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AB S TRACT 

Radar polarization measurements of precipitation at 16.5 GHz 
li 

/. 

are analyzed wit~refer~nce to the amblent temperature profile of the 

atmosphere. The measure'd quantities are the reflectivity" the ratio of 

the main and closs-polarized signal powers, called the cancel1ation, and 
" 

the correlation between these t\.;o signaIs. 
, 

Polarization observations of the bright band are discussed • 
.... 

It is suggested that correlation gives an indication of the relative num-

ber of water drops in the scattering ense~ble. From the characteristics 

of correlation and cancellation observations it ia 1nferred that smalI 

sno~.;f1akes melt first with the resuIt that radar returns are dominated by 

large water-covered snow aggregate~ at levels Just below the reflectivity 

pe~k in the bright band. 

Correlation measurements are used to ~nfer possible precipi-

tation types at V3rlous alt~udes in convective precipitation. A region 

of mixed-phase scatterers 18 postulated above the QOC level, with ice-

phase scatterers above anct rain or rain-like particles be1o\-I . 
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RESUME 

Des observations de précipitation, prisent à l'aide d'un radar 

polarisateur à 16.5 GHz, sont analysées en rapport avec les données de 

température atmosphérique ambiante. Le coéfficient de réflexion, le quotient 

des deux signaux polarisés, appel1é le quotient de cancellation, ."et la cor-

rélation entre ces signaux sont observés. 

Les observations de polarization danS la bande brillante sont 

discutées. Il est suggéré que l'analyse de corr~lation indique le nombre 

relatif de gouttelettes d'eau dàns le milieux diffusif. Des 'observations 

de corrélation et du quotient de cancellation suggérent que les petits 
, 

flocons de neige fondent en premier, occasionnant à ces niveaux un retour 

d'ondes largement dominé par de large messes de flocons imbibés d'eau 

liquide. 

Des types de précipitation à différentes altitudes dans 

une cellule d'orage convective sont suggér'és selon ces données. Une région 

de diffuseurs multi-phase est postul~e au niveau immediatement supérieur à 
~ 

celui de Qoé. ayant la phase d'eau solide au haut et la phase d'eau liquide 

au bas. 
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CHAP'TER l 

INTRODUCTION 

, 
Scientists at the National Rese~ch Council of Canada have 

deyeloped'two polarization dîversity radars in us~ in Canada. These inc~ude 

a 10.4 cm raqar at Penhold, Alberta, used primari1y in the study of hail 

storms·' and a 1,.82 cm radar at NRC 'in Ottawa used in the study of precipita-

tion and its influence on the transmission of millimeter wavelengtn radio 

waves in the atmosphere. 

The propaga~i~n and scattering theory· developed by McCormick 

and presented by.~arge (1972) and Humphries (1973), has been used in pre-

vious trcatrnents of data from these radars. TIlis theory shows that four 

l ' ~ 
indep~ndent rnêasurable quantities may be used to describe the polarization 

characteristic~ of the signaIs returned from precipitation. These quanti-
o 

ties represent the retur;ned power, the cancel,lalion ratio and the relative 

phase angle and correlation between the main and dep?larized signaIs. 

Thes~ parameters have been 

tion in studies by Barge and Hurnphries 

. ~ .. ~ 
relatèd to the observed precipita­

! '\ 

from radar data collected in Alberta. 

Barge (1972) considered combin~tions of reflecttvity and cancellation.ob-
~ . 

served. belmv the freezing level and related thetn ta the occurrence of hail 

at the surface. ~e det€rmined that the two pararneters taken together could, 
~ 

be used to indlcat~ the occurrence of hail at the ground better than either 

of the quantities taken alone. 
~~ 

Hurnphries (1973) examined the range depend-
" 

ency of the radar parame~ers (especialfy of the relative phase angle} and 

conc1uded that significant propagation effects can be observed at 2.88 GHz 
,J .. 

in rain as we11 as in hai1. 

_ - 1 -
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Sorne observations from Ottawa have been related to me'teorologi-
f-

cal ,parameters by McCormick and Hendry (1970, 1972) and by Hendry'and 
i"', 1 

Ncc6rmick (1971, 1974). These include' the observation that -correlation . . 
between the receiver channels is usually large id ~n increasing functi~n 

of reflec tivity in rain'
e 

They also, report that relat,ite phase angle measure-
.. 

ments indicate that raindrops tend to fall with their major axeS nearly 
t-

horizontal. 
'>. 

RHI data have been col1ected in Ottawa since 1970. During this 
~ 

time ob~efVations have been concentrated on high reflectivity regions in 

precipitation. Consequently, these data are not comprahensive records of 

a given storm in space or time, nor do they represent aIl storms observable 
~ \ 

on a given day. 

" The purpose of this thesis was to de termine sorne of the features 

of Ottawa data and ta suggest how these mtght be explain~d in terms of mete-

orology. Efforts have been concentrated on re1ating the observed pattern of 

correlation values ta the height of DOC in the atmosphere. It appears from 
~ 

this study that correlation values may indicate information about the phase 
n 

state of scatterers at various heights in the b~ight pand and in cortvective . 
, showers. 

, ) 

.' 
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Table 2.1. Cnaracteristics of the Ottawa radar. 

