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NOTE: The terms of reference ·of the working group included inter alia the task of studying the use of data obtained
by airborne radar for training aeronautical personnel. The amount of information which the group was able to acquire
from qualified experts in the field was rather limited, so that the references in the text to this subject are not the
result of such profound studies as for the other aspects of its work.

FOREWORD

During the fourth session of the WMO Commission for Instruments and Methods of Observation (CIMO)
(Tokyo, 1965), the need was recognized for an overail study of the various uses of meteorological radar for
aeronautical purposes. A working group was accordingly established to study all information useful for aeronautical purposes which could be obtained by ground-based or airborne radar. The terms of reference of the group
specifically referred to problems relating to hail detection) turbulence in zones of precipitation, interpretation
of echoes and the progress in instrumental techniques, including transmission of radar information to aircraft in
flight. The working group was composed of Mr. H. Treussart (France) - (chairman), Mr. S. G. Bigler (U.S.A.),

Mr. V. V. Kostarev (U.S.S.R.), Mr. K. Otani (Japan), who replaced Mr. T. Kume in 1967, Mr. W. B. Beckwith,
representing CAeM, and Mr. R. Schwarz, representing ICAO.
At the fifth session of CIMO (Versailles, 1969), a report containing technical conclusions resulting from
the studies made by the working group was presented for revieW.,The Commission considered that the report
contained much valuable material and recommended that the material annexed to the report should be pub-

lished in the WMO Technical Note series. The present Technical Note thus represents the outcome of the work
undertaken by this working group.
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 the text of this valuable publication .

•

D. A. Davies
Secretary-General

SUMMARY

For safe operation of aircraft in all phases of flight including those of supersonic transport (SST) aircraft,
there is undoubtedly a need for precise information on operationally significant weather. Weather radar, with its
capability to display and present characteristic features of hazardous weather phenomena observed in the air as
well as on the ground, is considered the most suitable equipment for this purpose. It has been urged at many·
WMO and ICAO meetings that the methods and procedures for the utilization of weather radar should be developed for aviation purposes. In the first section, this Note describes a general survey of what are the existing
aviation requirements for weather radar, either ground-based or airborne, in connexion with perfonnance criteria,
range and accuracy.
Chapter 1 discusses the detection and identification of regions of hail and turbulence associated with thunderstorms, these being considered dangerous phenomena for aviation. It is shown through intensive surveys on
hail detection that echo intensity, as an indicator of hail, observed using 10 em wavelength radar exhibited a
similar trend to that observed using 3 em radar, but very little change in intensity with height. Several case
studies of the probability of hail as a function of height are also illustrated for assessment of hail. As regards the
problem of turbulence, considerable effort has been made to study the association between radar echo characteristics observed by ground-based radar and turbulence measured by instrumented aircraft. However, the summary indicates that there are no known methods for forecasting turbulence activity within a given thunderstorm.
Brief mention is made of the use of airborne radar for detection of hail and the avoidance of turbulence by
aircraft in flight.
Chapter 2 discusses the question of measuring the height of echoes observed by radar, which represents an
index of storm activity. It is stressed that the maximum height of echo coming from relatively large precipitation
particles should not be identified with the top of the cloud. Studies have revealed numerous errors due to factors such as elevation angle, antenna beam distortion and threshold value of reflectivity, etc. Although there
is an urgent need for precise volume of air traffic, it is unfortunately not yet possible to adopt internationally
accepted procedures owing to differences from one country to another in the ability to interpret radar observations.
Chapter 3 discusses interpretation of echoes for different types of radar. The data from weather radars
depend not only on meteorological ph~nomena but also, to a great extent, on the characteristics of the radar.
Each echo appearing on the radar screen should be interpreted, taking into account the individual characteristics of each set of eqUipment, this being particularly important when information on quantitative measurements is required. The study of attenuation of electromagnetic waves points out in a general way that the degree of attenuation.due to various precipitation phenomena is negligible only at wavelengths of 10 em or more,
while at all other wavelengths no precise measurement can be made without a correction. If the beamwidth
transmitted by radar is too wide, it also affects the interpretation of precipitation echoes considerably. Conclusions indicate that radar operating at a wavelength of 10 em seems to be most likely to satisfy all the conditions for ground radar. For airborne radars, advantages and disadvantages of three wavelengths, Ku-, X- and
C-bands, are discussed and the choice of wavelength is a matter for the user to decide.
Chapter 4 deals with the processing and transmission of radar information in great detail. Here, the broad
concept expressed by the term "processing of radar information" is based on three operations to be applied to
radar "information, namely: improvement in the precision of relationship between radar information and
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meteorological phenomena; transmission of radar information; and improvement of operational facilities. The pro~
cessing and transmission facilities can be made available depending on what type of radar infonnation is required either for temporary or for pennanent purposes. An example of equipment for processing radar information is

illustrated under the title of a radar echo-contouring system developed by the U.S.A. In view of the great demand
for transmission of the radar data by meteorologists at local forecast centres as well as by air traffic control personnel at airports, considerable attention has been given to this problem. In this connexion, the experience ac-

quired by the U.S.A. using a remoting system designed for television display is described. The experience of Japan
with a telephone facsimile system adopted for nation-wide transmission and a telephone-writer system for local
air traffic operation is also outlined.
Transmission of radar information to aircraft in flight is also considered a subject important for aviation
which is discussed in Chapter 5. Two types of transmitting operation have to be considered: the first is for t~e
facilitation of aircraft approach, landing and take-off operations in the neighbourhood of the aerodrome, for
which -rapid transmission. of precise data on echoes and frequent updating are required in view of the temporal

and spatial variation of phenomena; the second is for the safegnarding of aircraft in flight and for flight planning,
which does not require such great precision in locating and determining the intensity of the phenomena, hence

the transmission is allowed for a longer period_ Examples of practical methods used for these purposes by the
U.S.A. and Australia are given in detail.
Chapter 6 discusses new techniques developed for radar observations. In recent years, an imp_ortant study
has been made in the U.S.S.R. with a view to improving measurements made by means of either two sets of radar
using different wavelengths_ or a single set of equipment using two wavelengths. Based on the various experiments:

conducted in that country, this study opens up the possibilities of applying these comparatively new techniques
to the quantitative measurement of cloud and precipitation. It also shows, on the other hand, that there still

exist some difficulties in determining the height of cloud base by means of radar, even when the latter has two
wavelengths.

RESUME

Afin d'assurer la securite des aeronefs, y compris celle des aeronefs de transport supersoniques (TSS), au
de toutes les phases de vol, il est evidemment necessaire de disposer d'informations precises sur Ie temps
significatif qui conditionne l'exploitation. Le radar meteorologique, du fait qu'il est a meme de donner aux equipages en vol et aux services au sol une representation visilelle des caracteristiques essentielles des phenomenes
meteorologiques dangereux, .apparait camme l'equipement Ie mieux adapte pour fournir ces informations. A nombIe de reunions de l'OMM et de l'OACI. il a ete instamment recommande d'actapter aux besoins de l'aviation les
methodes et procedes d'utilisation du radar meteorologique. La presente Note debute par une etude generale des
besoins actuels de l'aeronautique en matiere de radar meteorologique, du point de vue des criteres de performance, de laportee et de la precision des radars au sol et des radars de bard.
COllIS

Le chapitre 1 etudie la detection et l'identification des zones de grele et de turbulence qui accompagnent
les orages et qui presentent des risques pour l'aeronautique. A fa suite de nombreuses etudes sur la detection de
la grele, il apparait que l'intensite des echos observes sur un radar de 10 cm de longueur d'onde peut servir d'indice de la grele au meme titre que celIe des echos observes sur un radar de 3 em, a cette difference pres qu'avec
10 em de longueur d'onde l'intensite varie tres peu en fonction de l'altitude. Plusieurs etudes pilotes concernant
la probabilite de grele en fonction de l'altitude sont egalement presentees en rapport avec Ie probleme de l'estimation des risques de grele. En ee qui eoncerne Ie probleme de la turbulence, on a eonsacre beaucoup d'efforts a l'etude des rapports existant entre les earaeteristiques des eehos observes Sl,lr les radars au sol et la
turbulence mesuree par des aeranefs equipes d'instrurnents appropries. Toutefois, sur ee point, la Note conclut
qu'il n'existe encore aueune -methode pour prevoir l'intensite de la turbulence a l'interieur d'une cellule orageuse donnee. II est brU~vement fait mention de l'utilisation du radar de bard par les aeranefs en vol pour detecter les chutes de greIe et eviter les zones de turbulence.
Le chapitre 2 aborde Ie problerrte de la rnesure de la hauteur des echos observes sur Ie radar en tant
qu'indice de I'activite orageuse. On y souligne Ie fait qu'il ne faut pas confondre la hauteur maximale des echos
renvoyes par de grosses particules precipitantes avec celie du sammet du nuage. Des etudes ant revele les nombreuses erreurs qui peuvent resulter de divers facte\lrs: angle de site, deformation du faisceau radioelectrique de
l'antenne et valeur du seuil de reflectivite, etc. Bien que l'intensite eroissante du trafic aerien impose d'urgence de
mesurer avec precision Ia hauteur.maximale des echos, il n'est malheureusement pas encore possible d'adopter a
eet egard des procedures uniformes a l'echelon international, en raison des differences constatees d'un pays a
l'autre dans l'aptitude a interpreter les observations radar.

Le chapitre 3 traite de l'interpretation des echos observes sur differents modeles de radars. Les donnees
fournies par les radars meteorologiques dependent non seulement des phenOmenes met6orologiques, mais aussi,
dans une large mesure, des caracteristiques du radar. Chaque echo observe sur l'ecran du radar doit etre interprete
en tenant compte des caracteristiques particulieres de l'appareil, specialement lorsqu'il s'agit d'effectuer des
mesures quantitatives. L'6tude de l'attenuation des andes electromagnetiques revele que, d'une maniere generale,
l'attenuation resultant des diverses formes de precipitations n'est negligeable qu'aux longueurs d'ondes egales ou
superieures a 10 cm, tandis qu'aux longueurs d'ondes inferieures il n'est pas possible d'effeetuer de mesures preeises sans praceder a des corrections. D'autre part, une largeur exageree du faisceau electromagnetique emis par
Ie radar complique enormement l'interpretation des echos renvoyes par les precipitations. La conclusion qui se
degage de tout cela est que la longueur d'onde de 10 cm semble la plus favorable pour qu'un radar au sol satis-
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fasse a tallies les conditions requises. En ce qui concerne les radars de bord, la Note analyse les avantages et les
inconvenients des trois bandes Ku-, X- et C- et concltit que c'est a l'usager qu'il appartient de choisir la longueur
d'onde.
Le chapitre 4 etudie afond Ie traitement et la transmission de l'inf9rmation radar. En }'occurence,le terme
general "traitement de l'information radar" englobe les trois operations auxquelles cette information donne lieu,
asavoir: amelioration de la correlation entre les donnees radar et les phenomenes meteorologiques; transmission
des renseignements radar; et amelioration des mayeus d'exploitation des renseignements radar. Le choix des mayeus
de traitement et de transmission de l'information radar dependra de la fonne sous laquelle on veut consulter cette
infonnation: images fugitives ou documents permanents. Un systeme d'isoeontour mis au point aux Etats-Unis
est expose a titre d'exemple d'equipement pour Ie traitement de l'infonnation radar. Etant donne Ie besoin pressant
d'infonnations radar pour les meteorologistes des centres de prevision locale et pour les agents du contrale de la
circulation aerienne sur.les aerodromes, les auteurs de la Note ant ete extn3mement attentifs au probleme de la
transmission de l'information radar. A ce sujet, il est fait etat de l'experience acquise aux Etats-Unis d'Amerique
en ce qui concerne l'utilisation d'un systeme de transmission prevu pour permettre l'examen de)'image radar sur un
ecran de television. La Note rend egalement compte de l'experience acquise au Japan avec un reseau national de
transmission par fae-simile sur lignes teIephoniques et avec un systeme de teleautographe ausage local pour les besoms
du contrale de la circulation aerienne.
Le chapitre 5 traite d'un sujet qui revet une grande importance pour l'aviation : la transmission de l'information radar aux aeronefs en vol. A eet egard J il faut considerer deux genres de transmissions. En premier
lieu, celles qui visent a faeiliter les manoeuvres d'approche, d'atterrissage et de decollage des avions a proximite immediate de l'aerodrome, auquel cas il est mkessaire de transmettre rapidement des donnees precises sur
les eehos r~leves et de tenir ces renseignements a jour, a iiltervalles rapproehes, en raiso.n des variations dans
l'espace et dans Ie temps que subissent les phenomenes observes. En second lieu, les transmissions qui concernent
la securite des aeronefs en vol et Ie planning de vol, auquel eas il n'est pas indispensable de localiser les phenomenes et d'en determiner l'intensite avec· line precision aussi poussee; de ce fait, ces transmissions peuvent avoir
lieu beaucoup moins frequemment. La Note fournit des exemples detailles de methodes pratiques utilisees a
cet effet aux Etats-Unis et en Australie.
Le chapitre 6 examine de nouvelles methodes d'observation par radar recemment mises au point. Ces
dernieres annees. une importante etude a ete effeetuee en V.R.S.S. dans Ie dessein d'ameliorer la qualite des
mesures en utilisant deux radars fonetionn~nt sur des longueurs d'ondes differentes au un seul radar c6mpor- '
tant deux longueurs d'ondes. Se fondant sur les diverses experiences realisees dans ce pays, l'etude expose les
possibilites d'application de ees techniques relativement nouvelles a la mesure quantitative des nuages et des
preCipitations. D'autre part, elle revele que 1a determination de l'altitude de la base des nuages au moyen duo
radar, ni.eme lorsqu'il s'agit d'un radar a deux longueurs d'ondes, s~mleve encore certaines difficultes.
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RESUMEN

Para pader garantizar, en todas y cada una de las fases del vuelo, el funcionamiento seguro de los aeronaves,
incluidos los aviones supers6nicos de transporte, no cabe duda que se requiere una informacion mlly precisa en materia de tiempo significativQ. El radar meteorologica, que puede brindar a las tripulaciones en vuela y a las servicios
de tierra una representaci6n visual de las caractedsticas fundamentales de los fenomenos meteorologicos peligrosos,
es sin duda el equipo mas adecuado para facilitar esa informacion. En muchas de las reuniones de la OMM y de la
OACI 5e ha recomendado con insistencia que se adapten a las necesidades de la aviaci6n los metodos y procedimientos que permitan utilizar el radar meteoro16gico. En la primera parte de la presente Nota Tecnica se examinan las
actuales neeesidades de la aviaci6n en materia de datos meteorol6gieos obtenidos par media del radar desde el punta
de vista del rendimiento, aleanee y precision de este ultimo, ya se trate de instalaciones de radar terrestres 0 a bordo
de aeronaves.
En el CapItulo 1 se examinan las farmas y medias de detectar y 10eaIizar las zonas de granizo y de turbulencia,
asociadas can las tormentas que se consider~n peIigrosas para la "aviacion. Se ha demostrado, mediante estudios muy
detallados que se han Ilevado a cabo sobre 1. detecci6n del gr.nizo, que I. intensid.d de los ecos observ.dos mediante un radar de 10 em de longitud de onda puede servir como factor indicador del granizo, al igual que la de un
radar de 3 em, can la diferencia de que can 10' em de longitud de onda la intensidad varia muy poco en funcion de
la altura. Para determinar la probabiIidad de que se produzca granizo en fUllei6n de la altura, tambien se presentan
varios casas tipicos en relaci6n can el problema de la evaluacion del riesgo de granizo. En 10 que respecta al problema de la turbulencia, se han llevado a cabo esfuerzos notables para estudiar la relacion existente entre las caracteristicas de los ecos de radar observados mediante instalaciones terrestres y la turbulencia medida can instrumentos
instalados a bordo de aviones, No obstante, en la Nota se llega a la conclusi6n de que no existen metodos conocidos
para preyer la intensidad de la turbulencia dentro de un nucleo tormentoso determinado. Se menciona sucintamente
el empleo de instalaciones de radar a bordo de aeronaves para detectar las precipitaciones de granizo y para que los
aviones puedan evitar las zonas de turbulencia en vuel<.>.
En el CapItulo 2 se examina la cuestion de medir la altura de los ecos observados par radar, como factor repre'sentativo de la actividad tormentosa. Se haee hincapie en el hecho de que la altura maxima del eco procedente de
particulas relativamente impartantes de precipitaciones no debe identificarse can la cima de la nube. Los estudios
que se han llevado a cabo han revelado infinidad de errores debidos a faetores tales como el angulo de elevacion, la
distorsi6n del haz radioelectrico de la antena y la concentracion minima de la refleetividad, e.te. A pesar de que, debido al volumen ereciente del tniJico aereo, existe una necesidad urgente de medir de forma precisa la altura maxima
de los ecos, desgraciadamente todavia no es posible adoptar procedimientos que sean aceptables a escala internacia·
nal, como consecuencia de las diferencias que existen de un pais a atro en materia de eonacimientos e interpretacion
de abservaciones efeetuadas par media de radar,
En el Capitulo 3 se examinan las diversas interpretaciones de los ecos, para diferentes tipos de radar. Los datos
obtenidos mediante los radares metearologieos dependen no s610 de los fen6menos metearol6gicos mismos, sino tambien, y en gran parte, de las caraeteristicas mismas del radar. Carla eeo que aparece en la pantalla del radar se debe
interpretar teniendo en cuenta las caraeteristieas particulares de cada aparato, especialmente euando se trata de abte·
ner informaci6n cuantitativa. El estudio de la atenuacion de las ondas· electromagneticas indica, en terminos genera·
les, que el grado de atenuacion debido a diversos fenomenos de precipitaci6n es despreciable tan s610 cuando se trata
de longitudes de onda iguales a superiares a 10 em, mientras que para todas las longitudes de onda inferiores no se
pueden efectuar medidas precisas sin las debidascorrecciones. Par otro lado, si la anchura del haz transmitido par el
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radar es excesiva, ella tambien afecta considerablemente la interpretacion de los eeos relativos a la precipitaci6n. Las
conclusione-s a que se llega indican que los radares que utilizan una longitud de onda de 10 em parecen ser los que
mejor satisfacen todas las condiciones del radar terrestre. En el easo de instalaciones de radar a bordo de aeronaves:
se examinan las ventajas y desventajas de tres longitudes de anda, a saber: las bandas KU-, X- y C, Y se indica que es
el usuario quien debe decidir cuM es la longitud de onda que mas Ie conviene.
El Capitulo 4 trata detalladamente de la preparacion y transmision de ia informacion obtenida por medio del
radar. Aqul, e1 amplio concepto que expresa el terminG "preparaci6n de informacion obtenida por media del radar"
engloba tres operaciones a que da lugar la informacion del radar, a saber: mejora de 1a correlacion existente entre
la informacion proc_~dente del radar y los fen6menos meteoroI6gi·cos; transmisi6n de la informacion obtenida par
media del radar; y mejora de los medias practicos de explotacian de la informaci6n radar. Los medias necesarios pa·
ra preparar la informaci6n y transmitirla dependen del tipo de informacion que se desea obtener: imagenes fugitivas
o documentos permanentes. Baja la denominaci6n de sistema de delineaci6n de contornos obtenidos par media de
ecos de radar, sistema concebido par los Estados Unidos, se Hustra un ejemplo del equipo necesario para preparar la
informacion obtenida par media del radar. En vista de la gran demanda que existe, par parte de los meteorologos de
los centres de prediccion local aSI como del personal de control del trafico aereo de los aeropuertos en materia de
transmision de datos obtenidos por radar, este problema ha sido objeto de una atencion muy particular. A este res~
pecto, se describe la experiencia adquirida par los Estados Unidos en 10 que se refiere a la utilizaci6n de un sistema
de mando a distancia que permite examinar la imagen de la informacion radar por medio de una pantalla de television. Tambien se da cuenta de la experiencia llevada a cabo por el Japan mediante un sistema telef6nico de transmisiones de informacion par facsimil, y de un sistema de teleaut6grafo teleforuco utilizado para las op~raciones de
trafico aereo local.
La transmisi6n de informacion obtenida par media de radar a las aeronaves en vuelo, que tan importante es
para la aviaci6n, es objeto de examen en el Capitulo 5. A este respecto, cabe considerar dos tipos de transmision: el
primero para facI1itar lasfases de aproximaci6n, aterrizaje y despegue de los aviones en las cercanlas de los aer6dromas, en cuyo caso se requiere una transmision rapida de datos precisos observados sabre los ecos y asimismo poner
al dla frecuentemente los mimos, debido a las variaciones, tanto en el tiempo como en el espacio, de los fen6menos
observados; en segundo lugar, el tipo de transmision necesaria para proteger las aeronaves en vuelo y para planificar
este ultimo, para el cual no es indispensable localizar y definir can tanta precision la intensidad del fen6meno y, par
ella, la transmisi6n se puede efectuar can menos frecuencia. Se dan ejemplos detallados de los metodos practicos utilizados a este fin en los Estados Unidos y en Australia.
En el Capitulo 6 se examinan las nuevas tecnicas de observacion desarrolladas recientemente par media del
radar. En los iiltimos mos, se ha realizado en la URSS un importante estudio con miras a mejarar la caUdad de las
medidas efectuadas par media de dos radares que utilizan longitudes de onda diferentes, a bien mediante un solo radar que utiliza dos longitudes de onda distintas. Basandose en los diversos experimentos llevados a cabo en dicho
pals, este estudio ofrece la posibilidad de aplicar estas tecnicas relativamente nuevas ala medida cuantitativa de las
nubes y de las precipitaciones. Par otro lado, tambien demuestra que todavia existen algunas dificultades para determinar la altura de la base de las nubes par media del radar, inc1uso cuando se utiliza un radar can dos longitudes de
onda distintas.

