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FOREWORD

At the simultaneous session of the WMO Cornmission for Aeronautical Meteorology
and the Meteorology Division of the International Civil Aviation Organization (June/July
1954), several- recommendations were made concerning the uses or "ground radar" equipment in
meteorological operations anq research.

The Executive Committee noted these recommenda-

tions at its fifth session (August/September 1954) and decid~d to request the President of
the Conunission for Instruments and Methods of Observation (CJM.O) to prepare a report on the

interpretation of weather echoes on various standard types of groUnd radar display and on
the uses of ground radar for detecting precipitation and other meteorological phenomena.

As a result WMO Technical Note No. 27 was published in 1959.
During the third session of ClMO (January/February 1962), it was noted that
recent rapid progress had been made in the use of weather raqar, and it was recommended

that another working group be established to bring Technical Note No. 27 up·to date and
a group composed of Mr. S. G. Bigler (U.S.A. - Chairman), Mr. H. N. Brann (Australia),
Dr. K. L. S. Gunn (Canada.), Dr. r. Irnai (Japan), Mr. R. F. Jones (U.K.), Dr. L. S. Mathur
(India), and Mr. H. Treussart (France) was appointed for this purpose. This present Technical Note constitutes the revised text prepared by the group. In order to avoid confusion
with the original Technical Note it has been given a new number in the Technical Note series.

At its seventeenth session in May-June 1965, the WMO Executive Committee discussed

a report prepared jointly by Dr. A. A. ChernikovlU.s.S.R.) and Dr. E. Kessler III (U.S.A.)
and presented under the title liThe Radar Measurement of Areal Rainfall".
discussion which followed the presentation of this report is reproduced

A sununary of the
as appendix B to

this Technical Note.
I should like to take this opportunity of expressing the gratitude of WMO to the
members of the working group

for the time

and effort

they have devoted in preparing

text of this valuable publication.

lS~
(D. A. Davies)

Secretary-General

the

-
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SUMMARY

For a full understanding of the potentialities of ground-based radar in meteorology it 1s necessary to have a clear grasp of what information the radar will supply

and

what are its limitations. The ability to portray precipitation patterns instantaneously
over a large area has undoubtedly led, on occasions, to extravagant claims of what radar
can do. Its inability to live up to these claims leads to scepticism among the less wellinformed. In an endeavour to present a balanced picture it has been necessary to deal at
length with the factors affecting the intensity of weather echoes. This we have attempted
in Part 1 of this Note.
Part 2 discusses the types of radar and displays which are readily available.
Ideally, high-power equlpments operating on a wavelength of 10 em and using large aerials
are desirable, especially in temperate climates. The present-day cost of such equipment
is very great and it is probable that a network of lower-powered radars, operating on a
wavelength of 3 cm would achieve more useful results at less cost if the problem of transmitting the data to a central office were solved. In tropical countries where precipitation rates are usually high great use can be made of relatively low-powered sets.
The problem of recording and transmitting the data is discussed in Part 3. The
need for coding and transmitting all detail of a radar display is considered not to have
been firmly established and the invention of a code for this purpose for world-wide use is
considered premature. On the other had useful information can be supplied by a brief description of the general weather echo picture and this could be particularly valuable in
sparsely inhabited areas and also from ships at sea. Methods of transmitting the picture
are also discussed and it is considered that the full potentialities of information from
a network of radars received in this way at a central office have not been fully explored.
Part 4 discusses the distinct types of echo associated with various weather
features and the interpretation which can be placed upon them. It is really only by first
hand experience of using the radar information that the fullest use can be made, but this
section attempts to summarize our experiences with a view to conveying to the uninitiated
something of what can be inferred from a display of weather echoes.
Part 5 describes some echoes which, although some are possibly of meteorological
origin, are not associated with precipitation. They can at times lead to considerable confusion if the operators of the equipment are not used to them.
In Part 6 we discuss the practical appLl..cation of radar weather information. The
greatest use so far on an operational, as distinct from a research, basis has been in shortperiod forecasting, particularly for aviation. There is no doubt whatever that very useful
results have already been achieved in this field and it is likely that in the future meteorological radar will come to be regarded as essential in areas where information is sparse
and rainfall primarily of a thundery Character. In other areas also the growing awareness
of the public of the precision with which rainfall information can be supplied for short
periods ahead may reveal an unsuspected demand for such information. Its usefulness in
torn~o and hail forecasting is already being exploited in the United States and Canada.

Part 7 deals in detail with the quantitative measurement of rate and amount of
precipitation, and Part 8 with the determination of precipitation intensity by photography
of the radar display.

XI

RESUME

Afln d'avoir une idee complete des possibilites qu'offre Ie radar au sol en meteorologie, 11 est necessaire de bien conna1tre les renseignements que peut fournir Ie radar,
ainsi que les limites de son utilisation. Sachant qulil y a moyen de deceler instantanement
de cette rnaniere des configurations de precipitations sur une vaste zone, d'aucuns ont parfois surestime les possibilites du radar. n1autre part, Ie fait que cespossibilites sont
rarement atteintes rend sceptiques les personnes les moins bien informees. Pour essayer
d'equilibrer ces impressions, 11 a fallu~xposer dans Ie detail les facteurs qUi ont une
influence sur l'intensite des schaB meteorologiques. Clest oe a quoi nous nous semmes
appliques dans la premiere partie de 1a presente Note.
La partie 2 traite des modeles d'appareils et d'ecrans radar facilement disponibles.
La solution ideale est celIe des radars decimetriques a haute puissance qui fonctionnent a
llaide de grandes antennes, particulierement dans les c11mats temperes. Get equipement est
actuellement tres couteux et 11 est probable qu'un reseau de radars de moindre puissance
travaillant sur 3 em donnerait des resultats plus ut11es, avec moins de frais, si lIon pouvait resoudre Ie probl~me de la transmission des donnees a un centre. Dans les pays tropicaux, ou l'intensite des precipitations est habituellement elevee, on peut faire un grand
usage d l appareils a puissance relativement faible.
La question de It enregistrement et de la transmission des donnees fait l'objet
de la partie 3. On estime que la necessite de chiffrer et de transmettre tous les details
des images obtenues sur les ecrans radar n'est pas nettement etabliej il serait, semble-til, premature de mettre au point a cet effet un code destine a un usage mondial. Par contre,
une description somrnaire de l'image generale des echos meteorologiques peut fournir des renseignements utiles, particu11erement precieux dans des regions peu peuplees et lorsqu'ils
proviennent de navires en mer. Les methodes de transmission de I l image sont egalement examinees et lion estime que toutes les possibilites qu10ffrent les renseignements d'un reseau
de radars parvenant de cette maniere a un centre donne n10nt pas ete entierement etudiees.
La partie 4 traite des types d1echos distincts associes a diverses caracteristiques
meteorologiques et de la maniere de les interpreter. Ce n'est vraiment qu'en acquerant une
experience directe de l'utilisation des renseignements obtenus par radar que l'on peut en
faire Ie plus large emploij mais, dans cette section, nous nous sommes efforces de resumer
nos experiences afin de donner aux non-inities une idee de ce que l'on peut deduire d1une
image d'echos meteorologiques.
La partie 5 decrit des echos qui, bien que certains soient peut-gtre dlorigine
meteorologique, ne sont pas aSBocies a des precipitations. lIs peuvent causer parfo1s de
grandes confusions si les operateu~s nly sont pas accoutumes.
Dans la partie 6, nous exam1nons l'application pratique des renseignements meteorologiques par radar. La question de la recherche mise a part, ces renseignements ant ete
Ie plus utilises dans la pratique jusqu'ici pour la prevision a courte echeance, notamment
pour celIe qui est destinee a la navigation aerienne. II n'y a pas de doute que lIon a deja
obtenu des resultats tres utiles dans ce domaine, et il est probable quIa llavenir Ie radar
meteorologique sera considere comme essentiel dans les regions ou les renseignements sont
rares et ou les precipitations ont avant tout un caractere orageux. Dans d'autres regions
egalement, ou Ie pUblic est de mieux en mieux informe de la precision" avec laquelle on peut

XII

RESUME

obtenir des renseignements sur les precipitations quelque temps a l'avance~ de tels renselgnements seront peut-etre I' objet d 1 une demande InsouP90nnee. Aux Etats-Unls et au Canada,

ils sont deja utilises pour Is prevision des tornades et de Is

gr~le.

Les parties 7 et 8 traitent respectivement de fagon detaillee de la mesure quantitative de la hauteur et de la variation d'intensite des precipitations, et de la determination de l'intensite des precipitations a partir de la photographie des images sur l'ecran
du radar.
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KPATIWE 113JlOlKEIDlE

AHH.

Toro,

HcnO~~30BaHHH

~To5~ rro~ocT~ro oqeRRT~ nOTeH~Han»HWe BOaMO~HOCTH
p~apa B MeTeopo~OrR~eCRHXne~HX E806-

xaa8MHoro

XO,1\m.lO m.leTl> HOHoe IIpe,1\OTa.BJIeH"e 0 TOM,
RaKyx> l'lHIj)OPMaIjIID Mo"'eT
,1\aTh p1l,1lap " r,1\e HaxO,1\"""OH rpaR"I1bI erO lIpl'lMeHeH"H.
B03M=00Tl>
,1\aTl> xapaRTep"OT"R¥ 001l,1lROB O,1\ROBpeMeHRO IIO 50JII.moMy paiiOHy BIIOJIBe eCTeCTB8HHO ~~E~a B X8EOTOpHX c~yqaHX He cOBceM 060CHOBaH~e

aaHBH6XHS 06 RCRnro~Te~DKWX B03MDXHOCTRX p~apa. HeB03MOXHOCTD ~e
npOB8,n;8mIH' TaRJiIX 3a.iGBJI8ffilIH B :lll:]Z[3Eh nOC8.a'JIa a8EoTopblli: neCCID.GlSM
ope,1\!'! MeHe6 OCBe,1\OMJI~H~ nID,1\eM. TIp" IIO~Re ,1\aTl> lIpaBHJII.Hyx> oueHlOy IIoTpe50Ba.rr00l> ,1\o=oe BpeMH Ha TO, "T05hI "3Y""Tl> Ij)8.I<TOphI,
BJIl'l-

sm~e xa ]Z[HTeHCHBHOCT~ MeTeopoHorR~ecKoro R306paxeHHR
3TOMY Bonpooy R rrocB~eHa ~aCTh 1 aacTogmeft 3aM8TKH,.

Bo

BTOpOH qacTl2I

npRBo,n;,ETCSf

yxa

CytD;8CTByroIIJ;l![8 B

aa

3RpaHe.

HaCTO.sJIJ;ee

BpeM" p1l,1lapHhIe yCTaHOB!rn:. B Ra"eOTBe ",1\ea.rra " 0005eHRo ,1\JIR OTpaH
YMepeHHoro RJIHMaTa ",eJIaTeJInRO m.leTl> Mo~e yo TaROBRl'l , pa50Taro~e
aa 10 OM. Bo~e. O~HaHO OTOHMOCTD TaKOra 060PY~OBaHHH B HaCTo~ee
BpeMJI o-qeH:& B8JIHRa,

B

CBB:aH C 'tl8M 08Th,

COCTOJ3IIJ;aa R3 MeHe·e MOrq....

p~apHWX yCTaHoBOR C TpeXCaHTHMeTpOBOH BO~HOH MorHa 6N 400THrH~~ XOpOmHX pe3Y~~TaToB aa MeH~myro CTOHMOCT~, ecnH OM 6~a
pemeHa npo6~eMa nepe~a~ ~aHHWX B ~eHTp~Eoe MeTeopo~orH~eCRoe
$ropo. B TpOllH~eCRHX cTpaHax, r~e CTeneH~ OC~HOB OO~HO Be~Ra, c
ycnexDM MOXED HcrrO~30BaTh yCTaHoBKH 0paBHHTe~EO He6o~mOH MO~

HWX

ROOTH.
TIp05JIeMa per"OTPaJI"H "

IIepe,1\a"" ,1\aH~ paooMaTpHBaeTOE B

R nepe~aqm ~eTaH~HWX ~aHHWX nO
:nepany p~apa He BIrOJIEe yOTaHOBJIena, B OBS!3H C '1:eM paapa60TIea M8JJt-

~acTH

3.

Heo6xo~HMOCTh RO~HpoBaHHa

,1\yxapO,1\HOrO RO,1\a ,1\JIR 3THX ~eJIeM O'IHTaeTOR IIp6:>J<,1\eBpeMeHHoM.

a

,1\py-

rOH CTOpOH@ MHDrO narre3HDH J2[HWDPM~HH MO~eT OMT~ npeACTaBHenO B
B~e o6~ero RpaTRoro OIIHCaHHH Me~eOpOJIOrH~eCICoro H306paxenHH Ha
::ucpaHej ocooym r.:r;eHHOCTh npe~CTaBJI.a:eT MaTepHa.J!,
nOJIyqeHlll:>ili. lIl3 MBro
~oHaceJIeB~ paMOHOB H ·CY~OB~ HaxO~~C.a: B Mope. MeTO~ nepe~a~
H306p~eBHH TaREe paCCMaTpHBaroTCH B ~aHHoa 3aMeTR8j aBTOp c~Ta8T,
qTO He Boe B03MO~HOCTH e~e J2[CrrOJI030Ba~ B Borrpoce IIepe~a~ HH~OP
Mar.:r;HH C oeTH p~apHWX CTaHqH~ B DOBOBRoe MeTeopo~OrH~eCIeOe Gropo.
B
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TOpa.a: RM ~aeTcH. HecMoTp.a: Ha TO, qTO TO~RO n~eM HenocpeACTB6HEOro Hcno~30BaRJiI.f:I ~aHRHX M~eT 5~~D rro~yqeE ~OCTaTO~HWll OITWT, B
3TOM pa3~e~e ~e~aeTOH nO~TKa
o605~TD y,x8 HaRDIIJIeHHWH OITWT C TaM,
"To5hI IIORasaTl> TOMy, RTO ell1~ He pa50Ta.rr 0 p~apOM, R8.I<YIO HHIj)0PMaIjIDO
MOXEO nO~~TD H3 H30op~eEHH Ra 3Rpane.

B ~acTH 5 OITHObmaroTcR HeKoTop~e H306pax8HHH 3XO, ROTopwe
HecMOTPH Ha TO, ~TO MoryT KM8Tb H MeTeopo~orH~eCKoe npOHcxo~eHHe
He CBJI38.HbI C OC8,ll;H:a.MHe B Tax CJIytIaJiX, Kor~a onepaTOp Re rrpHBbIK Ie
HRM DHR MorYT

BBO~HTD

era B

3aOJI~eHHe.

KPATKOE :H3JIOlKEmrE

XIV

~acT~ 6 nOCB~eHa rrpaETH~eoKoMY RcnO~30BaEnID
p~apHoH M~~
Teopo~orH~ecRoH HHWOpM~HH. HaR6o~mee npRM8a8HH8 3Ta HnWOPM~HH
H~a B orrepaTHBHMX ~e~HX, B OT~qye OT HayqHo-Hcc~eAoBaTe~hcKHx,
H B ocooeHHocTH TIpH COCTaB~eHMH RpaTRocpo~~ rrporHo30B ~nH aBBa~HH. Mo~o ROHCTaTllpOBaTh, qTO B 3TOH OO~aCTH y,xe AOCTHrHYT~ XOpo-

nrne pesyJIbTaTbI H

ReT HHl<:aKI!IX COMH8HHH,

'liTO B
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M8T80pOJIOrH-

~eOKHH p~ap oy~eT paOOMaTpHBaT~OH KaK ReOOXO~HMOOTb B ooooeHROOTH
B Tex paaoaax, r)l;e MeTeOpOJIOrH~eOEaH
HHWOPM~Hfl HeAOCTaTo~a H
OO~KH BbIII~aroT npeHMYJl1eOTBeRRO B B~e rp030BblX ~O"l'\eH. B ~pyr>IX
paHoaax Toxe paCTeT YBepeaHOCTl> EaceJI8HIlLf.L OTHOCMT8JIhHO TOq}{C'~"'liI,
C KDTOPOH rrpOPH030pyroTCH OC~ER C Manoa SaOJIarOBpeM8HHOCTbID H
llMeOTe 0
YBepeRHOOT~IO paCTeT H cnpco Ra TaKyIO HR!popMaqHIO. I.1eJIecooopaSHOCTl> HcnO~b30BaHHH p~apa B MeTeOpOJIOrliI~eCHMX ~eJIHX OMHa
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B B~e rp~a.
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RESUMEN

Para darse perfecta auenta de las posibilidades que ofrece la utilizacion en
meteorologia del radar en tierra, es necesario hacerse una idea clara de eual es la informacion que p~ede facilitar e1 radar y de cuales son sus limitaciones. Con~ e1 radar permite obtener instantaneamente una imagen de las precipitaciones en una zona muy extensa,
a veces se ha exagerado mucho 10 que se puede hacer con e1 radar. Despues, las personas
que no estan bien lnformadas se muestran escepticas al ver que no se pueden hacer tantas
casas como se decia. Para poder trazar un cuadra equilibrado ha sida necesario tratar con
detalle los factores que intervienen en la intensidad de los eeos de origen meteorologico.
Esto es 10 que hernes tratado de hacer en la Parte 1 de la presente Nota.
En la Parte 2 se trata de los tiPOB de radar y de pantallas que se pueden adquirir·facilmente. La solucion ideal, sabre todo en los climas templados, serta disponer
de equipos de gran potencia dotados de grandes antenas, que trabajasen con una longitud de
onda de 10 em. Hoy dia cuestan mucho estos equipos, y es probable que se pudieran obtener
resultados mas utiles y mas baratos con una red de 1nstalaciones de radar de menos potencia, que funcionase con una long1tud de onda de 3 em, s1 se resolviera el problema de la
transmision de los datos a la oficina central. En los paises trapicales, donde las precipitaciones suelen ser intensas, se puede hacer un mayor uso de estaciones de potencia relativamente baja.

En la Parte 3 se trata el problema del registro y la transmision de datos. No
se cree que este definitivamente demostrada la necesidad de cifrar-y transm1tir todos los
detalles que facilita la pantalla de radar y Be considera prematuro establecer con este fin
un codigo que se pudiera emplear en todo el mundo. Por otra parte, se puede facilitar informacion util mediante una breve descripcion general de la imagen del eco meteorologico y
esto puede ser especialmente valioso en zonas poco pobladas y desde los-barcos en alta mar.
Tambien se estudian los metodos de transmision de la imagen y se llega a la conclusion de
que aun no se han explorado debidamente todas las pos1b11idades que ofrece la informacion
de una red de estaciones de radar recibida, de esta forma, por una oficina central.
En la Parte 4 se trata de los distintos t1pos de eeo asociadas a los divers os
factores meteorologicos, y de la interpretacion que se les puede dar. En realidad, hace
falta una experiencia directa de la utilizacion de la informacion del radar para poder
aproveeharla plenamente, pero en esta seccion hemos tratado de resumir nuestras experiencias
a fin de haeer ver a los no iniciados algo de 10 que se puede deducir de UI!a imagen de enos
meteorologieos.
En la Parte 5 se describen algunos ecos que no van asociadas a las precipitaciones,
aunque en algunos casos puede que sean de origen meteorol6gico. Si los operadores del equipo
no estan acostumbrados a elIas, a veces pueden dar origen a bastantes confusiones.
En la Parte 6 estudiamos la aplicaeion practica de la informaci6n meteorologica
obtenida por medio del radar. Aparte las investigaciones, su mayor utilizacion practica ha
side para las previsiones a corto plaza, especialmente para la aviaeion. No cabe la menor
duda de que se han obtenido ya resultados muy utiles en este campo y es muy probable que en
el futuro el radar se considere indispensable en zonas donde escasea la informacion y-donde
las precipitaciones tienen un caraeter fundamenta1mente tempestuoso. Tambien en otras regiones po~ra producirse una demanda insospechada de esta informacion a medida que e1 publico
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se vaya dando Quenta de 1a precision con que se pueden hacer predicciones de lluvia a corte
plazQ. En Estados Unidos y Canada se ha aprovechado ya su gran utilidad para las predic-

clones de tornados y granizadas.
Las Partes 7 y 8 de esta Nota tratan, respectivamente y con detalle, de 1a rnedida
Quantitativa de 1a cantidad y variaci6n de intensidad de las precipitaciones, y de 1a determinacion, par media de fotograf1as de imagenes de 1a pantalla del radar, de 1a intensidad de
las precipitaciones.
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USE OF GROUND-BASED RADAR IN METEOROLOGY
(ElCCLUDING UPPER-WIND MEASUREMENTS)

INTRODUCTION
Du-ring. the second world war radar was used extensively both on the ground and in
the air and its enormous value for the purpose for which it was originally devised is now
well known. At first, the radar wavelength was of the order of a metre but as development
progressed shorter and shorter wavelengths came into use. With the introduction of wavelengths of about 10 em or less, and occasionally with the longer wavelengths, it soon became evident that radar performance was being greatly influenced by meteorological conditions.

Investigation

during the war was primarily directed towards obtaining a fundamental under-

standing of the phenomena and making use of the abnormal ranges obtained under certain meteorological conditions, but it was obvious that here was a new tool which could give to meteorologists information of a type unobtainable by other means. With the cessation of hostilities and the consequent availability of surplus radars using wavelengths of 3 or 10 em it
became possible for meteorologists to acquire radar sets for their own purposes. Many countries have made use of this possibility and much useful work has been done in various parts
of the world in exploring the potentialities of radar as a meteorological instrument, quite
apart from its use in following airborne targets for upper-wind measurement.
The stage has now been reached when it is possible to survey the uses to which
radar may be put for routine operational use in meteorology. Many countries have installed
new radars in recent years. Although many were specifically designed for meteorological
uses, others are adaptations of equipment built for other purposes. The maps on the following pages show the locations of radars operated by the meteorological services, and reported
in a special survey of WMO member nations during the summer of 1964.
This report concentrates on the operational use of conventional radars (excluding
upper-wind measurement). A detailed treatment of the measurement of amount and intensity of
precipitation by radar and of techniques of radar-scope photography is also given.
References to some pUblished papers have been given as footnotes but these are
by no means exhaustive. Comprehensive bibliographies have been compiled by the American
Meteorological Society "Meteorological Abstracts and Bibliography" in several voltunes.
These are: Vol. 2, No. 8,August 1951; Vol. 6, No.7, July 1955; Vol. 9, No.8, August
1958; Vol. 11, No.8, August 1960; Vol. 14, No.2, February 1963.
In addition the following contain survey articles or may be used as standard

textbooks.
L

Radar Meteorology, by L. J. Battan, University of Chicago Press, Chicago, Illinois,
U.S.A.

2.

"Advances in Radar Weather", by J. S. Marshall, W. Hitschfeld, and K. L. S. Gunn,
Advances in Geophysics, Vol. 2, Academic Press, New York, N.Y., U.S.A., 1955.
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3.

"Radiometeorology~ by J. S. Marshall and W. E. Gordon, Meteorological Monographs, Vol. 3,
No. 14, American"Meteorologlcal Society, Boston, Massachusetts, U.S.A., 1957.

4.

"Advanoep in Radar Meteorology", by D. Atlas, Advances in Geophysics, Vol. 10, Academic
Press, New York, N.Y., U.S.A., 1964.

5.

Proceedings of Weather Radar Conferences are available from the American Meteorological
Society, 45 Beacon Street, Boston, Massachusetts, U.S.A.

Those interested in developing programmes for the use of radar by field offices
of a national Meteorological Service might find the following to be useful:
6.

"Weather Surveillance Radar Manual lt J U.S. Weather Bureau, Washington, D.C.

A large number of published papers (and some unpublished) have, of course, been
consulted and it is hoped that all authors will accept this acknowledgement of the results
of their efforts.

*
*

*
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Map. 1. Weather radar locations - northern hemisphere

Map. 2 • Weather radar looations - southern hemisphere
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I. BASIC THEORY AND FACTORS AFFECTING THE INTENSITY
AND PORTRAYAL OF RADAR WEATHER ECHOES

1.1

General remarks

Unfamiliar terminology often handicaps the meteorologist in his understanding
of the theory of the detection of precipitation by radar. While it is beyond the scope
of this Note to delve deeply into the principles of radar, a brief description may be of
some assistance. Factfrrs of importance to the detection of weather echoes will be dealt
with in more detail in subsequent paragraphs.
In principle .. radar is an

It

echo_soundingll device in which the range of a target

is measured by the time taken for the transmitted energy to travel to the target and back

again to the receiver after being reflected at the target. The bearing and elevation are
determined by the direction of propagation of the energy. To obtain a detectable "echo"
from a small target at great ranges the power radiated must be great and in order to "hear"
the faint echo on its return the outgoing power must be switched off while "listening".
For this reason the transmitter produces short bursts or pulses of high-energy electromagnetic
waves (radio waves) of very short wavelength. The "pulse-length" is a measure of the duration of this pulse and is expressed in microseconds, or in terms of length by multiplying
by the speed of propagation (3 x 1010 em/sec).
To obtain accurate readings of bearing and elevation, and to concentrate the
transmitted energy, the outgoing radiation must be focused into a narrow beam. Just as for
a searchlight, this is a,chieved by directing the radiation from the focus at a paraboloidal
reflecting surface (the aerial). For a point source at the focus a paraboloid would, af
course, produce a parallel-sided or pencil beam but, because of the finite size of the radiation source, this ideal is not attained and a divergent beam results. The beam has a
maximum intensity along the axis of the aerial but tapers away in other directions. The
beam~width in one plane is arbitrarily defined as the angle between those directions in
which the intensity of the beam is one-half the maximum intensity. The rate of decrease of
power beyond the half-power points is usually very great and for all practical purposes,
except possibly with a strongly echoing target at short range~ the total radar energy can
be regarded as confined within the beam-width as defined.
The same paraboloid is used as collecting aerial for the echo pulses, from whence
they are passed on to the receiver. In the receiver the echo pUlses, the intensity of which
may be as little as 10- 17 times that of the outgoing pulses, are amplified and fed to a
cathode-ray tube display in a way similar to that used in television. Separate d,isplays
can be used to give range and bearing, or range and elevation of the target sending back
the echo pulses, or range combined with amplitude of the received signals. Often two sepaJ:late transmitting and receiving equipments are used to give simultaneous range, height and
bearing information.
As originally designed radar was, of course, used for the detection of aircraft
but any airborne particle will scatter electromagnetic waves and a small portion will be
scattered directly back to the receiver. The power scattered back depends on the size of
the particle and the material of which it is composed. To distinguish between the scattering
capabilities of different particles it is convenient to define an "equivalent echoing area"
S, which is the projected area of a perfectly reflecting sphere which would scatter backwards to the receiver the same power as does the particle. The intensity of back-scattered
radiation at distance r from the scattering particle is then proportional to S/411T2 and
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S

and represents the intensity at
the "back-scattering cross-section" u is defined as 4 K
lUli t distance of the radiation back-scattered from the particle in the direction of the
receiver.

Although all particles in the beam scatter some energy back to the receiver the
amount scattered back by a single particle is so minute as to be qUite undetectable by
any receiver. When the particles are large however (e.g. of the size of a raindrop) and
a number lie within the beam and at the same range (strictly between ranges differing by
half a pulse-length--see paragraph 1.5) the combined effect may be sufficient to give a
detectable signal.
We now therefore examine in more detail the requirements for the radar and the
lIassemblage of particles" that are necessary in order that a detectable signal may be recorded. The reader who wants more detail on any of the theory in this chapter is referred
to the comprehensive text on radar meteorology by L. J. Battan.
1.2

The fundamental radar equation
The radar equation for the scattering of electromagnetiq pulses by an extended
in meteorology an assemblage of airborne liquid or solid particles, is
Pt h Ae
(1)
i>r ~ """'S""".-r""2"-

where Pt is the transmitted pulse power, Pr is the average power in each echo pulse arriving
at the receiver, h the pulse length, Ae the effective aerial aperture, r the range, u the
back-scattering cross-section of a single particle, the summation being over all the scattering particles in unit volume, F is the fraction of the radar beam intercepted by the target
and K is an attenuation factor. The various fautors appearing in this equation and related
factors not occurring explicitly are discussed in more detail below.
1.3

The transmitted power, Pt, and pulse repetition frequency (p.r.f.)

In radar the power transmitted is in the form of bursts or pulses of high intensity but of·short duration, the time interval between pulses being the period during which
the equipment is in a state to receive the echo pulses. returned from targets within the
radar beam. During the transmitted pulse the receiver is rendered inactive to avoid damage
by the strong outgoing pulse but very soon after the transmission is completed the receiver
is ready to receive signals. The small delay between ces·sation of the outgoing pulse and
recovery of the receiver to full sensitivity means that there is a minimum range within
which targets cannot be detected at all, or only with reduced sensitiVity. Except when
a radar is being used solely to measure very ·short ranges as, for example, when pointing
vertically upwards, this minimum range is of no practical importance being usually of the
order of I kin or less. The time interval between pulses must be so designed that signals
from targets within the radar beam have time to be detected at the receiver before the
next pulse is.transmitted. If the echo signal returns while the next pulse is being transmitted, or while the receiver is recovering full sensitivity after being switched out, it
will not be recorded. If it returns after the sec nd pulse has gone out it will be recorded
as if due to the second pulse and therefore suggest a target at a very much shorter range
than was actually so. The frequency with which pulses are transmitted ._- the pulse repetition
frequency or p.r.f.--therefore governs the maximum range at which targets can be recorded.
Since to be recorded unambiguously the pulse must have time to travel to the target and
back at a speed of 3 x 1010 em/sec, a target at range r em can only be so recorded if the
receiver is operative for a time of
2r
Sec. Thus, if the pulse repetition frequency
3 x 1010
is p times per sec, the maximum range rffiax, for unambiguous recording, if the echo from the
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target is strong enough to give a measurable signal at the -receiver, is given by r max
3 x 1010
- 2p

em.

