s readlly
dlucerntble on the other dloplays.

Plate X11 reveals that In Lthe melting level, at about
HO mlles range, the values of the CDR although not uniform are
penerally hlyher than in the raln below. -The CDR 1is ﬁot
displayed in the llght preciplitation reglions because the
Qrthoxonalnsignél 1s too close to the recelver noise.

The correlation PPI display (Plate XIII) 1is ‘somewhat
speckled Ln the melting layer but by golng out in rané; through

tLhe bright band a decrease in correlation can be aobserved. In

Plate XI two cells of heavier precipitation can be seen at 20 o

~_
i

-~
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mlile. From the o, one o the south-sout hwest o and the othepy
te the ,outheaat . Theae ecolls dtand out on the corrclat ton 'Y
(Piate XIT1) and show hlgher correlations than 1n the bhplient
band,  The corvelatlion 13 not digplayed tn the g

precipftat fon arean alnee the CORa are cmall and the orthagonal
Alpnal 13 too cloae to the recelver nolne,

The phase angle PP diaplay 1o gqulte apecklied In the
melting Tayer which 1o partly @ reault of the plinse anplo nots
betngy displayed when the t‘ul'l":l:n ton 1 low sinee the phnee
Informatton then becomea erandom, However, the orlental tan of
the backaeattered cllipose can be abieryed Lo propgresn wlith eange
Freom 0 ta ALY Mils proprosaton with rangee Ui most cvident in
the heavier preciplitat lon veplons: at 20 miles to the nout by-
domthwe st of the radare, '

In Plate XTI there 1o a long reglon of hiteh
reflectivities between S and S5 milen to the north-northeant of
the radar, PFlate XTIT showa the correlatton Lo be high Tn thias
repylion and Plate X1V shows the ortentatlon of the l;:l('l<::(‘:'lttt'rr'|l
clllpee to progress vapldly with range rom 6 to hye,
Farthermere, Flate XTIT show:s the CDR (nercasiong with range and
thu.e lmllvnl‘lnp a propagation effect, 1t 1o difficult to
ealculate the propagation term In thiz attuation sinee Lhe
propagatton path iz through the mojth_ug level where the aize,

shape, dlelectric constant, and number denslty of the acatterers

are unknown.

~c




6.4 Non=Raylelph Scattering,

With the orlentation of the geatterera, a, and the |

,

orfentattion of the anlaotropy, 1, aet to 09 thée expreastion

obtalned In Seection 1.9 Lo detépmine the phase angle hecomen

9]
i

Wyt W = 16 J "
-va‘j»«—’ = gV + opetX (6.1)

In thia enze the phase angle, 0=arctan(We/Wy), Vit dlreetly
related to the differenttal phase shift upon acattepring (48)
when the “propagat ton term Ta amall.  Applylng Baylelgh theory
¢ - / ()

Lo achttering from amall elbipsolds yields 6=0%0  However, fop
PGl radiat ton hatlatonen ean not be constdered as sl and
& may no _longer be sero. Thevretore, the phase anpgle may be
difrferent for raln gnd Hadl because of posstble different il

/
phase ahti ot upon seattoeringeg by hall, With this In mind the

chart recorder data and photographs of the phace, PP dlaplny

B

woere examined to see 1 unusuaial phise angle measurements were

.

obtatned from hatlstorms,  For obgervattons below the melfting

’

level the ortentation of the backascattered ollipoe wan always
between 0 and 15, Unfortunately the propagation term cgn alao
canee the h:yf‘k.mnttt‘rnd cllipae to have theae orlentations.