~peak power 

pulse duration 

PRF 

frequency 

beam w"id th 

antènna 

maximum 

~zimuth 

, 
f 

gain 

elevation 

sector 

\ 

angle 

- 35 kw 

- 0.4 l1sec 

- 2000 
~ -1 

sec, 

16.5 GHz 

- 0.89° (a11 planes) 1 

- 43.0 dB (at transmitter terminaIs) 

- 35° (90
0 

from June 1974) 
. 0 

- 350 (approx. ) 

", 

" 

\ . 
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CHAPTER II 

THE OTTAWA RADAR AND DATA FORMAT 
.co 

In this chapter sorne of the characteristics of the Ottawa radar 

are describ~d~ The system and related theory have been described in greater 

detail by Hendry and McCormick (1968, 1971). 

2.1 Radar Facilit(es 

The Ottawa radar was designed and built by seientists at NRC to 

study propagation and scattering effects of precipitation at 16.5 GHz. The 

major characteristics of this radar are presented in Table 2.1. 

The a~tenna is ~apable of transmitting any polarization and of 

resolving the returned signaIs into the transm~tted po1arization and,the 

one orthogonal ta it. ~ dual waveguide systeM employed with this antenna' . 
does not permit full.360° rotation in azimuth. Consequently, the radar sys-

.-' , . 
tem has been designed ta enable the collection of data in an RHI mode. 

The dual channel receiving system (one for each polarization) 
, 

ls equipped ta measure four independent parameters relat~d to the polariza-

tian characteristics of the returned signals. The four resulting video sig-

naIs are sampled in twelve range gates after each transmitted pulse. " t 

The 1 ~sec range gates are spaced 500 m tpart, forming a sampling 

array with a total range extent of 5.5 km. This array is positioned at any 

desire~ range up to about 70 km ta record precipitation echoes of interest. 

Data are recorded from the range gates while scanning the antenna in,eleva-

tian, creating t'\\'o-dimensional range-height records essentia1ly the same as 

RHI' s. 

.. 
- 3 -



Samples of the four video signaIs in each {)f the twelve range 

gates are ave~dged by an array of 48 analogue integrators. The integration 

\ 
time constants are equal to 0.3 sec, corresponding ta the time required for 

600 sa~les (t~ansmitted pulses). The ihteg~ator outputs are digitised and 

recorded at l-second intervals during the observation periode Auxi1iary 

information such as antenna position, date and time'are included in the 

,digital magnetic tape record. 

Analysis of the raw data is executed by a conventional digital 

computer at NRC. The in~egrated video records are used ta ca1culate a set 

of, four independent radar parameters designated as Pz, CAN, ORTT and ALD, 

according ta formulae given by McCormick (1968), McCormick and Hendry 

(1970, 1972) and Hendrv and NcCarmick (1971). The computer prints a set 

of four range-height displays (one for each parameter) for every antenna 
\ 

elevation scan, on record. t set of outputs, such as shown 

be described hereafter as A "elevation scan". ~ 

in Fig. 2.1, will 

\ 

, 
The presentat~on of data in this computer-prin tout fotm results 

... 
in printing 'errors' of two types. The finite number of character locations 

requires that the data positions be printed on1y approximately. These loca-

tian errors are less th&n 167 m (1 line) and have not proven ta be a sèrious 

prob1em. Secondly, the height axis i5 compressed slightly with respect to 

the range axis. This again i8 not ~ serious p~oblem since exact comparison 

of distances between 'the horizontal and vertical has not been atternpted 

here. 

2.2 The Polarization Parameters 

As'noted ear1ier, four quantitles are determined from the signals 

in each range gate. These quantities and t~e symbols used to identify them 

.. 
- 4 -
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1. 

are as follows: 

Pz, the range-normalized bac'kscattered power in the main channel. 
,.-~ 

CAN, the cancellation, which represents the ratio of the powers 
, l, 

in the main and depolarbed channels. 

ORTT, the correlation between the main and depolarized signaIs. 

ALD, a quantity derived from the average relative phase angle 

between the main and depolarized signaIs. 

These quantities are essentially the same ~s those described 

by Bàrge and Humphries although the terminology follows that of McCormick 

and Hendry. These radar parameters will now be discussed more specifieal1y 

and in turn. 

Pz 

Hendry and NcCormick (1971) Indicated that pz 15 re1ated to the 

commonly used reflectivity factor Ze by 

Pz(dB) '" 10 loglO Ze + 20 dB (2.1) 

Of the four pararneters, Pz is measured the most directly and therefore is 

subject ta the srnallest measurement error. However, large errors in Pz can 

occur from attenuation. Cr~e (1971) suggests, for example, that attenua-

tion at 1.87 cm is,greater than 1 dB/km at 20 mm/hr rainfall rate. The re­

~ 
fore, Pz Measurements are not reliable when significant amounts of precipi-

tation occur in 'the observation path. 

CAN 

TIds quantity, measured in dedbels, may be defined by 

1 

(2.2) 

9 -
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• 

<where P 2 i5 the pmver measured in the main channel and Plis the power 

measured in the cross polarized channel. This definition of cancellation 

is similar to the definition of circular depolarization ratio used by Barge 

and Humphries except for a difference of sign. Circular transmitted polar-

ization was used exclusively for the observations considered here. 

Calculations by Barge and Iater by Humphries based on meaBaTed 

droplet size distribution and size-shape relationship for ~blate spheroids, 

• have indicated that cancellation decreases with increasing rainfaii rate. 

Cancellation values are observed to be greater than 25 dl in very light rain 

and snmy and less than 20 dB in heavy rain (NcCormick and Hendry, 1970). 