For example, if p

=

500 the max1mwn range of the recording equipment is

3 x 107 om = 300 lon. It is therefore olear that 'when dealing with high power outputs and
the possibility of strong echoing targets the p.r.f. should be so adjusted that "secondtrace" echoes, as they are called, will not usually be recorded. Whenever unexpected echoes
are recorded the possibility of second-trace echoes should always be borne in mind especially if the p.r.f. is high.
In equation tl) Pt is the power transmitted in each pulse over the duration of
the pulse and in radars for meteorological purposes may range from 10 or 20 kW to 500 or
1,000 kW. (Even higher powers are obtainable at great .expense.)
The mean power radiated

depends, of course, on pulse-length and p.r.f.

and p.r.f. tif 500 when Pt

=

500 kW the

Thus for a pulse duration of 2 microseconds

power radiated is only 500 W.

Pr ! and receiver unoise"
There is a lower limit to the power received which can be detected by 'any receiver.
This arises because every radio receiver collects unwanted signals from stray radiation picked
up by the aerial and, in addition J random fluctuations within the receiving circuits themselves mask incoming signals. There is therefore a more or less constant (on the average)
background "noise" against which the desired signal must be detected. Detectability decreases
rapidly as the signal decreases to below the noise level but the cut-off is not sharp. For
many practical purposes the noise level has been taken as the minimum detectable signal
level but other factors such as p.r.f' antenna rotation speed and signal characteristics
m~ determine the absolute limit.
It is nevertheless very desirable that the receiver used
should have a low noise level and this is greatly influenced by receiver design.

1.4

The received power

~

J

J

For many radar receivers the minimum detectable signal is of the order of 10- 12
to 10- 14 W. For a given radar J therefore J for which Pt, h and Ae in equation (1) are constant, this minimum value of Pr decides the miDimum value of !O' which can be detected at a
given range, r.
1.5

The pulse length, h

It will be seen from equation (1) that the received power is directly proportional to the pulse length J h J so that as long a pulse length as is practicable J having
regard to good radio engineering practice J appears desirable for meteorological work. Apart
from the difficulty of maintaining a high power over a long pulse length however, the pulse
length affects the discrimination in range. Inste_ad of pulse length the pulse duration in
microseconds is frequently given in the characteristics of a radar but this can be readily
converted to pulse length by multiplying by the speed of propagation of electromagnetic
waves in the atmosphere. To the accuracy required in meteorology this can be taken to be
3 x 1010 cm/sec so that a pulse duration of 1 microsecond is equivalent to a pulse length
of 300 ID. Targets separated by a distance of less than half a pulse length in range cannot
be discrlminated since echoes received from the rear edge of the pulse as it passes targets
at range r will be received simultaneously with echoes from the leading edge of the pulse
passing targets at range r + ~. The decision on pulse length J within the engineering
J

2

possibilities therefore, is a compromise between obtaining the maximum received signal and
the degree of resolution in range. Thus a radar being used vertically pointing to measure
variations in echo intensity in the vertical would use a pulse duration of 1 microsecond or
less giving a resolution of 150 m or less in the vertical while a radar to be used to give
a plan position of precipitation occurring over a wide area J for which maximum sensitivity
may be the over-riding consideration J may have a pulse duration as long as 5 microseconds
giving a resolution of 750 m.
J

6

1.6

BASIC THEORY

Effective aerial aperture,

ApI

and bearn-widths

The effective aerial aperture for a particular radar is difficult to determine
and depends considerably on the design of the reflector and the method by which the power
i~.distributed from the transmitter over the reflector.
For practical purposes it may be
regarded as proportional to the actual aerial aperture with the factor of proportionality
probably about~; some authors~ however, have used a factor of unity.
Equation (1) (which assumes the same aerial used for transmission and reception)
indicates that the signal received is directly proportional to Ae so that for meteorological
purposes the larger the aerial the better. Again, engineering considerations impose limitations since large aerials accurately machined to the required tolerances are both difficult and expensive to make, particularly for the shorter wavelengths where these tolerances
are proportionately smaller. To give the aerial the necessary rigidity requires in general
heavy construction and this in turn requires a more powerful motor for rotating the aerial
and strong foundations for the equipment. Maximum practical dimensions of aerials range up
to about 10 m for a 10 em wavelength~ 3-5 m for 3 em and perhaps 2-3 m for shorter wavelengths.
The aerial serves~ in the same way as a searchlight mirror, to concentrate the
transmitted radiation into a narrow beam and so the aerial dimensions control the width of
the radar beam. Thus, although the beam-widths do not occur explicitly in equation (1) they

are implicit in the term Ae and are of importance in determining the resolution of the system in the horizontal and vertical planes.

If the dimension of the aerial in a particular plane is d then the beam-width
in that plane for a wavelength X is approximately 1. 2 A radians. Thus, to obtain a beamwidth of 1 0 at a wavelength of 10 em requires an aeriaflhaving a dimension of about 7 m
whereas the same beam-width can be obtained using a wavelength of 3 em with a dimension of
2.1 m. In places where aerial size is limited but a high degree of resolution is desired
and particUlarly for airborne radar~ not considered in this report~ it is clear that the
desired result can be more readily attained using 3 em wavelength but this introduces other
problems of attenuation which are discussed below (paragraph 1.12).
When the horizontal beam-width is 1 0 this means that two targets separated by
less than 1° in azimuth cannot be separately distinguished by the radar so that, for example,
two rainstorms or intense parts of a single storm at a range of 180 km cannot be resolved
if they are at the same range and closer together than about 3 km. As the range decre~ses
the separate targets will become defined which may give .the impression that a previously
continuous echo belt has begun to split up into separate cells. (But see also paragraph
1.7 on effect of range.) It is important in all interpretations of precipitation patterns
seen on the radar screen that the limitations imposed by the beam-width of the equipment
should be clearly understood. Similarly~ on a presentation obtained by scanning on a fixed
azimuth in a vertical plane the effect of beam-width is to introduce uncertainty into the
measured vertical extent of an extended target.
Apart from energy confined" to the main beam~ all radars emit energy in " s ide_
lobes u which are offset by several degrees to the main transmitted beem (or lobe). By good
aerial design the power radiated in the side-lobes is very greatly reduced but on very strong
targets at short ranges may be sufficient to give a detectable signal at the receiver. When
signals are received from strong meteorological targets such as thunderstorms at fairly
short ranges~ therefore, the possibility of spurious echoes should be borne in mind.

1.7

Effect of range, r

Equation (1) demonstrates that the received signal power is inversely proportional to the square of the range of the target. This dependence is frequently referred to as
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Urange attenuation ll and it is clear that before assessment is made of the reJa tlve echoing

capabilities of two volumes in space allowance must be made for this range factor. On most
radar displays it is not possible to make any assessment of the relative intensities of
echoes displayed from the relative brightness of the patterns on the display since, by the
use of signal limiters, strong echo intensities above the limits imposed give no brighter
a response than echo intensities at the limits. This limit is usually ~et at a low value of
signal intensity so that echoes of all intensities appear almost uniformly bright. ~e
strongest echoes can be found by reducing the gain (equivalent to volume control) of the
receiver until only the strongeGt signals are displayed, but the effect of range must still
be borne in mind.
The effect of range attenuation means that each range has its own minimtun value
of ~O'(see equation (1)) which can be detected so that as an echoing volume approaches the
radar smaller and smaller values of ~u are detected leading often to an appreciable increase"
in size of the echo displayed even t~ough greater resolution is being obtained (paragraph
1.6). It is easy to make the false assumption that the area covered by precipitation is
increasing if the reduced attenuation by range is not taken into account.
A further effect of range, apart from the effect on resolution discussed in para- graph 1.6,
lies in the fact that the radar energy does not follow the earth I s surface,
but owing to refraction (discussed further in paragraph 5.1), is bent towards the earth.
In the absence of-an atmosphere the energy would follow a straight path. The presence of
the atmosphere means that under normal condition.s the absolute curvature of the beam is such
that a horizontal beam from the radar wi Ii already be - about 1 kIn above the earth I s surface
at a range of 130 km and the radar horizon is about 15 per cent more distant than the geometrical horizon. Since, in order to clear local obstructions and to avoid too much-of the
energy of the beam being absorbed by the earth, radars are often operated with the beam
inclined a degree or two to the horizontal it is clear that at great ranges the beam may lie
entirely above even a considerable depth of precipitation. This limitation is most severe
in polar regions where much of the precipitation frequently originates at low levels and
may even be true in other regions when precipitation sometimes forms in clouds of limited
vertical extent.
A useful formula, for those who use feet and statute miles as units, for calculating the height of the beam for elevation angles up to about 15 degrees is

h ~

2

'r"2"

r2

+ 5280 r. sin E"'"2 + 92 r E

(2)

when h is the height in feet of the beam axis, r the range in, statute miles and E the angle
of elevation in degrees. For a horizontal beam the equation simplifies to h = ~ (cf.
h

=

2r2

~

in the geometrical case).

"

It is clear therefore that under normal propagation conditions there is a limit
imposed on the maximum useful range ·of a radar for meteorological purposes by the curvature
of the earth, quite apart from the limitations of -power output, aerial area, pulse length,
receiver sensitivity and the value of ~q.

1.8

The fraction of the beam filled by scattering particles, F

The dimensions of the volume explored by a radar pulse are governed by the beamwidth and pulse length and by the range of the volwne explored. Most radars in use have
either a conical beam produced by a paraboloidal reflector or a beam which is narrow in one
dimension and several times wider in the dimension at right angles by a reflector of a
"cheese" or "orange peel" type. Typical bearn-widths of a radar in meteorological use might
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be 2° conical or Ito in the horizontal plane and 7to in the vertical plane. At 100 km range
a 2° conical beam would have a circular cross-section of diameter 3.5 km~ whereas the other
beam would have dimensions of 2.6 Ion in the horizontal and 13 Ion in the vertical. The horizontal dimension would be filled by most weather systems giving precipitation but the vertical dimension may not be filled in the former case and would certainly not be filled in
the latter. In either case it would be unreasonable to suppose that the scattering particles
were uniformly distributed in size and number throughout such a volume. Evaluation of F in
equaticn (1), therefore, is uclikely to be at all reliable at such ranges and this limits
severely the quantitative use of equation (1). At short ranges the assumption that the beam
is filled by scatterers (F
1) can reasonably be made and quantitative stUdies using equation (1) should be limited to such ranges.
:0:

As an example of the importance of this factor F in showery conditions may-be.
cited recent experience in Rhodesia. There, using radars having a conical beam with width
to half power of 3°, it has been found that the frequency of echoes recorded at 100 n. mi.
(185 Ion) was only about 4 per cent of that of echoes recorded at 40 n. mi. (74 Ion). The
radars were operated with the centre of the beam inclined at ~o to the horizontal.
Tt can readily be shown that the volwne filled by radiation from these radars at
40 n. mi. will extend from 322 m (allowing for the effect of curvature of the earth and
asswning an unobstructed horizon) to 2910 m in the vertical above the radar height and will
have a horizontal dimension of 3880 m. At 100 n. mi. the vertical extent will be from
2010. m to 8500 m above the radar height and the horizcntal extent will be 9750 m. Thus a
shcwer which Just filled the beam (vertically and horizontally) at 40 n. mi. would only fill
2910 - 2010
3880
abcut 8500 _ 2010 x 975 0 ~ 0.055 or 1/18 of the beam at 100 n. mi. Allowing also for raoge
attenuation (paragraph 1.7) we see therefore that a shower at 100 n. mi. would only return
1
(40)2
1
18 x (100) !:: 112 of the power a similar shower returned at 40 n. mi., and may therefore
quite easily go undetected even though a similar shower might have given quite a strong
signal at 40 n. mi. On the other hand a shower big enough to fill the beam at 100 n. mi.
(40)2
1
would return a signal (100) ~6 of the power a similar shower would give at 40 n. mi. so
that, unless the signal was already weak at 40 n. mi., a similar shower would still be
detected at 100 n. mi.
The radar height was about 1350 m above sea level so that the top of an echoing
volume just filling the beam at 40 n. mi. would be 2910 + 1350 = 4260 m above sea level acd
it is not impossible that a cloud of somewhat greater depth than this would give a moderate
shower sufficient to give a radar echO tcp at this height with a horizontal extent of 3880 m.
It seems therefore that the Rhodesian experience is a reflection of the varying shower sizes
in the horizontal and vertical and their effect on the factor F and the varying shower intensities and their effect on the maximum range of detectability (see range attenuation,
paragraph 1.7). Thus, although a set may demonstrate its ability to pick up large storms
at ranges gre_ater than 400 kIn it would be wrong to assume that because these large ranges
are occasionally attainable all significant precipitation within these ranges will also be
detected.
It is worth noting that a narrower beam, e.g. 1 0 conical, would greatly reduce
the importance of the factor F since most showers would then fill the beam even at 100 n.
mi. A narrower beam would require a correspondingly larger aerial (paragraph 1.6) which
would itself produce a greater signal from a given storm by virtue of the greater value of
Ae so that on both counts a narrow beam-width is to be preferred if the aerial size is not
prohibitive.
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The back-scattering cross-section of a single drop,
particles La

(f

,

and of an assemblage of

(For definition of back-scattering cross-section, see paragraph 1.1.)

The back-scattering cross-section u of a spherical particle of diameter D wpich
is small compared with the wavelength X of the incident radiation is given by
(J

'-11)' D').'

= n S (1 ,+ 2

-

where E is the complex dielectric constant of the material of which the particle is composed
and! X is the wavelength. This equation holds approximately for values of d/X< 0.2 but for
greater values of d/A the expression for (f becomes more complex and oscillates between wide
11mits. For a wavelength of 10 cm the inequality is satisfied for D < 2 em and. for X = 3 em
by D< 6 mm. Thus equation (3) can be regarded as valid for all liquid particles in the atmosphere at wavelengths of 3 em or greater since the greatest size a raindrop can attain
in the atmosphere is about 6 mm. Larger drops break up on falling. Equation· (3) will also
hold for many conditions when the precipitation is in the form of spherical particles of ice
or hail but when large hailstones may be present i t must be borne in mind that equation (3)
may no longer be valid especially at the shorter wavelengths. Equation' (3) will also not be
valid for many rain situations when the wavelength used is 8 rom or 1.25 cm but as will be
seen later such wavelengths are rarely used for examination of precipitation owing to attenuation of the radar beam by the precipitation.

ls:I for water varies with temperature and wavelength having values of about 43
at a wavelength of 3.2 em and 79 at a 10 cm wavelength at a temperature ofOoC, but the

variation of

,_-11'

,+2

is very small between these wavelengths.

The temperature variation is

1

small enough to assume for all meteorological purposes a value of 0.93 for
water drops in the 3 em to 10 em wavelength band.

For ice, however,

'_11

I:~~I'

for

ls:I is sensibly

con~

2

stant :In this wavelength band with a value of 3.17 and

<+2

=

0.18 and we see that the

1

scattering cross-section of an ice sphere is only about 1/5 of that of a water sphere of
the same diameter.
In 'the volume explored by the radar beam it is assumed that the particles can
be regarded as being randomly distributed and the total radiation scattered back to the
receiver from the volume will be the sum of the individual contributions from the particles
(ltincoherent scattering").

Because of the random movements of the particles within the pulse volume, caused
by turbulence and the differing fall speeds of different sizes, the signal received will
have a rapidly fluctuating amplitude. The method of display, except in very refined techniques not used operationally, automatically averages the -received signals over a large
numb~r of pulses and the total back-scattering cross-section per unit volume
~a of the
particles in the radar beam when so averaged will be, using equation (3).,
La

=

~

and

the sunmation being over all drops

1t

s

(I '-I[)' ~D'

284

55

--

s:+2
~D'

);4
~D'

"
in unit volume.

-).4

(4)

for spherical water drops (5)

for spherical ice
particles

(6)
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So far we have been concerned with spherical particles of a single composition
but'particles in the atmosphere may frequently not be spherical, as,far example, with ice
crystals which may exist as needles or plates or more complicated structures, and not of
a single composition as, for example, in the first stage of melting of a hailstone when the
ice becomes covered by a water film. The problem is further complicated when a nrunber of
ice crystals may aggregate to form a snowflake. Even large raindrops may depart appreciably

from sphericity while falling but for most rainfall when the number of large drops is extremely small the effect of departure from spheric! ty is probably not appreciable.

Studies have

been made (see reference 1 of Introduction) of the back-scattering cross-sections of nonspherical particles using relatively simple geometrical shapes such as ellipsoids of various
eccentricities but the application of the re~ults is handicapped by the many forms which ice
crystals and snowflakes can take in the atmosphere and the lack of "knowledge of their distribut'ion. Firm quantitative estimates of the echo to be expected from ice crystals and
snowflakes are therefore difficult to make although a rough guide can be obtained by considering the crystals to.be spheres of the same mass, if the dimensions of the crystal are small
compared with the wavelength.
studies have also been made (reference 1, Introduction) of the back-scattering
cross-section of ice particles in the initial stages of melting when they have developed a
wet skin. It has been found that the' dielectric properties of the outer skin contribute
most to the scattering by.the particle, so that the back-scattering cross-section of an
ice particle' with a thin outer film of water is Virtually the same as that of a water particle of the same shape and size. The back-scattering cross-section of an ice particle in
the first stage of melting will, therefore, increase because of the greater value of

:-+2'\'

~
1

for water compared with ice and for certain shapes may be still further considerably

increased by the If shape factor" appropriate to a water particle which departs greatly from
the spherical shape. This effect has been used as a partial explanation of the "bright
bandll effect (see paragraph 4.2) in which an enhanced echo is often received from the melting
level in precipitation.
It is clear from the foregoing that provided a reasonable estimate can be made
of the drop-size distribution in clouds and rain a reasonable quantitative estimate of the
received echo power from a volume containing clOUd or precipitation particles should be possible provided the particles are spherical. Quantitative estimates when the particles are
ice crystals, snowflakes or melting ice are likely to be very much more difficult to achievee
The quantitative use of the receiv~d echo power is likely, therefore, to be most valuable
when the clouds or precipitation are in the form of water drops, the shape of which is closely spherical, and considerable effort has been devoted to measuring the drop-size distributions in clouds and rain.
It is useful at this stage to examine the order of magnitude of 2:D6, which is
necessary for a detectable signal to be received using a typical radar equipment. It will
be shown that for most equipments operating with wavelengths between 3 and 10 em there is
little or no chanc.e of detecting cloud particles but only those parts of a cloud or the
volume beneath in which drops of precipitable size (e.g. D>0.5 rom) occur at ranges which
are reasonable (of the order of tens or hundreds of kID).
1.10

The order of magnitude of 2: D6 required for a detectable echo with typieal radar
equipment

Equation (1) may now be re-written, for targets comprising an assemblage of
spherical water particles, as :
P, = 284 ~D6 P, h A, FK
(7)
j..4

87t"

r2

where the summation is over the whole range of drop-sizes comprised in unit volume of the
atmosphere.
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For equipment operating on a wavelength of 10 em reasonable values of the radar
parameters are
10- 1 3 W for minimum detectable signal

500 kW

5 x 105 W

600 m
10 m2 (equivalent to a circular dish aerial of diameter 5 m using a factor
of about t between effective aerial aperture and true aerial aperture)
F

1

(equivalent to the whole beam at range r being filled with precipitation in which the distribution of drops of all sizes is random)

K

1

(Le. asstuning no attenuation other than caused by range -- approximately true for >. = 10 cm -- see paragraph 1.12 below)

SUbstituting in equation (7) J using a metre as the unit of l,ength, we have

3.15 x 10- 28

(8)

Many clouds containing water droplets have of the order of 100 droplets per em3
but only a small number of these droplets exceed a diameter of 20~J even in very welldeveloped convection clouds. There is a marked tendency also for the number of drops to
decrease as the mean drop-size increases, as, for example, in the growth of raindrops by
coalescence. Because of the dependence of echo power on sixth power of drop diameter the
contribution of the smaller droplets to the echo power is small compared with that of the
few larger droplets. For example an increase in drop diameter by a factor of 2 increases
the echo power by 2 6 = 64 if the number of drops remains constant.
If we suppose a cloud composed of droplets all of diameter 20 J.l and substitute
in equation (8) we find that 475 drops of this size per cm3 would just give a detectable
echo at a range of 10 kin. It is apparent, therefore, that there is virtually no chance of
detecting a non-precipitating cloud with the 10 em wavelength postulated here, even at a
range as small as 10 km. If, however, drops of precipitable size -- e.g. 1 rom diameter __
are present we find that only one such droplet at a range of 10 km in every 33 m3 ·of air
would be sufficient to give a detectable echo and three such drops in every m3 would give
a detectable echo when at a range of 100 km. Since the fall speed in still air of drops
of 1 rom diameter is about 4 m/sec three such drops per m3 would give a rate of rainfall of
only 0.02 mm/hr.
Thus we see that although a radar of the above characteristics would be a poor
detector of nor,mal cloUds it should be a powerful detector of precipitation.
The above example is only by way of illustration and it should by no means be
accepted that a rate of rainfall as low as 0.02 mm/hr is deteotable at a range of 100 km.
In fact, experience shows that a very much higher rate of rainfall would be required (see
paragraph 1.11). This is because rainfall is never composed of drops of uniform size but
of a wide-distribution of drop-sizes and, while the rainfall is rOUghly proportional to ID3,
the radar echo is proportional to 1:n6 so that a large number of small drops will contribute
a greater proportion of the total to In 3 than it would ta I D6. The distribution of dropsizes with rate of rainfall is discussed in the next section. In fact, for a rainfall rate
of 0.02 mm/hr it is very unlikely that any drops present would be as large as 1 mm diameter.
A second reason is that most quantitative measurements which have so far been made agree
that equation (7) does not hold unless a factor of about 0.15 to 0.20 is introduced on the
right-hand side. The reason for this is as yet unknown. It is difficult to see how such a
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constant factor can arise from the characteristics of the radar since investigations using
different radars have led to sUbstantially the same result. The explanation may lie in a
weakness in the determination of the scattering flUlction, perhaps in the assumption that
the scattering from an assemblage of particles is. incoherent, but it is very desirable that
further investigation shouli be made.
At a wavelength around 1 em it is not possible to generate as high a power as
for a wavelength of 10 em and there are considerable engineering difficulties in making a
large aerial to the required degree of accuracy. The minimwn detectable signal is also
probably rather ~reater. Assuming the following reasonable values we can determine the
minimum detectable value of ID6.

Pr

10- 12 W

Pt

2 x 10 4 W

h

150 m-- a smaller pulse length since a greater resolving power is desired
using this equipment vertically looking

Ae

3

F

1

K

1.

k

10- 2 m

m2

This assumption will not be valid in precipitation or through dense
cloud (see paragraph 1.12 below)

These values substituted in equation (7), but using a value of 0.90 for

1~12
,+ 2

give

Equipments on wavelengths near 1 ern are frequently used pointing vex:-tically upwards so that
ranges of a few kIn are usually used. Thus for r = 1 kIn we have

so that a cloud composed of drops all of diameter 20 J! could be detected at a range of 1 ken
if there were only one or two drops present per cm3 and a cloud composed of drops all of
diameter 10 Il could be detected if there were 100 present per cm3. The same provisos regarding drop size distribution as applied in the discussion of rain echoes for a wavelength
of 10 em apply, and probably also the factor of 0.15 to 0.20 should also be applied, but
the calculation above indicates that many clouds should be detectable at ranges of the order
of a few km,using a radar wavelength near 1 cm (but see also paragraph 1.12 on attenuation).
It must be strongly emphasized that the phrase which is often used "detection of
clouds by radar ll is very misleading when wavelengths from 3 cm to 10 cm are employed since
at the ranges usually used on these wavelengths only precipitation elements are detectable.
1.11

Drop-size distribution in rain and empirical formula relating echo intensity and
rate of rainfall

It is well known that rainfall is never composed of drops all of one size but that
there is always a distribution of drop-sizes. This drop-size distribution cannot be determined theoretically and, for the same rate of rainfall, may vary considerably from one
rain occasion to another. A large number of measurements have now been made, however, on
the ground of the drop-size distribution in various rates of rainfall by a variety of techniques. Measurement of drop-size distributions in the air has been fraught with great
difficulties which have only recently been overcome. All methods of measurement, whether
on the ground orin the air, when applied to radar meteorology suffer from the great handicap
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that the volume of raindrops explored is very small compared with the volume of the atmosphere explored by the radar pulse. Thus measurements on the ground may be made over an
area of much less than 1 m2 whereas the projected area of the radar pulse on the ground will
often be in excess of 104 m2 • Similarly measuring devices in the air, despite the high
speed of the aircraft, can only explore a very small volume compared with the total volume
of the pulse. The distribution with height of drop-size distributions, which is of great
importance in assessing the mean response from a volume, can only be made simultaneously
by using a number of aircraft -- a procedure both expensive and of considerable practical
difficulty.
The best that can be hoped for is that by measuring in a variety of weather situations some average drop-size distributions may be obtained which can be applied to the radar
problem so that a rough measure can be obtained of the echo intensity likely to be received
from a certain rate of rainfall. In passing it may be mentioned that the conventional rainfall recorder on the ground does no more than measure with varying degrees of accuracy the
rainfall over the aperture of the gauge which, because of site and exposure, mayor may not
be a. useful measure of the rainfall falling over the very much larger area surrounding the
gauge. In measuring rainfall rate, the rain recorder averages over a comparatively long
time the rainfall over a limited horizontal area while the radar gives virtually instantaneously an average over- a large voltune in space. It is not immediately obviou; that readings
from two such widely differing instruments are directly comparable.
By consideration of the drop-size distribution measured at the ground and converting by means of the fall speeds of different sized drops to a volume distribution immediately above the ground the value of I D6 appropriate to a particular rate of rainfall can be
determined. A large number of such determinations have been made by different workers and
a number of empirical formulae relating the average value of ID6 to rate of rainfall, R, have
been suggested. The formulae are all of the· form ID6 = aRb where a and b are con"stants, but
differ considerably among themselves in the values to be attached to a and b. It is.generally accepted that for'a particular rain occurrence any formula used may give a rate of rainfall in error by a factor of about 2 either way. The formulae give probably the best determinations in conditions of continuous rain (frontal precipitation) but not enough is known
about the variations in shower-type rainfall and particularly rainfall in tropical countries.
The most commonly used formula is
~D6

=

*

200 Rt.6

(9)

where D6 is measured in mm6/m3 and R in mm/hr.
Substitution in equation (7) cf equation (9) after a change of units leads to a
new form of the radar equation:
Pr

=

284

2 x 10

16

Rl.6

B

').,,4

P h A
e

I

81C

FK

r2

(10)

where the unit of length is 1 m, R is measured in mm/hr and B is the factor, the cause of
which is tmlmown,referred tom paragraph 1.10 having a value probably between 0.15 and 0.20.

Equation (10) simplifies to:
P = 2.3
r

*

See part

7

for a full discussion.

X

10-[5 B PI h Ae_ FK RJ.6
').,,4

r2

(11)
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Using the radar parameters for a set on a wavelength of 10 em given in paragraph
1.10 and a value of B of 0.2, we find that a set of these characteristics should be able to
detect a rate of ra~nfall of 0.01 mm/hr at a range of 10 Ion and 0.2 mm/hr at a range of
100 kin, provided the radar beam is filled by precipitation and. there is no attenuation other
than by range. It is doubtful, however, whether the empirical formula applies for such low
rainfall-rates and experience suggests that the minimum detectable rainfall-rate is considerably Mgher than tMs.

With many P.P.I. radars (see paragraph 2.2.2 for description) the beam-width in
the vertical is

50-

great that at a range of 100 km it is very likely that a part of the beam

extends above the melting level into a region (in frontal precipitation at any rate) where
the scattering particles are ice crystals with a decreased reflectivity (paragraph 1.9) so
that, quite apart from any variation of drop-size with height in the rain, there are complications introduged by the presence of ice crystals and melting ice crystals.

The straightforward quantitative application of equation (11) is not therefore
easy and should certainly be confined to ranges at which it is known that the beam is filled
by raindrops only.
A similar empirical formula has been obtained to account for drop-size distributions in clouds, using measured drop-size distributions obtained from aircraft and on moUll-

ta~n tops. m this formula I D6 ~ 1.91 x 10-2~Do W where ID6 is in mm 6/m3, Do ~s the
median volum~ diameter in microns (i.e. a diameter such that the distribution of liqUid
water with drop-size diameter is divided exactly in half) and W is the liquid water content
in- glm3 • Using the hypothetical I-em wavelength set of paragraph 1.10 we find. that the

m~n~mum value of Do for r ~ 10 Ion and W ~ 1 glm 3 is 25.2 m~crons while ~f W ~ 1/8 glm3 the
.minimum value is 50.4 microns at the same range. This means that a cumulus congestus cloud,
for example, must be on the verge of driZZling to be detectable at 10 kID range, but may
possibly be detected at vertical incidence at a range of 1 or 2 km. Many clouds are detected by virtue of the large ioe crystals they contain.

So far we have oonsidered the value of K, the attenuation faotor, as unity, i.e.
no. attenuation, other than by range, of the radar beam. This is never striotly true, except
in a vacuum, since even the atmospheric gases act to attenuate the radar beam and attenuation may be considerable when precipitation particles are present. This factor is investigated further in the next section where it will be seen that the effects are very small at
a wavelength of 10 em but assume increasing importance as the wavelength decreases, until
at wavelengths near to 1 em or less, even the gaseous attenuation becomes of some importance.
l

1.12

The attenuation factor

I

K

(Note : In this section use is made of the decibel (db) as a measure of relative
power. If two powers PI J P2 differ from each other b~ K db
then

P

....1
P2

=

10

1>.
10

or K

=

10 log

P

-!