GENERAL

AVIATION REQUIREMENTS FOR WEATHER RADAR DATA

Introduction
The importance of accurate observational data for the en-route as well as for the terminal phases of flight
has been stressed by many lCAD and WMD (CAeM) meetings, the more recent of which were MET/DPS/CAeMIII (1964), the 5th EUM Regional Air Navigation Meeting (1965), the 5th Air Navigation Conference/CAeM-IV
(1967) and the first meeting of the SST Panel (1968). Most of these meetings have also urged greater efforts in
developing methods and procedures for the utilization of weather radar for obtaining operati~mally significant
weather information which, in effect, cannot be obtained economically or cannot be furnished as efficiently and

as accurately by other means. The following is based in general on opinions expressed by these and other ICAD
and WMO meetings; but details, particularly in connexion with performance criteria and range and accuracy re-

quirements, should be regarded as views of individual members of the working ·group.
It will be appreciated that some of the requirements have not yet been implemented. Some of these requireroeots will probably never be met by means of conventional radars. Neverthe~ess, this study of the requirements,
expressed in general terms, appears to serve a useful purpose, and in particular it may serve as a basis for an instrumental research programme.

General requirements
Where operationally significant weather information is furnished by radar, ,the general requirement, taking
cost/benefit ratios into account, is usually for the display and presentation in the air and on the ground of radar
data in such a way as to provide information on:

(a)

The location, size (extent and height) of medium and large convective clouds and thunderstorms;

(b)

The location, type and intensity of precipitation (hail, snow, rain);

(c)

The location and intensity ofturbulence (in cloud and CAT);

(d) . The location of lightning (tentative, for SST);
(e)

The location of ice crystal clouds (tentative, for SST);

(f)

The location of gaps between.clouds or of zones of weaker activity which, if wide enough, will allow
a safe penetration.

Performance criteria for ground-based and airborne weather radar

IaJ For local ground use
The requirement is for a visual display of significant echoes in the approach and climb-out area which, at
major international aerodromes in areas where phenomena as outlined in paragraph 2 are relatively frequent, can

be viewed by the pilot before take-off, or which can be transmitted to a pilot approaching to land, e.g. in the
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form of landing reports. The same information is required by ATe units for approach and terminal control purposes and by meteorologists for the preparation of landing forecasts, SIGMET information, etc. The radar equipment employed for local use should have a variable horizontal range up to 200 nautical miles to accommodate
approach and climb-out patterns of all types of aircraft, including the SST. It shoulrlhave a vertical coverage

of 18,000 metres (60,000 feet) to an accuracy of 300 metres (1,000 feet) and the capability of scanning vertically along a fixed azimuth. Intensity of precipitation should be proportional to the brightness of the echo, e.g.
by means of a contouring system. When direct view of the scope is not feasible, a remote scope (radar repeater)

is the preferred alternative, if possible with essential controls (range setting, gain, etc.) available at the site of the
remoted screen. The second preference is for the more or less continuous transmission of radar data from a
more distant radar installation to the aerodrome with not more than a minute or two delay between successive
scope pictures.

(b) For en-route use
In order to make abrupt avoidance manoeuvres~ unnecessary, airborne weather radar equipment should be
capable of providing information as outlined in paragraph 2 at ranges of 50 nautical miles for subsonic aircraft
and 200 nautical miles for SST aircraft. The area of gaps between large convective clouds is important for safe
navigation through stormy regions, and the equipment· should define these areas with a_ discrif!lination of about
two kilometres. Reliability, light weight, simplicity, and clear display are associated requirements.
Where en-route radar information is furnished by ground-based radar, it should, for relay to aircraft, provide
essentially the same information as airborne weather radar with an indication of the position of the aircraft in rela-

tion to the echoes. If the ground-based weather radar data are for en-route surveillance and pre-flight briefing by
meteorological offices, information should be at regular, frequent (e.g. half-hourly) intervals. The information, which
can be in chart form combining data from several weather radars, should include the location, orientation, size
(horizontal and vertical extent), intensity and direction of movement of severe convective storms, squall lines,
and precipitation areas. The type of precipitation and an indication of the increase or decrease of activity
should also be reported. Indications of CAT would be desirable. For SST operations, information on ice-crystal

cloud and/or the presence of lightning may also be needed.

CHAPTER 1

IDENTIFICATION OF PHENOMENA DANGEROUS FOR AVIATION

We shall mainly examine the detection and identification of regions of hail and turbulence, these being of
particular importance for aviation. We shall consider, successively l the use of ground radar and of airborne radar,
going more deeply into the former, since it has been the subject of iarger and more detailed studies than the latter.

1.1

Use of ground-based radars

1.1.1

Detection of hail

Radar is probably most llseful to the forecaster when it is used to identify the anomalous or unexpected weather event, such as the thunderstorm embedded in a large area of light to moderate rain or the relatively small percentage of thunderstorms which produce severe local stonns. A number of articles have been written on the features
of echoes containing hail. These articles show important differences in echo characteristics which appear to be a
function of latitude and climate.
In the U.S.A. and Canada two criteria are considered important in identification of hail, echo intensity or reflectivity, and echo height. Additional criteria have been considered in the U.S.S.R., where probability curves have
been developed to aid in the identification of hail-bearing stonns.
This document is concerned chiefly with operational techniques which have been found useful for identification of hail. Important theoretical discussions are omitted. The reader interested in full background information
should first read the recent article by Atlas (1), for a general summary, and the referenced articles for more speeific information.

1.1.2

Echo intensity or reflectivity as an indicator of hail

Measurements of echo intensity or reflectivity require carefully calibrated radars. Techniques in use by radar
engineers for many years can be adapted to weather radars with much success. One such technique in use by the
U.S. Weather Bureau has been discussed by Bigler and Brooks (2). Training of observers as well as electronics
technicians is important before actual reflectivity measurements can be correctly made.
The radar reflectivity factor, Z, may be obtained from the standard radar storm equation:

PrR'C

Z=--

Pj
where Pr is the power returned to the radar from the scattering volume (in this case precipitation), Pt the peak
transmitted power of the radar, R the range, and C the radar constant which includes other operating parameters
of the radar. When the scatterers are small compared with the wavelength and the dielectric constant is known,
the radar reflectivity factor is proportional to a factor Z = ND 6 , where N is the number of scatterers per unit
volume and D their diameter. When Z is obtained from measured reflectivity values rather than from observed
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drop diameters, it is denoted by Ze. Additionally, the scattering particies are assumed to 'be raindrops and are
smail compared with the wavelength, hence Rayleigh scattering applies.
For radar operating at a wavelength of 3 em

I.I.Z.1

Donaldson (3) was the first to report on a large number of observations of hailstorms in the north-eastern
U.S.A. Similar results have been reported for hailstorms in the central U.S.A. figure I is a plot of the vertical
profile of maximum reflectivity of storms of different intensity. The median profile for each storm classification shows that both the maximum reflectivity of the profile and its height increase with the severity of
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Figure 1 - Median profiles of core Ze in 1957·58 New England thunderstorms, arranged in category of most severe weather. The
51 cases of hail include the 29 cases of large hail (diameter of 1/2 inch or larger) which are plotted separately. Also, the 11 tornado profiles are taken from the all-inclusive rain and hail categories (From Donaldson)
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Figure 2 - Frequency distribution of thunderstorm core Ze at altitude of 20,000 ft, arranged in category of most severe weather
(From Donaldson)

thunderstorm weather. The largest difference is between the median-core profiles of rain-thunderstorms and those
of other categories, and for altitudes of 20,000 ft and above. Thus, hailstorms and tomado-producing thunderstorms are best identified by radar through the storm. This point is illustrated in Figure '2. Donaldson's curves for
hail exceed_the rain curves by an order of magnitude or more in Z at all frequencies except the upper, or most
intense, portions of the curves.
Borovikov et al. (5) have computed the probability of the occurrence of hail as a function of the height of
the zone of maximum storm core reflectivity (Figure 3) curve (marked with an H). Their data indicate that
the height of maximum reflectivity of hail-producing storms varies between 3 and II km, and that the probability of hail occurrence increases with increasing height above the ground.
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Figure 3 - Probability of hail as a function of the height of maximum Ze (From Borovikov et al.)

The probability of hail has also been related to the temperature at the height of the reflectivity maximum.
Figure 3 (curve marked with a T) shows that the reflectivity maximum occurs in the negative temperature regime,

and that hail always occurs when the temperature at that level was colder than _27°C.
It is important to mention that the radar used for these studies has a beamwidth of about I ° in both the
horizontal and the vertical plane. It is likely that the results reported above could be applied to radars having
a 2° beamwidth in both planes, but it is doubtful whether the same results would be found if the beamwidth
in either the horizontal or the vertical plane exceeded this value by any significant amount.
For operational purposes, observations of the characteristics of the vertical profile are time-consuming,

especially if the radar is not equipped with an RHI display. Measurements must be made manually, performing
at least two functions (changing antenna elevation angle and adjusting the receiver sensitivity or attenuata!

controls), and would require one to two minutes per profile to make the measurements and relate them to
other meteorological parameters, such as temperature at the top of the echo, elevation of the echo top to the
tropopause, etc.
1.1.2.2

F~r

radar operating at a wavelength of 10 em

Measurements of thunderstorm core reflectivity using lO-cm wavelength radars do not exhibit a profile
having a maximum aloft when hail is observed. Rather, the profile shows very little change with height up to
about 20,000 ft, where it begins to decrease. The maximum reflectivity of hailstorms is very similar to that
observed with 3-cm wavelength radars.
Geotis (6) has investigated I-em radar reflectivity at low levels as a hall indicator in the north-eastern
U.S.A. and reports a remarkable correlation with hail occurrence when Ze = 5 X 10' mm" 1m'.
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Similarly, Ward, Wilk and Hermann (7) report that 85 per cent of the hailstorms in the central U.S.A.
are identified by maximum Ze above IX10 5 mm6 /m 3 .
Well-calibrated ground-based radars could therefore be used effectively to identify those thunderstorms
likely to contain hail. Since the duration of the hail is usually limited (there are important exceptions) constant
monitoring of the radar displays is essential and, particularly for aviation, a rapid-response communication

link is required to relay data from the radar observer through the traffic controller to the pilot in flight. The
communication link is usually such that effective programmes for advising pilots are not really possible.
In all cases, the hail data have ~een obtained from networks of ·co-operative observers and the reports
correlated with the observed radar echoes. In no instance has an investigation first examined all radar-echo reflectivity data to determine what percentage of all echoes having a reflectivity of a given value, such as
IX 105 mm6 /m 3 , contain hail. It should be noted that, in the absence of hail, Ze = I05 mm 6/ m 3 corresponds

to a rainfall rate of about 2 in/h, a rate which is not infrequently observed.
Experience along the south coast of the U.S.A., where air mass characteristics are quite different from
those in the central and north-eastern U.S.A" has shown that hail is rather infrequently observed, and that
echoes having an intensity of about lX105 mm6 /m3 are generally associated with heavy rain. Thus, different
criteria are required, but they have not yet been developed. For some applications, however, heavy rain may
be as dangerous as hail.

Height (Km!

20

NORTHEASTERN
S.

u.

'5

GEORGIAN
U.S.S.R.

WESTCENTRAL
CANADA

Figure 4 - The probability of hail as a function
of the maximum echo-top height (From Douglas,
Borovikov et at.)
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Echo height as an indicator of hail
While the typical ground-based weather radar is not ideally suited to careful monitoring of the heights of

a number of radar echoes, useful echo-top measurements can usually be made easily and fairly accurately, provi-

ded the radar is equipped with a range-height display (RHi) and the radar beamwidth is fairly narrow in the
0

vertical dimensions .(certainly not more than 2° , and preferably 1 or less).

Typically, in a major thunderstorm the echo top rises sharply, remains at a high level for an extended period of time, then subsides. Associations between echo tops and occurrence of hail have been studied extensively.

Figure 4 illustrates the probability of hail as a function of height for four relatively different climatic areas.
The hail probability appears to be better related to echo-top height than to echo-top temperatures. Penetration of the tropopause by the storm top enhances the probability of hail (3, 8); futhermore, the probability
of large hail (one inch or more) only becomes significant when the echo tops reach heights in excess of 30,000
ft (above terrain).

1.1.4

Summary

The data presented above were developed fOLspecific locations and, as the curves in the figures show, there
are important differences in the significance of a given value qf some of,the parameters from location to location.

Therefore, radar stations wishing to use techniques for assessing the probability of hail should initially use the data
which originated in a similar climatic regime, with the intent to modify the curves on the basis of experience.
Data presented above indicate several parameters which have been found to be useful for assessing the prob-

ability that hail may occur at the ground. Measurements of a particular echo may show a high probability with
another. It has been suggested by Borovikov et al. (5) that assessments of hail probability may be improved. by
considering a mean value of the sum of the percentages ·of all parameters.

1.1.5

Association between turbulenc~ and ground-based radar echoes from thunderstorms
Considerable effort has been made in recent years to study the association between radar-echo characteris-

tics observed by ground-based radar and turbulence measured by specially instrumented aircraft. While thunderstorm avoidance by aircraft is generally possible when radar is installed in the aircraft, the pilot must sometimes

deliberately penetrate through precipitation in the hope of finding a region where hazardous weather conditions
are least likely to be encountered. In addition, many smaller aircraft are not equipped with radar and the pilot
must rely on whatever information is available by radio contact with ground stations and by visual observation

from the cockpit. Therefore, flight assistance for the purpose of avoiding hazardous weather is often needed
from ground-based radars.
There are many advantages, disadvantages, and special.problems associated with using ground-based radar
data for in-flight assistance. Usually, the location of the aircraft with respect to echoes is not precisely known

and provision of headings and routes for the pilot to follow must be made very carefully, for a certain degree of
responsibility is assumed when the pilot is directed to change course. Ground-based radars have a distinct advantage in that the equipment is located on a stable platform, and full attention may be given to operating the
radar. Careful calibration of the performance of the ground-based radar is generally feasible but in many instances
is not carried out.
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1.1.5.1

Avoidance of thunderstorm turbulence

Circumnavigation at a distance at least fifteen miles from the edge of the visible cloud or radar echo continues to be the safest flight procedure. If penetration into a thunderstorm echo is necessary, then, at least statistically, the likelihood of encountering severe turbulence can be reduced.
Measurements of turbulence intensity have been made by instrumented aircraft during deliberate, controlled
penetrations into thunderstorms in the central U.S.A. Generally, the thunderstorms were in the mature or decaying

stage of their life cycle. Penetrations have usually been in the 23,000-ft to 40,000-ft altitude range, at a distance
of 20 to 100 nautical miles from the radar.
The primary ground-based weather radar was the WSR-57, which operates on a wavelength of 10 em. The
radar was carefully calibrated to permit display of contours of echo intensity and calculation of radar reflectivity,
Ze. The PPI displays were continuously photographed for later analysis. Aircraft location was continuously monito-

red by observation and photography of the PPI displays of a traffic control radar located adjacent to the weather
radar. Decisions regarding the storm to be penetrated were made by a meteorologist and given to the air traffic
controller who vectored the aircraft into the selected -storm at the prescribed altitude.