Hurnphries (1973) has shown that differential propagation effects 

when present, tend ta cause C~N values to âecrease with range. Cancellation 

is often observ~d to be range dependent at 1.82 cm as shown in rig. 2.1 at 

low elevation. It is clear that CAN values best represent the scatterers 
(" 

under clear path conditions. 

ORTT 

This parameter is derived from the correlation between the two 

returned signaIs. It 18 a measure of the tcndency for the relative~phas~ 

angle between the two receiver channels to remain constant over the inte-

gration ti~e (0.3 sec). ORTT can assume any value between 0% and 100%. 

These limiting values occur when t~e relative ph~se an~le varies widely and 
1 

,,,,hen it is constant. respectively. 1 

Hendry and NcCormick (1968) suggest that ORTT i8 a measure of 

the tendency for the observe\ precipitation to have a preferred orientation. 

In particular, for an idealized precipitation mode! in which aIl droplets 

- 10 -
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have the same size, shape and dielectric constant, ORTT represents the per-

centage of droplets h~ving the same, fixed orientation angle in space. AlI 

remaining droplets are assumed to be randomly oriented. 

Hendry and McConmick (1971) have determined characteristic ORTT 

values for various precipitâtion types. Values in rain below the melting 

.layer are typically 60% or greater, and values in snow observed near the 

ground in winter are usually 40% or less. ORTT values around 20% are re-

ported for observations in the bright band in stratiform rain. Humphries 

" (1973) reports that correlation values are smaller in rain observed at 

10.4 cm in Alberta than tho~~ at 1.82 cm in Ottawa. 

Hendry and McCormick (1971) point out that ORTT indicates the 

relative number of scatterers with a preferred orientation only when propa-

gation ef~cts are negligibly small. For this reason correlation values 
{} 

best describe the scattering process under clear pa th conditions • 

.. 
ALD 

ri-

Whenever there is sufflcient power in the cross polarised chan-

nel to be detectable and when the correlation is non zero, the ~elative 

phase angle between the receiver channels can be measured. With the Ottawa 

radar system, measurements of the relative phase angle are reliable when-

ever ORTT exceeds about 20%. 

In the absence of propagation effects and non Rayleigh scatter-

ing effects, ALD represents the angle of preferred orientation of the scat-

terers. ALD has not been considered in the prepent analyses sinee it usually 

• shows pronounced range dependency as in Fig. 2.'1. The range-height display 

of ALD has been omittec! from elevation scans presented in Chapters III and IV. 

- 11,-

) 



2.3 Data Selection 

~ As noted, propagation effects at 1.82 cm resuit in pronouneed 

range dependency of the radar parameters in moderate to heavy rain.. In 

order that the data included here represent the scattering process as op-

'posed to propagation effeets, care ~as taken to exclude observations with 

significa~t amounts of precipitation in the path. 

The exclusion of propagation effects is neeessary sinee the 

radar parameters are interpreted here in terms of scattering theory. For 
, 

elevation scans of convective rain, data points beyond the reflectivity 

maximum wer~ ·'disregarded. This procedure assured that at least those observ-

ations most strongly influenced by propagation effects were not included. 

In stratiform rain propagation effeets were not observed to be 

as important, probably beeause of the relatively low ra{nfall rates. 
~ , 

• 

-

\' 

" 
, 

\ 
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CHAPTER III 
\ 

OBSERVATIONS IN STRATIFORN PRECIPITATION-

In this chapter, observations of Pz, CAN and ORTT in strati-

form precipitation are presented and discussed. The present data are corn-

pared with observations by others, with special emphasis on the character-

istics of ORTT. The results are used in Chapter IV to he1p with the 

interpretation of convective rain data. 

3.1 Hean Brigh t Band Profiles 

Radar observations in stratfform precipitati,on presented by 

McCormick and Hendry (1972) and Hendry and McCormick (1974) show contours 

of Pz, CAN and ORTl that are virtually horizontal. Furthermore, the only 

large vertical gradients of these parameters occur near the melting layer. 

An elevation scan through the bright hand similar to those 

meJl.tioned ahove, appears in Fig. 3.1. A high degree of horizon tal uni-

formity is apparent. This suggests that horizontal averaging can be used \ 
to construct a representative vertical profile for each parameter. Mean 

bright-band p'rofiles from four occasions were constructed as exp1ained below. 

Tha data from three adjacènt range gates (as shawn in Fig. 3. Î')· 

were averaged ta determine a mean vertical profile for each elevation scan 

from a given day. The range gates were chasen ta include data above the 

bright band ta be as nea!, to the radar as possible in order to minimize 

the influence of propagation effe~s. The n'lean profile determined from the 

three range gates was used with similar profiles from other elevation 

scans on a given clay, ta construct a single profile for each parameter show-

• ing the mean characteristics of the bright band for that day. 
r> 
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The mean vertical profiles of the bright band on 9 December 1971 

appear in Fig. 3.2. This figure demonstrates m...·my of the characteristics 

of the btlght band discussed by Hendry and McCorrnick (1971, 1974) and by 

Humphries (1973). For example, the mean Pz profile shows the bright band 

ref1ectivity is only 5 dB greater than that of the rain. This value falls 

outside the 6 dB ta 10 dB range quoted by Battan (1973) as characteristic 

of most observations. It might be expected that the averaging employed 

here wo~ld tend to smooth out the bright band maximum. However, it is 
1 

apparent from Fig. 3.1 and from other stratiform rain e1evation scans 

(NcCorrnick and Hendry, 197.2, Hendry and HcCormicek, 1974) that the weak 
1 

bright band is a characteristic of the individual measurements. TIlfs pecu-

1iarity of the observations probab1y results from the short wavelength 

(1. 82 cm) used at Ottawa, ,and consequent non-Rayleigh scattering. 