10 P

2

Thus, if a power P1 is attenuated by 3 db it is reduced to half its value, and
to one-tenth its value when attenuated by 10 db.)
Apart from the range attenuation factor already discussed (paragraph 1.7) an
electromagnetic wave traversing the atmosphere loses energy by absorption and scattering
and it is the loss by these two mechanisms which is covered by the attenuation factor K.
The only atmospheric gases which are of importance for attenuation by absorption
are water vapour and oxygen while the attenuation by scattering from gaseous mOlecules is
negligible. For wavelengths between 2 and 10 em the attenuation due to the oxygen content
of the atmosphere at sea level pressure lies between 0.01 and 0.02 db/kID increasing slightly
to about 0.03 db/kIn af.j the wavelength decreases to about 1 em. Thus only for targets at
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great ranges would the attenuation caused by oxygen be of any significance amounting to
4-8 db for a target at 200 km range, remembering that in radar applications two-way trans-

mission must be considered. This value would, in fact, be an overestimate since, owing
to the curvature of the earth, the beam would traverse air at lower pressures as the range
increased with consequently reduced attenuation.
The attenuation produced by water vapour absorption, which depends J of course,
on the water vapour content of the air, is quite negligible at 10 em wavelength (of the
order of 0.0002 db/km) but increases rapidly as the wavelength decreases and for a content
of 7.5 glro3 of water vapour at 1000 rob pressure reaches the same value as for oxygen at about
2 em wavelength rising to a peak value of 0.2 db/kin in the water vapour absorption band near
to a wavelength of 1.3 em. At wavelengths below 1.3 em other water vapour absorption bands
lead to high values of attenuation. Most meteorological radars for operational purposes
operate on wavelengths of 3 em or greater and for such radars the effects of absorption by
atmospheric gases is usually neglected. Radarsdesigned for special meteorological purposes
on shorter wavelengths are usually used for short-range work only, so that even for these
radars the attenuation by gaseous constituents of the atmosphere can USUally be neglected.
Attenuation by liquid and solid particles in.the atmosphere, however, is potentially more serious, the loss being brought about by both scattering and absorption and is
dependent on the wavelength, A, the particle diameter D (the particle being assumed spherical)
and the dielectric constant. For clouds composed of water droplets i t can be shown that the
attenuation is independent of drop-size but varies directly as the water content of the cloud.
Thus for a water content of 1 glm 3 , which is a high value for most clouds except limited
volumes of convection clouds, the attenuation amounts to about 0.9 db/km at a wavelength of
1 em, 0.1 db/kIn at 3~cm wavelength and 0.01 db/kin at 10·cm wavelength. For ice crystal
clouds the attenuation is much lower amounting to about o.ooB db/kIn at l-cm wavelength and.
only 0.0008 .db/kIn at lO~crn wavelength for an ice crystal concentration of 1 glm 3 . Thus even
for very extensive cloud along the radar beam, in which the mean liquid water concentration
is unlikely to exceed about 0.5 glm3, the attenuation is not significant at a wavelength of
10 em being only 0.5 db or less over a path length of 100 kIn but may approach 5 db at a wavelength of 3 em. At lower wavelengths the usual method of operation precludes excessive
attenuation. Finally we have attenuation by precipitation. Assuming a mean drop-size distribution in rain as discussed in paragraph 1.11 for back-scattering, average values for
attenuation on different wavelengths at different rates of rainfall can be calculated.
Because it is only iIi precipitation that really high values of attenuation can be encountered sufficient to influence appreciably the echoes received on normal meteorological radars,
Table I has been prepared showing the attenuation in db/kIn for a range of rainfall rates
and wavelengths.

TABLE I

ATl'ENUATION (two-way) DUE TO PRECIPrrATION (db/km)
Wavelength (em)

Rate of rainfall

10

5.7

3.2

0.9

0.002
0.004
0.030
0.066
0.430
0.962

0.006

0.22
0.44

10.0
50
100

0.0003
0.0006
0.003
0.006
0.03
0.06

200
300

0.12
0.18

2.16
3.48

(mrn/hr)
0.5

l.0
5.0

0.014
0.122
0·302
2.50

6.16
15·3
26.0

2.2
4.4
22
44
88
132
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It is apparent from Table I that considerable reductions in received power are
possible at the shorter wavelengths. This possibility was appreciated very early in radar
meteorological work. l
Nevertheless, a great many weather radars at wavelengths of the order
of 3 em are in operation at many locations around the world. This is because of the availabili ty of surplus radars at that wavelength i.."1 the postwar years and their continuing production as navigational radars. And of course 'at 3-cm wavelength the equipment is relatively

compact. However, in the years since the war, radar meteorologists have become increasingly
aware of the usefulness of quantitative measurements of signal intensity and have been
developing techni ues to provide this information automatically, rapidly and in an easily
readable form. 2 ,
But these techniques cannot be fully exploited on all the existing
radars that operate. at an attenuating wavelength.

3

The renewed awareness by weather radar specialists of the serious attenuation by
rain at the shorter wavelengths has been particularly evident in the number of occasions it
has been referred to at recent Weather Radar Conferences. While very few actual measurem~nts
of attenuation have been reported, those that have are in reasonable agreement with calculated
values. A study made in 1964 at the Massachusetts Institute of Technology,4 in which 3.2-cm
attenuation was measured by comparing 3.2-cm signals with (negligibly attenuated) IO-cm
signals from the same rain,· concludes : "Both the computations and the measurements indicate
that perceptible attenuation may be expected whenever rainfall rates exceed 10 mm/hr, or
even 5 mm/hr for extended areas, and that in thunderstorms the attenuation is us~ally severe, 10 db or more. Also, substantial attenuation occurs in melting snow, especially when the
melting layer is low and the radiation has to travel a considerable distance while penetrating it."
It would be most useful for a potential user of weather radar to be provided with
a likely frequency distribution of attenuation for his climate. One would expect the situation to be considerably worse for example in tropical climates than in temperate. Unforttmately such a distribution is very difficult to achieve. It cannot be <Obtained by taking a distribution of rain duration at a point as a :function of rate~ and adding a scale of attenuation derived from Table I. Such a plot provides a statement of what may be called absolute
frequency, of the form lI an attenuation of ~ db occurs Eo times a year". But this is not
meaningful unless the time interval and the azimuth interval which separate independent
occurrences are specified. Even if this is met the statement is not specially useful.

An attempt to arrive at more meaningful statistics was made by a study at McGill
Universi ty in 1961.5
Data came from one raingauge in the Montreal area for one five-month
summer period, and so dealt largely with showery rain. The extensive moderate rain of
autumn and spring was not considered. The raingauge data (rate vs. time) were combined with,
velocity information from radar records to provide synthetic storm structures (rate vs. distance). Attenuation through these storms was calculated for wavelengths 5.7 cm and 3.0 em.

1

Atlas, D. and Banks, H. C., "The Interpretation of Microwave Reflections from Rainfall""
Journal of Meteorology, No.8, pp. 271-282, 1951.

2

Atlas, D. et al., "Automatic Digital Radar Reflectivity Analysis of a Tornadic Stonn",
Journal of Applied Meteorology, Vol. 2, No. 5,October 1963.

3

Marshall, J. S. and Gtum, K. L. S., «Wide Dynamic Range for Weather Radar ll ,
Beitrage zur Physik der Atmosphllre, VoL 34, No. 1/2, 1961.

4 Austin, Pauline M., «Observations of Attenuation of 3 em Radiation

by Precipitation ll ,
ProceedingS World Conference on Radio Meteorology, Boulder, Colorado, September 1964.

5 Hamilton, P. M. and Marshall,

J. S., "Weather-Radar Attenuation Estimates from Rain Gage
Statistics", Sci. Rep. NW-32 Stormy Weather Group, McGill University (AFCRL-TN-60-658),
January 196L
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(Attenuation at 3.2-cm wavelengths is about 20 per cent less than at 3.0 em). statistically,
the amount of attenuation along a radar path was found to increase with the intensity of the
target rain. This is mostly attributable to attenuation by rain very close to the target
raih, and in the same shower. The raingauge whose data were considered recorded rates greater
than 40 mm/hr from 21 showers during the five-month period. The total attenuation effected

by a single shower, looking all the way through it, was most impressive:
half gave attenuations greater than 20 db at 3 em (3 db at
than 10 db (1.5 db).

5.7 em);

Of the 21 showers,

only a quarter gave less

The effect of attenuation within a shower on the reproduction of the shower itself
was found to reduce both the maximum value of intensity and the area of the high-intensity
core, while tending to displace the maximum and core slightly toward the radar, and generally
distorting

the

pattern of the storm (in line with reference 1).

The reduction in inten-

sity· from the true maximum to the differently-located apparent maximum was considerably less
than the attenuation at the position of the true maximum. In the 42 cases obtained by
treating eachaf the 21 showers mentioned above from two directions, half the maxima were
down by the equivalent of 4 db (1 db), and 10 per cent were down by the equivalent of 11 db

(3 db).
R~garding total rainfall, the 21 showers which reached maximum rates greater than
40 nnn/hr delivered amounts to the gauge ranging between 3 and 40 nun. Radar records would
never have indicated an amount larger than 9 nun (28 mm) ah1 the true amount in individual
cases was anything up to six times (1.7 times) what the radar would have indicated, because

of attenuation.
'The McGill study confirmed what was to be expected -- namely, that attenuation
is much less troublesome at 5.7 em than at 3.0 em. But it is to be noted that measured
values of rainfall rate and amount of rainfall can still be in error at 5.7 em by considerable factors. The situation can best be sununarized as follows: To avoid distortion in
pattern and intensity, a wavelength not less than 5.7 em is called for, while for truly
quantitative operation the further step to 10 em is necessary. 6, 7
1.13

Maintenance of the radar

All the advantages of wavelength, pulse length, power output, etc., can easily
be nullified by poor maintenance of the radar set. It can frequently happen that the
deterioration of perfonmance of a radar set is a rather slow process and not really discernible except by rigorous maintenance and frequent monitoring of the various components. The
general appearance of the radar display can give little evidence of fall-off in performance
since the response.:) from permanent echoes from ground-based ob.jects, being usually strong
echoes, can look much the same over a wide range of receiver sensitivity. These permanent
echoes provide a day-to-day constant pattern which the operator can easily recognize and it
is too easy to assume that because the pattern looks the same the radar is on its best performance. Provision for competent maintenance should be a sine qua non in setting up a
weather (or an.y other) radar unit.

6 Hitschfeld, W. and Marshall, J. S.,"Effect of Attenuation on the Choice of Wavelength
for Weather Detection by Radar", Proceedings IRE, 42, 1165-1168, 1954.
7 Hyde, J. W., "The Attenuation and Radar Echoes produced at Centimeter Wavelengths by
Various Meteorological Phenomena", Meteorological Factors in Radio-Wave Propagation

(London, Physical Society, 1946), 169-188.
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Calibration procedures should be established for routine monitoring of equipment
performance. The most common method of receiver sensitivity calibration utilizes the signal
generator which 1s used to insert a signal of known intensity into the radar. Adjustment of
the output is used to measure the minimwn detectable signal of the radar, and for calibra-

tiop of circuits used to step down receiver sensitivity by fixed amounts.

(See also para-

graph 7.3.1.)8
Newer radars incorporate the receiver noise measurement feature which provides a
figure-of-merit for performance of the recelver~ but cannot be used for·a total system calibration -- 1.e. from antenna to display.9
Atlas and MossoplO have proposed_ that calibration be done by tracking balloonborne metal spheres of known radar cross-section. This is feasible only when the antenna
controls allow sufficient precise positioning of the antenna.
A method for systematic aalibration of a network oT radars has been adopted by
the U.S. Weather Bureau. ll
This procedure utilizes a signal generator power meter. and
A-scope display. and has proved to be very useful in an operational weather station.

8

"standards on Electron Devices:

Methods of Measuring Noise ll • Proceedings, Institute of

Electrical and Electronic Engineers (IEEE), Standard 53 IRE 7S1, 1953.

9

"Handbook of Microwave Measurements tt , Polytechnic Press, Polytechnic

Institut~

of

Brooklyn, Vol. I, II, 1954, 1955.
10

11

Atlas, D. and Mossop, S. C., "Calibration of a Weather Radar by Using a Standard Target" ,
Bulletin American Meteorological Society, Vol. 41, No.7, JUly 1960.
Bigler, S. G. and Brooks, M. W., "Standardization of Performance of WSR-57 Radars lf ,
Proceedings Tenth Weather Radar Conference, American Meteorological Society, 1963.
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TYPES DF RADAR AND DISPLAYS

Wavelengths in use

2.1
2.1.1

Many radars operate on this wavelength, principally for detection of aircraft.
They have not been designed for weather detection and usually have a wide vertical beam
width for detection of high-flying aircraft near the radar. In some of these radars, the
~-4 factor in equation (7) (part 1) is offset by use of very high transmitted power (of the
order of 4 MW), and special low-noise amplifiers such as the parametric amplifier and weather
detection capability nearly equals that of some weather radars. 12 In practice, these radars
are usually operated in a manner which precludes their use for more than the most elementary
application of locating precipitation. Figures 14 and 20 are examples of weather echoes
obtained using equipment operating on this wavelength.
2.1.2

IO-em wavelength

Radars operating on"this wavelength have been very much used for weather purposes,
partly because this was the wavelength chosen for many operational radars during the second
world war and partly because it is an excellent wavelength for detection of precipitation.
High power output is readily obtainable -(e.g. 500 kW or more) and aerials to give beam-widths
which would give a reasonable target discrimination (e.g. 1° or 2°) although large are not
prohibitively so. In addition there is a considerable manufacturing experience and components
and spare parts should be easy to obtain. Attenuation problems are virtually non-existent
(paragraph 1.12). Equipments are, however, bUlky and expensive although considerable use
has been made, and still is being made, of war-time surplus equipment which has given very
valuable service, even though not designed specifically for weather purposes and sometimesof rather low power output. This source of supply cannot be expected to last indefinitely;
however, and sets may soon become expensive to maintain.
2.1.3

This wavelength has come into prominence in recent years, primarily for airborne
weather radar, for use ~here aerial size must be restricted. The restriction on aerial size
demands a shorter wavelength than 10 em, in order to give a SUfficiently narrow beam-width
(paragraph 1.6) for resolution of neighbouring targets at the same range, but the shorter
wavelengths suffer increasingly from precipitation attenuation (paragraph 1.12). It has
been shown that a useful compromise between attenuation and beam-width difficulties, for a
fixed small aerial size sufficient to be accommodated easily in many aircraft, can be achieved
using a
wavelength near 6 cm (e.g. _5.7 em has been often quoted). For ground-based radars,
where the aerial size need not be severely restricted, there Seems no special merit in this
wavelength compared with 10 em where attenuation is negligible.
2.1.4

Many airborne grollild-based and marine radar sets have been made to operate on
this wavelength and successful adaptations have been made for meteorological use. Many useful data have been obtained in this way and sets specifically designed as weather radars,
3

12

Wilk, K. E., Dooley, J. T. and Kessler, E. ¥ "Weather Detection by ARSR-ID, ASR-4, and
WSR-5T Radars, A Comparative Studyft, U~S. Weather Bureau, National Severe Storms
Laboratory reprint, 1964.
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albeit often using components conunon to those used for other purposes .. are now commercially
available. The advantage of 3-em wavelength lies principally in the compactness of the equipment since the aerial dimensions for a given beam-width decrease as the wavelength. Thus
for a beam-width of 1 1/40 an aerial dimension of about 9 m is requil'ed using a 10 em wavelength but only about 3 m at a wavelength of 3.3 em. There is also the advantage to be
gained by the " factor in equation (7) (part 1) which is, however, partially off-set by the
difficulty of generating power outputs as high as those used on IO-em wavelength. A further
very useful advantage arises because of the diverse uses to which }-cm radar is put. This
leads to economy in manufacture of many of the components of a 3-cm wavelength weather radar
set so that relatively cheap sets can be made available commercially. The other uses of
3-cm radar, however.. are concerned with a rather low power output (e.g. 20 to 60 kW) and
high power output of the order of 200 kW is still expensive to obtain.

The big disadvantage of this wavelength lies in the attenuation by rain (paragraph 1.12). With increasing availability of new sets on 5.7-em and lO-em wavelengths these
should be preferred for quantitative use, even in temperate climates.
2.1.5
Equipments using this wavelength have been designed primarily for research purposes , although some are coming into use for the groWld control of traffic at airports in
fog. Because of the attenuation factors discussed in paragraph 1.12 there is no prospect
of using this wavelength operationally for the detection of distant precipitation but some
use has been made in detecting clOUdS at short ranges using aerials sweeping through the
zenith. The equipment has been referred to as a cloud base and top indicator but it should
be remembered that even on this wavelength only the large. droplets or ice crystals in clouds
can be detected (see paragraph 1.10), and same clouds may escape detection altogether, while
on other occasions the true visible cloud base or top may not be indicated.
"
ASn di~cussed"in paragraph 1.3, owing to the small delay which occurs in switching
from transmit to receive, it is not possible to receive echoes from clouds at ranges much
below 150 m when a single transmitting/receiving aerial is used. This represents a serious
limitation in operational use which could be resolved at extra expense by using separate
receiving and transmitting aerials.
Because of the proximity of this wavelength to a water vapour absorption band
the attenuation effects are more severe than on the lower wavelengths of about 0.8 em and
the use of this wavelength has been largely superseded by equipments operating on this
lower wavelength· (paragraph 2.1.6).
2.1.6
Equipments using this wavelength can be used subject to the limitations discussed
in paragraph ,2.1.5, as short-range cloud detectors but because of the great attenuation in
heavy ·rain (paragraph 1.12) their usefulness is limited to occasions when the rain is light
or not occurring.13 They have little operational meteorological value, except possibly as
a detector of clouds when several layers are present preventing visual observation of all
the layers. An accurate knOWledge of the heights and vertical extents of all cloud layers
would be of value to air traffic control and in aerial refuelling.
The equipments using this wavelength have interesting research potentialities ..

13

Harper, W. G., "Cloud Detection with $.6 Millimetre Wavelength Radar", Meteorological
Magazine, London, pp. 337-345, November 1964.
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2.2

Types of display

2.2.1

General remarks
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All" the information available from weather radars is portrayed by means of the
well-known cathode-ray tube.

Various types of display are possible but the three main types

are plan position indicator (P.P.I.), range-height indicator (R.H.I.) and signal amplituderange indicator (A-scope). These are described in the following paragraphs with the additional refinements possible to increase the quality and quantity of the information portrayed.

2.2.2
This type of display is used in conjunction with an aerial rotating about a vertical axis and gives a birdls eye view, or projection on an almost horizontal plane, of the
echoing volumes surrounding the radar out to the maximum range at which it is possible to
detect the precipitation occurring or to the maximum range used for the display. C'Precipitation" is used in this connexion as an indication that only particles of precipitable size
will give a detectable signal but does not imply that in all cases the precipitation will
reach the ground.) Several different maximum ranges are usually available by a simple
switching procedure enabling the selection of the most appropriate range scale for the
echoes of interest. It is therefore possible immediately to read the range and azimuth of
a volume containing a sufficient number and size of scattering particles to give a detectable signal at the receiver • With an extended area of precipitation the ground area covered
by the precipitation is a-ccurately indicated within the limits of resolution of the radar
as given by the horizontal beam-width and pulse length of the transmitted radiation and within the limits of detectability imposed by the radar equation (including attenuation). A
further qualification is necessary in that precipitation at high level, which may be intercepted by the beam if the beam-width in the vertical is large or at long ranges, may not always
reach the ground. The effect of wind shear in the vertical on the precipitation colurrm may
also lead on occasions to the projected area (and hence the area shown on the P.P.I.) being
greater than the actual rain area on the grOlmd. In both cases the use of a range-height
indicator (paragraph 2.2.3) would resolve the difficulty. Examples of the types of echo
obtained are discussed more fully in part 4 of this Note.

To avoid excessive distortion and brightness on the display the strength of the
incoming signals is usually limited to a small value above the mininn.uTI detectable value
before being displayed. For this reason it is usually not possible to determine the relative
intensities of the echoes displayed from their relative brightness on the display. This can
be achieved, however, by the use of" stepped sensitivity techniques or by skilful use of the
gain control (paragraph 2.2.2.1).
The aerial is usually tilted to make a small angle (about half the beam-width in
the vertical) with the horizontal since a horizontal beam would illuminate, because of its
finite vertical beam-width J an unnecessarily large amount of the earth's surface surrounding
the radar leading to \Ulwanted echoes, called permanent echoes, from ground obstructions.
Because of this and owing to the curvature of the earth the beam will be elevated above the
surface or- the earth by a greater amount as the range increases. Thus, apart from the echoes
from high-level precipitation which never reaches the ground, discussed above J it is also
possible for the vertical extent of precipitation particles at great ranges to be too small
to intercept the radar beam and so no echo would be received even though there was precipitation at the ground. Heavy precipitation, however, which is all that can be detected at
great ranges, usually comes from clOUds of great vertical extent so that this limitation is
not serious at the ranges at which precipitation can be detected.
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2.2.2.1

Because the relative echo intensities cannot usually be determined even qUalitatively by inspection of the P.P.I. display~ and certainly not quantitatively, it is useful to 1nco.rporate equipment which can readily give this information. Qualitatively this can easily
be done by manipulation of the gain control of the rece!ver so that higher and higher signal
intensi ties are required before brightening the display. This is frequently valuable in
determining the strongest part of echoes displayed and hence roughly the distribution of

rain intensity throughout the echoing volume. This determination can be made more precise
by the use of "stepped sensitivity". In this application the received signal can be artificially attenuated by fixed known amounts on successive rotations of the aerial enabling
one to draw isopleths of signal intensity and hence isopleths of' L 0 6 at a constant range
which can be related by the empirical formula (11) to isopleths of rain intensity. For
different ranges the effects of range and precipitation attenuation (paragraphs 1.7 and
1.12) must be allowed for and consideration must always be given to the distribution of
the particles in the beam, particularly in the vertical (paragraph 1.8).

This is especially

necessary when the beam intersects the melting level since the "bright band" effect, discussed
fully in paragraph 4.2, will lead to a greater echo from the melting ice particles than from
the rain beneath.
Examples showing the appearance of the display at various settings of receiv.er
gain are given in Figures 9 to 12. It may also be convenient, on occasions, to.have an
optional circuit which corrects electronically for range attenuation by the use of an
attenuator in which the attenuation applied to the signal. is inversely proportional to
(rsnge)2.

This assumes that the beam is filled with precipitation at the rsnges to which

the attenuation is applied but gives a quick and simple indication of relative rain intensities at different parts of the display.

By arranging for signal intensities above a certain lind t or limits to "black-out II
the brightening pulse it is possible to display a certain number of these isopleths directly
on the display since echoes with intensities from the minimum detectable value up to the
limit set will be displayed while intensities abOVB this limit, up to the next limit set,
will be blacked-out giving displayed echoes with one or more dark patches within them. This
is the principle known as iso-echo co' '-ours which has found some application in air-borne
radars to give pilots an indication of the stronger echoing volumes within a more extensive
echoing volume. For ground applications, however, it seems that the stepped sensitivity
technique or calibrated gain control allows greater variety and more useful readings.
Figure

13 is a photograph showing iso-echo contours in the form of three shades

of grey.
2.2.2.2

Off-centring
------

The P.P. 1. display as usually used has the position of the radar set at its centre
with concentric circles ~ndicating equal ranges from the set. For some purpose, and especially i f all the echoes are displayed in one qUadrant, it is useful to expand the display in the

vicinity of partiCUlarly interesting echoes. This can most easily be achieved by an offcentring facility which allows the centre of rotation of the display sweep to be transferred
to any other position on the display tube (usually to the edge on the appropriate azimuth
opposite to that of the echo examined). By changing the range scale the particular echo can
then be kept on the display tube and its display~d area thereby increased for more detailed
examination. It should be emphasized, however, that no greater resolution is obtained by
this method, since the resolution is a function of aerial dimensions and pulse length only,
but only a magnification of what was there originally. An example of off-centring is given
in Figure 23.
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2.2.3

This indicator is used in conjunction with
axis and displays the angle of 'elevation and range of
most applications the aerial sweeps through angles of
zontal to about +45°, but it is preferable that there

an aerial rotating about a horizontal
echoing volumes in the atmosphere. In
elevation from about _2° to the hori-

be provision for rotation up to the
zenith. The aerial is adjustable in azimuth to give a vertical cross-section through an
echoing volume on any desired azimuth. The display can indicate range and angle of eleva-

tion but more usually it is arranged to give heights above the earth and range, with allowance made for curvature of the earth and normal atmospheric refraction. By suitable modification the lines of equal heights can be arranged to be almost horizontal lines on the display and most range-height infonnation is portrayed in this way. In most displays the vertical height scale is considerably magnified compared with the range scale. Without bearing
this in mind one can get the impression that an echo from shower precipitatioo, for example,
is in the form of an elongated narrow colunm when in fact the true vertical dimension is
comparable with the horizontal.
Examples of the appearance of the display for different types of weather echo
are shown and discussed fully in part 4.

Stepped sensitivity and iso-echo techniques (see paragraph 2.2.2.1) can also be
used_ with this display to give the variation of echo intensity throughout the vertical crosssection of the echoing volume.
2.2.4
Displays of this type portray the amplitude· of the received signal (proportional
to the square-root of the _received echo power) against range. The display is USUally used
wi th the aerial stationary at the desired angle of elevation and azimuth along which it is
desired to measure the distribution of received signal intensity with range. The display
is so arranged that the range scale is horizontal and the amplitude scale vertical.
The
received signal takes the form of a rapidly fluctuating signal (because of the random contributions from individual drops in the beam and their relative motions) superimposed on
the "noise" signal, which is the permanently-present sip:;nal from stray radiations received
at the aerial and also generated in the electronic circuits. The noise signal also fluctuates rapidly and its average level is referred to as the noise level of the receiver and
is closely related to the minimum signal capable of being detected by the receiver. The
amplitude of the received signal from a target is often measured in terms of this noise
level and is referred _to as the signal-to-noise ratio. Absolute measureulent of the noise
level and of any signal received can be made by injecting into the receiving circuits a
signal of known amplitude from a calibrated signal generator and comparing it with the
received signal. There are some- difficulties in making this comparison since the injected
signal is a steady signal while the noise level and weather echo signals are rapidly fluctuating, but for comparative measurements of received power, which is often all that is required~ an operator can readily decide on a suitable technique of measurement.
The A-scope may be used operationally when careful measurements of radar reflectivity(echo intensity) are made using manual methods. The P.P.I. and R.H.I. displays are not
suited to this purpose unless the responses of the phosphors are frequently and carefully
calibrated. The A-scope may be used as a crude operational check on the performance of
the radar by measuring the signal on the scope with aerial stationary and pointed at a
known permanent target such as building or orographic feature at ranges of 10-20 miles.
This is not a reoommended procedure however since signal propagation varies considerably
and the reflectivity of the target may change due to wetness or, in the case of orographic
features, the season of the year.
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On some equipments a small port~on of the A-scan can be expanded by starting the
sweep, which is normally triggered by the outgoing pulse, some time after the transmitter
has fired. The time-delay can be varied so that any selected portion of the A-scan can be
expanded. Although the expanded sweep remains essentially an A-scan it has been named an
R-scan.

An example of A-scope presentation is given in"Figure 15.

Radars operating on wavelengths of 1.25 em and 0.8 em are frequently fixed to
look vertically only, giving the distribution of radar echo intensity with height. Equipmentsoperating on longer wavelengths have also occasionally been adapted satisfactorily to
this purpose.