1.1.5.2

Turbulence intensity and radar echo characteristics

Several studies (9, 10) have shown that the most severe turbulence tends to occur in the storms which contain the largest radar reflectivity values (Ze). Figure 5 is a plot of the maximum derived gust velocity~ measured

IZ,I

Figure 5 - Probability of encountering a given maximum
derived gust velocity for storms of a given maximum radar
reflectivity (From Burnham and Lee, 1968)

1 !;--"---:tc---'----!;;----'---,J
o
20
40
60
MAXIMUM DERIVED GUST VElOCITY

* Derived gust velocity is obtained from normal aircraft acceleration by scaling it to take account of the grosser effects of
aircraft speed,height, weight, size, and shape. While providing a useful measure for relating experience on different aircraft,
it gives no direct measure of the actual motion of the air. In accordance with usual practice, derived gust velocities are
quoted in indicated rat~er than ~n true speed. ~~ these data, 2~ ft/se~ derived. gust velocity is equivalent tOJb~ut 1 g i~cre~
mental normal acceleratIOn. Denved gust velOCIties are quoted III eqUlvalent aIr speed (EAS = [TAS] [p/pop, whereP IS
air density at flight altitude and Po refers to normal conditions at sea-level), The above definition of rough air agrees with
that used by the National Aeronautics and Space Administration in the United States.
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by the aircraft during penetration and the maximum radar reflectivity of the centre of the stann. Derived gust
velocities rarely exceed 35 ft{sec (i.e. are rarely strong) in echoes having a maximum reflectivity less than
Ze = 104 mm'/m 3 .

A further refinement of these data (3) suggest that the probability of encountering large values of derived
gust velocity appears to be higher in the 23,000-ft to 27 ,OOO-ft layer than in any of the higher altitudes (no
penetrations were made below 23,000-ft).

on

Although the most severe turbulence encountered
a particular thunderstonn penetration may occur at
the same location as the strongest portion of the echo along the aircraft track, or closest to the strongest portion
of echo in the storm, there were many exceptions. Occasionally quite large gusts were measured just inside the
edge of the visible cloud. On the occasions when this occurs, the edge of the visible cloud appears to be close to
the edge of the radar echo.
Successive penetrations through the same part of the same storm often give widely different values of derived
gust velocity. In general, therefore, relationships between storm turbulence and radar echo characteristics may be
expected to be essentially statistical rather than deterministic in character.
Following studies conducted in the U.S.A. in the late 1940s,"air carriers have instructed fl!ght crews, when it
is necessary to fly through precipitation areas, to choose routes through those portions of the airborne radar echoes

having the weakest gradient of radar reflectivity along the flight path, as indicated by the iso-echo contouring feature.
Analyses of the ground-based radar data have not revealed an association between r~f1ectivity gradient along the
flight path and turbulence measured by the aircraft (II, 13). It is important to note that, in all cases, the groundbased radars are located more than 20 miles from the echo at the time of penetration and that, owing to smoothing

effects caused by .the relatively wide beam (2'), the observed gradient may be much more unrepresentative of the
true conditions than is the case with the airborne radars.
1.1.5.3

Turbulence in clear air in the vicinity of thunderstorms

A limited amount of data have been obtained during flights through clear air at altitudes between 40,000 ft
and 45,000 ft in thunderstorm areas (12). These data show that, in approximately 2,200 nautical miles of flight,
40 patches of rough air were encountered, covering some 250 n. mi. of flight. In this rough air, derived gust .
velocities exceeding 10 ft/sec occurred on an average of once every three miles and 20 ft/sec (equivalent to about
1 g incremental normal acceleration) was exceeded once. Horizontal gusts produced fluctuations of indicated air
speed which exceeded 10 ft/sec on the average of at least once every three miles of rough air, the largest fluctuation being 34 ft/sec. These patches of rough air may be potentially hazardous to an aircraft operating close to
its ceiling.
Some ten per cent of the turbulence areas and five per cent of the most severe areas were located more than

10 n. mi. beyond the edge of the radar echoes. In flying above storm areas up to 5,000 ft above the general cloud
level, an aircraft would certainly need to stay at least IS n. mi. from the edge of an echo produced on a conventional
airborne or ground radar to be sure of avoiding all but mild turbulence. (12).
1.1.5.4

Extension to other portions of the world

The central U.S.A. is noted for its severe thunderstorms. Frequently, the thunderstorms form in an environment of atmospheric stratification marked by large values of moisture in the low levels, relative dryness in middle
levels, and strong wind shear. This stratification of moisture permits excessive magnitudes of convective instability

until rapid over-turning of air is triggered by a suitable disturbance. Atmospheres which are either very dry or very
moist throughout tropospheric depths cannot harbour great convective instability. This greatly simplified picture
permits a cautious generalization. In the tropics, when the atmosphere is moist and only slightly unstable through
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a great depth, very strong radar echoes may occur in towering clouds without the extreme vertical velocity characteristics over the central U.S.A. Since atmospheric conditions in the tropics may sometimes develop the stratification
similar to that mentioned above, then it is a matter of being sure of the general atmospheric conditions accompanying the storms.
Thunderstorm penetrations by instrumented aircraft have been carried out in" England (14). Concurrent quantitative weather radar data are not available. Figure 6 shows that there is a higher probability of encountering a larger
gust velocity in Ihe central U.S.A. than in England. The penelralions in England covered Ihe same range of altitudes
as in the central U.S.A., and lower levels as well.
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1.1.5.5

Summary

The preceding paragraphs outline various characteristics of radar echoes and their associations with turbulence. Throughout the text, reference is made to observed features of ech-oes. While forecasts of the degree -of
turbulence can be made in general terms, there are no known methods for forecasting changes within a given
thunderstorm, therefore there are no techniques which can be applied to anticipate echo characteristics for more than
a few minutes.

1.2

Use of airborne weather radar

1.2.1

Detection of hail

The problem of detecting the presence of hail in or near thunderstorms is a difficult one, even with the
most sophisticated ground radars available today. With airborne radars, hail detection is even more difficult because of:
(a)

Limitations in power supply and antenna size;

(b)

Movement of the radar platform;

(c)

Low reflectivity of eVen large hailstones which do not carry a water film at the higher flight altitudes.

Airborne radars have been utilized effectively, however) for avoiding damaging hail by recognizing certain

echo shapes and following certain strict flight-operation procedures. One large airline in the U.S.A. has flown
for 12 years without hail damage to its aircraft by following the avoidance procedures listed in paragraphs 4 and
8 of the annex.
Experience gained from early flight research with C-band airborne weather radar has shown that hail is often
associated with "hooks") "fingers", or "scalloped" radar echoes (see Figure 7). This association was established

during flights conducted in the U.S.A. below 20,000 ft. Confinnationhas been obtained at higher flight levels, but
to a lesser degree. To provide a greater assurance of avoiding hail encounters at these high flight levels) recommended separational distances between the precipitation cells and the aircraft have been increased (see annex)

paragraph 4 A).
Large hailstones are frequently associated with fallout patterns downwind from the generating thunderstorms,
and clear of the vertical walls of the generating thunderstorm. Safe flight pOlicy dictates adequate separation distance
and use of up-tilt of the antenna for detection of hail shafts falling from or near the anvil overhang.
The airborne weather radars employing X-band are likely to depict fewer of the hail-associated echo features
described above because of the greater sensitivity and tendency to paint more of the peripheral areas of the

thunderstorm cell which mask the echo protuberances. This can be partly compensed for by use of tlie 'contouring circuit.

1.2.2

The avoidance of turbulence
Studies made for establishing the association between thunderstorm echoes and turbulence with both airborne

and ground radars have so far produced only statistical relationships. There are many variations in the turbulence

patterns generated both within and outside thunderstorms.

CHAPTER 1

FINGERS

HOOKS

SCALLOPS
Figure 7 - Echo configurations associated with some hailstorms (copied from photographs of airborne C'band weather radar
scope)
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Flight research and operational experience have shown, for example, that turbulence can be significant in the
clear-air environment immedi~tely outside the convective douds. This same experience has also revealed that large
thunderstorms can generate turbulence at distances up to 20 miles downstream by wake effect. :rhe distinction
between the convectively produced turbulence zones and those zones more characteristic of clear-air turbulence

factors is not sharply defined.
Strong vertical motions are also sometimes found in the clear air for a few thousand feet above a growing
convective cell. The uncerta-inty as to h~w far from a given thunderstorm cell the turbulence environment will
extend requires a built-in tolerance for the safe conduct of flights.

The flight procedures which are outlined in the aonex have for a number of years produced a good balance
between safe flight conduct and a mimimum of extensive detouring or flight diversions. This experience has been
obtained in areas where severe thunderstorms, squall lines, large hail and tornadoes are a regular seasonal feature.
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ANNEX

THUNDERSTORM FLIGHT POLICY AND AIRBORNE WEATHER RADAR

1.

Radar policy and requirements

A.
Dispatch (flight control). Only aircraft with operative radar are dispatched under instrument flight rules
or night visual flight rules when thunderstorms are expected along the route to be flown. If the radar is
inoperative, but by careful route selection it is reasonably expected that thunderstorms can be avoided, then
the flight can file IFR for traffic clearance purposes but it must plan to operate in day VFR conditions because of the inoperative radar.
B.
En route. Only aircraft with operative radar are intentionally operated on routes where thunderstorms
are more intense than weak or more numerous than widely scattered. Radar equipment on aircraft is intended
as an aid in avoiding rather than penetrating thunderstorms. If feasible,_ an extensive deviation around the end
of a squall line is in order, even though en-route fuelling and delay are experienced. When detours are impracticable due to trip length, extent of storm area or storms in the terminal area, the operational rules outlined
below should apply.
C.
Inoperative - in flight. In the event of en-route radar failure, the responsibility rests with the aircraft
commander to determine whether a thunderstorm area can be traversed with safety and with reasonable
comfort to passengers. He should monitor latest available weather reports and SIGMETS and consider any
information regarding hazardous weather conditions provided by any approved source.

2.

Radar terminology
A.
Strong echo_ Any echo which is indicated on the scope beyond 50 miles is normally condidered a strong
echo_ A strong echo at shorter range will have a brIlliance equivalent to the spot at the centre of the writing
beam. In contour position a strong echo wIll have a well-defined jet-black core.
B.
Weak echo. A weak echo is one which does not have a well-~efined edge and is fuzzy throughout.
No black holes appear in the echo in contour position. A weak echo will normally not be visible beyond 50
miles.
C.
Moderate echo. A moderate echo is anything falling between the two classifications given above and is
considered a transition stage.
D. Rainfall gradient. Rainfall gradient is the rate of change in rain intensity per unit distance. Steep rainfall gradient is generally associated with maximum turbulence and is a rapid change in rain intensity over a
short horizontal distance and will be indicated by a sharp edge on the echo. At shorter ranges, in contour
position, a steep rainfall gradient" is indicated when the distance between no rain and the contour core is
one mile or less. With a weak rainfall gradient this distance normally will be three miles or more.

3.

Operation
(Radar tuned and operating normally.) When a flight encounters thunderstorm conditions it is desirable, when
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feasible, that the area be circumnavigated. Early detours of storm areas are recommended, depending

upon trip length and position of the storms.

4.

When early evasive action is not practicable, the following rules apply:
A.
Avoid steep rainfall gradient areas of an echo by at least five miles (using 20-mile range). Increase
this distance at higher altitudes whenever feasible, although steep rainfall gradients will be relatively fewer
above 20,000 [t. Also increase this distance for echoes which are changing either size, shape or intensity

rapidly or for echoes which have prominent scallops, hooks, fingers or other protrusions. Above 20,000
ft, avoid even weak echoes if possible. Recommended distance from weak echoes is five miles at 20,000
ft, 10 miles at 25,000 ft, 20 miles at 30,000 ft and abbve.
B.
Below 20,000 ft, weak echoes or areas of weak rainfall gradient may be flown through (or near)
if judgment dictates this to be the most desirable procedure.
C.

When using the lO-mile range to circumnavigate storm cells, monitor the 50-mile range frequently

to determine total extent of the area and to watch for additional developments.
D.

Maintain minimum vertical separation of 5,000 ft when flying above an echo.

5.

A navigable corridor with ample room will normally be found reasonably close.

6.

When taking off in thunderstorm areas the radar set should be operated on the ground using upward
antenna tilt to determine best possible climb-out path.

7.

The radar is not to be used as a terrain-avoidance tool. However, it may be used in terrain-mapping to

establish the relative position of the aircraft to high terrain, large bodies of water and other easily
distinguishable ground features.

8.

.Tornadoes and haiL Tornadoes and large hail, two products of the thunderstorm, constitute serious

hazards to flying even though both are relatively infrequent. Radar offers the best means of avoidance.
A majority of hail echoes show on the scope with characteristic fingers or hooks or scallops protruding
from the main thunderstorm echo. Tornado identification is much less reliable, but it is known that
certain major tornadoes produce a protrusion much like the shape of a figure six. Other tornadoes will
leave no characteristic fingerprint ffidentification. In either case, the most reliable evasive method

is to avoid sharp-edged echoes by at least five miles.

9.

Cumulonimbus overhang. Avoid flying under a cumulonimbus overhang whenever practicable. If such
flight cannot be avoided, tilt the radar antenna full up occasionally, to guard against a fresh shaft of
hail fall suddenly from the overhang.
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CHAPTER 2
MEASUREMENT OF THE HEIGHT OF ECHOES

2.1

Introduction

It is a well-known fact that echoes given by radar equipment, most usually installed at meteorological stations
(radar operating on a wavelength of 3.2 to 5.6 em or 10.6 em), come from relatively large particles usually falling as
precipitation, and not from the extremely small particles constituting the visible part of a cloud. It is therefore essential not to identify the maximum heights of echoes with the tops of cloud. Unfortunately l certain users of radar
infonnation still do this.

The preceding remark should lead one to think that the heights of echoes would always give values lower than
the heights of the tops of clouds. Unfortunately, for reasons which will be examined in more detail in the ensuing
paragraphs, this is not always so. There are cases of echoes in thunderstorms with heights well above the correspond-

ing heights of those observed from the visible parts of clouds. This, together with the fact that the difference between
the maximum heights of an echo, measured simultaneously by two radars situated at different points, and probably
having different characteristics, may exceed 2,000 m, has sometimes led users, and particularly aviation forecasters,
to doubt the usefulness of weather radars and the validity of measurements ma~e with them.
Due to the increasing volume of air traffic, however, the need for precise measurements of the maximum
heights of echoes appears to be urgent and the requirements are becoming more and more exacting (for more
accurate information, rapidly available) at any time, from any point on the area covered by the radar). It is essential

that the meteorologist should know that such requirements are excessively exacting and frequently beyond the
performance of weather radars at present in use.
Differences between the characteristics of radars, between observational procedures and procedures for corrections to the measurements lead to heterogeneous results. Unfortunately, although the adoption of internationally
accepted procedures would be very desirable, it seems that, in practice, this. is not possible for the moment, on
account of varying degrees of development of radar observations from one country to another.

In view of the preceding remarks it would not appear to be possible to lay down strict rules for the measurement of the heights of tops of clouds.
We shall thus limit ourselves to an investigation into the difficulties in making such measurements and the
restrictions to which they are subject.

2.2

Operational procedure

The change of the height of a convective echo top can be observed on an RHI scope in the vertical scan of a
radar. However, the weather radar is usually operated in a horizontal search mode to obtain other important
infonnation such as distrib.ution, intensity and tendency of the existing echo patterns. Besides, tops of several

convective echoes can rather efficiently be observed on PPI simultaneously by tilting the antenna up and down.
The significant echo-height data are usually selected by judicious sampling by the radar observer.
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Figure 8 - Range-height diagram

A typical procedure of measuring echo height on PPI is : (i) tilt up the antenna until the echo disappears; (ii)
read out the elevation angle; (iii) subtract half a beamwidth; (iv) obtain the height using a range-height diagram as
shown in Figure 8 which includes the effect of earth curvature.
In the use of RH!, the echo top can be read directly on the height scale. However, corrections for the half
beamwidth and earth curvature effect are also necessary using the same diagram or any simple table.

2.3

Measurement of elevation angle

A small error in measuring the elevation angle exerts a great influence on the accuracy of the echo height
in view of the long distance of the echo. The accuracy of measuring the elevation angle is usually considered to
0
be about 0.5 overall, including mechanical, electrical and observational errors. This leads to errors in echo height of
1 km or more as shown in Table "I.

Table 1

Errors in echo height due to errors in elevation angle and distance (km)

~e
Errors
in elevation
angle (0 )

(km)

50

100

200

300

0.3

0.3

0.5

1.0

1.6

0.5

0.4

0.9

1.7

2.6

1.0

0.9

1.7

3.5

5.2
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A definite and feasible method for checking the accuracy of the elevation angle has noI yeI been found. In
the U.S. radar manual, it is suggested that checking be performed in co-operation with aircraft operations, while in
Japan measurements of the height of mountains with a fixed reflectivity level are recommended.

2.4

Antenna beam distortion - Correction of half a beamwidth

The energy transmitted from a radar forms an anular distribution which is .defined by the antenna characteristics
as shown in Figure 9. The beamwidth is used as an index of the antenna characteristics, the beam angle being defined

as an angle where the power density becomes half that of the centre axis.
The subtraction of half a beamwidth mentioned in the paragraph on operational procedure is based on the
assumption that only a small portion of the precipitation must extend into the beam to be detected. In heavy
showers or thunderstorms, echo tops determined by the same method are generally higher than the actual cloud,
since echoes do not disappear even outside the beamwidth owing to the high reflectivity of the storms. Conversely, in weak or medium precipitation at a distant range, subtraction of half a beamwidth sometimes underesti-

mates the echo top. Saunders (I) reported that the radar echo tops exceed the actual cloud tops by an amount
up to haif the beamwidth without the correction.
Subtraction of half the beamwidth might be an expedient method. It does not necessarily give a better
accuracy, since the apparent heights of echo tops depend on the vertical reflectivity profIle within the storm.
At any rate, the users of radar information should be aware of whether these corrections have been made or not.