A second charactcristic of Fig. 3.2 which was previously ob-

served 'py Hendry and McCormick (1974), is the weIl pronounced (15 dB) can-

cellation minimum in the melting layer. Fig. 3.2 indicates further, as do 

a~l available profiles, that the minimum CAN value occurs one heIght inter-

val (167 m) below the reflectivity maximum ns discussed by Humphries (1973) 

(see section 3.2). 

The vertical profile of ORTT in Fig. 3.2 shows good a8reement 

with values quoted bf Hendry <lnd Mc,Cormick (l971}, far snow and rain. They 

report that snaw is characterised by ORTT values 1ess than 40%, as observed 

above the bright band in Fig. 3.2. Below the bright band, correlation values 

are greater than 60%, as suggested by Hendry an~ NcCorrnick for rain. 
,-; 

The minimum correlation value in Fig. 3.2 and in aIl other bright r , 

band examples (Figs. 3.4,3.5 and 3.6 ln Section 3.3), occurs at the same 
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level as the reflectivity peak. The values at this minimum (near 20i, in 

Figs. 3.4, 3.5 and 3.6) are similar ta those reported by Hendry and 

McCormick (1971) for observations in the btight band. 

3.2 10.4~cm Observations of the Bright Band 
o 

Humphries (1973) presented three unaveraged vertical profiles 

of the bri~ht band measured in Alberta at 10.4 cm •. A representative pro-

file from his observations and the data from Fig. 3.2 are shawn together 

in Fig. 3.3 for comparison. 

The profile sets differ in two ,.ays: the reflectivity peak 

is more pronaunced and the correlation values are 10wer in the Alberta 

data than in the Ottawa data. As mentioned, the bright band is weak in 

a11 observations at Ottawa fit 1.82 cm. This may account for the large dif-
~ 

,r ference in ~eflectivity between the 10.4 cm profile and 1.82 cm profile at 

the ref1ectivity maximum. Alsa, the tendency for the correlation values ta 

be smaller in the Alberta observations is consistent with the observation 

by Humphries (1973) that in general, rain observations at 10.4 cm in 

Alberta shO\v less correlation than those at 1. 82 cm in Otta,va. 

These differences aside, the agreement of the two data sets 
r 

is quite good. ,The cancellation profiles are similar in value everywhere 

and bath demonstrate the tendency for the minimum value to occur Just below 

the reflectivitJ maximum. 1he correlation profiles are similar as weIl. 
lt 

They show nearly the sa~e increase from small values at the reflectivity 

peak ta larger values below in the rain. This rapid'increase of ORTT values 

i5 confined to a 500 m interval immediately below the reflectivity maximum 

in both profiles. 
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Humphries (1973) speculated about the processes occurring in 

the bright band. He suggested that the cance11ation minimum occurs below 

the reflectivity peak because of the oscillation of large drops prior ta 

breakup. Equally plausible, perhaps, ls the following argument which does 

not depend upon droplet brea~ up, but which considers the behavior of 

correlation as weIl as cancellation below the reflectivity maximum in the 

brigh t band. 

Brazier-Smith and Stromberg (1972) studieq the shape and fal1 

speed of large water drops (diameter~4-5 mm). They observed that initial 

oscillations of the drops, associated ~·Tith their release in the wind tun-

nel, died out after a free fall of less than 4 m. Their photograph shows 

that when oscillations cease, the drops are distorteQ and failing with a 

fIat side down. This suggests that a raindrop in the bright band dcvelops 

a strongly preferred orientation almost as soon as the ice in that particle 

melts completely. 

The ORTT minimum at the bright band indlcates that the scat ter-

ers there show less tendency to have a preferred orientation than do the 

snowflakes above. This may be a scattering effect asso~iated with the 

change in dielectric constant which occurs when the surfaces of the snow 

aggregates become ~ater covered at the bright band. Another possibility 

18 that the scattercrs begin to tumble because of changes in density and 

shape that result when melting occurs . 
. 

Assuming that the mixed-phase scatterers return only weakly 

correlated signaIs and that the pure":'water scatterers show a preferred . 

orientation as sodn as they are creatf'd,r ORTT indicates the relative per-
, 

centage of scatterers that are liquid at various heights below the reflect-

ivity maximum in the bright band. The higher the ORTT value the higher the 
-', 
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percentage of ra in drop lets at that level. About 500 m below the reflectiv-

ity peak all the mixed-phase scatterers seem ta have melted since ORTT be-

cornes constant (>607-) with height. This latter feature is shown more clearly 

in Figs. 3.4, 3.5 and 3.6 presented in the next section. 

The occurrence of the cancellation minimum below the level of 

the reflectivity maximum would be explained as follows. Some of the water-C 

covered snowflakes, probably the smal1est ones, have been converted to rain-

drops by the time they fall ta level of the cancellation minimum. These 

smail scatterers have a smaller cross-section and lower number density (due 

ta acceleration) in raindrop fOTm than th!;:y did as snowf1akes. As a resul t, 

the large scatterers dominate the returned signaIs more heavily at this 

lepel than at the reflectivity peak. Since the large water-covered snow 

aggregates probably have a more irregular shape than the smaller ones, the 

.cance1latioJ minimum occurs below the reflectivity peak where the large 

scatterers dominate most heavily. 