For instantaneous measurement an A-scope presentation (paragraph 2.2.4) is usedbut to get a continuous picture of the time variation in the vertical a method of facsimile
recording 1s used. In this application, instead. of portraying amplitude by vertical deflection of the trace, the trace itself is brightened at the appropriate range (which is height)
by the signal received, just as it is for P.P.I. and R.H.I. presentations. Because the
aerial is fixed 3 however 3 the instantaneous display is merely a vertical line brightened in
the appropriate places but the time variation can be obtained by conti~uously recording the
image of the line on a moving film. Facsimile recording does virtually this same thing by
scanning the trace at very short time intervals (e.g. a few seconds) to produce at once a
strip chart showing the time variations of signal intensities from the region" directly overhead. The information is, of course, qUalitative in character, just as it is for P.P.I.
and R.H.I. displays, and for quantitative work an A-scope is necessary ~ direct measurement
of signal intensity at the range or ranges of interest.
An example of a facsimile record so obtained is shown in Figure 28.
Desirable characteristics of a radar weather installation
2.3.1

Site

The most important consideration in choosing a radar site, apart from accessibility, is to ensure an unobstructed field of view for the P.P.I. radar. A good horizon with
elevation of less than ~o is highly desirable although not always easy to achieve. If
screening of the transmitted radiation to angles greater than
must be accepted the azimuth angle sUbtended by the screening object at thetr,ansmitter should be small (e.g. less
than one or two degrees). It is better to have a number of obstructions subtending very
small azimuth angles than a single obstruction covering several degrees of aZimuth. The
distances of the obstructions from the set should be as great as possible since spurious
echoes can be received if the radar is poorly sited close to strongly reflecting surfaces
such as buildings (especially when wet) or metal screens. Energy is then transmitted and
received via the reflecting surface giving a false indication of the bearing of a target.
The obstruction itself will also, by screening of the radiation 3 lead to a blank sector on
the display in which echoes cannot be detected over the angle sub tended by the obstruction
(see Figure 1). Obstructions, however 3 which subtend a smaller azimuth angle than the beamwidth of the radar will not be manifested on the P.P.I. display as blank sectors, but 3 of
course, the radar will not be able to detect targets behind the obstruction.

io

It is not always advantageous to gain the unobstructed view by choosing a hilltop site since the range from which the unwanted permanent (i.e. ground-based) echoes are
received is thereby increased, to the detriment of the display of weather echoes. A perfectly level site would probably be best or even a slight depression if the horizon obstructions
did not subtend more ~han, saY3 ~o in elevation.
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Considerable operational use can be made of a P. P. I. alone J but the advantages
to be gained by having a R.H.l.also are so great as to warrant serious consideration. Combination sets which can be used alternatively as P.P.I. or R.H.l. have been made and have
the great advantage of using a single transmitter, receiver and aerial with consequent reduction in cost over that for two separate equipments. A disadvantage is that the all- rotmd
surveillance of the P.P.I. is lost while concentrating on the range-height picture along a
particular bearing. McGill University14, 15 was the first to meet this disadvantage by the
use of a constant altitude P.P.I. (CAPPI) display. The aerial goes through a cycle consisting of continuous rotation in azimuth with a step up in elevation after each rotation.
Echoes from one constant altitude are portrayed (by suitable range gating) in successive
contiguous circular rings on a P.P.I. display. By the use of several displaysJ one for
each desired altitude, a set of constant altitude maps is produced and so a three-dimensional
picture of the precipitation obtained. The requirement here is for a narrow beam-width to
give adequate -.:>esolution, especially in height. This implies as big an aerial as possible;
for example, tile aerial aperture has to be over 7 m diameter to provide a one-degree bearnwidth at a wavelength of 10 em.
Power output should be as high as is reasonably possible although with large
aerials the power requirements can be relaxed somewhat. In tropical countries J where the
rain intensity is usually highJ power output may be of secondary importance but in extratropical countries, where much of the rainfall occurs at a low rate, the maximwn range at
which precipitation can be detected may be disappointingly low unless high power output. is
used. Power outputs of the order of 500 kW on 10 em wavelength J 350 kW on 5.7 em and
200 kW on 3 em wavelength are easily possible. Very much lower power outputs have given
interesting research results in marry countries but for operational use outside the tropics
it is wise to aim at as high a power output as possible, and the figures quoted above would
be well worth aiming at. If the operational interest is in thunderstorms or heavy showers
only, then a lower output would be adequate (but experience of the value of the information
supplied would probably result in increasing demands for information on lower rates of rainfall, which the low-power set would then be unable to meet).
Many of the available radars operate on pulse lengths of 2 microseco:qds or less
to give good range discrimination for the purpose for which they were originally designed
(e.g. detection of aircraft or shipping) but in designing a radar specifically for weather
purposes it would be advantageous to increase the pulse length since the power-received
from an assemblage of raindrops is directly proportioned to pulse length (equation (1». A
pulse length of 5 microseconds would give a range discrimination of 750 mwhich would be
adequate for most operational purposes and give a useful increase in range of detectability
of the smaller rainfall rates.
To sum up, the desirable characteristics of a radar weather installation are:
good resolution to provide a useful picture of the precipitation pattern in three dimensions,
high power output and relatively long pulse length, together with some facility for judging
at least the relative intensity of echoes.

14
15

Marshall, J. S., "The Constant-AIti tUde Presentation of Radar Weather Patterns",
Proceedings Sixth Weather Radar Conference, American Meteorological Society, 1957.
op cit., reference 3.
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3.

RECORDING AND TRANSMISSION Of INfORMATION OBTAINABLE
FROM RADAR DISPLAYS

3·1

Recording the information

3.1.1

At present the only satisfactory method of recording permanently the detail shown
on weather-radar displays is by means of photography (see paragraph 3.1.2).

For minute-to-

minute or hour-to-hour use, however, it is frequently convenient and more economic to mm(e
traoings of the echoes displayed by means of a perspex or celluloid overlay machined to fit
closely over the face of the display tube and on which, using chinagraph or other suitable
pencils, the echo outlines can be traced. It is very convenient to have permanently etched
on this overlay the principal map features of the country surrounding the station -- e.g.
major towns, rivers and high groill1d. If this is done care must always be taken to match up
exactly the centre points and north indicator, to get true orientation, and the range scales.
All displays have provision for indicating range from tile station electronically by brightening pips at suitable range intervals so that as the aerial turns these pips trace out equally
spaced and
concentria range markers. Because of alight changes in the electronic circuits
it may occasionally happen that spacings between the range markers change fractionally over
a period of a few hours or less and it should be a routine when ID&{ing echo tracings to
ensure that the range markers are lined up with standard range marks on the perspex overlay.
Similarly in photography the range-marker brilliance should always be adjusted to give a permanent record of the range markers on the film.
Having made tracings on the perspex overlay these can then if desired be transferred by a second tracing to permanent record sheets which can also be used for facsimile
transmissions (see below). It is inevitable that some loss of detail and accuracy must
occur from the tracing technique, particularly as the tube faces are usually 'Ghick and it
is hard to avoid parallax errors, but for imnediate practical use these errors are unlikely
to be significant. It has often proved convenient when the movement of isolated echo features
is required to plot echo movements directly on the face of the tube; some radars employ
"reflection plotters" to eliminate parallax errors.
From a regular sequence of such tracings at intervals appropriate to the way the
echo picture is changing with tj.me (often it may be necessary to allow even less than a
quarter-hour interval) the development and movement of echoes can be conveniently stUdied
and extrapolations made as a prediction of future movement.
3.1.2

The best permanent record 1s by photography, either by hand-operated call1era or
by time-lapse cine photography. For research studies photography is essential and while
cine photography as a regular feature may prove too expensive it is very instructive to
make some cine fi]~s. The study of time-lapse cine fi]~s when projected at nonmal speed
to give a speeded-up version of echo behaviour has revealed many hitherto unsuspected
features of echo growth, movement and decay.
Photographs of the grolU1d return at different range settings are helpful in training observing personnel to distinguish between precipitation echoes and those nonmallyreturned
from surrounding terrain ("permanent ll echoes). Pictures of the display when anomalous
propagation conditions prevail (see paragraph 5.1) serve to inform the radar operators of
the extended range possible of ground targets under these conditions.
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Conventional photographic film is sensitive only to the "sparkle" emitted by the
phosphors on the oscilloscope tube. face when the sweep line passes over them and is not
greatly sensitive to the afterglow. In order to obtain a satisfactory- photograph" therefore,
it is necessary to take a time-exposure such that the duration of the exposure is equal to
one or more full cycles of the aerial operation. An aperture of about F 4.5 or 5.6 will
usually give satisfactory results. Either the lens aperture or the number of aerial cycles
in the ttme exposure may be varied to improve the photograp~ic results.
Pictures may be taken by almost any sort of camera that cail be focused on the
radar scope and that is capable of taking time-exposures. For time-lapse cine photography
it may be possible to arrange for the opening and closing of the camera shutter to be done
automatically using electric impulses from the display itself. For example, on mapy P.P.I.
equipments provision is made for the trace to be brightened each time the aerial sweeps
through magnetic or true north, using a mechanical switch on the aerial itself. This same
switch could be used to open the camera shutter on one revolution and close it on the next
so that photographs are taken every other revolution of the aerial. If automatic photography
is used it is important to .view the display at frequent intervals to ensure that all is well
(e.g. that the brilliance level has not altered, that sensitivity has not deteriorated or
that faults have not developed).

Photographs can be of inunediate operational value if they are taken with a camera
that includes rapid processing features permitting the development of the film within a
minute or so after exposure. Such pictures may be used for immediate photo-transmission,
or, if alternately positive and negative pictures are taken, these may be overlaid to determin~ dlrecti:n and speed of echo-movement, rate of echo-development, etc.
It is highly desirable but not essential to have a separate display tUbe, rlUl in
parallel, for photography alone. This will avoid disturbance by the radar operator and the
range can be kept consistent regardless of changes to range setting made at the master display. It would be a further advantage to have an auxiliary tube wi thshort persistance.
For normal viewing it is essential to- have a display tube with a coating which retains the
echo image at good intensity for at least one complete cycle of the aerial (i.e. a good
afterglow), but this can be. an embarrassment in photography. Although the response of a
normal film to the afterglow is_poor the exposure time is so long that some effect is visible
on development. When photographs are ,taken in rapid sequence, especially on the R.H.I. display on different bearings, the afterglow effect can make the photographs rather lUlsatisfactory. A detailed summary of the teclmiques of radarscope photography may be found in part 8.
Transmitting the information in code form

Radar observations contain information of great potential value to a variety of
consumers. Within a circumscribed area, radar data are directly pertinent to local area
short-range forecasting; terminal forecasting, pilot briefing, severe local storm and flash
flood warnings and, when data from a m.unber of stations are assembled, large- scale synoptic
analysis.
The problems of intercommunication of radar data on the two scales (local area
and large scale) are similar in some respects and differ in others. The use of radars in
both scales tnvolves the difficulties of translating a series of visual presentations showing shape, size, three-dimensional extent, movement, intensity and changes of all these into
meaningful symbols or displays for transmission to remote locations.
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Various codes have been used by different countries for transmitting radar information and examples of these are given in paragraph 3.2.2. Other methods of transmitting the
data more suitable for use on the local scale are discussed in paragraph 3.3.

This is a semi-plain language code primarily for teletypewriter use, using stand-

ard (U.S.W.B.) phrase contractions.
Following is a sample report (RAREP).
DCA SD 1145 LN TRW-/+- 311/52 190/90 8W 310 LN
CELLS 1828 TOP 350 AT 311/48
Break-down of this message for
Contents of RAREP

iderr~ification

2525
follows

Coded data

Explanation

(1)

Station indentification

DCA

Washington National Airport

(2)

Report identifier

SD

To identify the observation as a radar
report

(3)

Time GMT

1145

1145 Greenwich Mean Time (24-hour clock)

(4)

Character of the echo

LN

Broken

(5)

Precipitation type

TRW

Thunderstorms

(6)

Intenslty of the echo

(7)

Tendency of the echo

line of echoes

Theoretical rainfall rate is light
+-

Increasing slowly

intensity
(8)

Direction and distance
to ends of the echo line

311/52 190/90

Ea1ds of echo line are located 52 nautical
miles from Washington at an azimuth of
311 degrees true and 90 nautical miles
from Washington at an azimuth of 190 degrees true

(9)

Width of line

8w

Echo line is 8 nautical miles wide

(10)

Height of echo top

310

Echo tops 31,000 feet above sea level

(11)

The direction from which,
and the speed with which,
the line is moving

LN 2525

Moving from the west-south-west, 25
knots (direction taken perpendicular

Remarks (as appropriate)
(a) The direction from

Cells 18 28

(12)

to line axis)
Moving from the south at 28 knots

which, and the speed

with which, the individual echoes wi thin
the line are moving

(b) Height of the top of

TOP 350 at 311/48

a specific echo

Echo top at 311 degrees, 48 nautical
miles is 35,000 feet above sea level

A more detailed explanation of the code
reference 6.

m~

be found in the Introduction,

* For details, see WMO pUblication No.9, Vol. B chapter II (for Regional codes) and
J

chapter III (for national codes).
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British NUBElC code

Form of code:
NUBElC

YGGgg

EGXX

XXXX

XXXX

DDDAA

hehehedd

where YGGgg has the conventional meaning and NUBEX 1s an indicator of the nature of the
message. In the third group are the last two letters of the collecting centre reAO location
indicator.
The fourth and fifth groups which comprise four letters followed by four figures
give the position to the nearest minute of latitude and longitude, of the centre of the
radar echo in GEOREF co-ordinates.

The direction in whole degrees towards which the radar echo is moving
Area covered by radar echo expressed in 10 min squares of latitude and longitude

Height of top of radar echo in hundreds of feet
. Orlentat:!-on t.o nearest 10 degrees of major axis of precipitation region when the

top of the echo appears flat. When the top of the echo has one or more sharp
peaks superimposed on the average level, 50 is added to dd and hehehe refers to
the highest peak.

(ISOL)
Full form of code: RADAR IIiii YGGgg (LINE) LaLaLoLoK
(ZONE)
(Iiedsdsfn
Abridged form:

or plain language)

RADAR IIiii YGGgg

(NOSIG)
(CLEAR)

The full 'code form is used when notable or significant echoes are observed; the
aQridged form. is used when no notable echoes are observed. The optional group (Iiedsdsfn )
is' omitted if information on the density, intensity and direction of movement of the echo
or eCho system is not available.
The symbols IIiii YGGgg LaLaLoLoK have the conventional meanings.
The other symbolic letters and words have the following meanings.:
I

Density of points (WMO Code 1700)
Intensity of echo (Regional Code 148)

Direction, in tens of degrees, towards which system is moving (WMO Code 0877)
Speed of movement of echo or echo system, in units of 5 knots (WMO Code 1263)
Isolated echo, the centre of which is defined by LaLaLoLoK
Echo, continuous or discontinuous along a narrow band, the axis of which is
defined by two or more LaLaLoLQK groups
ZONE

Area or large band enclosing a notable density of echoes, the perimeter of which
is defined by three or more LaLaLoLOK groups

NOSIG

No notable echoes observed

CLEAR

No echo, clear sky or few fair-weather clouds
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~o~e_~oet:d_f~r_u~e_i~~~ ~e~i~n_V! i~r~p:)*

Form of code:
RAMET Hiii

or

Each echo 1s described by means of a series of groups nnEEE

0.0

is identified in the report by a sequence number nne

•••

(/heheHeHe ) and

An isolated echo is located by means of a single group 9aaaee indicating the coordinates of the centre of the echo.
In the case of a line of echoes the co-ordinates of the extremities of the axis
are indicated by two 9aaaee groups.
In the case of an area of echoes 9aaaee groups are transmitted for a number of
points arolUld the area.

When no echo is observed on the radarscope the group GGgg is followed by ECNn..;
when the apparatus is out of service the group GGgg is followed by EQPAN.

The symbols IIil1 YQLaLaLa

LaLoLo / / and GGgg have the conventional meanings.

The other symbols used have the followiIlg meanings:
BEE

Angle of elevation of radar antennae in tenths of a degree

R

Range of radar apparatus in units of 20 km
Type and coverage of echo (Regional Code, Table 1)
Intensity of echo and tendenoy of this intensity (Regional Code, Table 2)
Average diameter of isolated echo, or average width of line of echoes, in kin

aaa

Bearing of a

ee

Distance of a point of the echo measured from the point of observation in kin or
tens of km

poin~

of the echo measured from the point of observation in degrees

Average direction of movement of the echo expressed in tens of degrees (WMO Code

0877)
Average speed of movement of the echo in knots

Height of base of echo above m.s.l. (WMO Code 1577)
Height of top of echo above m.s.1. (WMO Code 1547)

3·3

Methods of tr.ansmitting the radar echo picture

3.3.1
There are two general types of remoted data, instantaneous or delayed-time data.
Real time data are radar information that is repeated instantaneously at a remote position
from the radar- site. This type of data is utilized where "livelt operational data are essential. Delayed time data are repeated radar information at a remote point which occurs at a
time later than when the original data were collected.

*

To come into force on 1 January 1966.
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Dil?ect repeaters. -- In this case s a simple repeater is attached directly to the radar by
cable. Maximum economical remoting distance is about two miles. Two coaxial cables are

required, one for video signals, the other for trigger synchronization.
conductors supply antenna synchronization voltages.

Four or five simple

Microwave.-- Remoting distance is unlimited, but active relay stations are required every
25-30 miles depending on terrain. Display is identical with the original radar and an unlimited number of repeaters may be used at the receiving end with the addition of suitable
amplifiers. The signal is usually beamed, but
may be transmitted
from omnidirectional
1
.
antennae. A broad band microwave line of 4"2 - 6 Mo/s width is reqUired.
Another conventional method is to use the microwave link for the video signals
and to carry the synchronizing and control signals by means of radio telegraph or telephone
links. The terminal equipment is then less complex and so easier to maintain~ The nwnber
of cable pairs required depends on the complexity of the control functions and the method
of carrying the angle and other information. The number of pairs required could va:ry between 6-and 60; the use of digital techniques, both for dialling of control functions and
for the transmission of angular position data, can reduce the ntullber of cable on radio links
reqUired.

3.3.2.2

~e~a!e~ !i~e_d~sEl~y~

Facsimile.~~

(a) A hard "copy consisting of either a glossy print or wet or dry facsimile
paper is available at the receiving end. 16 A photograph of the r?dar display is usually
required _~t the originating end for insertion in the facsimile transmitter, but a flying.
spot scanner may be used to view a frame of 35 mm film after it has been developed by a
rapid film processer,17 or the signal may be taken directly from "the video circuits.I S

The system uses 3 kC/S phone lines or may be transmitted by radio. With wider band-width
telephone lines, it is possible to synchronize several transmitters to produce automatically
a composite picture from several radars. Annotated drawings may also be transmitted by this
method.
For some purposes, sketches of the echoes on the radar screen can be made on thin plastic,
and then transmitted by facsimile to -the remote point where they may be displayed directly
on a map of the same scale as the rad,ar screen. Alternatively the sketches may be transmitted
to the remote point by a television camera and then displayed on a teleVision-type display.
(b) Direct recording, slow spiral scan conversion system. 19 -- In this system
the normal" radar signals are examined bya gate which spirally scans the radar coverage area
synchronously with the rotation of the radar scanner, a complete scan requirirlg about 100 turns

16

17

Hoose, H. M., "Operational Use of Weather Radar Composites in Florida" .. Monthly Weather
Review, Vol. 90, No.9, 1962.
Ballantyne .. E ... "WERAN: A Weather Radar Data Processor and Analyser", Proceedings 1964
World Conference on Radio Meteorology, American Meteorological Society, 1964.

18 Ruskin .. R. E., "Radarfax, A Weather Radar Controller and Polar Printer", Proceedings
Eighth Weather Radar Conference, American Meteorological Society, April

19

1~60.

Grinsted.. W. A. ·and Tuthill, A. P., lIAn Economic Method of Recording and Transmitting
Weather Radar Information", Proceedings 1964 World Conference on Radio Meteorology,
American Meteorological ·Society, 1964.
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of the scarmer.

The output of the gate contains only frequencies up to approximately the

scanning rate of the radar in beam widths per second, which is of the order of 100 cycles
per second. These low frequency signals, together with azimuth synchronizing signals, may

be transmitted directly over 3 kC/s telephone lines up to about 8 kilometres or over unlimited distances of 3 kC/s line or radio circuits by simple in-band tone signalling equipment and used to operate a recurding device scanning in synchronism with the gate.
Wirephoto or radiophoto.-- This system uses ordinary, commercially available equipment. A
photograph is available at the transmitting and receiving points. Resolution is very goo~
except for times of radio interference. Notes or printed material may be attaChed to the

photograph.
Scan conversion.-- There are a number of commercially available scan conversion systems which
have been developed in the past two to three years. They generally fall into one of two
rather broad classes, depending upon the method of conversion from polar to rectangular coordinates. Remoting distance is unlimited as long as suitable telephones are available.
(a) An ordinary commercial television camera equipped with a long persistence
tube (known as a "s l ow scan" vidicon) views the radar display. OUtput of the camera is fed
through a modulator for transmission over telephone lines having 3 kc/s bandwidth. At the
receiying end 3 the signal is demodulated and displayed on a 12 or 18 em direct view storage
tube or a facsimile recorder. In some systems the storage tube may be viewed by another

television camera which is coupled to one- or more standard television monitors.

Maps may

be incorporated into the display by use of edge-lighted overlays over the original radar
display. The display may be viewed in ordinary room light. After several monthd use,
echoes from nearby objects and range markers may be permanently fixed on the displays.
Echoes with only limited grey scale are continuously visible on a bright display. A new
picture is displayed every 40 seconds to 2 minutes depending upon speed of transmission.
(b) Scan conversion is accomplished by use of a storage tube. In this case 3 one
end of the storage tube displays data in polar coordinates and the display is uread off" in
rectangular coordinates for transmission by telephone lines or microwave. At the receiving
site, the display usually consists of a standard television monitor. Video mapping may be
accomplished by having a television camera view a map to add references to geographic features or politioal boundaries.
Digitized data.-- Several devices which are capable of automatic digitizing of displays have
recently been constructed and are undergoing test. 20 , 21, 22 Each has been designed for a
different purpose 3 and it is beyond the scope of this report to describe them in further
detail. The major deficiency ?f these systems is the loss of detail of the echo patterns
resulting from the relatively coarse grids which must be used~ The output of these devices 3
however 3 may be used directly for automatic processing at remote locations. Normal voicequality telephone lines may be used for data transmission.
Graphic recorder.-- France uses at present on an experimental basis a graphic recorder for
the PPI image. This equipmen~ associated with an amplifier of logarithmic response, furnishes
in five turns of the radar antenna a graphic representation of the echoes classed by intensitY3 according to a scale of five values. At each rotation of the radar aerial a complete

20

Atlas, D. et al.,"Automatic Digital Radar Reflectivity Analysis of a Tornadic Storm",

Journal of Applied Meteorology, Vol. 2, No.5, October 1963.
21

22

Collis 3 R. T. H. 3 "Radar Precipitation Measurements - Phase III Evaluatlonll 3 Stanford
Research Institute 3 Final Report on Weather Bureau Contract 10282 3 1964.
Schaff'ner 3 M. 3 ITA Processor for Weather Radar Data", Proceedings Tenth Weather Radar
Conference 3 American Meteorological SocietY3 April 1963.
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recording of the PPI image is made.
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Five successive recordings are made while applying

different attenuation to the video signal furnished by the radar. The final image obta.1ned
has a range definition of 1/32 of the radius of the zone covered by the recording and with
correct azimuth information. The definition is therefore quite adequa.te up to ranges of
80 kilometres. The image recorded does not present any particular difficulties of operation;
it lends itself well to tracing curves of equal intensity of echoes.
3.3.3

It is evident that several basic types of remoting system are now available.
Each system has features which make it desirable for specific situations. Table II summarizes each of the various remoting methods. The direct repeating system is the most economical
for very short distances, but the display must be located in a darkened room or the cathode
ray tube must be covered by a hood. The facsimile systems transmitting &~ receiving photographs of high definition require photographic darkroom facilities. Other types of facsimile
tec~iques not requiring darkroom facilities and presenting their output directly on dry
papers operate at reduced definition which is adequate for many purposes.
Annotated drawings containing supplemental information on e0ho motion, height and.
intensity may be sent also. Remoting by microwave may approach or exceed the C0st of the
basic radar when remoting distances exceed about 50 kilometres. Microwave, however, is
very dependable and not difficult to maintain. Scan conversion is very economical, even
when remoting long distances, and the displays may be viewed in room light but owing to
grey scale and resolution limitations interpretation may become more difficult. Supporting
verbal infonnation and/or manually inserted data at the transmit end appear to be necessary.
Automatic assembly of the displays from a number of radars is desirable if the automatic
digitizers are -especially good. The output of these devices may be used as a,direct input
to computers capable of combining data from a large number of radar stations and preparing
a map showing the location, intensity, height and motion of the large -scale precipitation
systems.
Usefulness of remote displays can be considerably enhanced by some type of indication of absolute echo intensity. Echo contouring or stepped grey scale are very useful
approaches that permit display of three to four separate, identifiable levels of signal
intensity. These methods have the advantage of continuous up-dating with each revolution
of the radar anterma.
A detailed review of the various remoting systems may be fOWld in reference 23.

23

"Local Use of Radar ll , United Aircraft Corp., Hartford, Corm., U.S.A. Weather System
Center report WSC F-4 under contract FAA/BRD-367, dated August 1961.
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TABLE II - Methods of remoting radarscope data and comments thereon
l.

Systems in part utilize photographic or facsim:Ue methods.
Type

of Display

A.

Resolution

Cost

Communication
Required

~cilities

Advantage

Disadvantage

Remarks

ReqUire photograph
of FPI at xmitting
end. Photo process provides better prints but
more time and inconvenience. Re_
quires 5-15 minutes for complete
xmission with3krVs
line. Time inversely proportio~
ed to bandwidth
available.

Up to 10

:Facsimile

Hard copY,
either glossy
print or direct printing
on wet or dry
paller. Size
depends on
size of' original print.
can xmitt up
to 45 em rOWld
display.

UnUm!ted up
to 100 lines
inch. Total
resolution depends on size

Approxima.tely $7000
for both transmitter and receiver

'of original

and copy.

xmitter and receiver if used. Tele_

Copy can be

phone lines about

enlarged at
receiving end
at sacrifice
of resolution.
Limited by
resolution of'
scope photographed.

$3.00/lmv'=nth.

B. Wirephoto or radiophoto
Photograph
HighJ radiophoto subject to radio interference at
times.

un! ts plus about

$7000 for radio

In Bome locations

xmissions can be
made on long dis-

tance call basis.

$5,000 plus
line charges, or
cost of radio
transmitter and
receiver.

3 kc/s bandwidth ra- Economical.

dio or telephone

Hard copy availlines. Higher band able for comparwidth reduMs time
ing movement,etc.
required for trans- Any type of annotated
display may
mission, but is
more costly.
be transmitted.
With wide band
width lines i t is
possible to synchronize several
xmitters and transmit a composite ,of
several areas.

Telephone pair or
radio link.

II. System utilizes electronic techniques only
A. Microwave
Conventional
Limited
About $25 J000 inBroad band microradar repeatonly by
stalled for one hop wave link 4 1/2-6
er.
size of
(lin~ of sight genMc;S. Both videobee.m and
erally 15-50 kIn)
trigger and servo
phosphor
cost about $25 J OOO
information multiin cathodeadditional for each
plexed on one
ray tube.
active microwave re- channeL
Identical
peater station re~
to origiquired including
nal rada.r.
Tower and Building.
Approx.
Micro'Wave maintenance
equivalent
about $lJOOO per year
to 400 TV
for each xmitter and
lines across
receiver. Radar rediameter.
peaters cost $5, 000
each.

shades of
grey scale
available
with photo
and wet paper process.
Transmitting
distance
limited only
by length of
equalized
telephone
lines or propagation of
radio ~ves
i f radio link
is used.
Moat radio
links cannot
guarantee
100;' reliability.

Notes or printed
DB.rkroom and develtext can be trans- oping equipment
mitted. lll.ta from. needed at receiving
an,y scope can be
end. Manual operatransmitted. More tion of camera J
than one station
transmitting equipmay receive trans- ment and processing
mission. Radio
requires about- 10
link can be used
minutes. Radio in_
for voice transterference may be
mission.
bad when data are
most critical.
Difficulty of fre_
quency of assignment.

Display is identical with original
radar. Any number
of' repeaters can be
used at receiving
end with addition
of video and servo
amplifiers. Video
mapper can be used
at receiving site.
Real time display.

Additional xm.i t-ter antennas
needed for stations out of'
beam.

RHI data
could be
xmitted over
SBme channel
but would require RHI indicators at
receiving end
and some modifications at
xmitting end.
Same grey
scale 8S
cathode_ray
tube P7
phosphor,
about 5 or 6.
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TABLE II - Methods of remoting radarscope

II.

and comments thereon. (Continued)

Syste~ ~tiliz~s electronic techniques only. (Continued)
Type

bf

d~ta
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Di~plaY

Resolution

Cost

Communication
Facilities Required

Scan Converter Bright Display Broad Band Microwave
About $35,000 for·
6 Nels bandwidth
TV Type
Monitor
Depends on
scan converter.
microwave link.
storage tube
plus $18,000 for
and bandone hop microwave.
Each monitor used
width of
about $7, 000 inmicrowave,
about 420
stalled. Additionline for 6
al microwave
transmitters
and
.Mc/s system.

Advantage

Disadvantage

Remarks

B.

receivers needed
for display at
widely separated

stations.

C.

Real time or time

Considerably
integrated dismore expensive
play. Gives
than other
bright display.
systems. InterEc'hoes are contin- mediate relay
uous, that is they stations needed
do not fade out
for xm1ssion befrom one antenna
yond line of
rotation to the
sight.
next. Other data
(alpha-numeric)
can be su~rimposed on picture
at corners. Tag
marker can be emplayed. Can go up
to about 800 lines
resolution but requires greater bandwidth (1800 Mc/s) for
xmission. Probably
not 'Worth it for
weather data. Any
number of relatively cheap ($5001000) repeaters can
be used at both xmitting and receiving sites. Addi_
tional receiving
sites can be added
with more microwave
gear.

RHI data
may be
xmitted.

SC!tn Converter Slow SCan.

~

Direct view
storage
tube, 11 em
diameter.

Type B
TV type
Monitor

Depends on tele_
phone line bandwidth. About
150 range rings.

About $25,000 for
one xmitter and
one receiver.
About $8,000 for
each additional
site at widely
separated locations.

3 kq1, telephone

Depends on
telephone line
bandwidth.
About 400 TV
lines.

About $35,000 for
one xmitter and
receiver plus
tele'Phone line
charges.

3 k1s or more telephone line or radio
links.

lines or radio
links.

Not qUite
Same as below
real time disexcept do not
need additional
'Play. Only
limited gray scale.
scan converters.
See also 'AY};le B
Very ecoQ.omical
provision for
below.
insertion of hand
wr1tten iItl'ormation.
Same as above except bright display monitors cannot be used at
xmitting end. And
additional sites
cannot be added
without additional scan converter.
Unlimited separation between xmitter and receiver.

More difficult to
get equal resolution and grey scale
than in broad band
system. Not quite
real time display.
New picture about
every 1 1/2 to 2
minutes depending
on bandwidth of
xmission.

Each receiv·
ing site
requires
another scan
converter at
$15,000 each.
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TABLE II - Methods of remoting radarscope data and comments thereon. {-continued)

II. System utilizes electronic techniques only.

(Continued)
Communication

TyJ>e

of' Display
D. Digital
Numerical
display

E.