For instance, assuming that the beamwidth is 1.5°, and the elevation angle 3°, the approximate difference
between the corrected and uncorrected heights wiil be 2,600 m at 200 km range, as can easily be seen in
Figure 8.
Since the half beamwidth is proportional to Aid, where A is the wavelength and d is the antenna diameter,
the value of beam correction wiil vary with the different types of radar.
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Threshold value of reflectivity

As is easily understood from the typical observational procedure described above, the measured height of
an echo top depends on the threshold value of reflectivity, generally the value of the minimum detectable signal
(MDS) of radar. Strictly speaking, therefore, it is impossible to compare the value or echo height given by various
radars unless all use the same threshold value or all have the same MDS.
Several papers (2, 3) have been presented on the discussion of accuracy of echo-top measurements.
Donaldson (4) showed that, using data of the WSR-57 radar, the average error contributed by main lobe and
side lobes increases with range and maximum storm reflectivity. Tatehira (5) calculated the received power as a
function of elevation angle for rectangular targets of uniform reflectivity using the actual antenna pattern. He

showed, for example, that, in a thunderstorm at 50 km range from a radar having reflectivity of 40 dB
0
above MDS at the beam centre, the observed echo top is 2,800 m (3 of the elevation angle) higher than the
actual height, even with the half-beam correction. In the same target having 15 dB of maximum reflectivity,
the measured height with half-beamwidth correction coincides with the actual top.
While the conventional echo top is simply the maximum height of the minimum detectable echo, the
difference in MDS between old-type radars and latest ones would amount to 10 dB or more.
Several proposals have been put forward that the threshold value of reflectivity should be determined for
the measurement of the height of the echo top. Researchers in the U.S.S.R. have been using Z equivalent to
I mmlh of rainfall as their standard for echo-height measurement. Donaldson (4) proposed,Z = 1 mm 6 /m 3 as a
worthy goal for the WSR-57 radar. This value corresponds to 0.036 mmlh of rainfall using the relation
Z = 200R'·6, hence the difference of reflectivity level between these two proposals amounts to 26 dB.
The standardization of the threshold value would certainly result in a more constructive solution of the

problem, while it would be difficult to realize in view of the great variety of radars.

2.6

Range correction procedure

There are different correction procedures for the range attentiation proportional to r -2, where r is the
distance from radar. For instance, several radars in Japan have been equipped with iso-echo contouring devices
which include range-corrected video circuits, while radars of the old type do not have any correction device.

In the latest radars using the PIN modulator method, the range correction referring to a range of 180 km has
been made in the microwave attenuator by suppressing the echo intensity at shorter distances, while in isoecho contouring the range correction referring to 5 km should be made by increasing the video intensity at
longer distance.

Among these different types of radar, the observed heights of the same echo top differ from each other,
sometimes by up to 3,000 m, since the difference of the corrected reflectivity amounts to 20 and 30 dB at
the distances of 50 and 150 km respectively.
It should be noted that heights observed by different radars may be compared only when the use of the
same threshold value and the same correction procedure are assured.

Anomalous propagation

The range-height diagram used to determine the echo height assumes the normal curvature of the radar
beam. In anomalous propagation, such as in an inversion layer, the observed echo height greatly exceeds the

actual echo height. The radar installed on a high hill on the Sea of Japan coast often observes the mountain
echoes in the southern area of Korea more than 400 km away on account of inversion over the Sea of Japan;
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The apparent height of the mountain is about 10,000 m in this case. Also, in the U.S. radar manual, discrepancies of 30,000 ft in echo top as measured by two radars have been reported as an example ofthose effects such
as increasing beamwidth and error in elevation angle with increasing distance and also anomalous propagation.

2.7

Range limitations for echo-top measurement
Measurements of echo height at long range are subject to serious errors due to several factors described

in the previous paragraphs.
Moreover, a number of factors associated with errors in the intensity measurement also increase the errors
in echo-top height. These include attenuation in intervening rain, difference in beam-fIlling factor, averaging pro-

blem of fluctuating signals, the unknown factor in the radar equation, and so on.
In view of these, it would be necessary ~nd reasonable to specify the range limitation for echo-top measurement. Range limitation of approximately 200km would be regarded as appropriate.

2.8

Error due to the variation of echo characteristics

Since the height of the convective echo increases rapidly during the developing stage, the reliability of the
radar information on the echo top decreases drasticaliy with time, and for this reason the data on echo height
distributed must be renewed frequently.
In stratiform clouds, precipitation particles of sufficiently large size detectable by a weather radar may
not be present in the upper portions of the clouds. In such precipitation, the echo top is a function of the
range.

2.9

Conclusion

While the errors in measuring echo top can be numerous, as explained above, it should be emphasized that
the height of echo top still remains important for aircraft operations because of its valuable index of storm activity.

It should also be added that very high accuracy can be obtained when a height is measured within the precipitation, such as bright bands and the .core of maximum intensity in a convective clolJ,d. Accurate measurement may

also be obtained by pointing the antenna at the zenith to make the measurement directly overhead. In this case, the
only error generally experienced is that caused by the finite length of the transmitted pulse.
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CHAPTER 3

INTERPRETATION OF ECHOES FOR DIFFERENT TYPES OF RADAR

Introductory remark

The data from weather radars do not only depend on meteorological phenomena. They depend also, to a great
extent, on the characteristics of the radar. In fact, each echo should be interpreted, taking into account the individual characteristics of each set of equipment. This is particularly important in cases when quantitative information is
required. In this chapter, we shall examine successively the consequences of phenomena associated with the attenuation of electromagnetic waves and errors which may be caused by a radar beam which is too wide.

3.1

Attenuation of electromagnetic waves

3.1. I

Theory

3.1.1.1

General

The radar equation gives the relationship between the characteristic parameters of a radar and those of the
observed target. This equation does not take into account modifications which the eJectromagnetic -wave undergoes

on its path between the equipment and the target. In fact, the radar signal diminishes in intensity, dependiog on the
properties of the medium traversed. The general term attenuation is defined as the resulting reduction- in the strength
returned to the radar. It is determined by the relationship:

(I)

dPr = - 2 aPr dr

where Pr is the strength received by. the radar, dPr is the decrease in this strength, a is the attenuation coefficient
and dr is the differential increment in the distance along which the attenuation under consideration takes place. The
factor 2 which appears in (I) takes account of the outward and return paths normally traversed by the radar wave.

Extendiog equation (I) to the space between the radar and a point at a distance r from it, we obtain the
strength Pr received on the radar from the strength PrO which would have been received with no attenuation:

,
- Jadr
Pr = Proe 0

(2)

Giving the attenuation as a ratio of the two strengths and expressiog this ratio in decibels, we finally obtain:

,

A, dB

~

10 log -Pr

Po

~-2

J

kdr

(3)

o

where A, is the attenuation of the radar wave along a double path of length r (km) and k is the coefficient of attenuation per unit length (dB{km).
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Equation (3) has the advantage of enabling the attenuation due to different causes, or occurring in parts of the
path followed by the attenuated wave, to be taken into account by simple addition of the partial attenuations. In
the particular case of a radar signal, there will usually be three sources of attenuation: gases in the atmosphere,

cloud and precipitation. In order to obtain the total reduction in the strength returned to the radars, it is only necessary to add the effects of each.
3.1.1.2

Attenuation due to gases in the atmosphere

Attenuation due to gases in the atmosphere is essentially linked with absorption by water vapour and oxygen.
These two problems have been investigated in detail by Van Vleck (I, 2) and for very high frequencies by
Rosenblum (3). The effect of oxygen is usually considered small for all wavelengths over I em. For wavelengths
less than this, the attenuation due to oxygen increases rapidly (Figures 10 and 11).
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Figure 10 - Attenuation in dB/km due to oxygen and water vapour (7.5 g/m ) in air al a pressure ul 760
and at a temperature of 20° C (Van Vleck)
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of mercury

The attenuation varies appreciably with temperature and pressure: for wavelengths from 3 to 10 em (those
most frequently used in ground weather radars) it can be considered. as being in the neighbourhood of 0.01 dB/km
at a pressure of 760 em of mercury and a temperature of 20° C. Research workers have frequently neglected this
attenuation. If this is acceptable for targets at no great distance, the same is not true when the targets are at greater
distances, and it is hoped to determine their characteristics quantitatively and accurately. For a target at 100 km
the total attenuation is two decibels and to neglect this leads to an underestimation of the observed intensity of
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Figure 11 - Attenuation due to oxygen and to water vapour at sea-level

rainfall of about 25 per cent. A correction for the attenuation due to oxygen can fairly easily be made by applying
to the signal a correction tenn varying linearly with distance. However, this correction can only be approximate, fOf,
strictly speaking, the term should take into account the variations of pressure and temperature in the space affected
by the radar.
Table 2 gives the factor to be applied to the attenuation at 0° C and 76 em of mercury, in order to obtain
the attenuation at temperature T and pressure p.
Table 2

(after Guno and East)

T. °c

Factor
(p in atmospheres)

20

1.00 p2

0

1.19 p2

- 20

.1.45 p2

- 40

1.78 p2
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The attenuation due to water vapour is smail for long wavelengths. It is practicaily negligible at A = 10 cm;
it is even less, but for accurate measurements made in hot, humid countries, where the water vapour
content of the air may be high, it is possible that we may have to take it into account. To fix ideas for a double
path of lOa Ian in air at 20° C containing 10 g water vapour per m', the attenuation which radiation of 3.2 cm
undergoes is 1.4 dB (neglecting the variation of atmospheric pressure in the beam transmitted).
at A.

= 3 em

We know that the attenuation due to a particle is linked with the perpendicular cross-section of totai absorption Qt of the latter and that Qt is equai to Qa + Qs with Qa perpendicular cross-section of absorption and Qs
perpendicular cross-section of diffusion.

In the case of sphericai particles and when Rayleigh's approximation 'is applicable, we have the following vaiues
for Qa and Qs:

(4)

_ 'I
~

Q,- 5"

m

2_112 DO
'-4

(5)

m2+2

where m is a compound refractive index of the materiai constituting the particle, and D = the diameter of the
latter. The absorption due to a collection of particles will be the sum of the absorption due to each separate particle.
In particular, the absorption which a wave undergoes aiong a given path will be due to the sum of the effects
of particles aiong this path. If we denote by k the coefficient of attenuation per unit length, we can relate k to Qt
by adding the values of Qt corresponding to particles contained in the volume having unit cross-section and a
length equal to the unit of length appearing in k. If we express Qt in square centimetres and the attenuation in decibels per kilometre, we have:

k(dB·km-1)

~

0.4343 E Q,

~

0.4343(L Q,+EQ,)

If a is very small, the only perpendicular cross-section Qa is significant, and we ·have:

k (dB· km-I )

~

(6)

0.4343 E Q.

Substituting from (5) we finally obtain:
k(dB ·km-I )

~

0.4343"21,,, (-K)

In this expression E extends over unit volume and (-K) = m

2
-

ED'
T

(7)

I.

m' + 2

For short wavelengths (less than 2 em) the attenuation due to water vapour varies rapidly; it reaches a maximum at about 1.3 em, decreases to reach a minimum value at about 9 mm and then increases again, but for these

short wavelengths the vaiue of the attenuation cannot reaily be detennined precisely.
Table 3 (Gunn and East - (4)) shows, for the wavelengths most frequently used in meteorology, the vaiue in
dB'km- 1 (single path) of the attenuation due to water vapour.
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Table 3
P = pressure in atmospheres;
W = water vapour content (gm- 3)
.
(0 C)

A= 10

A=5.7

A=3.2

20° C

0.07X 10-3 PW

0.24X 10- 3 PW

0.7XI0-3 PW

9.5X 10-3 PW

0° C

0.08X 10-3 PW

0.27X IIT 3 PW

0.8XI0-3 PW

1O.4X 10-3 PW

_20° C

0.09X 10-3 PW

0.30X IIT3 PW

0.9XI0-3 PW

11.4X 10-3 PW

_40° C

O.IOX 10- 3 PW

0.34X 10-3 PW

1.0XI0-3 PW

12.6X 10- 3 PW

3.1. 1.3

A=0.9

Attenuation due to liquid particles - General

The theory due to MIE enables the attenuation due to a particle to be determined in the same way as it
enables the strength returned to the radar by such a particle to be determined. Unfortunately, the method leads to
equations which are difficult to manipulate and can only be simplified If the diameter D of the particles is small
compared with the wavelength of the radiation transmitted (Rayleigh's approximation). The range in which
Rayleigh's approximation applies is much smaller than that which is tolerable in the case of the perpendicular of
back diffusion.
Haddock (5), in calculating the ratio between the attenuation resulting from the theory due to MIE and that
resulting from Rayleigh's approximation, has shown that the particles in clouds satisfy the latter, whereas for raindrops, use of Rayleigh's approximation leads to large errors for any wavelength less than 10 em (Battan - (6)). To
illustrate the point, for drops of I mm diameter, Rayleigh's approximation is applicable for A = 10 em ,vhereas
for A = 3 em it gives a value only 1.7 times smaller than the value obtained by full application of the equations
due to MIE. However, equation (7) is still interesting, for it shows up the effect of temperature on attenuation. In
fact, the imaginary part of (-K) is not independent of temperature and consequently there are fluctuations in the
attenuation due to temperature which cannot be neglected.

Table 4
T(O C)

A= 10

20

0.00474

10
0
-8

A=3.2

A = 1.24

A= 0.62

0.0188

0.047

0.0915

0.00688

0.0247

0.0615

0.1142

om 102

0.0335

0.0807

0.1441

0.1036

0.1713

Table 4 gives f m (-K) for various values of T and A. It can easily be seen that, for a difference of 20°, the
attenuation varies from its initial value to a little over double, for A = 10 em, and from its initial value to a little
less than double for A = 3.2 em. In the latter case, this result is only true if Rayleigh's approximation applies. When
it is necessary to fall back on the equation due to MIE, the result is quite different and, surprisingly, is reversed:
the attenuation decreases when temperature decreases (about 40 per cent for a change from 18° to 0° C (Ryde
(8) - see Figure 12).
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Figure 12 - Relationship between the attenuation at 0° C and the attenuation at 18° C for different wavelengths (Ryde.

1946)

From the practical point of view it should be borne in mind that the values of the attenuation determined
for rain or clouds are only approximate since they are usually found without taking temperature into account.
3.1.1.4

Attenuation due to cloud

The droplets in clouds have a diameter which is sufficiently small for Rayleigh's approximation and consequently equation (7) to be applicable. Since, in this equation, the diameter of the drops occurs to" the power of 3,
the attenuation is independent of the" dimensional spe"ctrum of the droplets and it is convenient to express it as a
function of the water content of the cloud. We obtain:
k(dB/km)

~ 0.4343 6),," Im(-K)~

(8)

where M = water content in grammes per m' and p = density of the liquid;
Table 5 gives, for three temperatures, the values of the attenuation in traversing a cloud mass".

Table 5
(after Guon and East)

Attenuation due to a cloud in dB·km (single path)
Ttc)

A 10 ell1

A 5.7 em

A3,2

20

0.39X!(f2 M

136XIO- 2 M

4.83X](f2 M

64.7XIO- 2 M

10

0.56X](f2 M

1.96XI(f2 M

6.30X 1(f2 M

68.IX](f2 M

0

0.90XIO-2 M

2.72X ](f2 M

8.58X](f2 M

99 XI(f2 M

em

AO.9 em
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If we consider a cloud mass having a water content of 0.3 glm' and extending over 100 km we obtain at 20°
(on the radar) an attenuation of 0.24 dB for A = 10 em and 2.7 dB for A = 3.2 em. This latter value is sufficient
to show how deceptive would be any attempt at precise quantitative classifkation of echoes with _3 3-cm radar

without applying a correction for the attenuation due to dense cloud. Unfortunately, it is practically impossible to
detennine this correction since, for the most part, the .cloud which makes the correction necessary escapes detection

by the radar.
3.1.1.5

Attenuation due to rain

Rayleigh's approximation cannot be applied to wavelengths ofless than 10 em and it is essential to take into
account the spectrum of the distribution of the djameters of the droplets in the- precipitation. As a result of various

in.vestigations, particularly those by Ryde (7), it has been found possible to relate the attenuation, expressed in decibels per kilometre, directly to the intensity of rainfall. Thus at 18° C we obtain the following attenuations (dB.km-'):
Table 6

i\=

10 em

O.0003R 1.00

A=5.7 em

A=3.2 em

A = 1.8 em

A= 0.9 em

0.0022R 1.17

0.0074R 1.31

0.045R 1.14

0.22R 1.00

R = intensity of rainfall in mm/h

It is to be noted that the attenuation is a linear function of R for the wavelengths 10 em and 0.9 em only
which, in particular, explains how it is possible to make measurements of the intensity of rainfall by measuring the
attenuation which a 0.9-cm beam undergoes in passing through precipitation (Godard (8)).