3.3 Other Bright Band Observations 

Severa1 characteristics of stratiform rain data have been .. 
determined from examp1es in which observations of rain be1m,T the bright 

band ex tend over t,vo or three kilometers in elevation. Three such exam-

pIes are presented in Figs. 3.4, 3.5 and 3.6. These profiles difEcr 

from Fig. 3.2, in two ways: the ref1ectivity in the rain i5 greater than 

observed ln Fig. 3.2, and ORTT values above the bright b~nd exceed 40%, 
. 

the value expected for snow (Hendry and McCormick, 1971). The~e two differ-

ences may be re1ated. It is possible that ORTT'values above the bri~t band 

are large because of propagation effects which occurred in the rain (s~e 
" McCormick et al, 1972). The larger reflectivity in the rain suggests that 

,1 
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~uch propagation effects are more important in these examples tban-in 

Fig. 3.2 . .. 
.' 

Humphries (1973) determined a theoretieal relationship be-
\ 

tween refleetivity and eaneellation based on the Narshall and Palmer (1948) 

raindrop size distribution and the Pruppaeher and Pitter (1971) size-shape 
, 

relationship for raindrops. This eurve, presented in Fig. 3.7, shows that 

eaneellation is a decreasing funetion of refleetivity for Marshall-Palmer 

raine Humphries asserted tbat propagation effeets should tend ta make ob-

servations lie above his e~leulated values. An average Pz-CAN value for 

the rain region in eaeh of the stratiform rain examples studied, appears 

in Fig. 3.7. These observations lie quite close ta the line, suggesting 

that propagation effeets were not dominant in the ·rain region r strati-

\....., .' forrn rain~ examples. Propagation effeets, apparent 1y incurred in the rain \ 

appear ta do~inate correlation values above the bright ban~. as noted above. 

This probably occurs sinee accumulated propagation effects would become 

~elatively more important in the snow region where cance11ation values are 

,large. 

\-;'ell be10w the bright band, in Figs. 3.4, .3.5 and 3.6, Pz and 

ORTT inerease and CAN deereases tmolard the ground. This pattern agrees 

with the observation by McCormick and Hendry (1972) that ORTT is an inereas-

lnf funetion of Pz and CAN is a ~eereasing funetion of Pz. The profiles of 

Pz lsuggest that the mean drop size inereases toward the ground. The ORTT 

and CAN profiles show that the larger drops near the ground tend ta be more 

tdeEormed and have a greater tendency to fa11 with a preferred oTientation 
1 

than do the smal1er drops above. 

The bright band ,profiles of Figs. 3.4, 3.5 and 3.6 were con-

strueted from data observed in 3 range gates in each of 17 elevation Beans. 
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Table 3.1. The distrioution of distances (d) between 

1 

o o C and the reflectivity ~eak in the bright 

band for 42 observationEi in stratiform rain. 

DISTANCE BELOW OOC(m) 

d < 250 
.. 

250 < d < 500 

500 < d < 750 

, 

• 

NUMBER 

6 

11 

25 

" 

.e 

, 



In these 42 profiles, the ref1ectivity maximum occurred be10w the height 

of QOC as measured~at ~~niwaki1 at 1200Z on those days. A tabulation of 

the distances that the reflectivity peak occurred below the O°C isotherm 

is presented in Table 3.1. Thirty three of these observations lie between 

240 m and 540 m. Battan (1973) indicates that most observera report values 

between 100 m and 400 m. This difference suggests that the height errors 

caused by applying atm~ric data from Maniwaki are of the order of 200 m. 

o 

3.4 Parameter Distributions in Stratiform Rain 

It was indicated in Section 3.1 that the radar parameters show 

very little horizontal variation in stratiform rain. To verify this, the 

distributions of Pz, CAN and ORTT were constructed for vaFious heights from 

data recorded 2S August 1971. The d~stributions of these parameters for a 

500 m interval in the rain below the bright band are presented in Fig. 3.8. 

The vertical profiles for this day (Fig. 3.4) show that the menn parameter 

values vary only slightly in ~my 500 m interval in the rain region. As a 

result, vertical variations in the 500 m interval do not wide~the distri-

butions significantly. 

The very narrow distributiorts in Fig. 3.8 show that horizontal 

variations of Pz, CAN and ORTT were indeed 8ma11 and that values remained 

near1y constant over the observation period • 

.... 

1 Maniwaki, a radiosonde station located 110 km Nm{ of Ottawa. 
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CHAPTER IV 

OBSERVATIONS IN CONVECTIVE PRECIPITATION 

4.r Introduction 

In comparison with bright band data, elevation seans through 
. 

convective rain (see Fig. 4.1) show relatively large"'horizontal variations 

of reflectivity and cancel1ation. On the Jother hand, correlation i8 nearly 

a function of height alone. Small values of correlation tend ta occur at 

mid-Ievels with larger values ab ove and below. This structure of ORTT is 
-Y 

similar te the pattern observed in stratiform raine 

In stratiform ra in , parame ter valués consistent with snm. and 

rain were observed above and below the br1ght band respectively (Fig. 3.2). 