Minimum resolu- About $50 J 000
tion establish~ for processor
ed by size of
and local
grid.
printer

Facilities Required
3 kc'dr-more -tele-

_Disadvantage

Advantage

phone line or-radio

Easily Used. for
quantitative

probably·. 8"Uttle

links.

analysis;

more -than _:r.e$l

Time required
time. ..D.egradedresolution determined by size of
grid.

EXperimenta:_l
Equipment _.'
under development.
lata form
suitable
for electronic computer processing.

About same as
original radar.

Approx. $10 J 000
for repeater and
$10.00 to $15.00
per cable metre
non-recurring.
Each additional
scope display
would increase
cost by same
amount.

CoaxiAl cable.

Real time
display low

cost

Limited to several
hundred metres di&tance f'rom radar
unless amplifier
costing $1500 is

RIll Display
may be relayed at
approximately same

added, permitting

price.

remoting several
thousand metre6 more
Maximum economical
limit about 3 kIn.

Direct recording (slo~1 scan).

Hard copy;
110m diameter electro sensitive paper
chart.

G.

Cost

Direct repeating of radar display.

Conventional
radar repeater.

F.

Resolution

Azimuth
slightly
worse than
the radar
range. 1% of
maximum range
of the radar.

Approx. $4500 for.
X!ll1tter and recording units; plus
about $4500 for
tone signalling
equipment if distance exceeds about
10 km or if radio
is used.

3 kC/S bandwidth

telephone lines
or radio.

Very economical
hard copy available. Automatic
except :for

changing recorder
chart.

Requires 100 aerial Similar
turns fur complete system
transmission.
available
with CAPPI
Recorder.

No photo-

graphs required.
Simple equipment.

Direct recording (slow scan).

Hard coPY;
uses fax
recorder.

Not quite
as good as
original
radar.

About $40} 000
for :x:mitter and
recording unit.

3 kc/s bandwidth

Includes pro-

telephone lines.

vision for

.

stepped. gray
scale display.

Provision f'or

CAPPI display.

Utilizes rS:pid
f{1)n processor
at :xmit end.

Consid·erabl.e
de.velopnieiit
effort has
been'dmie-.
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4. TYPES OF ECHO FROM PRWPITAlION

4.1

General remarks

We have seen from the theoretical considerations outlined in part 1 that it is
very unlikely that the ra.dars to be used for operational purposes in meteorology, giving

plan-position or height-range displays, will be able to detect water droplets or ice crystals
in the atmosphere unless they are already of precipitable size. It is unfortunate that the
expression "radar echoes·from clouds ll has been used rather widely, but there is no justification for this. It cannot be too strongly emphasized that precipitation alone 1s detectable
and that the limiting rate of precipitation which can be detected varies with the parameters
of the set in use and with the range in the manner already discussed in part I. The fact
that precipitation exists at some level in the atmosphere does not imply necessarily that
precipitation will reach the ground since~ particularly when the precipitation is in the form
of snow~ the particles may evaporate before reaching the ground. Thus hi&h-power equ1pments
with large aerials will frequently "see" the large ice cr;ystals present in some medium-level
clouds~ particularly at short ranges,24 leading to claim that the clouds themselves have been
detected. This must be taken into account when P.P.I. equ1pments only are in use since the
wide beam-width in the vertlcal~ frequently used with such equlpments~ results in echoes
from precipitation particles in a considerable vertical extent of the atmosphere being displayed, with no means of dlstinguishing the height from which the greatest (or only) echo
power is received. A simultaneous height-range displa~~ of course~ resolves the difficulty.
Although precipitation only is detectable there are wide variations in horizontal
and ve~tlcal extent of precipitation in different synoptic situations and the patterns of th~
echo displays received are themselves most informative. Subsequent paragraphs will indicate
the information which can be deduced or inferred from the characteristics of the eCQo as it
is displayed on either the plan-position or height-range indicator.

4.2

Precip~tation

associated with stratiform clouds

Radar echoes from precipitation associated with stratified clouds, when seen on
the P~P.I. presentat1on~ have a diffuse appearance (see Figure 1) with ill-defined edges
and usually are of quite uniform 1ntensity~ These echoes cannot usually be detected at very
great ranges (e~g. beyond 150 km) because of the relatively low rainfall rates usually associated with such precipitation and because of the relatively small vertical extent of the
echoes giving the greatest received power. This latter effect is clearly demonstrated l'lhen
the echoes are examined in the vertical cross~section using R.H.I. equipment (see Figure 2).
The echo received on a particular bearing 1s extensive in the horizontal and again generally
diffuse but e¥Jhibits a characteristic eru1ancedecho from a height in the ne1ghboU1~hood of the
melting level. This enhancement is generally referred to as the Ilbright band ri and in reality
occurs over a very limited range of height~ of the order of a hundred metres usually~ but the
effect of beam-width in the vertical is to cause the vertical extent to be exaggerated on the
displays If the gain of the radar is very high~ the "bright band" may be concealed in the
general echo but it appears clearly if the gain of the receiver is reduced (Figure 8).
It 1s generally accepted that the IIbright band ll arises because of the high eff1~
ciency as a reflector of radio energy of ice crystals and snmlflakes in the initial stages
of melt1ng~ when they have acquired a wet surface and before surface tension effects have
24
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pulled them, into a spherical shape. The wet surface causes them to scatter almost as efficientlyas if'composed entirely of water while the exaggerated shapes assumed lead to high
values of scattering cross-section compared with-spheres.
Above the bright band preclpitation'is in the form of large ice crystals or snow
while beneath it is in the form of rain~ Because of the relatively low fall-speed of snow
(1 to 2 mVsec) the echo from above the bright band frequently exhibits in varying degrees
the effect of the radial component of the wind shear in the vertical (see Figure 3). Thin
wispy "precipitation streaks" JI sometimes not reaching. the groW1d (Figure 28), also clearly

manifest the wind-shear.
The bright band 1s only seen clearly in stable atmospheric conditions when any
up-currents present are uniform and weak; it disappears with increasing convection as the
nature of the precipitation particles and their distribution become more homogeneous in the
vertical. A height-range display can therefore give valuable indications of the presence
of instability in situatiorngiving rise to precipitation.

4.3

Precipitation associated with convective clouds

Echoes from convective-type precipitation are 'characterized by their clearlydefined sharp edges (Figures 4, 13, 17, 18). A blurring of the edges is recognized as one
of the first signs of decay. In the vertical cross-section (R.H.I.) (Figure 5) the echo is
seen to consist of one or more sharp-edged vertical columns with no sign of the "bright band".
Because of the larger drop sizes associated with showers the echoes are usually of high intensity and reduction of the receiver gain shows the highest intensities to be associated
with narrow vertical columns (Figure 6). As decay of the shower progresses and the echo
edges and tops become more diffuse a bright band near the melting level may finally appear
(Figure 8). Frequently a shower complex will consist of cells in various stages of development and the radar picture will clearly indicate this (Figures 7, 8 and 18). Experience
has shown that in a developing shower cell large particles are present at all levels in the
cloud with the result that the top of the echo displayed differs little in height from the
top of the visual cloud. In the more extreme convective developments associated with thunderstorms the cloud top may often be at or above the tropopause level of the environment and
the echo top has been observed to extend to this height also. Such heights may be as great
as 17 km or more. Because of the great vertical extent of echo of high intensity the ranges
achieved by radar on showers and thunderstorms are great and even low-powered sets will detect heavy showers at ranges greater than 160 km, whereas high-power sets have detected them
more than 500 km away.
Although on some occasions showers may be shown, from the P.P.I. picture to be
distributed apparently entirely at random (Figure 4), nevertheless it is remarkable how often
there appears to be some order and method in their distribution (Figures 13 and 18). The
study of precipitation patterns from P.P.I. pictures alone would probably be rewarding in
many parts of the world.
In temperate latitudes the most high1¥ organized pattern is, of course, that
associated with a cold front. Convective echoes associated with these fronts are usually
not distinctly separate but blend together into large masses arranged in a line along the
frontal zone (Figure 9). Reduced receiver gain, however, will indicate the active convection
cells in the general frontal precipitation (Figures 10 to 12). The appearance of a solid
line may sometimes be an effect of beam-width distortion and the line would then appear to
break up as it approached the radar.
If precipitation occurs with a squail-line, line-type echoes will sometimes be
observed (Figure 14). These echoes are usually more separated than those in a cold front
and on some occasions more than one squall line may be propagated from the front and observed
by the radar.
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Thunderstorms

This type of echo is a special type of convective echo. It should be emphasized
that, unless lightning echoes are observed, there 1s no obvious way of distinguishing between
an echo from a thunderstorm and that from a heavy shower. In general if the echo is of excBp~lonal intensity or if the top of the echo,extends to-great heights (e.g. heights at which
the temperature 1s probably below _40 0 c) the probability is great that the echo 1s from a
thunderstorm (Figures 7 and 13).
Transient echoes can be detected, in specially favou~able conditions, from the
ionized path of the lightning flashes themselves (see paragraph 4.9), but the chances of a
sweeping radar pointing at a particular storm at the instant a lightning flash occurs is
small and as a reliable method of detecting the existence of a thunderstorm such echoes can
be discounted. Transient echoes have been observed, however, after the event by the examination of consecutive frames of at1me-lapse cinematograph record (Figure 20) •. (See paragraph 4.9J By stopping the-aerial on the bearing of a particular echo suspected of being a
thunderstorm and viewing the received signal on the A-scope, the echoes from lightning can
more easily be detected as transient-echoes of high intensity (Figure 15). Such echoes would
be proof of the existence of a thunderstorm but the converse would not be true.
In temperate regions thunderstorms are usually isolated in occurrence and the
P.P.I. presentation reveals this (Figure 13). Not enough 1s known qf the thunderstorm
distribution in tropical areas, especially in the region of the inter-tropical convergence
zone and in the Indian monsoon. There 1s no doubt that the study of P.P.I. pictures alone
from such areas would add greatly to existing knowledge and produce information of great
significance to aviation. In areas where the heavy thunderstorm rain becomes widespread
account must always be taken of the effects of precipitation attenuation on the P.P.I pattern
observed, and especially on 3-cm wavelength.

4.5

lhlrricanes or typhoons

Echoes from these storms are usually distinctive in appearance .but it must be
remembered that attenuation in the heavy precipitation associated with these storms may modify considerably the precipitation pattern in some sectors (paragraph 1.12).
The first manifestation of a disturbance may be th~ observance of echoes from
squalls that are moving in a direction opposite to that usually prevailing in the area. As
the storm develops circulation of echoes about a centre becomes complete. The character of
the echoes associated with these tropical cyclones varies according to their position relative
to the centre. In the periphery of the storm the echoes are convective and cellular in nature,
sharp-edged and of high intensity. Any thunderstorms and tornadoes which occur with tropical
storms usually occur with these cells and in general the associated weather is squally. These
echoes, which move with the storm circulation, have great vertical extent and have been observed as far as 600 km from the storm centre. Passing towards the centre of the storm from
these outer convective cells there is sometimes observed a relatively echo-free area some
80 km in extent followed by a large area of intense echo of more stable characteristics. In
this main II rain shield" rainfall is very heavy and thunderstorms are usually absent. If the
gain of the radar is reduced a spirally-banded structure of the echo lines is observed. Further towards the centre, beyond the 'frain shield ll mass, a cellular echo structure is often
observed. These echoes are arranged in definite spiral bands and surround the Heye" of the
storm (Figure 16). The individual cells and the spiral bands themselves rotate around the
centre 1n an anti-clockwise direction (in the northern hemisphere).
It is usually considered best not to attempt to give a precise location of the
eye of the storm unless it can be seen on the P.P.I. and unless its definite location can
be substantiated by circulation of echoes about it (1.e. the position of the "eye lf is not
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safely estimated from oi;her echo characteristics when the lI eye " itself 1s beyond radar range).
The verification of the location of the "eye" at long ranges can be done only by painstaking
and continuous watching of the P.P.I. and careful plotting of echo movements.

The "eye" of

a well-developed storm can be first detected with powerful equipment at ranges around 280 _
320 kin but an exceptional range of 460 kin has been reported.
The geometric form of the spiral bands has been studied in detail. 2 5 It has
been found that one of three logarithmic spirals may be fitted to the echo bands and rough
estimates of the location of the storm centre may be made before the lleye" is detected.
Ih tropical areas the precipitation is often distributed quite uniformly about
the centre of the storm. In higher latitudes, particularly when the storm approaches a land
mass, the precipitation may be concentrated in a particular sector of the storm, leaving
other sectors almost echo-free.
As the storm decays, either in passing over land or in becoming an extra-tropical
depression, the form of the Heyell and the spiral shape of the rain bands become less well
defined. 26 It then becomes difficult to locate the "eye ll exactly and, indeed, aircraft
reconnaissance sometimes suggests the existence of more than one low-pressure centre.
Small-scale cha~es in the. Heyel! of the storm may be observed by radar, such as
oscillations (sometimes systematic) of the path of the Tr eye" and abrupt changes of course
but care must be taken not to confuse small-scale changes in the motion of the "eye" with
major changes in the course of the storm as a whole. 27

4.6

Tornadoes and water-spouts

Considerable effort has been spent in seeking characteristic radar echo forms
that might positively identify a torn~do or water-spout. Most tornadoes derive from extremely
violent thunderstorms of great vertical development but on rare occasions they are observed
with stratiform clouds and without associated precipitation or radar echo. Many of the
massive thunderstorms associated-with tornadoes give rise to radar echoes that have a hooked
or "figure - 6" shaped protUberance in the right rear quadrant of the storm (when facing
in the direction toward which the storm is moving) 28 (Figures 17 A, B, C ..) The "hook" is
believed to be the echo from a huge mass of water droplets that is swept out of the mother
cloud by the vortex and not an echo from the tornado funnel itself. Unfortunately, the size
of the hook is so small that it cannot be distinguished at long ranges owing to beam-width
distortion (Figure 17 E) and similar protuberances to those portrayed in Figure 17 occur
with many echoes from thunderstorms which have no tornadoes associated with them (see, for

example, Figure 18).
The following echo features also are taken to be indicative of a severe local
storm that may be a tornado :
(a)

(b)

Unusually great vertical extent (echo top exceeds the reported tropopause);

An echo which moves in a direction to the right (looking downwind) of the
direction of other nearby echoes;

25

Senn,H. V., Hiser; H. W. and Low, E# F#,"Studies of Hurricane Spiral Bands as Observed
on Radar", Final Report, U.S. Weather Bureau Contract Cwb-8735, October 1956.

26

Imai 0' I, IrFilling of a Typhoon Eye by Landingll, Proceedings, Tenth Weather Radar
Conference, American Meteorological Society, April 1963.

27

"Hurricane Carla", .Weatherwise, Vol. 14, No.5, October 1961, pp. 192 - 196.

28

Fujita, T., "Proposed Mechanism of Hook Echo Formationll , Research Paper No. 27,

U.S. Weather Bureau Contract CWB WBG-8, 1963.
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(c)

41

When two echoes merge into one.

Echoes from water-spouts have been observed at short range (6 to 10 km) on a
The echoes were intense and circular in shape and showed no other characteristic
pattern. Because of the short range of which they were observed, and the size and appearance
of the echoes, it seems likely that most of the signals received came from the disturbed
water and heavy spray at the foot of the spout.
P.P~I.

A limited amount of data suggests that reflectivity measurements may be used to
aid in the identification of tornado-bearing storms with the same method used for identification of hailstorms (paragraph 4.7).
4.7
Hail of damaging size 1s most common in continental areas in temperate latitUdes,
and because of its exceptional hazard to aircraft as well as the damage done on the ground,
it would be valuable to have positive indication of its presence from the radar P~P~I picture
of the precipitation. Hail is, of course, associated with violent convection and the.radar
echoes which have been positively identified as associated with hail have shown the sharpedged high-intensity echoes characteristic of precipitation arising from convection (Figures
4, 13, 18). In many cases, hail has been associated with protuberances or fingers from
the edge~ of the bright convection-type echoes with perhaps a V-shaped notch between the
fingers. It is unfortunately true that protuberances are characteristic of most convectivetype echoes (Figures 4, 18) and that many such protuberances have not been associated with
haiL It seems unlikely, therefore, that the shape alone of the P.P.l echo can do more than
indicate the possibility of hail.
Studies carried out in the U.S. and Canada have shown a strong association between
radar reflectivity (echo intensity) and hail. 29, 30, 31 The analyses have shown that reflectivity measurements from a properly calibrated radar (paragraph 1.13) may be used as an objective technique for identifying hail. However, Atlas has injected a word of caution by
pointing out that very heavy rain~all rates (of the order of 120 mm(hr) would also be associated with high reflectivity.
These same studies have also shown a strong correlation between echo height and .
the occurrence of hail. An echo whose top is higher than the tropopause has a high probability of containing hail.
The status of this work has reached the point where, by considering both echo
height and intensity, the radar may be used with a high degree of success to identify thunderstorms containing hail. In the case of 3-cm wavelength radar, vertical profiles of reflectivity, or reflectivity measurements at altitudes of 6 to 9 km, are clearly superior to measurements made at low levels in the storrn. 32
29

Geotis, S. G., IISome Radar Measurements of Hailstorms ll , Journal of Applied Meteorology,
Vol. 2, No.2, April 1963.

30

Atlas, D., II Radar Analyses of Severe Storms It, Severe Local Storms, Meteorological Monographs, Vol. 5, No. 27, American Meteorological Society, 1963.

31

Douglas, R. H., IrRecent Hail Research'~ Severe Local Storms, Meteorological Monographs,
Vol. 5, No. 27, American Meteorological Society, 1963.

32

Donaldson,. R. J., "Radar Reflectivity Profiles in Thunderstorms lf ,. Journal of Meteorology,
Vol. 18, No.3, 1961.
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4.8

Snow

Echoes from snow are fuzzy and diffuse (Figure 19). Because dry ice crystals
are much poorer reflectors of radio energy than water drops and because the equivalent
precipitation rate of snow reaching the ground is often low, dry snow is not seen to as
great a range as rain. Wet snow would, of course, be eqUivalent to "br ight band" conditions
near the surface and give a strong response but because of its low elevation and the effect
of earth's curvature the ranges obtainable would be low. With a long-range radar such as
the U.S. Weather Bureau's IO-em wavelength W3R-57, snow may be consistently detected to a
range of about 100 km when the water equivalent precipitation rate is greater than about
1 mm/hr 33 but is seldom observed at ranges greater than 200 km. However~ there are many
cases where snow evaporates before it reaches the ground. Echoes from snow showers are usually
of higher intensity than those from more general snow but the edges are still diffuse.

Lightning
These echoes have been referred to briefly in paragraph 4.4. Some of the spectacular echoes from the ionized path of the lightning discharge have been displayed extending
on occasions over 130 to 160 km (Figure 20). They have most readily been detected by post
facto examination of film taken at every revolution of a P.P.I. and comparison of successive
pictures. Because the ionized path dissipates quickly the echo is a transient one detected

by chance as the aerial is pointing in the appropriate direction.

They are best seen by

23-cm wavelength radar among the common radars although a longer wavelength still (e.g. 5C em)
would probably be better. For such radars the echoes from light rain are too weak to be
detected so that there is less chance of the lightning echo being lost in the rain echo.34~35

4.10

Duststorms and sandstorms

A duststorm or sandstorm is defined~ according to the International Cloud Atlas,
as "An ensemble of particles of dust or sand energetically lifted to great heights by a
strong and turbulent wind ll • The dust particles in these storms are usually too small to
give any radar echoes. However, the more spectacular duststorms in arid and semi-arid
regions are caused by squalls associated with cumulonimbus clouds.
Features of a thunderstorm, such as squall, rise in pressure and fall in temperature after its passage can be recognized in a duststorm. The cumulonimbus associated with
the duststorm can have large water particles and even hail aloft. Hence, occurrence of. a
duststorm can be inferred from a radar when echoes are observed over arid regions. The
following description is based on observations with a 3-cm radar in the tropics.
An echo (Figure 29) appears very similar on the P.P.I. to a thunderstorm

echo~

The echo is usually strong and sharp-edged. On the R.H.I.(Figure 30) the precipitation aloft
with none of it reaching the ground can clearly be seen. The cellular structure of the echo
is also obvious. The height of the cells often reaches 12 kilometres. The average is about
8 km. Individual cells may be as small as 2 to 6 kilometres in horizontal extent and are
believed to have a life of about 20 to 60 minutes. However, a complete system may be much
larger in extent and may last for several hours in the same way as a system of thunderstorm
cells in humid regions. It is convenient to classify radar echoes associated with duststorms

into six types:
33

Wilson, J. W., "Evaluation of Precipitation Measurements with WSR-57 Weather Radar",

Journal of Applied Meteorology, Vol. 3, No.2, April 1964.
34

Atlas, D., If Radar Lightning Echoes and Atmospherics in Vertical Cross-Sectionll , Recent
Advances in Atmospheric Electricity, Pergamon Press, 1958.

35

Ligda, M. G. H.,"The Radar Observation of Lightningrt~ Journal of Atmospheric and Terres-

trial Physics, Vol. 9, pp.329-346, 1956.
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(1) Isolated
(4) Squall Une

(2)
(5)

Group
Frontal

(3)
(4)

Random
Converging band

Squall line types of duststorms with length of over 300 km and width between 8 and 24 km have
been observed.

Even though no precipitation reaches the ground in most cases, duststorms can
have hail aloft. This possibility has to be borne in mind, if very intense echoes are observed in association with a duststorm. However, no hooks or protuberances usually associated
with hail have been reported so far.
A significant feature of the cells observed- during duststorm conditions is their
helght-to-dlameter ratio which is found to be of the order of two. Echoes associated with
tlwet" thunderstorms during more hwnid conditions usually have a ratio of about unity.
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5.

ECHOES ASCRIBED TO PHENOMENA

NOT ASSOCIATED WITH PRECIPITATION

The effects of anomalous propagation

5.1

A radio wave traversing the atmosphere experiences refraction -- just as light waves
do. The effect of refraction is to cause the radio waves to follow a curved path, the curvature of which 1s governed by the way the radio refractive index of the atmosphere varies with
height. Under "normalll conditions near sea level (Le. long-term average conditions in temperate latitudes regarding the vertical gradient of refractive index), the pat~ of a radar
beam ray propagated tangen~ially to the earth from a source at the surface is concave downward and has a radius of curvature which is about four times that of the earth; but under
special atmospheric conditions over a limited interval of height the variation of refractive
index Qan be such as to give to the path a curvature equal to or greater than the earth's
curvature. A beam which is projected horizontallYI or nearly SOl may in these conditions be
bent into a path which follows the surface of the earth or even returns to earth. The gradients of radio refractive index in the vertical which are necessary to cause such enhanced
refraction are considerable but can be encountered over limited height ranges. Because of
the limited height range over which such gradients are possible the effects of "anomalous

propagation" are usually only detectable for radio paths which initially make a very small
angle (~O or less) with the horizontal. For higher angles of propagation the radio energy
almost always fails to return to the earth because of the greater curvature required and
also because the radio energy too quickly traverses the lower atmospheric layers which are
the only ones to contain high radio refractive index gradients. The refractive index of the
atmosphere for radio wavelengths depends on the temperature I pressure and humidity and it
can be shown that for bending towards the earth an increase of temperature with height (inversion) or decrease of specific humidity with height is necessary. Critical values of the
gradient of each with the other constant are about +O.087°C m- 1 for temperature and -0.016 g
kg- l m~l for specific humidity in t~n~erate
climates but vary somewhat with temperature I
pressure and humidity. Many inversions of temperature are l of course I associated with humidity lapses in the vertical so that both effects are present to increase the curvature of the
beam.
Propagation under these conditions is termed "anomalous Tr but it should be remembered that there are seasons of the year l districts of the world or weather situations
in which anomalous propagation would be considered normal. Anticyclonic subsidence inversions
and the drift of warm dry air from continents over cooler sea are examples of conditions in
which anomalous propagation would be expected.
Because most P.P.I. radars l in order to obtain the maximum range l are operated
with the radiation propagated at a low angle of elevation and bec~use the beam-width in the
vertical of many such equipments is large I substantial energy is transmitted at angles of
less than
to the horizontal and can l therefore I in suitable conditions be subjected to
anomalous propagation. This energy is then effectively confined to a narrow interval of
height and follows the curvature of the earth as far as the requisite atmospheric conditions
persist. Any object projecting into this "duct" will scatter back energy to the receiver
by the same path so that very greatly enhanced ranges on surface objects can be obtained.
This can have a dual effect on the P.P.I. displaYI (i) by increasing the range and number of
permanent echoes from ground-based objects with resultant confusion between unusual groundbased echoes and weather echoes I and (ii) by masking a deterioration in performance of the
equipment since the performance is frequently judged by eye from the appearance of the permanent echoes on the display. Effect (11) could be serious in those areas where at certain
seasons of the year anomalous propagation is the rule rather than the exception.

to
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Recognition from the display that anomalous propagation conditions exist is not
possible until these conditions are very widespread but point-to-point radio transmissions
in which the received signal strength is accurately measured on the same or similar wavelengths would reveal them more frequently. Confusion of ground-based objects with weather
echoes can be avoided by careful plotting since weather echoes. are rarely completely stationary and association of the ground-based echoes with outstanding topographical features can
usually be made. In areas where anomalous propagation is a frequent occurrence it should be
possible to plot the various ground objects or features from which echoes are likely to be
received. Since anomalous propagation is only associated with radio energy propagated at
angles of about lo or less to the horizontal a small increase in elevation of the radar beam
will usually cause these echoes to disappear. In extreme cases side-lobe energy (see para_
graph 1.6) may be sufficient to give echoes when the main lobe is at an elevation such that
the side-lobe is propagated almost horizontally.36 Whenever anomalous propagation is suspected special care should be taken in ensuring that equipment remains on good performance.
ITAngel lr echoes
Controversy has continued for several years over the source of many of these
echoes. Refractive index discontinuities have been used as an explanation by some,37, 38
others have considered the source to be birds. For discussion purposes, paragraph 5.4
considers those cases where the echoes are quite conclusively associated with birds, while
this paragraph discusses those cases where there 1s no agreement as to the source of the
echo.
In-warm, dry sub-humid to humid climates, very weak, diffuse ech6es are commonly
observed by high-powered radars such as the CPS-9 (3 an) and" the WSR-57 (IOcrri), and sometimes
by low-powered X- and S-band radars. The echoes are observe§ at night as well as during the
day. This type of echo may be observed along a cold front 3 or sea breeze front,39 or
along the boundary of cold air outflow from a thunderstorm. On many occasions, the echoes
may be in layers having a base well above the ground. 40, 41, 42
The echoes can be observed under different weather conditions ranging from a
completely cloudless sky to more or less complete cloud cover. They can be seen at any time
of the day but there is often a marked tendency for numbers to increase in the period around
sunset and remain high after dark.
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Echoes of a similar character have also been observed in large numbers using vertically-pointing 1.25-cm or O.86-cm wavelength radars, on which equipment they often appear

to be concentrated in horizontal bands (Figure 22).39
The meteorological explanation envisages reflection or back-scattering from volumes of the atmosphere, the boundaries ~f which exhibit marked gradients of refractive
index. Again there is no doubt theoretically that echoes can be received in this way but
the _requirements to which the atmosphere must conform are very stringent and of a scale which
it has not yet been possible to measure. Changes of a few degrees centigrade or a few mb
vapour pressure in a few em would appear to be necessary over areas of many square metres
and it is difficult to see how such gradients can be maintained against normal turbulent
diffusion processes for the several minutes over which "ange lll- echoes are known to persist.
Careful observations in many different parts of the world could assist greatly
in resolving these problems.

5.3

Echoes from smoke

Normally smoke is composed of such small particles that, as with clouds, there
is little prospect of detecting smoke plumes by radar. However echoes associated with heavy
smoke plumes (e.g. brush fires, burning-rubber dump) have been observed on a number of occa-

sions. 43 , 44 One example is illustrated in Figures 23 and 24.

On many occasions the echo is no doubt accounted for by back-scattering from the
large particles of ash and soot carried upwards in the strong convective currents of a wellestablished fire. Occasionally enough moisture is taken up to lead to the formation of quite
large cumulus clouds above the fire and it is possible -on some of these occasions that sufficiently large water drops become numerous enough to give a detectable echo even though precipitation may not reach the ground.
IIAngel ll echoes, if their explanation in terms of refractive index gradients is
correct, may also be a possible explanation of some echoes from smoke. Echoes from smoke
are usually seen only with high-power radar equipments.
Echoes from insects and birds
As mentioned in paragraph 5.2 the possibility of echoes from insects and birds
has been adduced as an explanation of some II angel II echoes.
Weather radars have been used on a number of occasions to observe birds and to
study the migratory habits of waterfowl. 45 ,46,47,4e,49 In these studies, the characteristics
of the echoes are such that there is little question as to the source of the echo.
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Echoes caused by interference from neighbouring radars

5.5

The radiation from another radar operating on the same wavelength can, of course,
provide a signal which can be picked up by the receiver of the first radar whenever the propagation path is favourable. This usually means that the transmitting aerial of the one and
the receiving aerial of the other must be "1opking" at each other and be within the radio
horizon. Under anomalous propagation conditions (paragraph 5 .1) radars which do not normally
interfere with each other may begin to do so. If the outgoing pulses are not triggered from
the same supply and also if the pulse repetition frequencies are different the received pulses
will be displayed at random ranges, since the range shown on the display 1s governed only by
the instant of transmission of the pulses from its own transmitter. Strange effects can
then be observed, usually in the form of rapidly moving brilliart. point-echo traces on the
display, often in the form of spirals.
To avoid such interference from neighbouring radars of the same wavelength under
one control (e.g. separate P.P.I. and R.H.I. transmitters) it is only necessary to arrange
that they are all triggered from a master generator with the same pulse repetition frequency.
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6.