Using the data of Table 6 it is possible to calculate the attenuation as a function of R. Table 7 gives this in
dB per kilometre for the wavelength most frequently used in meteorology.
Table 7
Attenuation -due to rain (dB/km) (single path)

Wavelength

Intensity of

rainfall R (mm/h)

A

0.9 em

3,2 em

5.7 em

10 em

0.5

0.11

0.003

0.001

0.00015

1

0.22

0.007

0.002

0.0003

5

1.1

0.061

0.015

0.0015

10

2.2

0.151

0.033

0.003

50

11

1.25

0.215

0.015

100

22

3.08

0.481

0.030

200

44

7.65

1.13

0.060
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This table shows particularly well the distinct difference between the attenuation at 3 em 'and that at 10 em.
It appears that the latter is practically always negligible, whereas for 3 em the attenuation leads to large errors as

soon as the rainfall intensity exceeds a few millimetres per hour. To illustrate this it will be noticed that a rainfall
of 5 mm/h with 3 em gives an attenuation identical with that with 10 em passing through precipitation falling at the
rate of 200 mm/h.
It will also be noticed that there is a very appreciable decrease in the attenuation in passing from a wavelength
of 3.2 em to a wavelength of 5.7 em that it is advantageous to use the latter wavelength for airborne radars when
the airframe of the aircraft permits the use of a sufficiently large antenna.
3.1.1.6

Attenuation due to solid particles

Because of the dielectric properties of ice, the problem of attenuation due to solid particles is more complex
than that of attenuation due to water droplets. It involves both the properties of absorption and diffusion of the
particle. In the special case of snow, values of the attenuation, limited to the case of Rayleigh's approximation, have

been calculated. We obtain:
Table 8
T=OO C

A= 10

A= 5.7

em

0.033Xl(r5 R1.6

0.035X Hr' R1.6

* (Rayleigh's

A=3.2

em

em

3.3Xl(r5 R1.6

A. =

1.8 cm*

33.2XIlY5 R 1.6

approximation not valid)

It can easily be ascertained, by comparing Tables 8 and 6, that the attenuation is much less severe in dry
snow than it is in rain, which means that measurements made on snowfall by means of radar operating on the

X-band (3.2 em) are acceptable.
Very little information is available on the problem of the attenuation associated with hail. We may, however,
quote the work of Ryde (7) on the subject. If we consider the intensity, R, of precipitation to be defined, in this
special case, as the amount of water per hour (expressed in mm/h) from the melted hail, the value for the attenuation, between A = 1 em and A = 10 em, is given by:
(9)

Attenuation (dB/km) = AR
where A is as found from Table 9.
Table 9
(after Ryde)
Value of A to be used in equation (9)
fA appears in columns 2 and 3 as a function of X and of the diameter of the hailstones)

Diameter of
hailstones (em)

X=

0.25
0.5
1.0
1.5
2.0

2.7
1.1
7.3
2.8
1.0

1 em
(2)

X=

X
X
X
X
X

3.7
1.5
8.6
1.7
1.7

IlY'
10-'
10-'
Hf'
10-'

3 em

A = 10 em
(4)

(3)

X
X
X
X
X

10-4
10-'
Hf'
10-'
10-'

2.2
2.7
7.5
1.8
3.6

X
X
X
X
X

10-5
10-5
10-5
10- 4
10- 4
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Here again it appears that the attenuation increases very appreciably when A changes from 10 to 3 em.
The effect of temperatnre on this attenuation is not negligible. Ryde (7) has shown that the attennation de0

creases when T is negative. For hailstones with diameter 0.3 cm at a temperature of _40 C, it is necessaiy to apply

a factor 0.3 for A = 10 em, and a factor 0.86 for A = 3 em, to the values contalned in Table 9.
For hailstones of diameter 0.3 em, the ratio of the attenuation dne to rain to that due to hail (with the same
intensity in the two cases), is 0.1 for A = I em, 0.01 for A = 3 em and 0.08 for A = 10 em. This ratio has a minImum value of A = 3 em.

3.1.2

Practical consequences of attenuation
The first practical consequence of phenomena associated with attenu.ation .is clearly a reduction in the limits

of the range in which the equipment can be used. We shall touch .only briefly on this aspect of the problem as it has
been adequately dealt with elsewhere (WMO Technical Note No. 78,1966) and Table 9 is sufficient to show the
degrees of "penetration" of the various wavelengths used for weather radars. We shall, however, emphasize the very
limited possibilities of waves in the bands measured in millimetres, where detection through precipitation of moderate
intensity extending over several kilometres is practically ruled out.
At the longer wavelengths of 5.7 em and 3.2 em, the attenuation is less severe arid the limits of detection of
the phenomena, even at a fairly g~eat distance, can be regarded as acceptable at temperate latitudes, where heavy
precipitation is usually limited to small or moderate areas. However, the limits are not acceptable in tropical and

equatorial regions, where a wavelength of 10 em should be giveu preference wherever possible.
The second consequence is linked with the fact that the energy reaching the radar from the precipitation
depends not only on the nature of the latter, but also on the magnitude of phenomena associated with attenuation
along the double path traversed by the radar wave; it is quite clear that, if these are large, any determination of the
intensity, R, of precipitation, using a value for the energy reaching the radar which has not been corrected, will be
erroneous.

Table 10 gives the width of the rain area giving rise to an attenuation of 4.8 dB, as a function of A and the
intensity of rainfall, i.e. dividing by 2 the value of the intensity of precipitation, determined from the relationship
Z = 200 R1.6.
Table 10
Width afrain area giving an attenuation of 4.8 dB (width in km)
R

mm/h

0.5
1.0
5.0
10
50
100
200

A= 10 em
16 X 10 3
8 X 103
1.6 X 10 3
800
160
80
40

A=5.7 em
2.4 X 103
1.2 X 103
1.6 X 10 2
72.7
.IJ.l
4.5
2.1

11.=3.2 em

A=0.9 em

800
343
40
16
1.9
0.78
0.31

21.8
10.9
2.18
1.09
0.22

O.ll
0.05
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Figure 13 - Width of precipitation reducing the measured intensity to one half of the real value. (It is supposed that the precipitation is in accordance with the equation Z = 200 R1.6)

This table shows that a shower of moderate intensity and dimensions is sufficient to give rise, with 3 em, to
an error, from the single to double path. in the intensity of rainfall, if no correction for attenuation is applied. On
the other hand, with 10 em, the attenuation will only be appreciable in the case of exceptional showers, both as
regards intensity and dimensions. Figure 13 gives, for wavelengths of 10 em, 5.7 em, 3.2 em and 1 em, the width of
precipitation reducing the intensity of the precipitation to half its real value.
One of the problems frequently facing users of weather radars is that of determining the severity of phenomena
associated with a shower of limited horizontai extent. A good example ~of this type of problem is that which a
meteorologist providing services for aviation has to face up to. Most frequently he is required to specify whether
a phenomena corresponding to an echo observed on the radar is, or is not, dangerous for aviation. Usually a decision is taken, based on the maximum value of the intensity of the echo appearing on the radar, It is therefore
essential to know to what extent this value is modified by attenuation.
The problem is extremely complex, for it raises doubts concerning the structure itself of the observed showers.
This, in view of the multiplicity of forms which the showers may assume, would mean that a very large number of
cases should be examined. We may, however, limit the arguments to two simple cases, for which extremely simple
theore.tical profiles will be assumed. In the first, a rectangular profile will be assumed for the shower, i.e. an instantaneous start and end of the shower, with no variation in the intensity of the precipitation over the whole of its
area. In the second, the profile will be supposed to be trianguiar, i.e. the start and end of the shower take piace
with a linear variation of the intensity of the precipitation.
In both cases, we suppose that the showers are of rain only, and in giving the final result the intensities of
echoes are reduced to intensities of rainfall, using the equation Z = 200 R'1.6. It is to be noted, however, that, for
the wavelength of 0.9 em and sometimes even for the wavelength of 3.2 em, this practice is open to some critici~m
due to the fact, already mentioned, that with high intensities of rainfall, Rayieigh's approximation is not applicabie
for these waveiengths. The determination of the apparent profiles of showers of the first type follows directly by
using the coefficient of attenuation appropriate to each intensity of rainfall, Figures 14 and 15 give, for the, wavelengths most frequently used in meteorology, the apparent profIles for intensities of 10 and 100 millimetres per
hour, which can be considered as representative of moderate showers and very heavy showers, respectively. For the
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Figure 14 - Modification of the profile of homogeneous precipitation of intensity 10 mm/h. (l) It "is assumed that the precipitation
is in accordance with the equation Z = 200 R1.6; (2) the pulse rise time of the radar has been neglected
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Figure 15 - Modification of the profile of homogeneous precipitation of intensity 100 mm/h. (1) It is assumed that the precipitation
is in accordance with the equation Z = 200 R1.6; (2) the pulse rise time of the radar has been neglected
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first assumed intensity, it can be readily seen that a radar operating on 0.9 em gives rise to a distortion of the prome
which is quite unacceptable. This distortion is practically negligible for wavelengths of 10 and 5.7 em and is still
tolerable for a wavelength of 3.2 em, if the shower is not too extensive.
On the other hand, in the case of an intensity of 100 mm/h, only a wavelength of 10 em gives satisfactory
results over the whole extent of the observed phenomenon. For the three Plher wavelengths, the results are really
only representative of the edge of the shower nearest to the radars. If we classify showers according to the maximum
intensity returned to the radar, the phenomenon observed may, however, be classified as violent since, in this particular case, the part of the echo nearest to the radar gives the true value of this maximum intensity. It should, however,
be noted that this result is only approximate since, in the 'curves of Figure 15, the duration of the pulse transmitted
by the radar and the attenuation which occurs in the time interval corresponding to the duration of this pulse have
not been taken into account. In fact, when the pulse just penetrates into the area of precipitation, the energy asso-

ciated with its rear edge is not affected by attenuation but the same is not true of the energy associated with the
leading edge.
It is really only pennissible to neglect this phenomenon due to severe attenuation if we assume that the
pulse emitted by the radar is short. To fIX OUr ideas, on the assumption of homogeneous precipitation falling at
100 mm/h and a radar operating on a wavelength of 0.9 em and with a pulse of two microseconds, the maximum
signal appearing in Figure ·15 would undergo an attenuation of one decibel.

In the case of a triangular theoretical prome, the problem of the determination is slightly more complex. We
can, however,. find a relationship which gives a value for the attenuation as a function of the distance traversed

(Treussart (9) and,from this, calculate for each point the intensity of precipitation which could be observed on the
radar (assuming, as before, Z = 200 R 1.6).
Figures 16 and 17 show the observed profiles for the four usual wavelengths when the variations in the intensity of the precipitation are respectively five and ten millimetres per hour per kilometre. In each of the figures, the
value of the minimum intensity which can be detected by the radars is also shown, it being supposed that, at the'
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m

distance- of observation, this intensity is 1 mm/h. It will be readily understood, from an examination of the curves,
how dangerous it could be to make any estimate of the hazard to aviation of such phenomena, using echoes from
radars operating on wavelengths of 0.9 or~3.2 cm.
In the particular case of the latter wavelength and precipitation varying by ,10 mm/h km, it is quite likely that a
consideration of the echo \vould lead an inexperienced observer to advise a pilot to enter the area of raitifall, the
latter having a maximum intensity hardly exceeding 25 mm/h. In actual fact, a pilot doing so would not have passed
through the region of maximum intensity (forecast to be at 4 km) when his aircraft is at a position 5.5 km inside
the area of precipitation. He would then be flying in a dangerous region where the true value of the intensity of
precipitation is twice that determined by means of the radar.
From the point of view of measurement of precipitation, if we consider that the area between each profile
in Figures 16 and 17 and the straight horizontal line representing the minimum intensity of precipitation, which can
be detected by the radars in use, is representative of the amount of rain which would be measured along the axis of
the radar, without any correction for attenuation, then all the advantages of using long wavelengths for observing
showers, even those of moderate dimensions, will be readily understood.
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Figure 18 (a) and (b) - Isocontours of one and the same area of precipitation, by means of: (a) a IO-em radar; (b) a 3-em radar
(after P. Austin)
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The considerable distortion of echoes resulting from attenuation has been demonstrated experimentally, in

particular, by Austin (10), who carried out observations in one and the same area of precipitation using a lO-cm
radar and a 3.2-cm radar.
Figure 18 (a) and (b) gives a representation of a region with showers, determined by Austin, using information given by the two sets of equipment. There are more showers above 100 mm{h on the lO-cm picture than
showers above 40 mm{h on the 3-cm picture.
A statistical analysis of the consequences of attenuation has been carried out in the region of Montreal by
Hamilton and Marshall (11); one of the conclusions was that the rainfall amounts due to heavy falls (maximum
intensity, over 40 mm per hour) in one season gave a total of 473 mm. These same falls, measured at a distance of
48 km by radars operating on wavelengths of 3.2 and 5.7 cm,. would have had their totals reduced to 144 and
349 mm, respectively.
All these studies go to show that it is necessary to exercise great care in using information derived from equipment using a wavelength which is too short. They show, in particular, how essential it is for the users of such

radars to be fully aware of the underesthnation of the intensity of phenomena, which might result from a direct use
of the echoes appearing on the radar screens.

3.1.3

Correction of the attenuation
The preceding paragraphs show that, in a general way, the attenuation is only negligible at ,vavelengths of

10 em or more. At all other wavelengths, no precise measurement can be made without a correction being made to
the power returned to the radar. In the majority of cases, this operation reduces toa simple interpretation of the

echoes by the radar operator. We shall not dwell on this method, which)s greatly lacking in precision and the subjective nature of which is only too evident.

We know that attenuation depends on phenomena observed by the radar (rain), but also on phenomena which
the equipment does not take into account or only partly takes into account (cloud, temperature). It thus appears
that a rigorous correction to the attenuation should be based both on the radar data to be corrected and on information which is not derived from the radar. In fact, the attempts at correction which have been carried out in practice have, so far, used radar information only and so can only lead to values which have not been adequately cor-

rected.
Hitschfeld and Bordan (12) have carried out an exhaustive critical examination of possible methods of correcting errors due to attenuation. They have shown that such corrections necessitated a rigorous calibration of the

radar. They have calculated that an error of less than one decibel on the radar could lead to an infinite value for
the intensity of the precipitation.
Several research workers have, however, suggested methods or equipment for making corrections to the attenua-

tion. For example, Kodaira (13) has designed an electronic device which makes the correction automatically. This
unit can only be used, however, in cases when the attenuation is moderate (a value of 6 dB is usually considered to
be the upper limit). Wein (14) has also suggested the use of an electronic unit correcting the attenuation of signals
from a 3.2-cm radar; he has shown that the quality of performance depends not only on the precision of the calibration of the radar but also on the granulometric spectrum of the precipitation. The latter directly influences the
relationship between the backward diffusion of the precipitation and the atteriuation due to it. In conclusion, he
doubts whether this device could ever be made fully automatic and is of the opinion that, in Donnal operation, the
operator should make an adjustment, based on his estimation of the meteorological conditiof!.s, at least.every 30
minut~s.
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From a practical point of view, we can consider that the combined work which has been done to design
devices for corrections to the attenuation confinns the advantages of using long-wave (5.7-cm, or better, lO-em)

equipment, whenev"er the conditions for the installation of radar permit.
3.2

Errors associated with the beamwidth transmitted ·by the radar

The various relationships giving the power returned to a radar by precipitation of a given intensity imply
that all the energy transmitted by the equipment has affected the precipitation. For this, it is therefore necessary
to intercept completely the beam transmitted by the radar. We shall examine separately the consequences implied
by this condition, in the vertical and horizontal planes.

3.2.1

Beamwidth in the vertical plane

This problem is related to that of the measurement of the height of echoes, set out in the preceding chapter,
so the question will only be considered rather briefly here.
The formation of precipitation at high altitudes being limited, it appears that the radar beam will be completely intercepted at relatively large distances only if its width in the vertical plane is small. At 100 kilometres,
precipitation with a vertical development of 3,000 m only represents a thickness of about 2,400 metres, situated
above the radar horizon (allowing for a correction for the curvature of the earth, under normal conditions of propagation).
Such precipitation can only completely affect radar beams having a width in the vertical plane, equal to or
less than 104°. Table 11 (based on the equation 8 = 7~ \ where 8 is the beamwidth in degrees and d the dimension
of the antenna in the plane containing 8) gives the width 8 in degrees of the beam transmitted by the radar, as a function of the dimension dof the antenna and of the wavelength.

Table 11
Beamwidth

E>, in degrees of the Jadar

d = dimensions ( in metres) of the antenna of the radar

Acm
1.0

1.4

2.0

3.0

4.0

5.0

1.55

l.l

0.75

0.56

0045

3.2

.2.2

5.7

4.0

2.9

2.0

1.3

1.0

0.8

10.0

7.0

5.0

3.5

2.3

1.8

104

We can easily see that for the longest wavelengths it is necessary to provide antennae of large dimensions in·
order to obtain small beamwidths.
In practice, economic considerations lead meteorologists to adopt a compromise. In the case of a radar of
wavelength 10 em, an angle of aperture of the beam of about 2° seems to be a reasonable solution if the range, for
quantitative measurement, is limited to a radius of 100 krn.
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3.2.2

Beamwidth in the horizontal plane

In the pertinent literature much more space has been devoted to lbe beamwidlb in the vertical plane than to
the width in lbe horiwntal plane. This, in a general way, has led to an underestimation of the importance of having
good definition on the radar screen in lbe horizontal plane also. In fact, the great variability of the observed phenomenon in lbe horizontal plane may lead to errors which are perhaps even greater lban those occurring in the
vertical plane, even when the condition of total interception is fulfIlled.
Harrold (15) has examined in detail the errors which could be caused by using various beamwidths in measurements made of a small·dimension shower and within which the rainfall intensity decreases from the centre towards
the perimeter. He has shown that the use of a wide beantled to an underestimation of the intensity of precipitation at
the centre of the shower and, conversely, to an overestimation at the periphery. In the case of the rainfall under
consideration, lbe beams at lbe distance of the shower having widlbs of 2.4 km and 4.9 km reduce lbe true intensity
of the precipitation from over 100 to 90 and 70 mm/h respectively (Figure 19). The mean intensity for the shower
is, however, less affected than lbe maximum intensity. In the most unfavourable case (4.9-km beam) it is subject to
an error of no more than 17 per cent.
In conclusion, it would also appear to be desirable that the beam transmitted by the radar should have a
limited aperture in the horizontal plane. In practice it seems reasonable to use a circular antenna giving the same

angle in all planes.
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3.2.3

Practical consequences concerning the choice of equipment

3.2.3.1

Ground radar

From the foregoing remarks, it appears that quantitative measurements necessitate the use of radar having a
narrow transmission beam in all planes and using a wavelength which is subject to little or no attenuation. These two
conditions are contradictory and the· final choice can only result from a compromise. A wavelength of 10 em seems
to be the most likely to satisfy reasonably all the conditions. For this reason it shonld be ·given preference whenever
precise, quantitative measurements are required.