Fart heermore , the reglons bn the storm with high reflectivitiea |

5 . 0

and CDhRo wlu-rv.hnll would be expected happen to be the replons
that v’ont,r'\lhutv \,lu-’(moz;t. to the propagation term,

Using the unpublished scattering amplitudes for
hatlstones calculated by Oguchl the differentinal scattering

phase chift was calculated for each hallstone. The results are

z
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piven In Table 6.1 where the orlentation of the backscattered
ellipse for each hallotone 1o tabulated with dimensions, assuming, '
thelr ahapes to be oblate spherotds.  The table ashows that
scattering from a reglon contalning only ldentlical hallatonen
would yleld an ortentation of the backscattered ellipse that iiea
within the range of values that can be uttrihutqd to propagation
effecta.  The presence of raln would shift the ortentationn

t oward:s 09,

TABLY 6.1,  'The mthimum and maximum dlameterns of four
oblate hfitlastones and, the ortentation of the
backscattered elllipse \for a reglon contalning

1

only that type of halldgtone,

MINIMUM MAX1MUM ORIENTATION OF
DIAMETER  DIAMETER  BACKSCATTERED ELLIPSE
(cm) (cm) (deg) Y
(1) 3.09 3.1 ' a3/
(). RIS ho1r oo 21 ,
(3) 2.10 c 3,30, 12
(4) 1.27 1.91 i )
' s
r ) "

The only reglons where uﬁunual.phano angle: have been
nhnnfvvd wvrﬁ above the melting levvlf Plntq XV ﬂho;n‘bhe ko
‘olevatlon phase angle PPI for 27 July 1972. This photopraph

. S s
was taken about four minutes after Plate V. The gre§ shade 15
callbrated so that the darkest shade, corresponds to orlentatloﬁs

between 72 and 90°, changing in 18° steps (-90 to -72°, -T2 to

=hl° o -Hh to -36°) to the brightest shade for -36 to -18°. .At
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Fig. b,

Mean correlation as a functlon of reflectivity., The
polnts represent the average values of the correlation
In reflectivity intervalas of 1 dBZ.' ' 'The data were
taken with the chart recorder system during the

summer of 1972. All observations were below the
melttng level and above 1° elevation,




~

4e eleyvntion the ortentation falls between =36° and -18° with a

¢

few amal® areas with orlentations between =50 and -36° but bhelow

thin elevatlon the phase angle PPIa gave orlentat ions between O

5
*

. ‘Y‘
and 45° 1ty thla repton., [t 18 not obvious what has cnusded ouch
an oprlentatlon of the backacattoered elllipne but the sttunttion.in
not. unfque sinee a few slmilar observatlons have been made at the

)

Lop of other thunderstorms,

v

6.0 Correlatton Obaervattons

MeCorml ek and Hendry <{1972°) prefented the correlation

avermgned over mamy oboervatlons as o funcetlon of the reflectivity ”

.

aoomeasared by oo 160H GHy polarization diveralty radar,  Thelrp
9

prreaph shows that the correlatlon at reflectivities greater than

SO0 dBe 1n between 70 and 84%. Measurements of the corrcelatton

with the 3 dilz Alberta Hall Studles radar tend to be lower thau

-

thts cxeept. for tntense thunderstorms, Pl 6.2 shows the
correlatlon averaged over the obuervations for the :'.um;n(‘p—eﬂ'
l')'{."n.: a functlon of the reflectivity., The measurements wore
obtalned: with the chart recorder asystem whleh was: prated ower
many vrepdons of the varlous storms and wideospread precipitation
areas t*h:it:? woere observed., ALl the me:x:;ur'«:nw“:: that were used -
for thlo praph were made below the melting level and above 1°
r:lv atton. The graph shows' that for reflectivities leass than
Ho dBz the mean correlation 12 less than 60%.  The correlation

inereases with the ref‘lectl‘vlty sugpesting that the higher

- x‘alnf‘nl& rates contain a larger fractlon of drops with similar

- 60 £
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orientations. The number of observation% for reflectlivities
éreater than LU dBz are relatlively few so that fluctuatlons arc
to be expected. Since the .correlatlons measured at 3 GHz are
generally lower than those measured at 16.5 GHz the question is
whether or not this 1s a frequency dependent phenqmenonn The
propagation effect, which tends to increase the correlation, 1is
stronger at 16.5 GHz than at 3 GHz so that thls may explaln the
differcnce between the two correlation-reflectivity
?elatiénships.