6.1

PRACTICAL APPLICATIONS OF RADAR WEATHER INFORMATION

Introduction

The previous sections have Indlcatedthe theory behind the detection of precipitation by radar and the method of displaying the information obtained. Examples have been
given of hOlf the general appearance of' the echoes themselves can give worth-while information
on the nature of the precipitation. We come now to the practical operational uses which can
be made of the information displayed.
It 1s clear that in radar we have a meteorological instrument which for one meteorological element, namely precipitation, can give readings which for frequency of observation
and distribution in space cannot be approached by any other Instrtunent.

At any moment we are

given an instantaneous picture of the detailed distribution of precipitation over a circular
area the radius of which will depend on the characteristics of the set in use and the intensity of precipitation to be observed, but which in any case will cover many hundreds of square
miles. EVen in an area where the network of reporting stations is dense a quite false picture
of the intensity of, or area covered by,. precipitation can be given by the hourly reports from
the observing· stations; while in the area where the network is sparse,. radar has shown that
it is possible for considerable areas of heavy precipitation to go undetected by the observing
stations. This is particularly true of tropical areas where the precipitation often takes
the form of thundery outbreaks of relatively limited extent (compared with frontal precipitation in temperate climates) and where observing stations are widely separated. Radar becomes
of exceptional value in these locations since the heavy nature of the precipitation means that
even a fairly low-powered set has the ability to cover radii in excess of 100 miles. The
value to a trained forecaster of being able to keep a large area under continuous observation
from the precipitation aspect cannot be adequately expressed but must, in any event,. be considerable. He can see the pattern of precipitation and its development without having to
rely on observations of varying quality from dispersed points at relatively infrequent intervals and. without irritating delays in communications. He is granted the peace of mind which
goes with knowing that everything is going according to plan, Or alternatively the knowledge
that if unexpected developments of precipitation are taking place he will be ~ediately
aware of them and will be able to amend his forecast accordingly.
At sea also radar observations would have great significance, not only for the
personnel on board, but also in indicating for analysts at main centres the intensity and
orientation of belts of precipitation and their speed of movement in areas where conventional
observations are inherently sparse.
If the communications problem can be solved the advantages to be gained from a
network of radars, SQ sited that a whole country can be covered from the precipitation aspect,
are great. Figure 25 is a composite picture of' weather echo activity assembled some time
after the event. Responses from six radars have been combined to give a picture of precipitation over the United States associated with a frontal system extending well over a thousand
kin. The precision with which the precipitation can be placed is obvious. Whether the precipitation belts themselves position the front is open to argument but the temptation is great
to· re-draw the analysis given to bring the front further on in the east and incorporate two
waves on the front. With such composite pictures continuously available at a weather central,
forecasting precision would surely benefit very considerably.
In subsequent paragraphs, practical uses of the information are considered in more
detail. Paragraph 6.9 outlines one method for depiction of large-scale precipitation echo
systems.
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Short-period forecasting

Short-period forecasting of precipitation using radar information alone consists
simply of extrapolating the observed movement of existing echoes for varying periods ahead.
The accuracy of the forecasts so obtained, and the time over which the forecast will be
possible, will depend on ,the following factor~: (1) the accuracy with which the existing
movement 1s measured; (11) the time over which the echoes persist with little or no change
of shape, development or decay; (iil) the maximum range to which the precipitation occurring
can be observed at the time; (iv) the speed of movement of the precipitation; and (v) the
frequency with which new echoes appear.
With regard to (i), if the echo has olearly marked features (e.g. the sharp-edged
echoes associated with showers or the clearance line of cold~front precipitation), the determination of movement should be possible to within a degree or two of azimuth and a knot of
speed, provided the observations are carefully made and continuous watch on the echo is
maintained throughout. the period of measurement. It is best to make one meas.-yrement on three
or four features at the same time, as Widely separated as possible because motions in different
sectors may differ. If the echo is diffuse, as, for example, with warm front precipitation,
measurement of movement may occasionally prove very difficult.
Poln~ (1i) above presents more difficulty.
Some echoes from showers appear,
build up and decay within the space of an hour while echoes associated with thunderstorms,
in particular, may show variation in shape and area which may considerably affect the very
detailed forecast which is being attempted. This· is particularly unfortunate since thunderstorm echoes can be detected at the greatest range and potentially give the longest time over
which a forecast could be made. Echoes from frontal precipitation are less subject to major
changes and great success can be achieved in forecasting clearance of cold-front type precipitation by measuring the speed of movement of the precipitation belt normal to itself instead
of the individual echoes which have often a large component of movement parallel to the belt.

Points (iii) and (iv) above together determine a maximum time over which a forecast can be valid. In temperate climates the time can sometimes be disappointingly short
especially on frontal precipitation. -For example# some low-power sets in use cannot be
expected to have a greater range than about 30-60 km on continuous moderate rain (i.e. up to
4 mm/hr) and yet the precipitation may be moving at 60 km/br or ~ore so that less than an
hour's warning woul!i be all that could be achieved for the radar site and not more than two
hours for a station on the opposite extreme of the radar display. The times would be correspondingly shorter on slight rain. On showers and thunderstorms, however # the maximum time
available will usually exceed the time of development and decay.
With regard to (v) above, new echoes will appear most frequently in showery situations but, unless especially unfavourably situated, the chance of a new shower affecting the
forecast for a particular locality within the period of the forecast must usually be small,
although during the period of maximum development the possibility must always be born~ in
miruL
Having established the ability to make detailed forecasts of high accuracy of
precipitation for short periods ahead, a decision has to be made on the utility of such forecasts. This, of course, is primarily for local decision but a few points merit discussion.
The value to aviation of such forecasts at an airport is clear and is dealt with in more
detail in paragraph 6.3. For other less highly organized commWlities the difficulty is getting
the information over to the user while the forecast is still valid. Most often this entails
waiting for the user to ask for the information and until more publicity is given to the
ability to supply this information its utility is hard to assess. It would seem likely that
in large cities and ports in particular there are potential users. For example, the onset
of rain may lead to many more people using public transport than usual with consequent over-
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loading of the services,leadlng to frustration and delay; the darkening of the sky accompanying rain may lead to a Budden ~oreseen demand on electricity supplies. Delays on bUilding
construction or loading and unloading of perishable goods at a port could be cut to a minimum.
The perhaps more trivial personal enquiries from the general public should not, of course,
be overlooked since the good will of the public is important to all meteorological services.
Severe storm warnings are discussed in paragraph 6.4 but here aga1n~ except in
areas prone to such storms, the difficulty lies in supplying the information at short notice
but without causing W1due alarm.

Aviation forecasting
(Note: In the paragraphs which follow under this section procedures are discussed and recommendations made which may be incapable of fulfilment at busy
airports, nor would all meteorological services be willing to accept the responsibilities envisaged for the forecaster. Nevertheless there appeared to be
an advantage in giving the ideal while recognizing that hard facts make attainment of the ideal so often impossible.)
Over much of the earth's surface, the major hazard to aviation is the welldeveloped cumulonimhE.Flight within or below this type of cloud with its associated turbulence, abrupt wind changes, poor visibility and heavy precipitation, is usually difficult,
if not actually dangerous. The use of storm warning radar by the forecaster, working in
close collaboration with the pilot, can often prevent unnecessary encounters with cumulonimbus
and thereby enable the pilot to make his flight with greater safety. It is perhaps of greatest
value at night in translating a cloud-covered sky confused with lightning into a delimited
pattern on the cathode ray tube. Such radar at the destination airport is especially helpful
in turbojet and turboprop aircraft operations where the uneconomical fuel consumption at low
altitudes and the limited diversion capacity necessitate rapid decisions~
There are four occasions when meteorological radar can be used as a direct aid to
the pilot. These are: (1) during the approach to the airport, the descent, and the landing;
(2) in pre-flight planning and briefing; (3) during take-off and climb to cruising altitude;
and (4) during a flight at cruising altitude within radar range.

6.3.1
The use of radar is invaluable in preparing accurately timed short-period forecasts of improvements or deteriorations caused by precipitation. It permits advice to be
given to the pilot enabling him to deviate, hold altitude and delay descent, or t~ accelerate
descent as may be desirable. Throughout an approach when clear flight is not possible, storm
cell dimensions and positions in polar co-ordinates may be passed to the pilot, who can then
decide on the appropriate sequence of dog-leg courses. Generally the closer the aircraft to
the airfield and the lower its altitude, the more detailed and less coarse must be the information and advice tendered to the pilot. If the potentialities of the radar are to be
fully exploited, it is desirable to maintain a flight watch on the aircraft for the last 30
to 45 minutes of its flight and certainly before the top of its descent. EW the time it
reaches radar range, the pilot should receive a landing forecast for the ETA together with
a general description of conditions for the route inwards to the airport with any recommendations as to the precise route the forecaster may consider making.

From the radar display and the current situation depicted on the synoptic charts,
the forecaster can brief the airline operations officer on the conditions which will prevail
for take-off and climb-away, and at least the beginning of the flight can be planned with
greater confidence than is possible in the absence of radar. At this stage l a briefing with
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the radar 1s not always necessary, but shortly before take-off.. it is advlsab~e for the
pilot and ~avlgator to undertake a normal briefing at the forecast office and to receive
take-off and climb briefing on the actual radar display. Much explanation is thereby saved
and the pilot is placed in the best position to decide upon his·precise time of take-off and

to plan on the direction of climb-away.
Take-off and climb

Under disturbed conditions, a continuous radar watch should be maintained.. and
the forecaster kept in R/T contact with the pilot for as long as may be necessary from the
time the aircraft taxies out and takes off. Once the aircraft has left the ground, a watch
is kept as described in paragraph 6.3.1 above, and the pilot is kept informed of the movements
and developments of on-climb storms.
6.3.4

A watch must be kept and. messages passed in exactly the same way as described 1n
paragraph 6.3.2.
To make the most efficient use of the radar, the forecaster must first be in a

position to maintain a reasonably constant watch on the display in order to relate events
depicted there with the other information available to him. Unless he can do so, he cannot
acquire a confident understanding of the tendency of development. Secondly, for in-flight
operations he must be able to pass information inttnediately and directly to the pilot;

i t is

unsatisfactory to have to relay messages via an air traffic control or by wiT since this prevents rapid and confident co-ordlnatlon between forecaster and pilot. Thirdly, it must be
emphasized that the radar must be capable of a sufficiently high rate of rotation i f both
the aircraft and the storm patterns are to be kept in view.

Under really difficult conditions, an approach should be regarded as a joint
operation involving the forecaster, the air traffic control officer and the pilot, continuing
until the pilot is under the direct control of the landing system. I t is not a difficult
matter to arrive at a satisfactory modus operandi, and experience has shown that once pilots
and forecasters have become thoroughly acquainted with the meteorological radar technique,
it becomes immensely popular, not simply because it is a valuable meteorological tool, but
largely because it is an additional safety measure in which they may repose the highest
confidence.

Stations equipped with R.H.L are able to see directly, from the ·height of the
bright band, the height of the level of melting snow and any variation there may be owing
to continued precipitation. They are then able to give accurate information on the melting
level without recourse to infrequent radiosonde ascents and the difficulties of interpolation
in time and distance. The vertical extent of radar echo above the bright band gives at least
a minimum height to which cloud must extend although layers clear of cloud would not always
be identified since precipitation would be falling through them.
Whether the echoing region itself above the bright band is an area of increased or
decreased icing risk has not been positively determined, but it must be remembered that very
many icing clouds never contain particles large and numerous enough to give a radar echo.
6.4

Severe storm warning

(See also paragraphs 4.6, 4.7)

This is one of the most important applications of meteorological radar at the
present time. A successful radar storm warning system depends not only upon operatiqn of
the radar by skilled personnel but upon connnunicating the warnings to the general public or
other interests concerned.
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In the ideal case the synoptic forecaster recognizes the day as one during which
severe storms are likely to form, people concerned are advised of the possibility of storms
and the radar operators are alerted to watch for the development of the storms. Then, as
the storms begin to develop, their position and movement is reported to the public and necessary precautions are advised.
In actual practice, however, the first indication to the forecasters of the possibility of severe storms may be the outbreak of radar echoes. In cases where the forecaster
1s uncertain of the precise area for which to forecast seyere local storms, because of the
Wlcertainty of synoptic parameters, the radar may serve to localize the area for him and the
storms may be predicted downwind of the first radar echo.
It is usually well" at least until radar observers are skilled..' to attempt to
determine by telephone what kind of weather 1s actually occurring on the ground near the intense echoes. In addition to the training value.. this technique has the added advantage
of assisting in the precise determination of the nature of the storm and associated wind,
something that 1s difficult with the radar alone.
If public warnings, based on the radar inf'ormation can be issued by radio, even
a few minute's warning of the onset of a tornado or hailstorm may be sufficient to effect
savings to life and property.
Jl

Hurricane warnings can be improved by use of radar to locate the eye of the storm
and the spiral~bands. Precise location of the eye with an accuracy of about 15 km is usually
possible to ranges of 280-320 km when the eye is well defined (see also paragraph 4.5).
Considering that typically the speed of movement is about 25 km(hr.. a storm approaching a
radar may be under continuous surveillance for 10-15 hours before it passes. Use of a radome
to protect the antenna, standby emergency power and communications, and carefully constructed
buildings are of course necessary to maintain operation during the period of strong winds
and heavy rain.

6.5

Hydrolo~

The application of radar in hydrological services has steadily increased over
the past decade with the emphasis being on the measurement of precipitation~50 The use of
radar for this purpose has been successful to a degree through the utilization of calibrated
attenuator circuits in the radar that allow the operator to obtain a point intensity reading
at selected locations within the storm. This reading provides an estimate of the rainfall
rate to within about a factor of two. For such applicationS l the use of.10-em radar is considered essential. Reasonable estimates of precipitation can be made by radar within 200 km
but daily operational application cannot be significantly realized until a device for automatic processing of radar data has been achieved~ Several devices are currently in various
phases of construction and testing52 (paragraph 3.3.2.2).
Flash-flood forecasting is one area wherf radar has demonstrated (Figure 27a)
its value as an observational tool. These relativeY,Y short duration, high rainfall-rate
storms often pass between raingauges and sometimes go undetected in the sparsely populated
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Through a radar flash-flood warning

system effective action can often be taken to alert the public and for protective measures
to be initiated. These storms appear on the radar scope as intense cells with little movement; or are embedded in general rain areas; or Occur in squall lines that may be so oriented that a series of storms passes over the watershed of concern. These cells can be recorded through the use of radarscope photography where a Polaroid camera 1s used to provide
a film transparency (Figure 27b) for porjection of the images onto a map of the basin for a
subjective esttmate of the amount and coverage of rainfall. A long-time-exposure photograph
of the P.P.I. (up to six hours' duration) can be achieved with the camera lens fitted with a
neutral density filter. The moving echoes leave their trails upon the photograph and the
density of the photographic trace is a rough measure of the integrated echo intensity over
the period of the exposure. This echo intensity can be correlated with rainfall totals
received from synoptic stations and~ if account is taken of range and attenuation effects,
successful rainfall information can be obtained •
. ~ selecting a radar not susceptible to precipitation attenuation (IO-cm) and
incorporating circuits (e.g. sensitivity time control) which compensate for range attenuation,
reasonable quantitative estimates of rainfall are possible if the radar is carefully calibrated and maintained (paragraph 1.13). The limitations imposed by height of the bright band
must be borne in mind since many radars giving P.P.I. information have wide vertical beamwidths (see paragraph 1.11), so that at longer ranges the beam is certainly not filled by
scattering particles having a uniform distribution. For rainfall distribution, therefore,
it would be best to use a beam which is narrow in the vertical and confine measurements to
ranges at which it is certain that the beam is filled with raindrops.
Methods are now being developed to draw contours of radar echo intensity by
electronic means. Perhaps the most advanced system is the stepped grey scale display de~
veloped by McGill University (Figure 13).
In locations where radar information must be relayed by telephone or other
means much of the radar echo detail may be lost in transmission and individual point radar
estimates of rainfall can be used instead of photography. Although manual techniques are
used these values when averaged over the basin provide a fair estimate of precipitation.
Correlation with raingauge readings is a useful control for calibration and should always
be used when such data are available.
The intelligent handling of water control structures such as dams, irrigation
facilities, canals, etc., can be much assisted by the application of radar data to the
hydrological problem. A simple technique can be used to maintain surveillance over watersheds through film positive radarscope overlays with the geographical area imprinted. Using
calibrated attenuators or other means of measuring reflectivit~ hourly tracings at several
levels of intensity can be obtained. By transferring these tracings to paper overlays a
history of echo movement and intensity is available for correlation with available raingauge
data.
Radar may also. be the most economical method for making rainfall measurements
over inaccessible areas such as mountains and large lakes and could contribute notably to
the measurement of rainfall at sea and over other bodies of water.
Part 7 discusses the measurement of rainfall by radar in some detail. Under
conditions of a carefully calibrated radar operating on a non-attenuating wavelength, the
accuracy of measurement of rainfall rate is generally accepted to be accurate to a factor
of 2 within about 100 km of the station~ That is, if the rainfall rate indicated by a raingauge is 10 mnv'hr,l' the radar indicated rate may be 5 to 20 mm/hr. Although such an accuracy
is not sufficient for some hydrological applications~ the radar does provide reasonably good
data on the areal distribution of precipitation continuously observed f:J;'om one station.
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6.6

Cl1matology

Radar can contribute to the rainfall climatology of an area. Studies of frequency
of' occurrence of rainfall have been made by analysing the occurrences in sectors of a grid, 53
and by studying the coded reports prepared at a radar station. 54 Both techniques are well
suited to studies of orographic effects.
A handicap 1s the "need to operate on a continuous basis with the problem of handling the large quantities of film used and the fact that, f.or maximum utility, a knowledge of
echo intensities as well as distribution is required. Additionally, the radar must be carefully
maintained and' calibrated (paragraph 1.13).
Synoptic analysis
Radar can be of assistance to the analyst. in giving the precise orientation and

speed of movement of rain belts and can frequently g1ve early indications of intensification
or decay of existing rain areas l evidence Which is difficult to obtain even from successive
hourly charts.
Tbe ultimate use of radar for this purpose l as discussed in paragraph 6.1, would
be the putting 'together at a single location of the simultaneous radar reports from a number
of stations at intervals of, say, three to- six hours. These composite displays would be very
valuable to the analyst in placing fronts and. determining the height of the melting level and
character of air masses, and could give evidence of development or d~cay long before it became
clear from synoptic charts (Figure 26). Communications difficulties and cost may be deterrents
to central automatic display of the data but much could be done at a central station with coded
(or plain language) messages concentrating only on the important features (see paragraph 6.9).
A oomposite message could be prepared there for synoptic use. On occasions~ unique mesoscale
features can be seen3 e.g. IIpressure_jumpll line 3 an atmospheric gravity wave which can sometimes
be seen, it is thought 3 by reflection from the high refractive index gradient at the wave front
(Figure 14).
6.8

At sea

Many merchant ships are now fitted with P.P.I. radar the primary purpose of which
is to assist in navigation, particularly in confined areas such as rivers and approaches to
harbours. Because the navigational requirement is for high.precision at short ranges (e.g.
a few kIn) and because coast lines and ships themselves are usually good radar targets, it has
been possible to meet this requirement with rather low power radars (e.g. 10 - 20 kW peak
power output). Space 11mitations preclude the use of large aerials so that to gain maximum
discrimination it is necessary to use a wavelength of 3 em; even so beam-widths in use are
rarely less than about 2°. Furthermore it is , of course" impossible to site the aerial more
than a few metres above sea level so that the radio horizon is at a limited range. For these
reasons most marine radars are not ideally suited for precipitation detection at great ranges.
Nevertheless" such is the sparseness of reports from ocean areas that any report which can
give precipitation conditions over an area as distinct from a point only must represent a gain
in information leading to an improvement in analysis over these areas. It would seem worthwhile therefore to encourage captains of ships equipped with radar to add some radar information to their normal synoptic reports. It is not envisaged" nor desirable" that such reports

53 Benner" H. P. et al." "Summer Convective Cell Patterns over Northern and Central
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54 Truppi, L., "Monthly Variation of Precipitation Echo Occurrence Across the bnited
States", Monthly Weather Review, Vol. 92, No.4, April 19611, pp. 177~180.
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should be detailed in character, since the detail will have lost its value long before its
receipt by other interested parties. A short plain-language report giving the nature of the
echoes observed, their orientation and movement would provide a useful amplification of a
synoptic report. For example, a synoptic report from a ship in the North Atlantic might give
continuous rain with a strong south-westerly wind, but how much more useful this report would
be if a statement was given that the radar indicated a clearing edge 30 km( to the NW oriented
SW-NE and moving SE at 30 kt.

It might otherwise be six hours before confirmation of the

passage of the front was given by the next synoptic report.
Usefulness to the mariner himself (apart from its primary purpose in navigation)
is more difficult to assess since, by long training and experience, the seaman must feel
himself able to cope with all weather likely to be encountered except perhaps the tropical
hurricanes. In this latter case the radar is unlikely to be of value since the ship will
already be dangerously close to the centre of the storm before its low-powered radar would
indicate the centre. When in port the ship's radar has sometimes been used with success for
short-period forecasting thus ensuring that perishable cargoes were loaded in the dry and
making maximum use of dock labour.
Large-scale precipitation systems
To a great extent, radar finds its primary use as an observing instrument. The
time-honoured method of forecasting by extrapolation, combined with an experienced forecaster's
intuition and knowledge of synoptic climatology, form the basis for use of radar data. Some
attention has been given to various statistical techniques such as screening ~egression, and
spatial and temporal lag correla~ion- of radar weather patterns, but neither system has been
widely adopted by the practising forecaster.
In the U.S., coded reports (paragraph 3.2.2.l} from a network of radar stations
are collected and plotted on maps for dissemination at 3-hour intervals over national facsimile networks. Figure 31 is an example of such a map. Conventional meteorological symbols
are entered within or near echo area boundaries to describe the type of weather associated
with echoes, echo coverage, height, and movement. A study of the use of these charts for
weather analysis and terminal and en-route forecasting55 has shown that prediction by translation of the motion of echo areas and lines during the preceding hour gives better forecasts
for periods up to nine hours than does persistence, and that the fractional echo coverages
indicated on the map are usefully related in summer to the probability that precipitation
occurs at any point within the echo area.
Studies by Boucher5 6 have provided specific guidelines for predicting the motion
of precipitation lines, edged sheets and amorphous fields. These studies show that greater
accuracy is achieved by use of actual echo motion measurements rather' than through use of
upper-wind data. For predicting onset of precipitation at a point for periods of up to three
hours, the best technique appears to be extrapolation of the motion of the echo leading edge
for lines and sheets, and extrapolation of echo element motion for amorphous fields.
Accuracy of prediction of surface weather conditions associated with the onset
of precipitation is usually very limited. Extrapolation techniques and synoptic climatology
are very useful aids to the forecaster, but in convective-type storms, spatial and temporal
variability is so great that the forecaster cannot cope with the small-scale features of
55
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concern in terminal forecasts. Statistical studies mentione~ above and other work in progress should provide more definitive methods for use of radar data in forecasting, but it
appears that application of the research by practising forecasters is still three to five
years away.
Use of radar in research

6.10

Radar has been used in many ways by research meteorologists. It is beyond the
scope of this note to review the various applications. The more serious researcher must
carefully review literature in his chosen area of work to become familiar with techniques
and results published by other investigators.

6.10.1

Doppler radar

------------It is important,

however, that some mention be made of doppler radars which are
now finding application in several ways. Doppler radar measures the radial component of
motion of individual scattering targets relative to the radar antenna. Usually,
the radar is designed to discriminate between motion toward or away from the radar. Studies
of the fall velocities of precipitation particles, small-scale horizontal and vertical variations in wind velocitl~ t~buIRnc~6 location of tornadoes, hurricane tracking, and atmospheric
clear air turbulence ?f, 5~, 59, b are underway in several countries. The preliminary results
appear so promising that routine use of weather radars haVing doppler capability may be a
common practice in a few years.
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Introduction
The measurement of the rate and amount of precipitation by radar is usually based
upon the fact that a certain statistical relationship exists betweEn the intensity of precipitation and the signal reflected from the raindrops which comprise the precipitation. Radar
may be used for measuring precipitation over large areas, including regions where the raingauges are sparsely distributed or where localized heavy rainfalls occasionally occur. In
addition, radar can integrate precipitation amounts over time and area by eleQtronic or other
means so that its application to hydrological purposes such as flood forecasting and dam control is also at- great importance.
There is another method of measuring the rate of rainfall by the aid of electromagnetic waves. It is based upon the relationship between the attenuation of waves and the
intensity of the intervening rain. Some experimental studies using K-band are being developed
by several investigators. In this article, however, this method will be described only briefly in the last section.
One of the most important problems in the measurement of precipitation by radar
is the choice of wavelength. When measuring the reflected power from precipitation, it is
desirable to use a longer wavelength so as to minimize the error of measurement which comes
from the uncert~inty of attenuation correction. However, for a given antenna reflector size,
a longer wavelength corresponds to poorer azimuthal resolution and also to a smaller fraction
of the beam filled by the precipitation particles. So it is generally accepted that 10 cm is
the most suitable wavelength for precipitation measurement. When estimating rainfall-rate
by measurement of attenuation, a large attenuation coefficient is preferable, so that shorter
wavelengths, such as 0.86 cm or 1.25 cm, are generally used.
When making estimates of precipitation rate special care should be ~aken with
regard to calibration of the radar receiver. The possible range of precipitation rate extends
from 0 to several hundred mmVhr.j in order to measure and integrate the precipitation with
required accuracy, it is necessary to use a receiver which can operate over the entire range.
For this reason, an I.F.amplifier of logarithmic characteristic is generally used. An accu~
racy of 2 db and a dynamic range of 70 db are desirable. With this, it is possible to measure
precipitation of intensity of one to several hundred mm/hr. in the distance of five to 100 km
or so from the radar site.
Basic principles
The basic principles of

precipita~ion measurement

are given in paragraphs 1.2

to 1.12.

7·3

Various factors to be considered

7.3.1

Maintenance of the radar set

The maintenance of the radar and auxiliary equipment is similar to that of other
various electronic measuring devices, and it is necessary to maintain a standard performance
level. As the rainfall measurement by radar is based on equation (11), we need.to understand
the values of the constants which are related to the radar as accurately as possible. Special
care must also be paid to the stability of the radar to ensure that it continues to operate
at a prescribed l~vel as long as possible.
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Pt andPr in equation (11) should be considered as variables in performance of
the radar set. The peak power of transmission (P ) can be obtained from standard test equipt
ment by measurement of average transmitted power tPav)' If we represent the light velocity
as c, pulse repetition frequency as f, and pulse length as h, then Pth = Pavc/r.61 Since f
is exactly known, the value of Pth in the radar equation can be correct, even if there were
an error in the value of h. The short period fluctuation of Pt is smaller than about 0.6 db.
For stable amplification of Prj important elements are
oscillating mode of the
klystron in the receiving system, matching and thermal characteristics of the mixer crystal
diodes and the characteristics of the I.F. amplifier and automatic frequency control (AFe).
Air cooling is necessary for stable operation of the klystron; if the crystal diode is
mounted near the klystron~ the cooling may also stabilize the thermal characteristics of the
crystals. In a radar with a narrow bandwidth I.F. amplifier (to make the noise figure* small),
negative errors of 2 - 3 db are liable to occur when the AFC is not precisely adjusted. In
general, to make the I.F. amplifier operate in a stable manner, part of the transmitter output is fed directly to the I.F. amplifier through the directional coupler, .and if automatic
gain control (AGC) of the receiver is done by this signal, it is useful for stabilization of
the receiving system, including compensation for variation in transmitted power.

For precise measurement of precipitation intensity, calibration of the entire
receiving system must be done by use of a signal generator ** (paragraph 1.1).

* Noise figure is defined by the ratio of Si/Ni at the input of a radar receiver to So/No _
at the output of the receiver, where S : signal power, N : noise power and So/Si = G (available
receiver gain). Ni shows the available thermal agitation noise power and the value is given
by kTB (k : Boltzmannfs constant, l.37xlO-23 joule/Ko, T : absolute temperature, B : receiver
bandwidtn). Noise is generated between the receiver stages, and if the noise which is converted at the input can be neglected compared with kTB, we can get No = GkTB. So that for
the ideal case, noise figure = 0 db. However, in practice, No is much more than GkTB and
generally the value of the noise figure ranges between 8 and 15 db. In recent years, the
noise figure has been reduced to 3-5 db through use of specially designed ~ow noise amplifiers such as the travelling wave tube, parametric amplifier and tunnel diode. Since a lower
noise figure means increased receiver sensitivity, these devices are sometimes added to radar
systems to improve over-all performance. A more complete description of the noise figure
concept is beyond the scope of this report. Reference 62 reviews the subject in some detail.
** A si@lal generator is
and of the same frequency
in the wave guide between
tude of the signal by use

attached to the radar set and feeds a signal of known amplitude
as the radar, to the radar receiver through a directional coupler
the antenna and the receiver. It is possible to change the ampliof the calibrated attenuator of the signal generator.

The usual accuracy of a signal generator is ± 2 db. Frequency of calibration
of a radar depends upon performance stability. Ideally, it would be done before every
precipitation period, but in an operational environment, compromises usually have to be made.
Checks at least once a week are usually necessary. Intensity of an echo is obtained by comparison between echo and signal generator signals on the A-scope or by the threshold method
using the P.P.I. or R.H.I. scope.
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Transmission losses inside the wave guide must not be overlooked, particularly
when the transmitter is located some distance from the antenna. In rainy seasons or in humid
regions, it is necessary to pressurize the wave guide with dry air to prevent water accumulation.
~:~~_~~~:~~~~~~~_~~~_~~~_~!::~~~~~
The echoes from precipitation are composed of a large number of hydrometeors, and
changes of their relative position cause noisy fluctuation of the echo amplitude. 63 The width
of a non-averaged signal 1s very great; the probability distribution of the average of k
independent values of signal intensity is shown in Figure 32. Because of thB fluctuating
nature of precipitation echoes, it is clear that the averaged echo intensity ill indicate
a more accurate value" than the non-averaged signal. The dynamic range of echo intensity is
usually very wide, so the measurements in terms of logarithmic level are often preferred.