3.2.3.2

Airborne radar

The choice of the proper wavelength ~or airborne weather radars is a matter for the user to decide, depending
upon the corollary purposes for which the radar will be used. There is also a limiting factor of space available on a
specific aircraft for installation of the radar antenna. Tabulated below is a comparison of characteristics attributable
to radars of each of three wavelengths commonly in use today:

Wavelength
Typical antenna size (diameter)
Typical beamwidth
Attenuation characteristics

0.85 em
20 em
2.5

0

0.22 dB/km
per mm/h

X-band

C·ba~d

3.3 em
45 em
0
3.5
0.014 dB/km
per mm/h

5.5 em
60 em or larger

50

0.004 dB/km
per mm/h

Ku·band

Advantages

Disadvantages

I. Can be used on smaller aircraft with limited
radome spaces.

I. Signal attenuates severely in more than light precipitation.

2. Displays echoes from light precipitation.

2. Cannot be employed for corridor navigation if light
rain or cumulus clouds are present.

3. Can detect most cumuliform clouds and ice
crystals.

3. Cannot detect the true characteristics of the storm
and determine the danger zones.

X-band

I. Echo characteristics from thunderstorm cells
are sharp but tend to attenuate.

I. Signal attenuates in moderate and in heavy rain.

2. Has good range capability.

2. During flights near heavy thunderstorms echo pattern
may give false information of the most dangerous
zones (versimilitude).

3. Can be used for avoiding most turbulence and
hail, except in severe thunderstorms and in
tropical rains.

3. Tends to display echoes of cells of no significance
in turbulence and hail detection.
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Advantages

Disadvantages

4. Has good ground-mapping characteristics for
navigation except when flying above intense
rain zones.

C-band

I. Attenuation of signal is negligible and reiiable
.radar picture of turbulence and hail is possible
in practicaily all cases.

1. Echoes are not as sharp as in radars of lower wave-

2. Minimum of obscuration of important cells by
lighter precipitation.

2. Has less ground-mapping capability than radars of

3. Penetration of cloud mass of line storm devel-

3. Requires careful control of antenna tilt to present

length.

lower wavelength.

opment can be made safely with minimum of

ground painting.

detouring.
4. Has good range capabilities.
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CHAPTER 4
INSTRUMENTAL TECHNIQUESPROCESSING AND TRANSMISSION OF RADAR INFORMATION

4.1

General aspects of the problem

We designate by the general tenn "processing of radar infonnation" all those operations which are applied to
information obtained by the use of radar, with a view to:
Determining relationship with meteorological phenomena;
Facilitating transmission of the information;

Improving operational facilities.
In the case of conventional radars involving pulses, the -radar infonnation reduces to the signal given with known or

unknown amplitude. The meteorological phenomenon which is most frequently observed is precipitation, this being
identified by position and possibly intensity.
There is no need to dwell on the problems raised in connexion with detennining the position of the phenomena being observed; these are known and are not speCifically meteorological problems. On the other hand, we

shall lay more stress on determining the intensity of the phenomena.

4.1.1

Improvement in the precision of relationships between radar infonnation and meteorological phenomena

How many investigations, both theoretical and empirical, have been carried out with a view to relati~g the
amplitude of signals from weather radars to the intensity of precipitation? Wit?-out entering into details, we may

say that these investigations have led to relationships of the fonn

Z=ARb
where

Z

radar reflectivity of the observed phenomenqn,

R = intensity of precipitation,
A and b = numerical coefficients, which are functions of the nature of the precipitation (rain, snow or hail);
these vary from author to author and even from one occasion of precipitation to another.
Limiting our attention to the simplest case of rain, we may use the mean relationship:

Z = 200 R1. 6 ,
Z being a quantity which may be given directly by the radar; it thus appears to be possible to determine the intensity of precipitation, using only information from a weather radar. In actual fact, the problem is not as simple as
the Z/R relationships, already referred to, would lead one to suppose. These relationships are in fact only valid when
mean values for the parameter Z are a~aiIable. Unfortunately, the strength of radar signals on which Z depends is
subject to fluctuations due to the random distribution of particles giving rise to diffusion within the radar beam.
It is therefore essential to detennine the mean value of Z, before any operational use is made of the signal, whenever
it is intended to make quantitative use of the radar.
This problem has been studied by many authors, among whom may be mentioned: Marshall, Hitschfeld
and Wallace: They have shown that, in order to obtain precise meteorological measurements by means of radar,
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it is essential to integrate a number of stochastically independent signals (independent in the sense used in the
theory of probability). In a general way we assume that integration of about a hundred independent signals
reduces fluctuations in the signals to an acceptable level.
For a very long time, difficulties in carrying out such an integration meant that the procedure was not adopted;
due to the advent of new electronic devices and, in particular, to the widespread use of transistors and, more recent-

ly, integrated circuits, it has been possible to find a relatively simple solution to this important problem. We may
quote, as an example, the unit developed by Lhermitte of the National Severe Storm Laboratory in the U.S.A. In
such equipment, in order to obtain a sufficient number of independent samples, all the radar signals affecting a
.given range of distance are integrated. This range is usually limited to a value of about one kilometre. However, the
number of samples integrated in this way is still inadequate and it is essential to continue integration for several
radar transmissions. In order to keep the angular dimension for each such radar reading sufficiently small, it is
essential to reduce the speed of rotation of the antenna. To fix our ideas, the equipment devised by Lhermitte oper-

ates with a speed of rotation of three degrees/second which gives a speed of repetition of PPI images of one image
every two minutes.

It is to be noted that the integration accomplished in this way is inevitably accompanied by a deterioration in
the definition of the radar images, the elementary area over which it takes place being appreciably larger than the
"radar point" which can be obselVed on a conventional screen. Integration of the signal, by eliminating fluctuations,

makes it possible to obtain a precise quantitative value for the signal. This is what is usually done: at the output of
the unit we obtain a parameter which can easily be related to a meteorological phenomenon. In practice, such an
operation may lead to the radar screen giving an image in which several lines of equal intensity of the radar signal
appear simultaneously.

4.1.2

Transmission of radar information

The problem of the transmission of the radar image is essentially linked with the fact that radar information
gives rise to extremely short signals, the dispatch of which necessitates the use of circuits of large bandwidth. The
transmission of a pulse of duration 'Y, for example, necessitates the use of a link, of which the pass band, expressed

in Hertz, is of the order of 1.2 (oy being expressed in seconds). For example, a radar using pulses with a duration of
oy
two microseconds necessitates the use of a transmission line having a bandwidth of the order of 600 KHz. From

the practical point of view, obtaining such lines leads to the adoption either of costly coaxial lines, or of Hertzian
beams, the cost of which is usually prohibitive.
For several years, users of radar have considered the possibility of transmitting the information derived from

their equ.ipment by telephone lines. The problem to be solved is essentially a problem of compressing the band, the
width usually avallable on a telephone line being limited to about 2 KHz. Several procedures for transmission can
be conceived. The simplest, but certainly not the most economical, is based on storing in the memory unit the information collected by the radar during one complete rotation of the antenna; the data so stored are then trans-

mitted at a lower frequency compatible with the bandwidth of the telephone link. Without entering into the detalls
of such a system, one may nevertheless say that the degree of complexity of the system depends essentially on the
quantity of information which it is desired to transmit. If we allow for the fact that the speed of transmission is
determined by the width of the band of the telephone line, the quantity of information also determines the time
for the dispatch of an entire radar image. The meteorologist is thus led to seek a compromise between the desire
for detalled information and the necessity to up-date it at frequent intervals. It is generally accepted that a transmission time of about two minutes is compatible with the requirements of normal operation.

The transmission time being fixed, it is up to the meteorologist to choose the type of image to be transmitted.
This may be either an image at a single level, i.e. not taking into account the intensity of radar signals, or an image
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at several levels. Obtaining an image of the latter type necessitates, for each "point" of the radar image, the transmission of a larger quantity of information which will naturally depend on the number of levels to be transmitted.
Here again, the meteorologist has to seek the best compromise between an image with good definition and an
iniage giVing a large number of levels. A definition giving a "point" radar having a dimension of the order of a
kilometre and a number of levels limited to four seems to be compatible both with the possibilities of modern
technology and the most usual requirements of meteorologists.
Storage of the total information contained in a radar image unfortunately requires fairly complex equipment
which, of necessity, is costly. That is why this solution is not always adopted. It is, in fact, possible to have simpler
equipment for the transmission of information in real time. In such systems, the information stored by the radar
is supplied at a speed which is slow enough for transmission to take place as it becomes available.. If, for example,
we consider a unit with an integrating device analogous to that mentioned in the preceding paragraph, and giving
a complete image every two minutes, it is possible to provide a reading system for the information, operating at a
sufficiently low speed for it to be transmitted directly by telephone line. We shall see in the next paragraph, however, that this device, which is particularly attractive, is less flexible in its use than the storage unit. In particular,
it does not enable full use to be made of the information retrieval devices which modern technology has made available to meteorologists.
As in the case of equipment where information is stored, units operating in real time make it possible for
images at one or several levels to be transmitted. In the first case, the relatively limited amount of information to
be transmitted makes it possible to increase the speed of rotation of the antenna of the radar and this, in certain
cases, may be an advantage. A solution which is related to those above consists of transmitting successively images
at a single level which can be varied from image to image. This system leads to the most simple arrangements but,
from the point of view of retrieval of the image, has a certain number of disadvantages; in particular, whenever an
overall examination of the meteorological situation is required, it is essential to provide supplementary visual
equipment giving an image of sufficiently long duration. This constraint limits the use of the simplest visual
equipment and so detracts from the value of the method.
4.1.3

Improving operational facilities for radar information

In this section we shall mainly consider equipment intended to complete the processing of radar information.
We can make a distinction between two large categories of equipment: those giving a temporary image and those
giving permanent information susceptible to be archived.
4.1.3.1

Equipment giving a temporary image

These sets of equipment comprise mainly those based on the use of cathode-ray tubes. These may be either
conventional radar tubes, or long-persistence tubes or television tubes. The simplest procedure is to use conventional
radar tubes, similar to those used for screens currently in operation. In fact, when such a solution is adopted, the
operating station for radar information differs very little, from the point of view of equipment, from an ordinary
radar station.
In practice, adoption of this procedure necessitates storing all the information as it is received at the operating
centre. In fact, the cathode-ray tubes of radar screens do not have adequate retentive powers for operation to be
possible at the speed of dissemination of infonnation necessitated by the small bandwidth of a telephone line. If
we consider the case, previously mentioned, of the transmission of an image being completed in two minutes, it
appears that elements transmitted at the beginning of the period would cease to be'visible even before the whole
image reaches the operating station and at no time would the meteorologist have an overall picture of the situation.
When the whole of the information has been stored, it is sufficient to read this rapidly, in order for the operator
to be under working conditions similar to those which he would hold, were he at a conventional radar station.
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This solution also has the advantage, when the meteorologist can accept a fairly low rate of renewal of the
image (transmission of one image in a quarter of an hour, for example), that it does not cause the telephone line

to be immobilized for the whole period of operation of the radar. This is an advantage which cannot be disregarded
when the processing of the radar information is carried out on a line which is used for other transmissions as is
frequently the case with meteorological stations of m~derate importance.
'
When the transmission of several levels of the radar signal is carried out as asequence, a radar screen without
storage can be more easily used, owing to the relatively short transmission time of an image at a single level. With
such a solution, however, the meteorologist has only incomplete information at his disposal at any given moment.

If he requires more detailed information he would have to look at the images corresponding to the different levels
as they are transmitted. This necessarily results in the operator having to spend more time in front of the visual
equipment which, when one considers how busy meteorologists are at stations, is a great disadvantage and may rule

out adoption of the system.
The use of screens with cathode-ray tubes with storage or giving long persistence. of the image alleviates this
disadvantage. As a first approximation, we may consider that these devices are comparable with conventional screens
with exceptionally high retentive power which may exceed seve,ral minutes. Operation is then much more convenient.
In spite of the progress which has been made in recent years in the manufacture of storage tubes, equipments
comprising such tubes remain very expensive. In other respects, from the point of view of meteorological operation,
they have a certain immber of disadvantages: they are usually "Of limited dimensions, usually about ten centimetres,

and only in exceptional cases do they exceed 20 centimetres. Another difficulty associated with the operation of
these tubes lies In their low dynamics. In order to be able to cause several values of the amplitude of radar signals to
appear simultaneously, it is in fact necessary to use the variations of the luminance of the screen as a function of

the amplitude of the signals.
These variations are unfortunately limited by saturation phenomena, and it proves to be difficult to obtain good
definition on these screens for a large number of different levels. In current operation, it seems reasonable to limit
the number of levels to a maximum of four in the case of equipment which is not adjusted at frequent intervals.
The use of television tubes in the field of processing radar information is no technical novelty; they are already

in current use by many operating services (air navigation for example). The main difficulty raised by their use is
the necessity to provide for a change in the system of co~ordinates. The original radar image is, in fact, given in polar
co-ordinates, while the television image is in Cartesian co-ordinates. This conversion necessitates storage of the set
of information and the use of logical circuits to find a point in Cartesian co-ordinates corresponding to each point

in polar co-ordinates. Without going into the details of such a device, we can say that the design is complex and, in
spite of the recent progress made In the field of storage, the cost remains generally high.
The conversion unit can be placed before or after one transmission system. When processing of radar information is necessary locally, or w.hen it is intended to transmit information to several operational centres, it is preferable to make the change in co-ordinates before transmission. On the other hand, when only one centre is involved,
it is preferable to make the conversion at the level of the operations room, since the use of a television tube, due to
its low persistence, necessitates complete storage of the information.

From the point of view of facility of operation, the television tube is very attractive. It enables images of
large dimensions to be obtained and the images have a luminance which is sufficient for operation under normal
lighting conditions of the surroundings. The dynamics of the tube, without being exceptional, are greater than those
of a storage tube, and the tube enables a sufficient number of levels for all the usual uses of weather radar to be
made to appear simultaneously. From the economic point of view, the use, as a screen of equipment in Widespread
use, is extremely advantageous. At low cost, it enables the number of operational positions in one and the same

operational centre to be increased. Before leaVing devices depending on television techniques, something must be
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said about the possibilities of colour television. Although this has not yet been used by meteorologists, it seems likely that in the comparatively near future it may be possible to obtain polychromatic pictures of areas of precipitation,
the various inteusities of which would be identified by different colours and shades. Such a technique would
very appreciably facilitate the operation of radar pictures, aud it is surprising that apparently no efforts in this
direction hav~ as yet been made in any country.

4.1.3.2

Devices providing permanent information

In this section, we shall examine equipment leading to recording of the information. We shall distinguish between units giving a visual record, i.e. a true retrieval of the radar picture, and those which merely store the information without the possibility of using it immediately and directly. The latter are used mainly for documents intended for the archives or for use a posteriori with the aid of more elaborate devices, such as computers, for example.
We shall not devote much space to this latter category of equipment. It includes mainly magnetic recorders and
units using paper-tapes. We shall mention, however, the possibilities of combining magnetic recording and visual
devices in which storage is necessary. When such devices are available, it is in fact sufficient to record the signals
received by telephone line and then to read these at a speed which is compatible with the persistence of the visual
system used to obtain an operational picture. Thus we can obtain, relatively easily, an economic unit giving both
visual and archival information. In the devices giving directly a permanent radar picture, we must distinguish
between two large categories, depending on whether the picture which is obtained is given in numerical form or
not.
Amongst the equipments giving a radar picture in non-numerical form, particular reference should be made to
facsimile equipments. Their interest lies in the fact that they depend on units which have been widely used experimentally for other purposes. Unfortunately, they have the disadvantage of providing a rather slow retrieval of the
picture which places their performance as regar~s speed right on the limits of what is acceptable. In particular, if
the time of transmission of the infonnation by telephone line is added to the time of recording, it is to be feared
that the delay between the time of the radar observation and the time when the information can be used may be
too great.
It should be noted, however, that the recent development of coded facsimile equipment, by giving a transmission of
variable duration, a function of the number of echoes appearing on the radar screen, should make it possible to
reduce appreciably the mean time required to obtain recordings. While awaiting the widespread utilization of such
equipment and to reduce the time of transmission of a facsimile picture to an acceptable value with conventional
equipment, it would be preferable, whenever possible, to carry out the conversion of co-ordinates to the level of the
radar rather than to that of the receiving station. In this way we can superimpose the time of transmission and the
time of retrieval of the image and finally obtain a time which is compatible with present operational requirements.
In the case of an image by facsimile, the various degrees of intensity of the radar signal are due to the density of
recording. The amplitude of the radar signal is greater or less according to the darker or lighter tone of the recording. However, the characteristics of the picture must be used with discretion and it is reasonable to keep the number
of levels recorded to a low value. Here again, the number to be selected varies appreciably with operational conditions and in particular with the availability of staff. If it is possible to make a certain number of tunings both at the
radar station and at the operational station, the number of levels can be increased. If such a regime is not acceptable, it would seem to be reasonable to limit the number of levels to four. The appearance in recent years of facsimile equipment depending on photographic processes should lead to an improvement in this field.