‘ ) The correlation PPI display shows that storms in
Alberta can have a Righ correlation. Plated IITI and VIII
{ilustrate that the correlation is between 63 and 80% over a
large reglon of the intense storm of 27 July 1972. However, the
propagation term 1s probably 1influencing the corrélation on the

far side of the storm. \\

6.5 Backscatter Calculations

Based on the theoretical developments glven in Chapter
ITI calculations were made to detgrmine some of the backscatter
polarization paramgtefs for rain. To do this the drop size

distributlion of Marshall and Palmer (1948) was divided into 80

intervals of diameter from 0.1 to 8.0 mm. An axial ratio was
assigned to each drop size interval based on the size-shape
relationship for ?aindrops of Pruppacher and ?iFter (1971).

The scattering matrix elements were then calculated for each of

the eighty drop classes and from these the CDR was calculated as

F = 61 -
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Flg. 6.3 Scatter diagram of surface rain and hall reports with
corresponding values of the CDR and reflectivity
measured aloft by the radar and including theoretical 5
calculations of the CDR and reflectivity for rain.

* The solid line corresponds to the results of this
present:work and the dashed line corresponds to the
results of Barge (1972). The scatter diagram is
reproduted from Barge (1972). ’
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a function qf rainfall rate. Using the scatterlng,matrix ) ¢
clements £he reflectivity was also calculated for each rainfall

rate so that the CDR could be directly related to the .4
reflectivity. The result is the solid curve in Fig. 6.3 which
includes the results of Barge (1972) who compared the

Feflectivity and CDR measu;ements in storms to the observations

of rain or haill fallingAet the ground. Barge (1972) als

calculated the CDR and reflectivity for ;alﬂ samples collected

by various authors and fitted a stralght line to the results

which 15 the dashed line in Fig. 6.3. ' {i:)
The present calculatlions show that using Jjust the

Marschall-Palmer distribution causes the CDR versus reflectivity
line to decrease in slope as the reflectivity Increases thus
limiting the vélue of the CDR; The curve of the line 1s due in
part to the shape of the Pruppacher-Pitter curve (see Fig. 5.6)
which begins to 1eve£ out as the drop slze 1lncreases. 1t seems
regsonable‘that the CDR for rain should approach a limiting value
as the rainfall rate Increases since there 1s a limit to the
drop size and thﬁs the drop ;hape aé a result of drop breakup.
The maximum diameter used in the present calculations was 8.0 mm
since this 1s approximately the largest slze raindrop that can
exlst without breaking up (Fournier and Hidayetulla, 1955).
Therefore, since the axial ratio of oblate raindrops decreases
as their size increases, an upper limit In the CDR would be

attained if the majority of the drops were 8.0 mm in diameter.

The CDR in this case would be -10.6 dB. Observations of CDRs
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. large than thils .have eitber been iﬁiflu‘:nced "y the prtopagation s
term or indicate thpigkesenco of séagtérers whicg ar» not
raindrops. \N
N During the computatlons of the CDR and reflectivity .«

for varlous rainfall rates of the Marshall—Palmér distribytion 1t
was noted théf the results were sensiti;e to the magritude of the
- s{ze interval used. 1If the number of Intervals in thg drop size
distribution 1s decreased, that 1is 1f the width of the size
' iInterval 1s Increased, then for a glven ralnfall rate the QDR
decreases and the reflectlylity lncreases. As a result the gap 1is
reduceéd between thelpresent Cﬁﬁ—reflectivity curve and the line
of Barge (1972). The sensitivity of the ralcula.ions to the drop
slze Interval dimlnishes as the rainfall rate increases-. L
Mény of the raln points in Fig. 6.3 have CDRs that 1lie

above the theoretical CDR-reflectivity curve for railn. Barge

(1972) attributed these observations to small hall that was
A

observed aloft by the radar but which melted by the time 1t
reached the ground. This 1s still a possibility but on th?‘basis
of the results reported in Chapéer V it 1s suggested that some of
these polnts may have been influenced by the propagatlion effect. \
As a result the .observed CDRs were not the intrinsic vAlues but a
comblnation of the lntrinsie CDR and the altered polarization of - .
the beam due to broéégation through rain:

To detegﬁine jhichld}ops contribute most to the

reflectivity and:which contribute most to the CDR the percentage

.’ contributien of each drop size lnterval was calculated. The

e R
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The contributlomrx of each size interval
of the drop size distribution to the
CDR and Z for a rainfall rate of

100 mm/hr. There were 80 size intervals
for drop diuameters between 0 and 8 mm.
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Fig. 6.5 The diarﬁetgr of the drops in the size
interval contributing the most to the
A COR and Z as a function of rain rate.
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results are shown in Fig. 6.4 for a rainfall rate of 100 mm/hr.
It 1s evident that the drops contributing most to the CDR are
larger and therefpre’more deformed than the.drops poﬁtributinga
most to t;e reflectivity. The size 1nt:;vals with the largest
contributions to the CDR anq;reflectivity are glotted veréus éhe
rainfall rate in "Fig. 6.5. The graph\shows a 8light increase in
separation between the two lines fas the rainfall réte increases.
An estimate of the types of drop size distributions
that occur in Alberta raln could be obtained by fitting various
drop size distribwtions to observations of the CDR and |
reflectivity in rain which were not 1influenced by propagation
cffects. Since the CDR aﬁa reflectivity are sensitive to
'dlfferent slze intervals of the.drop size distpibution, the
fittifng procedure 1s not as ambiguous as 1t woyld be -if the same

L4
size intervals were involved for both quantities. If thls type

of fittling procedure is employed 1t should be kept in mind that’

the calculations are sensitive to the magnitude‘of’the drop

’”

size 1nterval used.

“
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. PLATE XI.

Main power PPI at 1° elevation for 1748 MDT-

23 June 1972. The grey shade scale 1s 1n 10 dB
steps with the darkest shade corresponding 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.
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PLATE XII.

-

N3

L m

PPI display of the CDR at 1° elevation for ™

1748 MDT-23 June 1972. The grey shade scale 1s in
5 dB steps with the darkest shade corresponding to
values of .the CDR 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.
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PLATE XIII.

PPI display of the correlation at 1° elevation for
1748 MDT-23 June 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 50%, 50 and 67%, 67 and
83%, with the brightest 83 and 100%. The inside
edge of the grey shade scale 1s at 70 miles

(=113 km). Q@round clutter extends out to

approximately 10 miles (=16.1 km). J
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PLATE XIV.

(\

Phase angle PPI at 1° elevation for 1751 MDT- -~

23 June 1972. The darkest shade of the grey 5hade
scale corresponds to orientations of the minor axis
of the backscattered ellipse between -36 and -18°.
The other shades correspond to orientations between
~-18 and 0°, 0 and '18°, 18 and 36°, with the
brightest 36 and 54°. 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 scale is at 70 miles (=113 km). Ground
clutter extends out to approximately 10 miles
(=16.1 km). .
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PLATE XV,

~

— " y o

[y

Phase angle PPI at U4° elevation for 0156 MDT-

27 July 1972. The darkest shade of the grey shade
scale corresponds to orientations of the minor axis
of the backscattered ellipse between 72 and 90°,
The other shades correspond to orientations between
-90 and -72°, -72 and -54°, -54 and -36°, with the
brightest -36 and -18°, The orientations of the
minor axils of the backscattered ellipse are
measured counterclockwise from the vertical as
viewed from the radar. The inside edge of the grey
shade scale 1s at 70 miles (9113 km).

i
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CHAPTER VII

.