7.3.2

The total received power will be the power of received field streD[;th which is the
vector sum of individual field strengths. As long as a logarithmic I.F. amplifier is used,64
the averaged signal output of a very large number of samples will be about 2.5 db lower than
the mean intensity calculated from the radar equation. Also, the threshold value of the
levelling circuit for non-averaged signals will be about 6 db higher than the mean intensity
calculated from the radar equation. The average of several independent samples will fall
between the~e two quantities.
Averaged values can be obtained by the following methods :

(i)

Use of the fluorescent nature of the phosphor of the cathode ray tube as tpeP.P.I.
indicator. Since the phosphor integrates to some degree, the edge of a precipitation echo on thep.p.I. will indicate the peak value of the fluctuating video
signals.

(11)

Use of crystal delay line : The video signals are delayed by a quartz delay line,
having the same delay time as the pulse recurrence period, and are added to the
next video signals. The process is continued and video signals are integrated,
until the switch is changed to interrupt the feedback circuit -and to feed the
integrated video signals back to the output circuit. The nrunber of integration
times is mainly limited by the spurious signal of the quartz delay line and by
the dynamic range of the amplifier to about 20 to 30 times. It is impossible to
sum up more than N times, N being the nunilier of radar pulses hitting the same
target under the condition of the pulse reQur~ence frequency of F cycles per
second, of the bea~ width of 9 degree and of the antenna rotating speed of m per
minute.
Assuming the beam is rectangular and of- 9 degrees,
N=

60
e F
-m-36'0

(12)

The output video signal will then become the repetition rate of FIN.
of this system is shown in Figure 33A.
63

The diagram

Marshall, J. S. and Hitschfeld, W., Interpretation of the Fluctuating Echo trom Randomly
Distributed Scatterers, Part I, Canadian Journal of ~ysics 31, 962, September 1953.

64 Kodaira, N., Radar Performance of the Precipitation Echoes Employing a Logarithmic I.F.
Amplifier and an Averaging Device, Papers in Meteorology and Geophysics 10, 2, 74, 1959.
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Figure 33B is another method of the delay line average system having a continuous
output by introducing an attenuator in the feedback circuit. This system (64)
will reduce the effective adding number to several tenths of N.
(iii)

R-C filter method : A low pass filter having a suitable cutoff frequency is
inserted in the video circuits~between radar receiver and the indicator. The
high frequency component of video signals are cut off so'that the averaged value
over a given range can be obtained. Suppose the transmitting pulse width is 1#
sec and the cutoff frequency of 200 kC/s is used, then, roughly speaking, 5 independent video signals along the radar beam (750 metres) will be averaged. In
this case .. the range resolution is reduced to the same as the 5 J.l sec pulse radar.

(iv)

Pulse integrator: This is suitable for averaging over a point but is inadequate
for averaging over all the P.P.I •. ranges (see paragraph 7.5.1).

(v)

Use of a digital computer: A digital computer is used for computation of radar
rainfall measurements as described in paragraphs 7.5.1, 7.5.3.. and 7.5.4 and in
this case averaging can be done by integrating many statistically independent
pulses.

7·3·3

Difference between rain samples of radar and of surface raingauge

-----------------------------------------------------------------

The echo intensity received by radar is an instantaneous value of the reeultant
of the signal reflected by the assemblage of precipitation particles in a volume of the space
which is comprised by half the pulse length and by the beam width. On the other hand.. the
intensity of precipitation measured at the ground surface is the total volume of rain water
which enters the raingauge in a finite length of time. In reality.. the rainfall rates measured
by radar and by raingauge are originated from quite different samples of raindrops. The
former is from a very large sample (order of 108 ...... 109 m3 ).. while the latter from a very small
sample (order of 10 ...... 100 m3). This causes some difference between the rainfall values measured by radar and those by the surface raingauge. Therefore the correspondence between
radar measurements and point measurements by raingauges is often not good. Usually.. a much
better correspondence can be obtained by integrating the radar measurements over time and/or
area, and using a network of raingauges. Some examples of comparative measurements of point
and areal rainfall are described in paragraphs 7.6.1 and 7.6.2.
Effect of the beam height (See also paragraph 1.7.)
When instantaneous rainfall values measured by radar are compared with readings
from a surface raingauge.. changes in the drop-size distribution below the radar beam should
be considered. Vertical wind shear.. evaporation.. cloud droplet accretion.. change of physical
state and coalescence of raindrops during their fall through the air can all cause a change
in the particle size. Except for the wind shear, their effects are generally considered to
be small in the layers below 1,000 m above the ground. In measuring rainfall by radar .. the
height of the beam should be as low as possible by using low antenna elevation angles.
In setting the_elevation angle for rainfall measurement .. the existence of a
bright band is another important factor which should not be overlooked. When the radar beam
intersects the bright band.. an increase in echo intensity will be observed and will cause an
error in the rainfall measurement. However, the effect is offset by a decrease from the part
of the beam in the snow above. In the tropics or in summer in the temperate zones, the height
of the bright band is usually 3,000-5.. 000 m.. therefore rainfall measurements can be made up to
a distance of about 120 km, at an elevation angle of 0.5 0 With a radar having a beam width
of 1 0 without introducing the uncertainty of bright band effects. (This requires a rather
large antenna, 7 m if the radar operates on lO-em wavelength.) (See paragraph 4.2 for further
discussion of the bright band.)
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In practical applications, the existence of permanent echoes needs to be taken
into account, so that the selection of beam height, particularly close to the radar, will
be influenced in some sectors. primarily by the need to avoid unwanted signal contributions
from ground targets.

7.3.4
7.3.4.1

The Z-R relationship

--------------------

Rain

As the relationship between the radar reflectiv~ty factor (Z) and rainfall rate
(R) is merely a statistical one, R does not uniquely correspond to the value of Z measured
by radar6
According to the results obtained by various investigators, for a given rainfall
rate, the ratio of the maximum value to the minimum of Z amounts to ten.65J 66 From those
studies and others, it is generally said that the error of rainfall measurement by radar is
of the order of a factor of two.
The relationship between Z and R can be expressed in a general form

A relation

x

(13)

Z

(14 )

is usually employed in estimating rainfall rate from the radar received power, for continuous
rain of the Bergeron type. In general, however, the values of a and b show a wide variation
according to the type of rain. 6 5, 67 The Z-R relation is also not the same throughout a precipitation cell. It differs in space and ~ime, so the Z-R relation may show a cyclic change
having a ~eriod of a few tens of minutes. 6
According to the measurements made by various authors, the va~ues of (a) range
from 70 to 700, and those of (b) from 1.0 to 2.0. This comes from the variation of raindropsize distribution according to the type of rain. There is a general tendenc~sfor larger
values of (a) for thunderstorms and smaller ones for continuous rain. For Bergeron-type rain,
the value of (a) is usually in the range of 200 to 300 (Figure 35).

7.3.4.2

Calibration by remote-indicating raingauges

It has been suggested that it may be more practical to directly calibrate the
relationship between echo intensity and the rate of rainfall by use of a few remote-indicating

65 Imai, I., Raindrop Size Distributions and Z-R Relationships, Proceedings of the Eighth
Weather Radar Conference, American Meteorological Society, 1960.

.

66 Jones, D. M. A., Rainfall Drop Size Distribution and Radar Reflectivity, Illinois .State
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Fujiwara, M., An Analytical Investigation of the Variability of Size Distribution of
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American Meteorological Society, 1960.
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raingauges.
purpose. 69 ,

Radar transponders have been designed and built in the U.S., in part, for this

70 The transponder is usually installed in a remote location and operates un-

attended~

Pulses from the
indicating the accumulated
played on the P.P.I. along
be determined by recording

7.3.4.3

radar up to 100 km away trigger the transmitter and a coded meE~ag~
amount of precipitation in 2.5 rom increments is received and di~
the azimuth to~the gauge. Approximations of the rainfall rate may
the total amount indicated as a function of time.

Snow

The measurement of the rate of snowfall introduces several problems not enCQuntere~,in ~ai~fall measurements.71, 72

general~we

As the shapes of single ice crystals or snow aggregates are not spherical in
need a formula for the back-scattering cross section of snow per unit volume as

foll-o.ws:

(15 )
where D is the diameter of an equivalent
constant of the particle.

sphere~

f the shape

factor~

and

~

If the equivalent diameter D is replaced by the melted diameter
can be rewritten as

the dielectric

Om

equation (15)

(16)

where f is the average shape factor defined by fD6/~ D6 which usually has a value sl~ghtly
larger than unity. 1: i and Pi are respectively the dielectric constant and the-density-of ice~
.
.
and the value of ~2/ 2 is 0.197.

I~/Pi

As for water

2

11;1; -+ 12 1

0.93~ if we define Z

=

~

nm6

as the radar reflectivity

of snoW~ we find that the echo intensity of snow is 0.21f times as large as that of the rain
of the same Z value.
The Z-R relation for snow has not yet been firmly established.71~72 But it is
highly probable that Z = 2000 R2 .O may be used for wet snow and Z = 500 R2 • 0 for rather dry
snow. The Z-R relation for snow at lower temperatures is not yet available.
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7.3.5

~:~::_Of_~:~_!~~~~~ (See also paragraph 1.8.)

In measuring precipitation by radar" it is usually assumed that the beam is
completely f~lled by prec~p~tat~on part~cles --~.e., F = 1 ~s assumed ~n equat~on (7) or
(11). The observed ~ntens~ty of prec~p~tat~on ~s an average for the volume defined by the
beam width and half the pulse length.

At a long distance from the radar site, the above condition is hardly fulfilled
because of the finite size of the precipitation area, so that only a part of the beam 1s
covered by precipitation and F<L In such cases, evaluation of the true value of F cannot
be done from radar indications alone, and the accuracy of measurement of precipitation
decreases.
For continuous-type rain, whose horizontal extent 1s relatively large... the radar
beam is usually filled by precipitation particles in the horizontal direction, and the maximum
distance of precipitation measurement 1s mainly determined by the height of the bright band.
However, in cases of showers or thunderstorms, the horizontal extent is only of
the order of several kilometres, and the rate of precipitation widely varies both horizontally
and ver·tically within a storm. The range to which the radar beam is filled by precipitation
is restricted by the size of the storm, and. beyond that range, the observed echo intensity
decreases rapidly with distance from the- radar site and the r- 2 range factor approaches r- 4
as the storm fills a progressively smaller portion of the beam.
For example, if we assume a shower of 2 kIn in diameter, the range to which a 1°
beam is filled by the shower is 115 kIn, and for a shower of 5 kIn diameter ~ the range 1s 285 krn.
Even within these ranges, the observed rainfall rates are the averages for the echoing volume
as mentioned before, so that they, of course, do not correspond to the actual rainfall rates
in the storm as observed by surface ralngauges.

7.3.6

Attenuation

Attenuation by atmospheric. gases Is relatively small at centimetre wavelengths
(see paragraph 1.12) and 1s negligible in most cases of practical interest. Attenuation by
precipitation is the item of outstanding importance, and indeed in the presence of substantial
attenuation by intervening rain, the precise measurement of precipitation rate is not generally pas sible.
It is possible in theory to correct for attenuation due to intervening rain. 73
The attenuation between the radar and any point in space is related to the intervening precipitation. Hence it should be possible to derive the amount of correction to be applied to
signals received from that point from the intervening echo pattern. Howeverjl it turns out
that, firstly, the derived correction is extremely dependent on a precjse knowledge of the
radar sensitivity. The req'l;lirements for a precise calibration are especially stringent when
the error is in the direction of under-estimating radar performance. In this case a calibration error of as little as 1 db could lead to infinite corrections. The second and even
more fUndamental point is that the derived correction assumes a relationship between backscatter (Z) and attenuation (K} in the rain. Departures of as little as 1 db from this relationship could also lead to infinite corrections. In fact it is the uncertainty in this Z K relationship that is the ultimate limitation in the practical application of any correction
for attenuation.
73 Hltschfeld, W. and Bordan, J., Errors Inherent in the Radar Measurement of Rainfall
Attenuating Wavelengths, Journal of Meteorology, Vol. II, pp. 58-67, 1954.
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Thus s while it is possible to correct for attenuation~ and circuits for doing so
have actually been tried out (Figure 36), it 1s an extremely difficult and uncertain task.
The only real solution lies in choosing a radar with a wavelength sufficiently long to make.

attenuation negligible.
In areas frequently affected by organized convective-type storms such as squall
I1nes, a IO-em wavelength radar is a necessity if quantitative precipitation intensity measurements are desired. In areas where light rainfall rates prevail, measurements with a 5-cm
radar may be possible.

Nomogramic method for calculation of rainfall rate with conventional weather
radar
This method is used to determine rainfall intensity from received power (Pr )
measurements and slant range (r), neglecting intervening rain attenuation, by us ing simple,
manual methods.
Received power caD be determined by the difference between the minimum detectable
signal (Pr min) and the threshold level of the received signal by one. of two methods. First.
a signal generator may be used to calibrate the receiver gain control of the radar. A multi~
ple-position switch (say 11 positions) is used instead of a continuously-variable potentiometer, and each switch position is used to control the gain of the receiver through a resistor. Second, the radar may be equipped with a device which is used to attenuate the signal
by fixed known increments before the signal reaches the receiver. In both cases, the necessary controls are located at the console for use by operating personnel. Several nomograms
relating the various parameters of the following equation have been developed for easy and
simple solution for any type of radar:
P
r

~

,,4 Pth AeB
8r2

,4

~E

~

Z 10-0.2kr

Putting Pr min. at -Po dbm (measured by a signal generator), the readings of the attenuator
or receiver gain control are adjusted until the echo reaches threshold visibility, to obtain
a value. PIdb, of signal strength above Po' The effective antenna area Ae is assumed to be
0.46
1r ep 2
where t;J> is the diameter of a parabolic antenna. The following radar constants
4
are taken as normal:
Peak output power
Pulse width

Pt
h

-

100 kW
1 ;<s

Antenna diameter

</>

1 metre

Wavelength

I.

3·2 em

Constant of S-R relation

a

200

Correction factor

B

1

The differences from these normals are obtained from Figures 37 and 38, and the total of the
differences is assumed to be P2db. Figure 39 shows the relation of the normalized values
above-mentioned to Pr' range and rainfall intensity R(mm/hr) (in case of Z = a Rl.6), and in
the general case the rainfall intensity at a certain distance is obtained by replacing the
received power Pr = -ro + PI - P2 dbm f'or the case where there is no attenuation due to intervening rain.
Z

Example:
for a radar of' Pt = 300 kW, h = 2 jJ. sec. 4> = 3 m, 11. = 5.4 cm,
400R l • 6 and F ~ 1, P2 ~ 11 db is obtained in Figures 37 and 38. Assume Pr min. = 97 dbm
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an echo at a range of 80 km is barely detectable when the attenuator or receiver gain is set
to 35 db, then -Po ~ -97 dbm, Pi ~ 35 db,

Pr

-97 + 35 = -73 dbm,

and from Figure 39,
R

6.2

rom/hr.

the attenuation constant (K) for atmospheric gases is assumed to be 0.009 db/km (one way).
The example above may be used for quick comparison of the performance of different
radar systems. Nomograms or slide rules for specific radars cRn be greatly simplified and
designed for use on an operational basis (see, for example, Figure 3-10 in reference 6 quoted
in Introductlon)a

Electronic methods for estimation of precipitation rate

7·5

7·5·1
The pulse integrator 1s an electronic circuit connected to the receiving section
of a radar. Its purpose 1s to provide an electronic means of determination of the average
amplitude of a large number of equally spaced short pulses of widely varying amplitudes.
Because these pulses are widely spaced in time compared with their duration, the signal amplitude averaged over a long time (several seconds) is too small, in effect, to be reduced
to zero.
The basic integrator circuit uses a beam power tetrode to supply current to the
storage capacitor during the measuring interval. The capacitor is shunted by a resistor in
the order of 1 megohm. Figure 42 is a simplified schematic of this circuit. For the greater
fraction of time the tube is non-conducting so the resistor discharges the capacitor at a
relatively slow rate.
The video signal to be measured is applied to the control-grid of the tube, but
since the tube is held in a non-conducting state by the screen-grid voltage most of the video
signal will have no effect on the cathode current of the tube. At the time the particular
portion of the video signal to be measured occurs, the screen-grid is brought to its normal
operating voltage and is held there during the measuring intervals. This interval is usually
about the same as the radar pulse length since the signal strength would change during the
interval if it were longer but circuit factors require that it be as long as practicable.
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The purpose of this method is to indicate iso-echo contours on the P.P.I. by using