For the convective rain elevation scan in Fig. 4.1, the large ORTT values 

(>60%) below 3.0 km suggest the presence of,rain. Above 4.5 km the OR TT , 
values near 40% must represent sorne form of precipitation other than snbw 

since the associated CAN values (approximately 20 dB) are lower than those 

reported,for snow (McCormick and Hendry, 1970). 

This pattern of ORTT values 18 dlfferent from stratiform rain 

observations in a second way: the ORTT minimum in Fig. 4.1 occurs above the 

height of O°C, whereas in stratiform rain it eccurred at the reflectivity max-

imum,below the O°C level. The p'roxlmity of the law ORTT region ta O°C sug-

gests that low correlation values in convective storms may indicate the 

presence of mixed-phase scatterers as they do in stratiform raine 

4.2 ORTT as a function of Hei ght in Convective Rain Data 

The extent to which ORTT i5 a function of height in an in\Uvi-

dual elevation scan 18 demon'strated .in Fig. 4.2 from Hendry and McCormick 
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(1971). In this figure correlation values greater tnan 80i.~redominate be­

low 2.0 km. Above 2.0 km ORTT values decrease with height becoming less 

than 10% at 4.0 km. Fig. 4.1 demonstrates the tendency for ORTT values to 

increase again at high elevations. In elevation scans,~ith large vertical 

extent (such as Fig. 4.1) low ORTT values appear in a band at mid-Ievels. 

Fig. 4.2 shows that the vertical gradient of ORTT below the 

band of low values extends from 2.0 km to 4.0 km. This height interval 

is much wider than 500 ID ORTT gradient zon~ observed below the reflectivity 

peak in the bright band (see Section 3.2). A relatively wide ORTT gradient 

zone such as this, is common to m09t elevation scans from convective rain. 

'men the data from a given day are considered as a whole. 8 

similar pattern of OR TT values is apparent. The height dependency of cor-

relation values was determined for four occasions on which eight or more 

convective rain elevation seans were recorded. For a given day, a histo-

gram of correlation values was constructed for éaeh 500 m height interval 

between 1.0 km and the maximum height of observations on that day. Ob-
I 

servations at greater range than the reflectivity maximum were disregarded 

in an attempt to reduce contamination of the results by propagation effects. 

The histograms for each of the four occasions show a simi1ar height depend-

ency of correlation values. The ORTT distributions representing data in 

thirty elevation scans recorded 10 July 1972 appear in Fig. 4.3. 

The distributions shm<T that ORTT values greater th an 60% pre-

dominatk near the ground and the values less th an 30% pred'ominate at r.lid-

... levels (4.0 km in this case). The relative increase in the number of large 

ORTT values in the distributions above 4.0 km indicates that the low ORTT 

values at 4.0 appear as a reinimum in high elevation scans. This law-ORTT 

" region existed weIl above 2.8 km, the height of O°C measured at Maniwaki 
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on this day. 

e 
It i5 clear that the ORTT distributions at 7.5 and 8.0 km are 

heavily weighted toward elevation scans from strongly developed storms 

since th~se are the only scans with data points printed at 5uch high ele-

vations. Sorne values greater than 70% appear there. It is on1y near the 

top of the tallest elevation scans, however, that such large values of .. 
ORTT are observed at elevations above the ORTT oinimum. 

4.3 The Low-ORTT Region 

On two occasions in August 1973 elevation scans were recorded 

in rapid succession at fixed azimuth and range. These e1evation scans con-

stitute a time history of the precipitation which existed in the storm 

above a fixed line at lhe surfélce. The records also contain spatial infor-

mation dœ ta the movement of the storm above the line of observation. 

~ 
On 14 August more than one hundred elevation scans were recorded 

in eight groups, froID a storm system wh1ch pa~sed south of Ottawa. Within 

each of the eight groups, elevation scans were recorded at about l5-second 

intervals until precipitation echoes at that azimuth and range died out. 

After recording ce~sed, the antenna was repositioned to record data from 

a high reflectivity region near the location of the preceding observations. 

~eather radar records from Ste. Anne de Bellevue indicate that t~e storm 

system diameter was about 4S km and that i t rnoved due eas t'tvard be tween 

1840 EST and 1930 EST (the observation period). An estimate from these 

records suggests that the storm l'lOved about 1/4 beamwidth between successive 

elevation scans. 

An example of the elevation scans recorded on this day appears in 

Fig. 4.4. No suggf'stion i5 made thatelevationscanswithinagroup trace 
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-, 
the history of a given preci~itation parcel or that the eight groups are 

records of a unique portion of the storm system. Rather, the el~ion 

scans included in the subsequent analysis represent a series of measure-

ments, closely spaced in time, from a vdriety of locations within a single 

storm sys tem. 

AlI elevation scans recotded on this day demonstrate large 

values of correlation near the ground and a region of smaller values above, 

forming a pattern of the type described in Section 4.2. Those elevation 

scans which include data points above 4.5 km indicate that a law-ORTT reglon 

occurred in a narrow zone centered near 4.5 km as shown in Fig. 4.4. 

In or der to determine the time dependency of the height and 

vertical extent of this low-ORTT region, the heights of the 40% conta.r be-

low and above (when available) the region were plotted against time ~s shawn 

in Fig. 4.5~ h'hile the 40% con'tour is a rather arbitrary critcrion to tise 

to locate the bonndary of the low-ORTT region, it 18 suitable for deterht~-

. 
ing the gross characteristics of the region. 