SUMMARY AND CONCLUSIONS

7.1 Summary
- The review in Chapter II pointed out that although the
CDR and reflectivity have been studied with respect to

precipitation observations, the phase difference and gorrelation
between the main andlorphogonal components have receivéd 1§£t1e
attentlon. Polarization studies involving parameters other than
the CDR and reflectivity have been restricted to the field of
communications at frequencles higher than 3 GHz. Polarization
studles with the Alberta Hall Studies radar ha;e been primaril&
concerned with discriminating between rain and hail on the basis
of measurements of the CDR and reflectivity. It was thg;efore *
thoupght that a study of the phase angle and correlation ‘
measurements would prove helpful in the at%empt to discriminate
between hail and rain.

Chapters I and fII related the varlous polarization
properties of the backscattered radiation to the obsefvables
measured by the radar. These observables were related.to %hé
number density and the rorﬁard and backward scattering properties
of the precipitation particléé. The scattering properties were
seen to be a function of the. particle sizg, shape, and die%sctric

constant. ~

Chapter IV briefly described the radar facilities at

the Alberta Hail Studies.- For the summer of 1972 a new plece éfl

f - ‘ .
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equipment developed by the National Research Councll enabled the
phase angle and correlation to be presented on a PPI display.
In Chapter V it was polnted out that certain

obsérvations of the phase angle could not be attributed to the

4

-

orilentation of the scatterers and therefore propagation effegts
or non-Rayleigh scattering effects must have been present.
Calculations indicated that rain can introduce a differentlal
phase shift between the vertical and horizontal components oé a

wave that was Initially circularly polarized. This differentiak

e

phase shift alters the polarization of the transmitted radiation
50 that measurements of the CBR are no longer directly related
to the backscatter properties of the preclpitation particles.

The storm of 27 July 1972 demonstrated that the propagation

[

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

behind regions of high reflectivit& can be dominated by the
propagation term. The clue that a.propagation effect was present
came from the phase angle PPI dlsplay which shows the orientatioﬁ

of the backscattered ellipse quickly progressing with range from

0 to 45°. Furthermore, the correlations in this storm'were high
indicating that a large fractlion of the scatterers had similar
orientations thus forming an anisotropic medium. Tﬁ;bretical
calculations for haillstones suggest that propagation ghrough hail’
could depolarize the transmitted radiation more than rain. ‘

In Chapter VI it was demonstrated that when the

propagation term,ﬁgfgzzTT'the observed values of the phase angle

in rain are consistent with the idea that raindrops fall as

-71 - .
~ . v .

T - - a te st



i

' . oOblate spherolds with thelr minor axls vertical. The phase angle

measurements at 16.5 GHz of McCormick -and Hendry (1970) are also

sconsiste with thils conclusion. Observations through the
ﬁeltina 1aye; of widespread precipitapion have shown that when a
peak occu?s in both the reflectivity and CDR the peak Iin the CDR
often apéears below tge peak 1in thelreflectivity. It was

- <

e suggested that this may be partly the result of drop breakup
(fiid 1nduc1né Jscillations and distortions. The correlation was
observed to décrease up through the melting layer, slgnifying
Liat the ucattererb have no preferred orientation. An attempt
was made to see {f the phase angle could uniquely distinguish

hetweeﬁlrain and hall. The observations and theoretical

caigulations show that it is very difficult to separate the non-
Raylelgh scattering effects. from the propagation effects. The
only uﬁusual phasé angle obrgervations were obtalned from the
upper reglons of thunderstorms. It*was shown that although the

gqrrelatiop is generally hlgh below the melting level in

[

- convective storms and convective cells imbedded in wldespread

N

precipitatioﬁ, the average correlation measured at 3 GHz in

Alverta for a glven reflectivity appears to be lower than that
. .
measured at 16.5 GHz in Ottawa. Finally %t was argued, threough
T