range-corrected video signals, and if necessary correct for attenuation due to intervening
rain. The logarithmic video signals are proportional to the rainfall intensity and the signals
below a predetermined level are cut off. !fter passing this level-setting circuit the video
signal is amplified to saturation and differentiated in order to indicate iso-echo contours
on the P.P.I. Rainfall rates of 1,. 2.. 4-, 8, 16, 32, 64-, and 128 nun/hr may be displayed, one
at a time.
An areal rainfall computer using a storage scan converter tube has been developed.
The contoured video signals are written as P.P.r.scanning on the storage tube and are read out
as X-Y scanning with slow-down video signals. A radar scanning area is divided into 52
sections. The depths of accrued rainfall 1n tenths, units, and tens of centimetres are indicated on the control panel for each of the 52 sections.
An alternative to contours is the display of la-db intervals of reflectivity as
distinguishable steps on a grey scale.3 The presentation.of this stepped grey pattern on
facsimile forms a useful operational display from which intensities can be est1m&ted at a
glance (reference 79 and Photograph 13).
7.5·3

~~~~~~_i~!~~-E~~~~_~~!~_E~~~:~~~!)80

STRADAP automatically produces area-quantized digital maps of both reflectivity
and storm top topography. It operates together with any weather radar equipped with a wide
dynamic range (logarithmic) receiver and a CAPPI-type antenna scanning programme. The radar
beam is made so as to scan most of the troposphere within a radius of 190 kID, making consecutive rotations with 1°_ or 2°-elevation increments from 0° to 20°. During this time
STRADAP measures the· average maximum echo in every elemental arc equal to 1 mi. (1.6 km) in
range and one degree in azimuth at a pre-selected constant altitude of 10,000, 20,000~ or
30,000 feet (3,050, 6,100, or 9,150 m).
The STRADAP logic selects the maximum echo intensity in each 5 x 5 n. mi.(9x9 km)
square. The maximum is chosen to avoid downgrading the peak reflectivity of a storm core. On
completion of the volume scan, corresponding digits (1 to 7) are automatically printed out
at appropriate geographical positions. The data may also be transmitted simultaneously to
any number of remote sites. In a similar manner, the maximum echo height in each 5 x 5 mi.
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(9 x 9 km) box is computed during the volume scan, stored, and printed out digitally. The
digits 1 to 6 then represent heights in excess of 10,000 to 60,000 ft (3,050 to 18,300 m)
in 10,000ft (3,050 m) increments.

7.5.4
Using a stepped gain approach, weather echoes at each point of a grid of 141
points, regularly disposed over a circle of 20Q-mi. (360 km) dlamete~ are quantized and
recorded in pulsed digital form on punched tape. This record, which can be transmitted to
remote points by standard teletype equipment, 1s processed by a simple relay computer to
derive total accrued precipitation since the reset at each point. These data are presented
(directly in hundredths of an inch) on a series of electromechanical counters set out in a
five-foot-square map at positions corresponding to the grid.

Comparisons between radar measurements of rainfall and raingauge records

The method adopted by Travelers Research Center81 is to take a series ofP .P.I.
photographs 3-4 times per hour. Each series consisted of a number of photographs at an
att.enuator control setting interval of 6 db using the U.S. Weather Bureau 10-cm. WSR-57
radar. To obtain the rainfall amount, the P.P.I. display is manually divided into areas of
·4 kilometres square. After that, the eoho intensity in each grid square is put on punch
cards for processing by an IBM 7090, and the rainfall is calculated by using equation (11).
Here, the Z-R relationship is selected so as to make the correspondence of ground rainfall
to radar rainfall most favourable. Such a method is practicable since attenuation by rainfall can be neglected. Scatter diagrams show that for ranges less than 100 km, 80 per cent
of th~ radar measurements fall within the measurement accuracy (±3 db). At greater ranges,
the accuracy decreases rapidly. For the range increment 100 to 135 km J 44 per cent of the
radar measurements are within ±3 db of the raingauge amounts; in the 135 to 165 km increment
the accuracy drops to 25 per cent. Most of the misses at larger ranges are radar underestimates; however, no correction could explain the scatter of these hourly measurements.

~~:~~_~!!~a~~_~~~E~:!~~~
At the Illinois Water survey,82 the comparisons were carried out chiefly for
shower-type rainfalls by making use of a 3.2-cm wavelength radar (see paragraph 3.6). By
a method of changing the gain of the radar receiver in a step-wise manner J the distribution
of radar echo intensity on the P.P.I. scope is photographed. Fixed values are used for the
Z-R relation J and no correction is made for attenuation owing to rainfall. A network of
50 recording raingauges are located in areas of 256 km2 each between 30 and 40 km from the
radar. The raingauge charts are analysed for one-minute amounts of rainfall. As a result
of the comparison between the accumulated rainfall for periods of 10 minutes to two hours
during 28 storms, 15 examples of the comparison tests show that the accuracy of the radar
in areal rainfall measurement to a range of 40 km 1s equal to that of a network consisting
7.6.2
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of one gauge every 576 square kl1ometres~ In the amounts measured by the surface ralngauge
network in about 100 cases on six different days with the radar rainfall estimates" the ratio
of the upper 95 per cent confidence limit of rainfall amounts to the lower 95 per cent limit
was about eight. Such wide scattering in the correlation between the radar and ralngauge
rainfall estimates may be due to the wide variation of the Z-R relationship in different
rainfall types, and attenuation by the precipitation.
At the Meteorological Research Institute in Japan,83 a 3.2 em radar is used, with
suitable corrections for attenuation due to distance, intervening rainfall, and atmospheric
gas as shown in Figure 36. The rainfall is displayed on the P.P.I scope by a method descr:l.bed
in paragraph 7.5.2.
The radar rainfall patterns were measured with a planimeter in order
to obtain areal rainfall distribution. The network of ralngauges consisted of 27 recording
instruments located in an area of 638 km2 • and located 12-45 km from the radar. Figure 40
shows an example of the comparison between the ground and radar rainfall patterns. The
accuracy of radar measurement for areal rainfall in this case was equal to the case of one
raingauge in 200 square kilometres for storms located between 12 and 45 km from the radar.
In this comparigon observation, the raindrop size distribution was unknown and the relationship Z = 200R1 • was used since the rainfall was essentially continuous stratiform type. The
accumulated rainfall from a 4-hour period shows a good correspondence between the radar and
raingauge data (Figure 41).
Measurement of rainfall by reference to radar attenuation84

7.7

This is a method of determining rainfall by comparing the relative echo intensity
of two or more fixed targets in clear weather with the relative echo intensity measured when
rain was falling in the path of propagation. From the difference in echo intensity thus found,
it would be PQ~sible'to determine the mean attenuation per unit distance and hence, if given
adequate corr~lations, to estimate the mean rainfall along the path.
The most suitable frequencies are 35.000 MO/s or 24,000 MC/s. The latter would
be preferred where high intensity rainfall is conwon or Where extended saths are to be used.
Based on the Laws and Parsons raindrop-size distribution, Gunn and East 5 have found that
0.22R

at C.9-em wavelength,

K ~ 0.12R l . 05

at 1.25-cm wavelength,

K

and that
where K is the attenuation in db/km one way, and R is the rainfall rate in mm/hr at 18°c.
(The expression for 1.25-cm radiation can be quite well expressed as K = O.l2R.)
It is
important that the relation between'K and R be linear, otherwise the total attenuation along
the path does not represent the average rainfall rate. The accuracy with which rainfall
rate may be deduced from attenuation depends upon the drop-size distribution in the rainfall.
At the frequencies mentioned above, the variation of the attenuation constant due to the
drop-size distribution ·is rather small compared to the 3-cm or 5-cm band.
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The calculations show that even in the range from 0 to 30°C the variations in
attenuations for all intensities of rainf'all barely exceed 15 per cent of the value at 18°e,
and in a more restricted temperature range, such as might be expected at an experimental
site, variations are well within 10 per cent of the 18°e value.
Whether corner or plane reflector"'s are used it is essential that they should be
of robust construction to avoid any wind-vibration" which can be a serious source of signal
fluctuations.

Summary
Additional research studies on the utility and accuracy of radar for measurement
of the areal distribution of precipitation are badly needed. When one considers that weather
radar is the most complex and expensive instrument aVa,ilable to the operating meteorologist"
a strong justification must be made for its purchase and installation. Careful studies of
the accuracy of rainfall estimates to a range of 150 km by a radar operating on a non-attenuating wavelength would fill a serious and obvious gap in the justification for weather radar.
Reference 86 is another survey of the current status of the. use of radar for
estimating rainfall rate.
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8.

8.1

PRECIPITATION INTENSITY RT PNOTOGRAPHY
OF RAOAR OISPLAYS

Introduction

Radarscope photography has been the principle means of permanent recording of
weather radar displays'. Time-lapse films are usually obtained on 16 or 35 mm films using
cameras specially designed for the purpose, or by suitable modifications to commercially
available motion picture cameras having single-frame exposure capability. Normally, the
camera shutter Is open for a full revolution of the antenna, after which the shutter is
closed and the film advanced one frame. A clock, data card, and indicator lights are usually
includ.ed in the field of view of the camera to simplify analyses of the film.

8.2
rate.

Fundamental relationship
Part 7 has outlined the relationships between received power (Pr ) and rainfall
For purpose$ of photography, we must consider the radar itself and the photographic

film.

Considering now the voltage Er of the signal at the first stage of radar receiver,
we have a relation of the form
2
Pr
AE
(17)
r

A being a constant depending on the input characteristics of the receiver.

Combining (17) and (11), we obtain
2
6
6
R1. = ~ R1.

Et

K2

A

from which
E

2

(18)

r

Assuming linear amplification giving a gain G between the input of the receiver
and the P.P.I. display, we have
E

GE

s

(19)

r

designating by E the voltage applied to the cathode-ray tube (CRT).
s
Considering now the characteristics of this tube, we have
L

where

Lr

L

r

o

E

n

(20)

·8

is the luminance of the echo, Lo and n two constants depending on the tube used.

Combining (3), (4) and (5), we obtain
L
~ L (GE)n = L (GK Ro. 8 )n ~ K Ro. 8n

0

r

r

045

Taking logarithms
Log L

r

~

0.8n Log R + K
6

(21)

Considering now the relationship which exists, for a photographic film, between
the luminance of the subject photographed and the density of the film, we have
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D=YLogL+C
With

D

density 0f the film

'Y

coefficient depending on the treatment applied to the film

L

luminance of the subject

C

= constant

Introduc-ing relationship
D

'Y (0.8 n Log R + K ) + C
6

D

0.8n'YLogR+K.r

or
with K.r =

(6), we have
(22)

constant~

We thus obtain a relationship of the intensity of precipitation as a function of

the density of the film.
8.3

Theoretical dynamic range of measurement

Relationship (22) permits a theoretical determination of the interval within
which measur~ments are realizable. Isadore Katz 87 uses, for example, a CRT having for (22)
the relationship
D = 1.33 'Y Log R + constant
and photographed with a film exposed in such a way as to give densities between 0.3 and 3
after development to a l' of 0.85.

Log E varies then between -1.0 and

+2.0, giving for the

intensity of precipitation a theoretical dynamic range from 0.1 to 100 mm/hr.

8.4

Real dynamic range of measurement
The value of the final dynamic range brought out in the preceding paragraph was

obtained by considering only the limiting characteristics of the final negative and the gamma
of its development. It is only acceptable to the extent that it does not undergo any limitation as the signal passes through the radar system. In fact, in the most up-to-date radars,
this is not always so, and a limitation of the final dynamic range is introduced by the chain
of amplification and the circuits of the indicator used~
It is therefore essential~ before undertaking a determination of the intensity
of the precipitation by photographing a radar screen, to make an examination of the response
of the different radar stages to the signals from this precipitation.
One 1s thus led to consider successively in the radar the action of the mixer, the
intermediate frequency (IF) amplifier, the second detector, the video amplifier and the CRT.88
In most equ1pments, the mixer furnishes a linear amplification, and in the range
of amplitudes of precipitation echoes, no saturation phenomena are observed. It therefore
does not limit in any way the dynamic range of the equipment.
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It is not the same in the IF amplifier J the stage which furnishes the major part
of the total amplification of the receiving system.
If' we limit this examination to the case of a linear amplifiers we see, generally"

that the necessity of strong amplification for weak signals leads to a stropg saturation in
the case of strong signals, in the final stage and occasionally even in the earlier stages.
Beyond a certain amplitudes strong signals are thus represented,.. on leaving the amplifier..
by signals of constant amplitude.

The limitation of the dynamic range which results is not usually modified by the

second detector. It Is, on the other hand, generally intensified, in the video amplifier,
by a limiter whose role is to maintain the strongest signals below the maximum voltage tolerated by the CRT. A new diminution of dynamic range results which can reduce it to values
below 20 db.

The CRT generally involves a new limitation of the dynamic range because of the
tendency of the screen to be saturated by signals of high amplitude. The intensity of the
beam of the CRT also varies as a function of the voltage applied, above the cut-off, following
a law of the form I ~ AVk in which Ais a cons1;=t depend:l.:og.on the tllbe. used and k a second

constant, near 3 for electromagnetic tubes (the most used tubes in the P.P.I. or R.H.I. indicators), and near 2 for electrostatic tubes. This lack of linearity considerably reduces
the difference of range between signals just intense enough to give a luminous trace and
those for which saturation phenomena appear. The limitation of the dynamic range which results can reduce it to the neighbourhood of 10-15 db in power received, or a ratio close to
4 for the extreme range of intensities of precipitation which can be indicated by varying
luminance on the CRT screen. The needs of the meteorologist cannot be met by such limited
range, and special devices are usually added to the radar systems.
Improvement of radar sets

The simplest means to increase the dynamic range of an IF amplifier is to attach
to the latter a control which reduces the gain of stages which precede those in which saturation appears. For each control setting of the gain there corresponds a limiting signal
range below which amplification can be considered as linear. By setting the gain,. one may
thus choose signal amplitudes which will be contained within the final useful range of' the
whole equipment. This process is, however, inconvenient and can hardly be of any use except
in the special case of a zone of precipitation in which the intensity varies little from one
point to another.
It may be improved by the use of an automatic receiver gain control swit~h. Rapid
switching technique 1s used to display alternate pulses as full gain and intermediate pulses
as reduced gain. One can thus have simultaneously portrayed on the screen two r~nge900f amplitudes of signal, which can easily be arranged to give an image in two shades. 9,
A method very similar to the preceding, and brought out particularly for the purpose of increasing on the screen of certain radars (radars used on board aeroplanes, for

89 Luckenbach, G. E. and Kocher, J. C., Raisocon Operations, Radar Echo Displayed in Two
Tone, Proceedings of the Ninth Weather Radar Conference, American Meteorological Society,
October 1961.
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instance) the oontrast between land and sea echoes, may also be used. It uses a two-channel
apparatus at the input of which are applied th~ signals taken off before the stages which
are saturated by strong signals. Eac-h channel comprises an amplifier" a detector, and. a
limiter. The gains of the two channels are different. The limiter of the low-gain channel
is set at a level about twice as great as that of the high-gain channel. The output voltages
of the two channels are mixed, then amplified before being applied to the grid of the radar
CRT. An image of two tones finally results, corresponding to a reinforcement of the weak

echoes, without noticeable destruction of the details in the strong echoes. 89

The most effective method to increase the dynamic range of the IF amplifier however is to use a logarithmic amplifier. In such amplifiers, the output voltage of the signal
is proportionate to the logaritbm of its input voltage.

the output voltage, we
V0 == A log

have~

Vi

Designsting by Vi the latter and Vo

for an ideal logarithmic amplifier, the relationship
in which A and B are constants.

B

In practice, such a relationship is only approached. 91

In the most up-to-date

equipments, the response curve deviates noticeably from the ideal curve for strong signals

and for weak signals of an amplitude close to that of the noise power of the amplifier. A
logarithmic response 1s obtained from an apparatus which may be considered as an extension of
that used in the two-tone method previously described. It uses an amplifier of which each
of the later stages is connected to a detector. The logarithmic response of the set results
from the addition of signals appearing at the output of the different detectors. At the level
of weak signals the amplification is effected by all the stages of amplific~tion. When the
level increases, the last stage is saturated and does not contribute further to the final gain
which is thus· reduced to the sum of all the other stages. The process is repeated for the
higher signals, when saturation affects earlier stages. There finally results a total compression of the full range of amplitudes without any saturation appearing at the strong
signals. One thus obtains a dynamic range of the order of 60 db. The advantages of the use
of a logarithmic amplifier are detailed in a practical example in paragraph 5.
Finally, it might be expected that the use of a parametric amplifier would lead
to a noticeable improvement in the total dynamic range of a receiver. In fact, a decrease
of dynamic range might result because, although the gain in minimum detectable signal might
be 6 db, say, all the other received signals would themselves be amplified by perhaps 20 db
leading to saturation of the receiver by weaker signals, so that the dynamic range of the
whole system would be reduced by about 14 db (1. e. 20 db - 6 db). Special design features
are needed to overcome this.

8.5.2

Improvement of video amplifiers and CRT

In paragraph 8.4 we indicated that the dynamic range of video amplifiers was
frequently reduced because of the presence of a limiter which cuts down strong signals to
the limiting level below ·which no troublesome de-focusing of the CRT beam appears. We can
avoid the bad effect of this limiter by fixing the total gain of the video amplification
in such a way that the strong signals do not exceed, after amplification, the level at which
the limiter starts to act. This may be obtained simply by varying linearly the level of the
input signals of the video amplifier by means of a potentiometer. This method is however
ihsufficient, since for the weakest signals it usually supplies an output lower than that
capable of activating the CRT. We are thus led to introduce, between the video amplifier
and the CRT, in the most elaborate equipment, a non-linear element which, by amplif;v:ing more
strongly the weak signals, compensates for the cubic response of the CRT.
91
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One may see in the following paragraph, in a practical example, the importance
of giving this element an exponential characteristic.

From the point of view of the CRT itself, the improvement of the dynamic range
is essentially connected with the improvement of the technology and there is little the
meteorologist can do. It is worth noting, however, the good results obtained by using tubes
with an aluminium screen which improves the contrast of the image obtained.
We should also cite in this field the work of Barath,93 who, by making the
luminance of the CRT zero in the absence of an ech~has obtained a noticeable improvement
in the images.

8.6

Example of practical application
on a scale of grey

Quantitative representation of a radar image

Apparatus of the type indicated in the previous paragraph is described by Legg
and developed by the Stormy Weather Groups McGill University.92 , 93s 94 In this equipml?nt s
the signals traverse successivelys before arriving at the CRT~ a mixers a linear IF preamplifiers a logarithmic amplifier (With second detector), a gain tuner, video and an exponential video amplifier.
The luminance of the echoes on the CRT no longer varies continuously but progressively by stages s each stage representing a certain band of amplitudes of the power of
the signals returned to the radar. A calibration device brings outs on the periphery of the
screen, the succession of the seven values of luminance which can appear in "the echoes s and
facilitates the direct determination of their power, thus nullifying any effects from variations of the response curve of the CRT.
Each of the values of the luminance which may appear on the radar screen is separately adjustable, thus realizing a total response curve capable of better suiting the response details of the photographic equipment used (film, paper). The adjustment is made in
such a way as to obtain on the final print greys which may be easily distinguished from each
other.
The whole amplifier is on the other hand always adjusted in such a way that the
intensity of precipitation varies as a function of the different greyss in geometric progression.
Problems and special apparatus
Luminance at the centre of the CRT
In the preceding paragraphs it has been implied that the luminance of the echoes
was independent of their position on the radar screen. This is only an approximation which
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does not take into account the increase in luminance which is produced at the centre of a
P.P.I. indicator in consequence of the convergence of the successive traces of the CR~ spot.95
Generally this effect is corrected by interposing between the radar screen and
the ph~tographic equipment a filter whose opacity is maximum at the centre and proportional,
for the other po~nts, ~o their distance from the centre of the screen.- Such a filter has
been developed by McGill University.

The use of colour photography in the r~cording of echoes having different inseems particularly attractive, the eye being better able to separate the· colour
than the grey shades. To '·obtain variable- colours according -to the intensity of echoes unfortunately poses rather complex problems. Lhermitte96 has, however, developed a device which
gives prints with different colours for three isocontours obtained in the course of three
rotations of the antenna.
:~nsities

8.8

Determination of the amount of precipitation

In the relations previously established, precipitation has always been represented
by its intensity. For meteorologists or hydrologists, the total rainfall is perhaps still
more- important than its intensity. Itsdetermination implies the integration of precipitation
as a function of time and ultimately of space. The realization of this double integrat-ion
from the photography of radar screens has been envisaged by numerous researchers.
The simplest method consists in making, on the same print, periodical shots of
the radar screen during a more or less long period. The U•.8. Weather Bureau currently uses
this method and has brought out equipment which automatically assures the sh~tter operation
for the various shots. The frequency of the latter a~d the number of exposures per negative
are adjustabl~which allows one to take into account particular conditions of the region
surveyed by the radar.97, 98
An exposure ,every five minutes during an hour is, however, the frequency most
often employed, studies having shown that they furnish a particularly good correlation between
the density of the film and the quantity of precipitation fa~len in an hour.99
The use of a transparent Polaroid film means that pictures can be projected very
shortly after their exposure and conveniently analysed thanks to the enlargement accompanying
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projection.98 ,lOO Without being a strictly perfect method, the method of multiple exposures
has already furnished some very interesting results, especially in the determination of rainfall over a catchment area during precipitation.
Marshall and Gunn101 have suggested that the McGill University equipment can be
used for integration of precipitation. This idea has been developed by Legg,102 who has
discussed the method. He has in particular shown that an integration as a function of time
necessitates a proportionality between the luminance of the radar screen and the intensity R
of the precipitation (or at least the factor P / 6 ) .
I t is possible to obtain this proportionality by adjusting the lI gamma lf of the rMar to the reciprocal of 1.6. If, having made
this adjustment, one makes a positive transparent picture, from a negative on which several
images of the radar screen have been recorded, the coefficient Tp of transmission of this
picture is obtained(frOm the relation:
)
Tp = B

Rt
1

+

llt

2

+ Rt

3

+ Rt

n

'Y n 'Y p

in which Rt
is the intensity of the precipitation at the time of the image
n
'Y p are the gammas of the positive.

_w., - o.~(~:~ '" ;;::"~::J ,""

il,

and')'n and

,,"

Provided the frequency of photographic shots is sufficiently high, the second

By' making the product')' n ')' p equal to unity, one can make the opacity of the
positive proportional to the total rainfall t l and tn' A total or partial measurement of
the opacity of the positive by means of a photoelectric cell allows one therefore to obtain
the rainfall over the area surveyed by the radar during the period considered.

The need to give the radar gamma a well-determined value no longer allows the
entire range of signals returned by precipitation to be compressed into the limited dynamic
range of the CRT. A reduction of the final dynamic range of the equipment results. Legg
has shown that the range remains,howeverJvery acceptable for all cases of integration of
snowfalls and for the majority of cases of integration of rainfalls.
When an integration only as a function of space is investigated, it is no longer
necessary to assure the proportionality between the luminance L and the intens~ty of the precipitation. The opacity of the positive picture alone must of necessity be proportional to
the intensity of precipitation. One can then choose the radar gamma in such a way as to include the maximum of signals in the dynamic range of the cathode tube, and re-estabJish the
proportionBLlitYJ giving to ~ n ~ p a value higher than unity.
The final dynamic range is not subject to the limitation that has been indicated.
100

MacCallister, J. P., Radar Observations in Hydrolic Analysis, Proceedings of the Ninth
Weather Radar Conference, American Meteorological Society, October 1961.
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APPENDIX A
FURTHER DETAILS OF PHOTOGRAPHIC ILLUSTRATIONS

PhotOgraph 1
This photograph shows the echo from the widespread but rather uniform precipitation associated with a warm front. Note that, compared with photograph 9, there is no
clear-cut edge to the echo but the echo fades gradually with range. The radial spokes in the
echo are caused by screening of the radiation by trees close to the transmitter. Regularly
spaced radial lines are at 20° intervals, the brightest pointing to magnetic north.
Concentric circles are range-markers at 10 mi. (16 km) intervals, the furthest
marker visible being at 130 mi. (210 km).
Characteristics of equipment used: wavelength 10 em, peak power output 500 kW,
pulse length 2 microsec, pulse repetition frequency 500 sec-l~ cheese-type aerial giving beamwidths of 1 1/40 in the horizontal and 6° in the vertical.

Photograph 2
This is typical of the range-height display when the precipitation is coming
from stratified clouds. Widespread light rain is occurring and the "brig}1t band" associated
with the melting level is clearly visible near 12,000 ft. (3,700 m).
Characteristics of equipment : AN/CPS-9 radar~ wavelength
250 kW, pulse length 5 microsec, dish aerial giving 1° conical beam.

3 em, peak power output

Photograph 3
Echoes from isolated precipitation streaks originating in discrete elements
at a height of about 20,000 ft.(6100 m). The effect of variation of wind with heigbt is clearly
shown and the fact that the.streaks are from ice crystals is demonstrated by the enhanced echo
at the melting level below 5,000 ft. (1500 m). By making assumptions on particle fall speed~
calculations of the variation of wind compared with height can be made but the three-dimensional picture is not always easy to determine.
Characteristics of equipment: wavelength 3 em, peak power output 75 kW, pulse
length 1 microsec, p.r.f. 1,000 sec-I, "orange peel ll aerial giving beam-widths of 0.7 0 in the
vertical and 2° in the horizontal.

Photograph 4
Echoes from showers which appear more or less randomly distributed. Note
the hard clear edges to most of the echoes and the indications of more than one cell in several.
Diffuse edges are a sign of decay of that part of the shower. Exploration by aircraft has
shown that the most turbulent parts of the cloud are often associated with the clear-cut echo
edges.
Range markers are at
the same as in photograph 1.

5

mi. (8 km) intervals and the equipment characteristics are
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Photograph 5

Typical of the echo from an isolated shower, 55 mi. (88 km) from the radar.
The detached smaller
echoes at shorter and longer ranges may either be new cells just developing or echoes from
showers not directly in the beam. The question could be resolved by rotating the aerial to
each side of its present bearing and noting how the echoes changed.
The P.P.I. with its narrow
horizontal beam-width would also decide.

A single cell is shown with top reaching almost to 25,000 ft. (7600 m).

Heavy black range-markers are at 10 mi. (16 km) intervals and solid black almost
horizontal lines at 10,000 ft. (3050 m) intervals. Despite the appearance therefore the echo
is only about as tall as it is wide. The inclined bright line indicates when the beam is
horizontal.
Characteristics of the equipment : as for photograph 1 except that the beam-widths
are lio in the vertical and 7io in the horizontal.

Photograph 6
This is the same echo as photograph 5 but with the receiver gain reduced.
Note how the strongest part of the echo remains as a vertical column with no sign of the
bright band seen in photograph 2. The beam at this range is some 8,000 ft. (2450 m) in depth
between half-power points so that there may be some elongation of the echo displayed in the
vertical on this account.

Photograph 7
This is a complex thunderstorm echo. Echo tops reach almost to 30~OOO ft.
(9100 m) and the horizontal extent at 20,000 ft.(6100 m) is almost 35 mi. (56 km). There
are signs of at least three strong cells and this is brought out more clearly in the next
photograph.
Characteristics of the equipment

as for photograph

5.

Photograph 8
As for photograph 7 but with the receiver gain reduced. Note how the nearest
portion of. the storm which gave diffuse. echo in photograph 7 exhibits the bright-band effect
(arrowed)·at 5,000 ft. (l500 m). This is a sign that this portion of the storm is in the
decaying stage but there are clearly active cells at greater ranges.
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to 12

These photographs demonstrate how the use of the gain control can

give qualitatively or quantitatively a more detailed appreciation of echo intensities than
can be gained from the normal full gain display. There is no indication on photograph 9~
for example~ that the echo to the south is much stronger than that to the south-west but
this is clearly indicated by the time photograph 12 is reached. The effect of range attenuation must be borne ~n mind~ thus the echo power from a target at 20 mi. (32 km) which is just
visible must be four times greater (6db) than that from a target just visible at 10 mi.(16~).
Characteristics of the equipment : as for photograph 1, range markers at 5' mi.
(8 km) intervals.
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Photograph 13 - A map of the precipitation at an altitude of 10,000 ft (3050 m) in the
vicinity of Montreal on 7 August 1963. The map is portrayed on facsimile paper, the portion
shown being 270 miles (lf30 km) in the E-W direction, and about 175 miles (280 km) in the N-8.
Echo intensities on the McGill CPS-9 radar are classified into seven categories, spaced 10 db
apart in received power. This picture shows alternate intensities 2, 4 and 6 (as light,
medium and dark grey) and so the spacing 1s 20 db in power. In terms of preci itation rates
the three shades represent thresholds of approximately 0.4, 6 ...4 and 100 nun hr- •

1

Characteristics of equipment

Photograph Ilf

as for photograph 2.

The line....type echo or "precursor linelf ahead of the main precipitation

echo is believed to be an echo from a line of atmospheric discontinuity associated with a

pressure jump.

Range markers are at 10 n. mi. (18 krn) intervals.
Characteristics of equipment : wavelength 2) em, peak power output 750 kW, pulse
length 6 microsec, pulse repetition frequency 200 sec-I, horizontal beam-width 1.3°, vertical
beam-width 1.8°.

Photograph 15
The lower photograph shows the signal amplitude versus range response from
precipitation towards the top of the thunderstorm echo shown in photograph 7. The upper
photograph shows the same thunderstorm echo but with a transient echo from a lightning discharge extending for some 10 mi. (16 k:rn) from the distant. edge of the storm echo. The
amplitude of the echo is comparable with that from the portion of the storm and the brilliance
is less merely because of the transient nature of the phenomenon.
Characteristics of equipment :

as for photograph

5.

Photograph 16
The eye of the hurricane is clearly visible on this photograph at a range
of lfo n.mi. (7lf km) on a bearing of 2lf3°. Range markers are at 20 n.mi. (37 km) intervals.
Characteristics of equipment: S P I M radar, wavelength 10 em, peak power
output 750 kW, pulse length 1 microsec, 3° conical beam.
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Photograph 17
This is a collection of sections of P.P.I. photographs showing hooked
echoes which were associated with confirmed tornadoes or funnel clouds. The location of the
funnel is indicated with an arrow. All photographs are enlarged to the same scale but were
taken on a variety of radars of different power outputs and 3-cm or 10 em wavelengths.
Note, however, that sharp-edged, very bright echoes having protuberances of
various kinds may also be seen with showers or thunderstorms with which no tornado is associated (see, for example, photographs 4, 9 and IS).

Photograph 18
It is known with certainty that hail of cherry size was failing at the
time of this photograph at the position marked with a black dot within the arrowed echo.
There is nothing to distinguish this echo as displayed from others of the shower echoes
occurring although intensity measurements may have been significant.
Range markers are at 10 mi. (16 km) intervals and the equipment characteristics
are as for photograph 1.

Photograph 19
This photograph-was- taken during widespread heavy snow with the aerial
inclined at 4° to the horizontal. Range markers are at 5 mi. (8 km) intervals. Much of the
snow is formed in discrete regions, not in random array, at a height of about 12,000 ft.
(3700 m). The action of wind shear on the falling precipitation (see photograph 3) results
in well-defined trails which intersect the conical surface of the radar beam to give the
interesting patterns shown.
Equipment characteristics

AN/CPS-9 radar (see photograph 2).

Photograph 20
The echo from a lightning discharge appears white in the upper left hand
corner of the photograph. The illustration was made by exposing a piece of photographic
paper through a frame of negative copy film which shows echo areas as white on the paper,
then exposing the paper again through an adjacent frame of positive copy film. The double
exposure causes echoes common to both film frames to appear grey and lightning echo white
(see footnote 35).
Equipment characteristics as photograph 14.
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Photograph 21
This is typical of many dense nangel" displays which have been observed.
Time exposures show each individual echo to be moving~ usually in the approximate direction
of the wind but with speeds in excess of the wind-speed.

Range markers are at 5 mL (8 kIn) intervals and the equipment is the same as
for photograph 1.

Photograph 22
This ~is a facsimile record from a vertically~point1ng radar using a wavelength of 1.25 em. There is a marked tendency for the It angels It to occur in layers and the
vertical extent of an individual echo is probably no greater than would be expected from
the pulse-length used. The sky was clear at the time this observation was made.

Photograph 23
In this photograph the echo in the centre of the display extending southeastwards is from smoke. The ground echo pattern near the station has been removed by use
of a short range flpulse substitution delay circuit rt • This prevents too great brilliance at
the centre of the display which often, owing to halation, adversely affects photographs.
The solid target north of the smoke plume is an aircraft.
The smoke echo has been magnified by use of !foff-centring", the position of the
radar being off the SE edge of the display instead of at the centre as usual. This effectively doubJ..es the scale which can be used. Range-markers are at 5 n.mi. (9 kIn) intervals apd
the equipment is the same as in photograph l6 except that a 1 microsec pulse is in use.

Photograph 24
This is a vertical cross-section through the smoke which is the subject
of photograph 2) but about one hour later. Range markers are at 10 mi. (16 kIn) intervals
and the adjustable height line is at 5,000 ft.(l500 m). Equipment as in photograph 2).
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This is an assemblage of echo information from different radars.

The

photographs are simultaneous but the composite was made some time after the event. The line
of echoes is more than 1,600 km long and stretches over much of the central United States.
It illustrates the detailed information about precipitation which could be in the analyst's
hands if communication problems could be solved.

Photograph 26

These are further composite photographs like photograph 25 illustrating

the development as well as movement of precipitation. The line of echo in the last photograph approaches 2,000 km in length across the central United States. With pictures of this
type available promptly the first positive evidence of development would be obtained long
before it became clear on synoptic charts.

APPENDIX

91

A

PHOTOGRAPHS 25 ~26
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Photograph 27 a
Example of the correspondence between precipitation echo location and an
area of heavy rain~ based on three radar observations one hour apart. Radar estimates of
precipitation rate exceeded 500 mmVhour on several separate occasions. Total duration of the
storm was about six hours. Even with such infrequent measurements" an effective flash flood
warning was issued, based upon the radar data and one co-operative observer report of 150 mm
accumulation.

Photograph 27 b
This is a 2-hour multiple exposure photograph. Two areas of persisting
precipitation can be seen, one north-west and the larger area south-east of the station. An
exposure was taken every 10 minutes at f/16 with a neutral density 4x filter. The range is
100 n.m. (185 kin).

Photograph 28 - This is part of a time-altitude facsimile record of the clouds and precipitation passing through the vertically pointing beam of a 1.25 cm radar. It is Dlasslcal in
that it illustrates all the essential features of Bergeron-type precipitation. Sloping 1cecrystal streamers are generated in Cirrocumulus-type cells~ some of which are observed at
24,000 ft (7)00 m) between 12)0 and 1240 (EST). The streamers fall into and become part of
a deck of Altostratus-translucidus~ whose bases lower in vertical mammata-type pendahts which
are most frequently found at the lower end of the streamers. These mammata pendants are
generally correlated with the presence of scattered or broken Altocumulus. The low vertical
echo beginning at 1324 represents the beginning of light to moderate rain and was associated
with the passage overhead of a Cumulus congestus cloud moving from the SSE. The vertical rain
echoes below 8,000 ft. (2400 m) indicate the absence of significant shear. Changes in the
noise background are indicative of changes in receiver sensitivity. The top of the snow region
is not detectable at the reduced sensitivity which is in use after about 1414. The echoes
above 8~000 ft. (2400 m) are primarily due to ice crystals and snow (the radar is incapable
of detecting most water clouds above 10,000 ft. (3050 m)). The observations were made ahead
of an occluded wave cyclone centred Over Norfolk, Virginia, U.S.A., with a warm front extending eastward. The radar was located about 260 miles (420 kIn) north of the warm front at
0730E. The temperatures indicated at the upper left were taken from the lOOOE sounding at
Nantucket, Massachusetts.
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Photograph 29 - P.P.I. picture of a number of convective cells on a summer day when dust was
reported at the ground. The echoes appear similar to thunderstorm echoes. Range 200 miles.
()60 kin).
Equipment used

AN/CPS-9 radar (see photograph 2).

Photograph 30 - R.H.I. picture of convective cells observed during a duststorm. Note that
echoes are mostly between J.o,OOO feet (3050 m) and 30,000 feet (9150 m), with none reaching
the ground. The cellular structure can also be seen. Range 100 miles (160 km).
Equipment used

AN/CPS-9 radar.

Photograph 31
Radar summary chart transmitted on U.S. National Facsimile Circuit.
(NE-radar observed no precipitation echoes, @ 6/10 to 9/10 coverage of echoes, ~ 1/10 to
5/10 coverage of echoes, W/M - weak to moderate echo intensity, M(s - moderate to strong
echo intensity,

£IlL- height of echo top (27,000 feet)

(8,200 m), ~ - direction and

speed of movement (from west at 20 knots).

Fig. 29. P. P. r picture of a number of
convective cells

Fig~

30. R.H.r picture of convective cells
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SUMMARY OF DISCUSSIONS IN lliE ,IMO EXECUTIVE COMMITTEE (May/June 1965)
FOLLOWING TIlE PRESENTATION OF A REPORT ON
RADAR MEASUREMENTS OF AREAL RAINFALL

by A. A. Chernikov & E. Kessler

Mr. Acquaah opened the discussion by stating that he was most interested in this
technique, which he felt offered much hope, particularly for the study of measurements of
rainfall in the tropical areas. He was also interested in the effects of topography and variations in rainfall due to these effects.
Dr. Kessler replied that these effects had actually caused little difficulty that

could not be dealt with statistically.

Another related problem is ground clutter due to topo-

graphy. One method of reducing ground clutter was to raise the elevation of the radar beam.
However, this automatically caused loss of data in the lowest, most pertinent layers of concern. It was possible to obtain data still in this way and use it in a qualitative manner,
such as had recently been done in Costa Rica.

Mr. Coen agreed with Mr. Kessler in noting that useful work could still be done
in mountainous areas. Recent experience in Costa Rica had indicated that adequate flood
warnings could be provided using radar techniques.
The President then asked about errors due to the effects of wind on falling precipitation.
Dr. Kessler reiterated that there were many errors inherent in the whole system.
For example, there was an instrument calibration error of ±2 db.
The effects of wind were
also important; however, because of larger errors due to other causes, these could be ignored.
The Secretary-General noted that it was difficult to set up observation networks
in the tropics. He further observed ~hat these techniques were particularly significant in
tropical regions because convective rainfall containing very large drops falls over shorttime periods and sometimes covered only small areas. One of WMO's Special Fund Projects under
consideration was concerned with studying the water balance over Lake Victoria. To make these
studies, measurements of rainfall amounts over this huge water surface would be necessary. He
speculated that there would be variations in the amount of rainfall over different parts of
the Lake and asked if radar would be of use in this project.
Dr. Chernikov replied that radar was very applicable "for measuring rainfall amounts
over large bodies of water. and added that radars of IO-cm wavelength have proven to be the
best in the tropics.
Dr. Kessler agreed with Dr. Chernikov and also mentioned that this project had no
problems due to mountainous terrain. However, he again stressed that the errors inherent in
the scheme should not be overlooked and that the experiment must be very carefully designed
keeping these in mind. Raingauges should be installed on available islands and around the
shore-line. Preliminary studies to calibrate the radar should also be made.
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Mr. Gibbs asked three questions:
First he wanted to know how the reflectivity
of the raindrops in the beam represented the amount of rain falling in the raingauge. His
second question was concerned with measurements of the amount of rain falling in a gauge
over a finite period, say one hour, and how this could be related to the instantaneous values
of reflectivity obtained. Finally he noted that remote display scopes were expensive and
asked if more economic means of communication had been attempted.
Dr. Chernikov" in replying to the first question, stated that both the radar
reflectivity and the rainfall rate were functions of raindrop sizes; therefore there was a
relationship between these two rain parameters. He added that the amount of rain determined
by using a radar formula included all partial amounts over any part of the rain area, while
(vertical) readings obtained from the raingauges were representative only for isolated points
inside this area. He noted that if the radar and raingauge data were available it was quite
easy to correlate these two values. In replying to Mr. Gibbs' second question, he stated
that integrating reflectivity data was possible either by hand or automatically to account
for the longer time period sensed by the raingauges. Finally, he remarked that no difficulties
had been encountered in transmitting this information by telecommunications.

Mr. Ayadi observed that rain patterns in temperate zones could be adequately
described with existing raingauge networks, but wanted to know if it was possible to forecast
floods particularly resulting from convective rainfall in the tropics.
Dr. Chernikov commented that the principal advantage of radar rainfall measurements
was that radar could provide information of highly variable precipitation like convective rainfall in the tropics so timely and accurately that flash-flood forecasting would be great~y
improved.
Mr. Treussart wanted to know what the maximum effective range of radars was for
quantitative precipitation measurements.
Dr. Kessler answered that he was confident of readings up to ranges of 100 kilometres and mentioned that it was possible to extend the range to about 250 kilometres with
some loss of accuracy. He noted that these larger ranges might be sufficient in most cases.

Dr. Rao wanted to know if range height indicators (R.H.I.) or iso-echo contouring
devices were being used to obtain extra int'ormation with this scheme.
Dr. Kessler replied that both of these devices have been very useful for other
determinations, particularly in aviation forecasting. However, he noted that this technique
required the examination of the lowest possible level which, of course, correlated best with
what actually fell into the raingauges.
Academician Fedorov was certain that everyone was interested in the techniques
just described, especially in connexion with the World Weather Watch. One essential question
came to his mind, namely, whether radar could take the place of a network of raingauges. In
the U.S.S.R. he observed that they were not particularly interested in knowing the amount of
rainfall at a single point but had a greater need for knowing the quantity of rain falling
over a given area. He added that the U.S.S.R. had approximately 10,000 raingauges and if
the- whole country were covered adequately, 40/50,000 gauges would be required. He asked if it
would be cheaper to have 40/50,000 gauges or a few hundred radars. He was most interested in
the answer to this question and knew of a number of studies in progress. He noted that this
was a universal problem -- especially in developing countries and tropical areas -- so that
all means of exchange of information between countries would be especially advisable. He
further mentioned that experiments in the U.S.A. and the U.S.S.R. had already provided much
information in temperate latitudes; therefore, it might be feasible to set up at least one
special station in a tropical country.
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The President closed the discussion by extending his thanks to all Members of
the Committee who had participated and particularly to Dr. Chernikov and Dr. Kessler for
their very effective presentations on this subject.
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