One definite advan.tage of the facsimile system is that is is possible for an operational centre to disseminate to
the various interested services printed document which can be immediately interpreted and, possibly, adapted for
a specific purpose. In particular, it would appear to be possible, for aviation purposes, to use levels enabling dangerous
regions to be shown and also regions where there are no hazards for aviation.

a
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In this respect, it is as well to mention that such use of radar information is only of value in so far" as the
information which is disseminated can be up-dated sufficiently rapidly. In practice, this iInposes restrictions, except
when equipment with a sufficient degree of automation can be used. In this connexion it seems that, due to the
progress which has been made in recent years with devices depending on photographic processes, these have an
advantage over equipment using ordinary paper. Finally, it is as well to mention that operation by means of facsimile with frequent dissemination of recordings leads to a financial burden which should not be underestimated.
Very similar to the foregoing equipment, from the point of view of operation, is equipment giving a recording
of the radar linage on paper, but not converted to Cartesian co-ordinates. The main disadvantage of such equipment
is bound up with the fact that it is necessary to manufacture it specially for the use for which it is intended. For
tItis reason devices of this kind are rarely used. We may, however, quote certain facsimile equipment designed in the
U.S.A. using polar co-ordinates. It seems, however, that these are isolated instances and it would appear that it is
not proposed to produce them industrially, at least for the time being.
In connexion with this type of operation, we may also mention a device which was developed in France a
few years ago, even though it has not been used at the reception end. It enables recording of six levels of intensity
in less than one minute. This is effected by the recording of a variable number of lines depending on the intensity
of the observed phenomenon. Several years of operation of this device have shown that it has the following disadvantages:
Rather poor radial definition of the image (one thirtieth of the total scale);
Flimsy paper, which is inconvenient to handle (metallic paper with recording by sparking);
A certain degree of training is necessary for operation.
It is probable that a certain number of the foregoing weaknesses could be partly overcome fairly easily, and that

this type of equipment could, by virtue of its relative simplicity, constitute a useful local recording device.
It is with units giving an image showing, numerically, the intensity of the observed phenomenon that the most
advanced method for the processing of radar information is achieved. In such equipment, recording takes place by
means of a device which may either be an ordinary typewriter, a teleprinter or, more usually, a high-speed printing
device similar to those used as ancillary equipment with computers. Work on this subject has originated mainly in
the U.S.A. and it is impossible to approach the question without mentioning the STRADAP equipmenI, developed
by the Cambridge Research Laboratory, and the equipment devised by the Massachusetts Institute of Technology
and, more recently, by the National Severe Storms Laboratory.

Equipment showing numerical results has the advantage of conserving the main geometrical characteristics of
the radar image, through the intermediary of a grid representation. The distortions which occ~r are esse~tially
associated with the degree of definition, which is often only moderate and which is limited by the dimensions of
the characters identifying each radar point. These may take various forms (figures, letters symbols) !Jut for obvious
reasons of convenience usually only figures are used. As a result, determination of the intensity of phenomena is
liniited to a scale with ten levels which is quite adequate for most operational purposes.
The main weakness of numerical recording lies in the relatively slow printing of the data. This varies considerably from one system to another. With ordinary typewriters and teleprinters, the time which is necessary to obtain
a complete PPI linage is too great and is incompatible with many applications. In particular they do not enable aviation to be operated on a rational basis. On the other hand, it appears that suitable printing times can be obtained
using the high-speed printing devices for computers. Unfortunately these are expensive and it is doubtful whether
their use could be extended to a large number of stations.
Numerical recording is of the greatest interest whenever time is not the essential factor. In particular, it appears
that it would be advantageous to use this system whenever it is proposed to operate the radar for climatological
purposes without the aid of a computer.
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Examples of equipment for processing radar information

4.1.4

In the course of this brief examination of the question, there appear to be many possibilities and the choice
is often embarrassing. Each of the possible solutions has advantages and disadvantages; some of these solutions are
satisfactory for certain purposes, but are less satisfactory for others. For reasons dictated by economy, which are
easily understood, the meteorologist cannot adopt the best solution for each purpose. We are up against the inevitable problem of a compromise.
The documents mentioned in this section provide examples of solutions to the problem. They contain descriptions of equipment in current use in various countries (U.S.A., Japan) and describe the experience acquired by
those using such equipment, particularly in the field of the transmission of radar images.

4.2

A radar echo-contouring system (U.S.A.)

Research in recent years has shown radar echo intensity to be an important parameter for interpretation of
weather echo data. Measuremeht systems in use by research groups have been difficult to use in weather offices.
Generally, research groups have designed their data acquisition efforts to include radarscope photography to permit
careful analyses days or months after the event. Weather office operations, however, require equipment systems
which are easy to use and can be operated by observers or forecasters.
The ESSA Weather Bureau has designed an echo·contouring system for use in weather offices. The device is
tenned the Video Integrator and Processor or VIP.
The device:

4.2.1

(i)

Provides signal intensity information in contoured form for PPI and RBI display;

(ii)

Integrates the weather signal to smooth the pulse-to-pulse variatiOn in echo amplitude;

(iii)

Displays a full set of contours with each rotation of the antenna;

(iv)

Indicates the maximum observed contour during each rotation of the antenna;

(v)

Provides up to six selectable contours.

Basic principles of operation

The amplitude of a return signal from a precipitation target fluctuates in a random manner (see earlier discussion on signal fluctuations), giving rise to the problem of interpretation. A mean value for the fluctuating amplitude
is the desired value that allows the radar meteorologist to infer rainfall rates., The statistical method used to improve
the accuracy of the estimate of a mean value from randomly fluctuating values is simply a method of averaging. For
a given volume in space this averaging technique is utilized by the VIP to improve the mean value estimate of precipitation intensity. The VIP combines averaging in range with averaging in azimuth or elevation.
Range averaging is performed electronically by integrating the incoming video signal over the range of interest
for any given radar pulse. The resulting signal is proportional to:
r,

P'''''Jed'
",
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where Pr is the average received signal, e is the amplitude of the instantaneous return echo and,. and'2 are the
beginning and ending ranges respectively.
The second averaging technique is integration of the returned signal on a pulse-ta-pulse basis, or simply integration in azimuth or elevation. For a given volume io- space, averaging in azimuth or elevation is accomplished by
electronically averaging the signal amplitude for a number of pulses. This type of averaging is given by:

~Le
"

where n is the number of pulses averaged.
The VIP utilizes both the range and azimuth (elevation) averaging methods.
The accuracy of the VIP's resulting estimate of a mean value for the intensity of the return echo from a
given precipitation volume is a function of the effective sample size and the fluctuating characteristics of the echo.
The design for the WSR-57 radar scanning at a rate of 3 rpm and with averaging over an interval of one nautical
mile gives the accuracy of the VIP as plus or minus 1.48 dB.
The VIP averaging principle can be used on any radar but the accuracy depends on the PRF, pulse length,
antenna scan rate and the desired range resolution, Assuming that the antenna beamwidth defines the azimuth
resolution, the following equations ca"n be used to calculate the accuracy of averaging:
radar pulses
(beamwidth) PRF
n,
beamwidth
antenna scan speed
effective range samples
range increment

range resolution
pulse length

giving an effective statistical sample size ne = n I n z .
The accuracy can be shown, at the 95 per c:ent confidence limits, to
± 1.96 (5.57 dB)

ne
The equations indicate that pulse length, PRF and the antenna scanning rate have an important bearing on the
accuracy of the contours, Weather radars should therefore have provision for nonnal use of pulse lengths of the
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order of l,u sec, and antenna rotation speeds of 2-4 per minute, depending upon the desired accuracy of the contours. The averaging interval in range must be kept relatively small to minimize smoothing of small areas of strong
signals and subsequent loss of important data. A cursory examination of the size of hail areas within thunderstorms
has shown that frequently the hail area in an echo may be 1-2 kIn in diameter, therefore the increment of range
over which averaging is performed should be kept to 1-2 kIn to reduce the probability that a hail area may not be
observed. Further details of the averaging technique and accuracy may be found in references (I) and (2).

4.2.2

VIP design

The VIP is designed to display echo contours for ranges between 10 and 125 nautical miles. Figure 20 is a
simplified functional block diagram. The video signal from the logarithmic receiver is amplified and integrated and
subsequently coupled to six operational amplifiers operating as level sensors. The output is fed through the normal
video circuits. Correction of signal amplitude as a function of range (the l factor in the radar equation) is performr2

ed in the radar receiver system. The range correction circuit, usually designated as STC, must be correctly calibrated.

In addition to the appearance of the contours on the PPI and RHI displays (Figures 21 and 22), the console
operator is provided with visual indication (swnmary lights) of all signalleyels present during each rotation of the
radar antenna. A level selector feature allows the console operator to select a particular level for display. In this
mode of VIP operation the selected contour is displayed at full video brightness.
Ground clutter is essentially eliminated by blanking all signals between 0 and 10 miles range. When necessary,
the blanking range can be extended to 15 miles or more.

4.2.3

Test and evaluation

Numerous tests have been conducted on the VIP (3). Analysis of the WSR-57 and VIP operating as a system
pointed out the following assumptions that must be valid for maintenance of the accuracy of the echo contours:
Ca) The response characteristics of the radar receiving system must not change excessively with time; (b) the inverse
square law range correction provided by the sensitivity time control (STC) circuitry provides the desired range compensation, provided it is properly calibrated. Overall system accuracy (radar and VIP) is of the order of 4-5 dB.

4.2.4

Automatic data processing

The VIP output is in the form of a fixed voltage for each contour level. Conversion of this signal output to
digitaf form suitable for automatic computer processing has already been accomplished (4); a great deal of work is
necessary, however, before such processing can be done in weather stations. Communication systems, computer
processing time, and dissemination of analysed products requires a considerable investment of money. The technology is available

4.3

Transmission of radar information

4.3. I

Experience of the Meteorological Service of the U.S.A.
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4.3.1. I

Introduction

Communication of radar data has been a serious problem since weather echoes were first observed in the early
1940s. A large portion of the radar intelligence cannot be retrieved for transmission to remote locations. Although
numerous codes and word messages have been devised and used, none can be considered as a satisfactory means
for relaying radar data.
Until recent years, the cost of provision of displays in offices more than about one kilometre from the radar
has been prohibitive and only a very few long-distance remoting links have been established.
The World Meteorological Organization Technical Note No. 78, "Use of ground-based radar in meteorology"
(pages 30-33), contains a summary of various types of radar remoting equipment. The U.S. ESSA Weather Bureau
l).as purchased a number of units of the equipment described as Type lIe entitled "scan-converted slow scan". The
following sections describe this equipment. A detailed description may be found in reference (5).
The design criteria for this remoting equipment included the following:
(i)

Cost musl be less than thai of weather radar;

(ii)

Provision must be made for remoling of the Plan Position Indicalor display;

(iii)

There musl be a method for insertion of echo interpretive material such as heighl, intensity and movement;

(iv)

Display at Ihe remote terminal must be in a lighled room;

(v)

The signal musl be transmilted over 3-kHz telephone lines or by radio;

(vi)

Display at the remote terminal must be. close to real time;

(vii)

The system must be capable of sirnullaneously serving a number of different localions;

(viii)

Remoling dislance should be al least 500 miles.
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Figure 23 - Remoting system information flow
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Although originally designed for television display at the remote location, facsimile recorders have also been
designed to serve as the receiving unit. The facsimile offers the advantage of a paper copy which can be used to
study the past history of obs~rved echo patterns and low-cost receiving equipment.
Figure 23 is an information-flow diagram of the remoting system. Of greatest importance to meteorologists is
the provision for entry of hand-written interpretive data by use of the data-insertion device.

4.3.1.2

Equipment description

4.3.1.2.1

Transmitter unit

The transmitter consists of a PPI repeater display, data-insertion device, television camera and suitable modulator unit. The TV camera utilizes a tube having a relatively long storage to pennit continuous read-out at the slowscanning -rate in rectilinear co-ordinates. The resultant narrow-band video (0-2,000 Hertz) is mixed with line- and
frame-synchronizing pulses and then modulated onto a 2,4DD-Hz carrier. Using a 7.5-Hz line rate in a progressive
scan, it takes 100 seconds to scan one complete PPI picture. After passing through a low-pass filter, the lower sideband plus carrier (vestigial transmission) is th€?n transmitted on a nominal 3-KHz telephone line to the receiver sites.
The total bandwidth required by the modulation envelope using the above technique is 400 Hz to 2,800 Hz.

4.3.1.2.2

On-line monitor

This unit contains a seven-inch direct-view storage tube to permit viewing of the PPI and hand-written data as
transmitted over the telephone lines. The display is very useful in the weather office since echoes may be viewed
with respect to geographic features such as rivers and coast-lines and the political boundaries, which are included
in the data-insertion device. Images may be stored up to 15 minutes when transmission of video date is interrupted.
Interruptions may occur when the radar antenna is scanning in the RBI mode or in manual PPI sector scanning.

4.3.1.2.3

Receiver

In the receiver, the video signal is recovered using demodulation techniques. The line and frame synchronization
are separated and reconstituted from the demodulated video signal. The resolution requirement is 125 range rings per
radius or 500 TV lines.
Display of the video data may be in one of three modes:
(a)

The receiver may consist of an on-line monitor;

(b)

A closed-circuit television camera may view an on-line monitor display. Standard television monitors may

then be attached to the camera to permit simultaneous viewing in a number of separate rooms in a building;
(c)

An ll-in. facsimile recorder may be modified to record the data.

No other electronic equipment is needed at the receiving location. Provision must be made to include a datetime indication in each frame of the recorded data. To reduce facsimile paper consumption, a timer may be used to
limit operation of the recorder.
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Operation

The original concept of using leased private telephone lines of facsimile quality has proven to be quite satisfactory. Data may be transmitted continuously to a large number of users. Figure 24 illustrates the locations of
receiving equipment in the Houston-Galveston (Texas) area.
A second option has also proven to be satisfactory. Dial telephone calls may be used instead of leased lines.
To use this arrangement, a device must be installed between the transmitter and receiver and the line. In the U.S.A.
the device is called a Model 602C Dataphone and is obtained on a rental arrangement with the telephone company.
Figure 25 illustrates a recording made 2,000 miles away from the transmitter. The major problem found in this
arrangement is the quality of the telephone line system. If voices or other noises are heard on the line, the remote
display is badly cluttered and may be unusable.

4.3.1.4

Maintenance burden

The equipment design utilizes solid-state concepts wherever possible. Experience after a cumulative total of
approximately six years shows that the transmitter and receiver each require approximately 0.25 man-years per
year. The cost of replacement parts is a few hundred US dollars per year plus approximately one direct-view storage
tube for each on-line monitor and receiver, at a cost of about US $1,600 each.

4.3.2

Experience of the Meteorological Service of Japan

4.3.2.1

History and background

The weather radar network in Japan has been developed in the past fifteen years. and is now almost completed. covering the whole country with sixteen radars. In the first stage of the development, the main applications of
radar were the tracking of typhoons and severe storms.
Recently, the requirements for timely and detailed radar information have increased considerably, reflecting the
rapid development of industry, electricity plants and transportation.
Owing to the high-density population and the locality of severe weather in the mountainous islands, each of
over fifty local forecast centres in every prefecture is responsible for the dissemination of warnings and advisory
messages for the public in its own prefecture.
Meanwhile, the forecasters in the international airport and the area control centre require radar data transmission in the real-time mode, while a number of small domestic airports require the timely transmission of limited
radar data, although less frequently.
Since a radar must conform to the various above-mentioned requirements of the different users simultaneously,
a compromise would be inevitable from the economical standpoint.

4.3.2.2

Reasons for adoption of telephone facsimile

A number of remoting systems have been used for trials such as repeater scope and microwave relay, photographic facsimile and UHF or VHF wave, lTV and microwave. slow-scan videcon camera and microwave, telephone
facsimile and telephone writer.
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The telephone facsimile system was finally found to be the most suitable means for radar data transmission
on a nation-wide scale because:

(i)

Radar data can be transmitted simultaneously to ten or more stations;

(ii)

Radar sketches including echo interpretive remarks can be sent without reduction of original size;

(ill)

CosI of Ihe equipment is noI expensive (less than 15 per cent of thaI of radar);

(iv)

Equipment is easily available, simple and stable;

(v)

The signal can be transmitted over 3-KHz telephone line, and dial telephone call is permitted;

(vi)

Paper copies can be made from a semi-transparent receiving paper for distribution;

(vii) Original paper can be used with the same scale as that of the weather charts at the forecaster's desk;
(viii) Additional use of the slow-scan converting system may be feasible over the same
future.
4.3.2.2.1

telephon~

line in the

Description of the equipment

A number of different kinds of facsimile have been mass-produced. The main specifications of the equipment
selected for radar data transmission are as follows:

Transmitter
Equipment size
Effective picture size
Drum diameter .

770 X 335 X 420 mm
. . 275 X 420 mm
.92mm
3 lines / mm

Scanning line density
Transmission time

.

10 minutes

Drum speed

125 rpm
100 VA

Power consumption.

The. effective size of the picture is sufficient to send a radar sketch of full size. Transmission time can be reduced

by changing the line density.
Receiver

480 X 420 X 545 mm
Same as transmitter
Discharge disruptive system

Equipment size
Effective picture size
Recording system
Minimum input level

Allowable input level fluctuation
Power consumption.

.

- 30 dB
- 10 to 25 dB
200 VA

Impulse sender and operating panel
Radar data can be transmitted simultaneously to a large number of users with this device.

The cost of the equipment is less than 20,000 US dollars; that of the receiver only is 4,000 US dollars.
4.3.2.2.2

Information flow over telephone line

Radar data are sent to the' forecast centres and the airports by commercial telephone-line link as shown in the

flow chart of Figure 26. Leased line should be used partiy from weather stations to telephone offices in the same
town. However, the distance of the leased line is quite short compared with the dial call line. The frequency of busy
lines is less than one per cent. The charge of the dial telephone line is on the next page.
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RADAR STATION

WEATHER BUREAU

TELEPHONE OFFICE
FOR DISTANT LINE

TElEPHONE

mPULSE SENDER

'l'EIE.FAX RECEIVER

7

Leased line

Commercial telephone trunk line

Figure 26 - Radar information flow by telephone facsimile

Distance (km)
20
100
300
4.3.2.2.3

Dial line charge
Talking time per 20 cents
500 seconds
130 seconds
65 seconds

Operation

In accordance with the standard procedure for radar observations in Japan, the observed radar data are finally
expressed 'in a detailed sketch on transparent tetroon film paper overlaid on the PPI scope. Map, range and azimuth
marks, stations and contours of radar shadow are printed on the film paper. A unified scale is used for the radar
map and the sectional weather map throughout all stations.
Reflectivity of the echo pattern is expressed in two or three shades with coloured pencils using the iso~echo
contouring device or reducing receiver gain. The intensity and height of the significant echoes, the movement,
tendency and the other necessary annotations are also given on the film paper. RHI sketches can be drawn in the
corner of the paper, if necessary.
Simplified sketches in black pencil are prepared by making a copy of the original sketch to serve for the telefacsimile transmission. In future plans, the sketched copy will be used in a data centre for microcopy or printing
(see Figure 27).
The received facsimile paper as shown in Figure 28 has the same size as the sectional weather chart and is
easily understandable, without ground clutter. It can be overlaid on the local weather chart at the tracing desk for
the convenience of forecasters' use. At the airport the sketch copy can be used for briefing and reproduced for
distribution.
4.3.2.3

Telephone writer

4.3.2.3.1

Introduction

The telephone writer has been successfully used for radar sketch transmission over leased telephone lines from
a radar station to a nearby local airport for domestic lines in Japan.
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TRANSMITTER

RECEIVER

2060 - cps
2340

100CPS

TRACING PEN
RECORDING

PEN

Figure 29 - Telephone writer block diagram

Urgent need for radar data is not often experienced in an airport having only several flights a day. However,
timely transmissions of radar sketches of the limited area surrounding the airport are quite helpful for safe landing
or take-off and for making decisions of whether to hold or to go to an alternative airport.
4.3.2.3.2

Equipment description

The telephone writer is originally produced for transmission of the written message over a wire, telephone or
radio circuit.
Principles of the equipment are shown in Figure 29. The position of a writing pen in X-Y co-ordinates on the
transmitter is converted to the voice signal by frequency modulation, in two separated frequency regions. The
receiver pen writes the same figures, following the movement of the transmitter pen.
Principal specifications

Available writing area
Weight: transmitter.
receiver.
Power: transmitter.
receiver.
Frequency.