- . ! a
calchlations of the CDR as a function oQ&Teflectivity, that the
CDR tends toward a limiting value (=-11 dB) as the rainfall rate
increases Observatlions of the CDR higher than this limiting

value are probably the result of scatterers other than raindrops

or else ‘the CDR 1s dominated by propagation effects. Further
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Filg. 6.3 Scatter diagramfof surface rain and hail reports with
corresponding Values of tae CDR and reflectivity
measured aloft by the radar and including theoretical
calculations of the CDR and reflectivity for rain.
Th¢ "solid line corresponds to the results of this
pPFuent work and the dashed line corresponds to the
results of Barge (1972). The scatter diagram is

: . reproduced from Barge (1972). -




calculations demonstrated that the CDR and reflectivity are
sensitive to different size intervals of the drop size
distribution. Also it was found that the calculations are

sensitive to the width that was used for the drop size intervals.

7.2 Conclusions

Observations and theoretical caiculafions show that
propagation through rain can depolarize a circularly polarized
wave so tha? CDR measurements are domlnated by this propagation
effect and hot by the backscatter properties of the %recipltation
particles. Before considering the consequences of this result »
the observations of a previous polarization study using the
Alberta Hall Studles radar will be reviewed. .

In the research of Barge (1972) observations of t?g CDR
and reflectivity were compared with ground observations of the
occurrence of rain or hall. The results were preaented in a
scatter dlagram which is shown in Fig..6.3. It cén be séén that
when the reflectivity was greater than 48 dBZ hail was always
observed on the ground. Ffor reflectivities betyeenujh and 48 dBZ,
the likelihood of hail being observed on the grouna increases
with the CDR. 1In thils study Barge also calculated the CDRs and
reflectivities for various raindrop size spectra that have been
reported in the literature. Compared to the drop size
distribution of Marshall and Palmer (1948) it was'found that the
CDRs of the other size spectra were either much lower or 3 to 4

L1

dB higher for a given reflectivity. The only exceptions were 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
between 30 and 37 dBZ.

The scatter dlagram (Fig. 6.3) shows many rain -
observations lying well 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. Whlle thils may be true the results of
Chapter V suggest that some of these observations may have been
influenced by the propaéation effect. It would therefore'be
useful to reanalyze the data iIn Pig. 6.3 and eliminate any
observations where the ﬁropagatlon effect might be important such
as on the far side of a thunderstorp. It 1s expected that some
of the ralin observations, with CDRs mucp above ;he theoretical
curve , would‘ﬁhen be eliminated. Thils would certalnly improve
the scatter dfagram and strengthen the conc;usion that the CDR
is useful in discriminating between rain and hail.

It was previougly mentioned that whenever the
reflectivity is between 34 and 48 dBZ the probability of hall
occurring on the groundrincreases with the CDR. Since
propagation through heavy raln can seriously depolarize a 3 GHz
circularly polarized wave the interpretation of fhe CDR-

~ reflectivity observations in this region must be made with sone
estimate of the strength of this propagatiop effect. There are

several ways that this estimate can be obtalned.

. ‘ ' In Fig. 5.6 it can be seen that the differential phase °
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shift (ln depgrecs/km) 1 an cxponential function of the
reflectivity ' and therefore it should be possible to integrate ﬁhe
reflectivity with range to determine the total differentlal phase
shift. This cbuld be done with a device similar to ADA

(zawadzk1 and Rogers, 1969).

The phase angle and correlation PPI displays are useful
in dotermining‘whether or not a propagation effect 1s present.
High correlations in the intense precipitation areas indicafe
that a large fraction of the scatterers have the same orlentatlon
and thus form an anisotroplc propagatlon medium. If the
orfentatlion of the backscattered ellipse 1s observed to progress
rapldly with range from 0 to I5° or to remain greater than 36°
when the reflectivity 1s rolafively high then the propagatlion
term is 1important.