It Is clear from Fig. 4.5 that the center 'of the low-ORTT re-

gion remained near 4.5 km throughout the observation periode Neither the 

upper nor Im.rer boundary indicateU).ong terro height trend in spi te of the 

scan-to-scan variations which are present. The pers~stence of the low-ORTT 
,-, 

region at a given height throughout these observations is consistent with 

. 
a temperQture dependency of ORTT, sinee a~mospheric temperatures are known 

to be more or less constant oVer a time interval of this length (50 min). 

It i8 a1so apparent from ~ig. 4.5 that the general pattern of 

ORTl values i8 virtually the same in aIl elevation scans recorded on that 

day. The scans, however, cover n wide variety of loçâ'tions within the sto .. "1n 
1 

,.1.. 
system, as mentioned. Such uniformity throughout the storm system might be 

\ 

expected if the correlation were a function of temperature. 
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4.4 An Individual Elevation Scan 

In view of the characteristics of the low-ORTT region deter-

mined 50 far, some specul?tion about the nature of the scatte~ing medium 

in various parts of an individual ~ation scan can be made. An eleva­

tion scan through a relatively sma~ convective storm on 25 July 1972 

appears in Fig. 4.6. 

Most of the region below 2.5 km in this figure i~ character-

ised by correlation values greater than 60% and cancellation values less 

than 15 dB. The large ORTT values show' that.rain predominates in this re-

gion and the low cancellation values indicate that many large (greatly 

deformed) raindrops are present . 

. McCormick and Hendry (1972) indicated that low cancellation 

values (typical of moderate to heavy rain) are usually observed in low . 

reflectivity regions near the edge of convective cells. This phenomenon 

is apparent in the 9.0 km range gate at low elevat:Lon in Fig. 4.6. 

Humphries (1973) cautioned that low cancellation values, such as these, 

could be éaused by propagation effects or by the presence of hail. In 

this example, however, propagation effects are probably sma1l or negli- . 

'41 gible due to the short range. The high ORTT values suggest that ra in 

predominates there, not hail. the observed reflectivity-cancellation 

values (P? < 40 dB, CAN < 15 dB) lie weIl above the line calculated by 

Humphries for Narshall-Palmer rain (see Fig. 3.7). lt appears, therefore, 

that the precipitation in the 9.0 km range gate was rain with many more 

large drops than predicted by the Marshall-Palmer raindrop size distribution 

for this reflectivity. 

In the 9.0 km range gat~ at higher ~evation there are three 

, 
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• data points which have large correlation values and 10w cancellation values 

as described above. These values suggest the presence of rain yet the 

data points lie above 2.8 km the height of aoc on this day. It would appear 

that rain from belm .... ,vas carried up to this elevation by an updraught and 

remained in liquid form unti1 observed by radar. , 
\ 

Above 2.8 km cancellation values increase Wîth height becoming 

greater than 25 dB near the maximum elevation. The values of cancellation 

in this entire region are somewhat lower than those observed in snow 

(HcCorrnick and Hendry, 1970). Sorne Pz values in this region are greater 

than 55 dB which is 15 dB greater than the observations in snow above the 

bright band in Fig. 3.2. Atroospheric temperatures above 5 km were colder 

\ 
than -15°C on this day so one would expect to find frozen precipitation 

there. It~appears, howevcr, that this precipitation is sorne form other 

.than snm-;. It is possible that graupe1 or small hail dominate Mhe radar 

returns from this regicn. 

The ORTT display in Fig. 4.6 indicates that the percentage of 

r particles with a preferted orientation in the region near the top of the 

echo lies bet\-1een 30% and 50%. Between this and the rain region' there 

exists a zone of very low correlation, with some values less than 10%. 

The low-ORTT region in this example extends below 2.8 km, whereas, in pre-

vious examples the low ORTT region occurred weIl above the height of DoC. 

the extension be10w the 1eve1 of O°C occurs in the same range gates as the 

zone of high ref1ectivity. The high reflectivity may indicate the presence 

of a dO\,orndraught region which would be expected, to -lower the OftC iso~herm 

in that part of the storm. This may account for the occurrence of part of .. 
the low-ORTT region bel~v the level of O°C as me~ured at }~niwaki. 
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The gradient of correlation values below the low-ORTT region i8 

confined to a 500 m interval, as observed in stratiform rain. Such a nar-

row ORTT gradient zone, below the aoc level, i6 consistent with melting, as 

deduced in Chapter III. Fig. 4.6 shm.Js, however, that 10'101 correlation 

values also occur 'vell above the aOe lev el. Consequently. melting alone 

cannot explain the occurrence of low ORTT values in convective rain. 

The following model based on mixed-phase scatterers can explain 

the observed characteristics of the 10w ORTT region in convective rain. If 

One postulates that water-covered graupe1 or 'Water-covered hall ls charac-

terised by 10'101 ORTT values either because of the lack of a preferred ori-

entation or because of a peçuliar s~attering cffcct associated with the 

\"ater coating, thE'n the 10w ORTT region merely indicates the presence of 

these scatterers. 