Becauge propagation through rain causes the orlentation
of the backscattered elllpse to depart from the neighbourhood of
0° the phase‘angle does not readlly discrimln?te between hall and
raln on theé bvasis of the non-Raylelgh differential phase shift
upon scattering. However, theoretical calculations indicate that
propagation/ﬁhrough hall can cause greater depolarizations than
rain and si%ce the éffect'of propagation through rain can be
estimated it could be useful to study the range variation of the
Warious polarization parameters. If changes ;long a propagation
path occur more rapldly or are larger than can be attrlbuted to
rain then this may indicate the presence of hail. This study

would require reflectivity contours to be finer than the 10 dB .
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«5} y
' steps now avallable and the orientation of the backscattered
} ellipse to be contoured in éteps smallér than 18° (i.e. the phase

aﬁgle steps smaller than 36°). The chart recorder system could

be us for a study of this type by moving the range gdte back

and forthYthrough the storm with the antenna at a fixed azimuth.

x » .
However, /Jthls procedure was not possible in the past since the

antenna was set 1n 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 polarizatioﬁ \

parameters would be more feasible 1if the Alberta Hail Studies

radar was computerized. o

) / At present 1t appears that the best way to discriminate
between rain and hall with a polarizatlion diversity radar 1s with
ChR-reflectivity measurements provided conslderation is glven to

the propagation effect. .

“
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APPENDIX I ’

)
f :
THE . SCATTERING AMPLITUDES OF FOUR HAILSTONES

In 1972 the Alberta Haill Stud1g§ sent a sample of
. hallstones to Dr. G.C.McCormick's group at the Natiqnal Res;arch
Council to be used in S-band scattering measurements. From this
sample four hallstones, shaped like oblate épheroids, were
selected and their minimum and maximum dimensions were sent to
Dr. T.Oguchi of the Radio Research Laboratories in Japan.
Assuming the four hailstones to be oblate spheroids of 1ce at 0°C
he calculated their forward and backward scattering amplitudes.
These scattering amplitudes were passed on to the author via
Dr. MéCormick and were used to ¢aleulate the parametéré in
Tables 5.1 and 6.1. '

Table Al.l1 1lists the shape parameters of the four
hailstones, Table Al.2 1lists the forward scattering amplitudes,

and Table ‘Al.3 1lists the backward scattering émplitudes.

TABLE Al.1. The minimum and maximum diameters, the
axlal ratio, and the diameter of an equivolumic
sphere for the four selected -hailstones.

&

MINIMUM MAXIMUM AXIAL EQUIVALENT
DIAMETER DIAMETER RATIO DIAMETER

(cm) (cm) (cm)
(1) 3.05 3.7_1 0.822 " 3.48
(2) 2.5k 4.11  0.618  3.50
(3) 2.16 3.30 0.655 2.877
(4) 1.27 1.91 " 0.665 1.67
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(2)
" (3)
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TABLE Al.2. The forward scattering amplitudes

of the four selected hailstones. The
underlined numbers may be inaccurate.

S511(0) S22(0)
9.62x107 "~ 2.26x107'J . 1.08x10"% 3.00x107")
8.9x107'~ 1.74x107"y 1.17x107%- 3.4x107 %y
4.7x1077- 6.03%x107" ) 6.1x107 - 1.06x10™"} ‘
B.4x107"~ 2.61x107" 1.05x10" - 4.1x107"y

-

TABLE Al.3. The backward scattering amplitudes
"of the four selected hailstones. The

underlined numbers may be inaccurate.

S11(180) . " 522(180)
b.28x10" %= 1.94x10" "} 4.84x107 "~ 2.58x107")
3.2x107'- 1.4 1077 4.3x107%- 2.7 107%)
2.7x107°- 5.5%x107" 3.6x107"- 9.8x107"
7.0x107 "~ 2.55%x107 "] 8.2x10'\- 4.0x10" "%y
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