The 30% to 50% ORTT values near the top of Fip,. 4.6 eharacter-

ise the hail or graupel ,,,hen dry and the 10w ORTT region above DOC indi-

cates the appearance of a water coating due to collisions with supercooled 

water droplets. The surface of the iee-phase scatterers could ~ecome wet 

at elevations weIl above the height of O°C if the collisions with droplets 

were frequent enough. This \vater surface could then be maintained over 

the substantial height interval associated with the low-ORTT region so long 

as water were supplied by supercooled droE]ets. Below 2.8 km in Fig. 4.6, 

the rapid increase in ORTT values suggests that the hall or graupel parti-

cles were small enough ta melt at roughly the same rate as t~e snow parti-

"'-
c1es in stratiform precipitation when falling into air \.;ith temperatures 

, 
A slight vdriation of this mechanism can cxplain the wider 

• ORTT gradient zone observed in most convective ex~wples (see Figs. 2.1, 
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\ 
) 

4.1, 4.4). The graupn ar hail becomes water coated well above t.he height 

of COC and results in t.he 10v ORTT values observed a t those levels. If 

the water is col1ected at a rate faster th an it can be frozen t.hen the 

water coating becomes thicker. When the water mass begins t.o be eompara-

ble with the iee mass in a given particle, it seems likely that the par-
. 

ticle would begin to behave as a raindrop wi th the higher associated ORTT 

value. This may account for the graduaI increase i~ ORTT và[ues which 

begins above the height of OGC in Fig. 4.4 and the other elevation scans , 
from that day. ~~en particles of this type fall into air warmer than aoc 

no rapid increase in ORTT values occurs since they behave essentially as 

raindrops even before melting begins. 

In elevation scans from taII.convective storms presented by 

HcCormick and Hendry (1972) and Hendry and McCormick (1974), low values 

1 

of correlation extend ta high elevations. ,They suggest that such values 

probably indicate the presen~ of large hall. These scatterers are likely 

ta have wet surfaces since hail is thought to have a water surface when 

grawing. It is possible that large hail, wet or dry, has 10>-1 associated 
Î' 

ORTT values due to tumbling. 

1 
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CHAPTER V 

CONCLUSIONS AND ntscuSSION 

5.1 Conclusions 

In stratiform rain data a correlation minimum was observed at 

the level of the reflectivity maximum in the bright band. The rapid in-

crease in ORTT values Just belm.,r this level coincides with the conversion 

of \.,rater-covered snowflakes into raindrops. It appears that the increase 

in ORTT values i5 effected by the increase in the relative nurnber of rain-

drops as the snO\ol melts. To that extent ORTT indicates the relative num-
" ._ .,J,' 

ber of raindroPS-(~h respect to water-covered snowflakes) in the scat-

tering ensemble at le~ls below the reflectivity peak in the bright band. 

The cancellation minimum was observed below the haight of the 

reflectivity peak in aIl bright band examples studied. This may be asso-

ciated with the conversion of the small snowflakes into ralndrops immedi-

ately belm. the reflectivity peak. If so, the low cancellation values 

observed there characterise the large water-covered snow aggregates which 

remain. 

In convective rain data a region of.low ORTT values exists at 

midlevels with higher values abùve and below. High correlation values 

characteristic of rain occur near the ground. The moderate ORTT values 
. 

at high elevations appear to characterLse lee-phase scatterers since these 

probably dominate atth~ cold_a~t temperatures wnîch prevail at these 

levels. The low-ORTT region, centered above the height of OoC, is evident 

ln virtua11y aIl convective rain data. TI1is reglon appears to be a temper-

a ture dependent phenoT'lenon sinee it .. ras observed near the same height in 
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a variety10f locafions within the storm on 14 August 1973. Furthermore, 

the height did not appear ta change during the 50 min of observations. 

The occurrence of most low corre~"5'0~ ~Olues ;Lst ahove the height of 

oDe suggests that these values indicate the presence of water-covered ice 

Rarticles. Ice partic1es fa1ling'frorn above would grow by accreting super-

cooled cloud droplets. 4s the particles approach the oDe level there would 

be an increasing tendency for the accreted liquid to remain unfrozen; the 

precipitation rnight therefore resemble that in the bright band of strati-

form rain. The large increase in correlation values which occurs near OG e 

suggests that the scatterers soon accumulate enough liquid to resemble 

raindrops very closely, though they may still have ice in their canters. 

At temperatures warmer than oDe, melting completes the conversion from tce 

ta water but the partic1es have already been established essentially as 
\ 

raindrops. \ 

5.2 Experiments for Future Consideration 

The fo11owing experiments may serve to clarify the interpreta-

'tion of sone of the po1arization characteristics of precipitation. 

The Alberta radar could be equipped to record correlation data 

much more extensively than attempted in the pasto The PPI correlation 

display described by Hendry and Allan (1973) cou1d be routinely photùgraphed 

as has been done for reflecti)vi ty and cancellatiop. This wou1d produce a 

record of ORTT in three spatial dimensions and time. Such data, which are 

presently unavailable, would be invaluable in the study of correlation in 

convective storms. 

Additional information about the processe9 which occur in the 

bright band could be determined by using Doppler techniques. In observations 
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of the bright band, discussed in Chapter III, the 
~ 

'J :~~ 

cancellatio~nlmum 
r 

was observed below the height of the reflectivity peak. A comparison 

of the Doppler spectra in th~ two receiver channels could deter~ne which 

scatterers cause the cancellation minimum. At this level, a shift toward 

higher velocities in the cross-polarized channel would indicate that large 

droplets are present. A shift toward lower velocities would indicate that 

• the water-covered snew aggregates return the power in the cross polarized 

channel. 

D . ~ 
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