4.3.2.3.3

127 X 89 m
6 kg
11 kg
10 watts
15 watts
1,310-1,490 and 2,060-2,340 cps.

Operation

The echo pattern is drawn on a film overlay on which map and range marks are printed, by overlaying the
film on the PPI scope or on radar sketches. Radar data are sent to the receiving stations by following the echo
contours on the film with a transmitter pen and writing the necessary annotations such as height, intensity and
movement of echoes.
At the receiving station, sufficient infonnation on weather can be obtained by superimposing the same overlay
as that used for transmission on the received echo pattern.
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The sketched area can be chosen 30 to 200 kIn in length, depending on weather situations. Transmission time is
only three minutes even with the most complicated echo pattern.
4.3.2.3.4

Remarks

Experience at the local airport shows that a transmission frequency of approximately eighty per month is
enough to satisfy the needs of air traffic operations for radar data.
Information sent by this method is also satisfactory and especially helpful in the case of thunderstorms, low
visibility in snow showers and strong cross-winds with frontal passage.

The merits of this remoting system are:

(1)

The equipment is easily available, simple and stable;

(li)

The cost of the equipment is less than 600 US dollars and that of expendables is quite low;

(iii)

Supplementary comments and requests can be exchanged by voice over the· same leased line;

(iv)

Paper copies are easily obtained for distribution and study of past weather.
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CHAPTER 5

TRANSMISSION OF RADAR INFORMATION TO AIRCRAFT IN FLIGHT

5.1

General

One of the most important problems which the radar-meteorologist has to face up to is the transmission of
radar information. Unfortunately, the problem is complex, due to the temporal and spatial variability of echoes. In
the particular case of providing safeguards for aircraft, the problem is more complex, due to the necessity for quasiimmediate dissemination of the data. The limitations imposed by the present means and procedures for air-ground
communications mean that the requirement is inadequately met.

In a general way, the problem of the transmission of radar data should be considered both from the standpoint of the maximum acceptable time of transmission and the frequency of the transmissions. The time of transmission depends essentially on the characteristics of the means of transmission which is used and on the preliminary
processing operations to which the raw data, given by the radar, are subjected (e.g. integration of video signals,
conversion of co-ordinates). The frequency of transmission should be detennined, taking into account the spatial
and temporal v~riations of echoes which depend on the precision in determining the position of echoes which is
necessary for any given purpose.

In the case of aviation, two types of use have to be considered:

Use in the neighbourhood of an aerodrome with a view to facilitating approach, landing and take-off operations;
Use on a larger scale, in order to safeguard aircraft in flight and for flight planning.

5.1.1 The first type of operation requires very precise data and, in consequence, taking into account the variability
of observed phenomena, leads to the adoption of rapid transmission and frequent up-dating of these data. The
minimum time allowed by techniques for distribution of data would be the ideal solution. However, for financial
reasons, this solution is not always practicable and a compromise must be reached. The latter generally prompts
the adoption, for the picture transmission, of some display using a telephone line, the pass band of which prescribes
a minimum transmission time for a given resolution. Such a display can be regarded as giving the possibility of
transmitting a whole PPI or RHI picture with sufficient precision in less than two minutes.

The WBRR equipment used by the U.S. Weather Bureau gives an excellent example of this feasibility (transmission time for a PPJ picture: 90 seconds; see paragraph 4.3.1).

5.1.2 The second type of use does not require such great precision in the localization and in the determination of
the intensity of the phenomena; thus the transmitted information remains valid for a longer period, which fixes the
frequency of data renBwal to be adopted. Hence a longer time for data transmission can be satisfactory for this
type of operation. In practice, this allows the use of semi-automatic procedures such as the transmission by mediumspeed facsimile of the picture obtained from the radar scope when the shape of the echoes is reproduced on a transparent paper (see paragraph 4.3.2.1).
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Example of practical methods for the transmission of radar information to aircraft in flight (Methods and
procedures in use, or which have been tried, in tbe U.S.A.)

Although most large passenger-carrying aircraft ate equipped with weather radar, many smaller aircraft are not.

Usually pilots of the smaller craft avoid areas of thunderstorms, but occasionally situations develop in which a
pilot may need assistance in order to avoid unintentional flight into convective stonns. Additionally, the radarequipped aircraft occasionally need assistance. Several methods of transmitting weather-radar data to pilots have
been tested in the U.s.A. with varying degrees of success. It is important to understand that ground personnel do
not assume responsability for direct instructions to pilots to fly on specific courses (vectoring); rather, the methods
described below have attempted to give the pilot data on the location of thunderstorms so that he may make a decision on the specific route to be flown.

5.2.1 Coded messages
The standard U.S. radar report which may be relayed by radio gives a general word-numeral summary of the
location of areas, lines or cells and the relative location in azimuth and range from the ground-based radar. These
messages may be used to· describe the general echo pattern, intensity, height, and movement, but generally the
information is not sufficiently detailed to pennit selection of routes through an area of echoes. These radar reports
are prepared hourly when precipitation echoes are observed and may be broadcast with the general weather data,
or on special request from a pilot.

5.2.2 Direct pilot-to-forecast service
Experiments with this method have been conducted under two different arrangements.
In the first instance, the forecasters were located in the weather forecast centre. When pilots wanted weather
information, they contacted the forecaster on an assigned radio frequency. Information on general weather conditions, such as observed terminal weather, was transmitted as requested. In addition, a PPJ repeater display from the
nearby weather radar was used by the forecaster to advise the pilot of the specific location of echoes along the
specified flight path.
In the second instance, the forecasters were located in the traffic control facility. Repeater scopes from nearby weather radars and the traffic control radars in the centre were used by the forecaster for relay of infonnation,
once again on radio frequencies used solely by the forecaster. Although both systems were effective, neither have
been implemented in the U.S.A.

5.2.3 Broadcast of the PPI display using television techniques
Arrangements were made in the north-eastern U.S.A. for temporary utilization of a UHF television channel
for continuous broadcast of a traffic control radar display. A small portable television receiver was installed in the
cockpit for the pilot's use. All data included in the PPI display, i.e. aircraft targets, weather, video-map, were displayed to the pilot. The system was tested for several months but abaudoued because it was found that the pilot
had a great deal of difficulty in identifying his aircraft target and foilowing it across the PPI display. Precipitation
echoes would frequently obscure the aircraft target and the pilot could not locate himself with sufficient accuracy
to allow use of the display for planuing the flight. The experiment was subsequently abandoned.
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5.2.4 Direct assistance to controllers
Recently, weather radar personnel have been assigned to three Air Route Traffic Control Centres (ARTCC)
in the western U.S.A. for the purpose of extracting weather echo data from the traffic control radars. The weather
echo data are then disseminated from the centre by facsimile and teletypewriter messages.
The weather staff also assists the traffic controller in the interpretation of the weather echoes, for use during
radio contacts with pilots. In turn, the controllers are frequently requested to obtain pilot reports in specifi~d areas
to aid in interpretation of the radar data and to supplement weather obseIVations obtained from other sources.

5.3

Example of practical means for the transmission of radar information to aircraft in flight (Australian example)

Since 1963, very considerable efforts have been made in Australia with a view to keeping aircraft in flight
informed of the position and nature of zones

of turbulence.

Without entering into details of the organization which has been set up for the purpose (project JACM AS (for
Joint Approach Control Meteorological Service)) we shall show how information based on weather radar data is
mad,e available for both pilots and air traffic controllers. Instructions to keep clear based on this infonnation are
mandatory in the stacking area and within a radius of 10 nautical miles from the aerodrome. Elsewhere, these instructions are advisory only. For the principal air routes, the characteristics of zones of turbulence are recorded on an
endless magnetic tape and broadcast on radio wavelengths for air traffic control.

Details of this very interesting experiment can be found in a document presented by P. A. Barclay at the
Conference on Weather Radars at Montreal, 1968 (Proceedings of the 13th Radar Meteorology Conference,
PP.439-441).

CHAPTER 6

NEW TECHNIQUES

Introductory remark

In recent years, important studies have been made with a view to improving measurements made by means of

radar using either two sets of equipment having different Wavelengths or a single set of equipment using two wavelengths. The most important work in this field has been undertaken in the U.S.S.R.
This chapter sets out, through the various experiments conducted in that country, the various possibllities of
this comparatively new technique. It also shows, In the second part, the difficulties we come up against when we
try to determine height of cloud base by means of radar, even when the latter has two wavelengths.

6.1

Possibilities in the use of radar with two wavelengths for meteorological purposes

The amplitude of echoes given by precipitation and cloud on radars using a single wavelength provides us
with rapid infonnation on the position, area, displacement and development of centres of thundery activity and
showers. The spectrum of fluctuations in the amplitude of radar signals can also provide information on air movements in zones in which there are cloud droplets or droplets falling as precipitation. Due to the special nature of

the relationship between the amplitudes of the echoes and the dimensions of the diffusing droplets (sixth power of
the diameter), however, determination of the intensity of precipitation or of the water content of cloud by radar
with a single wavelength still remains very imprecise.
We know, in fact, that, since the distribution of the dimensions of the raindrops can vary appreciably from one
instance of precipitation to another, the relationship between the intensity of precipitation, R, and the reflectivity,
Z, is not constant. Thus the coefficients in the general relationship Z = ARb vary over wide limits for different occasions of rainfall, A lying between 60 and 800 and b between 1.1 and 1.9. The error due to this variability in the
Z/R relationship, may, in extreme cases, amount to several hundred per cent. The decrease in the wavelength of the
radar gives rise to other sources of error, the principal of which are the inadequacy of Rayleigh's approximation and
modification of the amplitude of echoes due to phenomena associated with attenuation. An improvement in the
measurements of the intensity of precipitation and the water content of clouds can be obtained by using the relationship which exists between the latter two quantities and the attenuation. Unfortunately, it is practically impossible to determine the attenuation with a radar with a single wavelength. Methods of measurement based'on the use
of calibrated targets can only be used for research work and the introduction of an assumption of a constant reflectivity over the whole path of the radar wave considerably reduces the value of such measurements.
On the other hand, we can, relatively simply, make a precise determination of the attenuation of t~e radar
waves in cloud or in precipitation, using a radar with two wavelengths. Even though, in the present state of the
technique, this measurement is only possible in zones of limited dimensions, the information obtained enables the
meteorological information given by the radar to be improved upon and usefully extended. Using a radar with two
wavelengths we can, in fact, obtain information which can be used to:

Determine the water content of clouds formed of liquid droplets;
Improve the Z/R relationship;
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Determine the parameters of Marshall's law of distribution (N(D) = No e-W );
Estimate the nature of the droplets in clouds and show up probable regions of icing.
We shall look into the principles of the measurements of attenuation in cioud or precipitation, based on a
comparison, along the entire iength of the radar path, of the amplitude of echoes given by two wavelengths having
different coefficients of attenuation.

Let us suppose that, in the construction of the radar, the following conditions are fulfilled:
The same axes and the same radiation diagrams for the antennae for the two wavelengths;
The same impulse width and the same frequency;

Integration of the amplitude of the signals received on the two wavelengths (fluctuations eliminated).
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The path for measurement is shown in Figure30. It is situated in the zone ab, giving a radar echo for the two
wavelengths. The signals are integrated to eliminate fluctuations. The radar with a long wavelength is little affected
by attenuation, but the same does not apply to the radar with a short wavelength. Figure 31 shows the variation
of the mean signal strength as a function of distance for the two wavelengths under consideration. Let PIn be the
strength of the echo given by the long wavelength at the beginning of the path; P1n that at the end of the path;
Zln and ZZn the correspondingreflectivities;Zla and ZZa the values obtained with the shortest wavelength;R(r)
the distribution of the intensity of precipitation along the path; and !1 I the length of the path abo The strength
returned by precipitation from point a for the longest wavelength may be written in the form:
P'n

~

Zln

C, -- . 10-0 .2

ri

Kf"R(r) dr
,

(10)

o
where C j is a constant determined by the characteristics of the "long wavelength" channel of the radar, K j is the
attenuation coefficient for long waves, and ra the distance between point a and the radar.
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Under the same conditions, the strength received at the end of the path is:

J

'b-

P2n

C1 Z'n
lO-O.2K1

=

r~

R(I') dr

(11)

o

In the same way, if rb is the distance between b and the radar l the strength of echoes received at the beginning and
at the end of the path for the shortest wavelength is:

r
.

(12)

J

(13)

"

P" ~ C, -Zl' lO-o.'K,

r',

R(r) dr

o

'b

PZa

=

C2_10-o.2K2
Z"

r'b

R(r) dr

o

From equations (10), (11), (12) and (13) we obtain b, the mean relative attenuation for propagation in raio along the
path abo Calculations and experimental data due to Godard (I) have shown that for a wavelength of 0.86 em, the
attenuation in precipitation is directly proportional to its intensity. If this is used, the result is that we obtain for
the mean attenuation and the mean intensity of precipitation expressions which are extremely simple:

b

5
=

(J og PP'nP"PIa -~-

Iog Zln
- -Z,,)
-

ln

(14)

Z2n Zla

L!.l

R=

- -Z,')
5(Iog -PP'n-P'a- - Iog Z'n
Z2n Zla
ln PIa

L!. I (K,-K,)

(15)
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In clouds where the droplets are small compared with the wavelength and for which Rayleigh's approximation
applies, 2Jn = 21. and 22n = 22., and equation (15) can be simplied to:
PIn P2a

5 Io g - - R~
P'n PIa

(16)

IH(K,-KI )

It will be seen that in equations (15) and (16) there are no terms which are a function of the characteristics of the
radar or of the distance. Consequently measurements can be made without calibrating the equipment and without
applying a correction for distance. Since these latter operations give rise to errors, the accuracy of the final result is
improved by eliminating them.
J

By making measurements of the attenuation and of the reflectivity along various portions of the path, with
different values for the amplitude of the echo, we obtain a number of pairs of values for the intensity of rainfall
and 'the reflectivity I for the long wavelength. If we have at least two pairs of corresponding values for Zn and R n •
we can calculate the coefficients in the equation Z = AR b.
In this way we obtain the followin~ values for the exponent b:

(17)
and for the coefficient A:
(18)
Although these coefficients are determined from data for a limited part of the echo, the method can be extended to
other centres of precipitation lying within the limits of the range of the radar. It is known that in the case of rain
falling from a homogeneous air mass, the relationship between the intensity of rainfall and the reflectivity remains
constant over a period of a few hours; consequently it is sufficient to carry out the procedure for the determination
of the values of A and b, 10 and 12 times within 24 hours. Pairs of corresponding values (reflectivity - intensity of
precipitation) can also be used for the determination of the parameters of the distribution function of the diameters
of rain droplets. According to Marshall this function is:
N(D) =NO e-AD
where NO is the concentration of droplets of dimension "zero" detennined by extrapolation. A. a parameter of dimension liD, and (D) the diameter of the droplets.
It can be shown that, if A and b are known, No and
precipitation. as follows:

"I<.

can be expressed as a function of the reflectivity of
2.8

No

..t

~

0.4

~

2.8-1.8 b

1.26x 10' A-. Z--h31.6

0,4 (I-b)

A-. Z--,-

(19)
(20)

When it is necessary to know the concentration of droplets of a given diinension as a function of the reflectivity, for example, in order to detect regions which would be dangerous for flights by supersonic aircraft, this can
example, we give a table showing the number of droplets
be done by means of diagrams prepared· in advance. As
per cubic metre, with diameters lying between 2 mm and 2.5 mm as a function of the reflectivity, using tWQ different equations.
'

an

(a)

Mean relationship for all rainfall: 2 = 200 R 1.6.

(b)

Relationship 2 = 400 R 1.2 , an equation which is typical for thundery showers.
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(a) Table N(Z)

= feZ)

for the equation Z

= 200 R 1.6

Z

10 1

la'

la'

la'

10'

N(Z}

0.16

1.54

2.73

11.5

48.6

(b) Table N(Z)

Z
N(Z}

•

= feZ)

for the equation Z

= 400 R 1.2

10 1

10'

10'

10'

la'

0.01

0.22

2.15

14.7

99.5

We can easily see that there is a considerable variation in the concentration of large droplets when the ZJR relation-

ship is changed.
The attenuation of electromagnetic waves in the m.illimetre band, when propagated through cloud, diminishes
sharply when the droplets crystallize, while the reflectivity varies but little. Consequently, zones of supercooled
droplets in clouds farined of crystals will show up as zones of greater attenuation. A comparison of the PPI images
obtained with the two wavelengths of the radar enable an estimate to be made of the nature of the droplets in the

cloud.

6.1.2

Requisite characteristics of a weather radar with two wavelengths for the quantitative observation of
cloud and precipitation

6.1.2.1
In order to make a valid comparison of echoes ·obtained from the two wavelengths, it is ess~ntial that the
volumes contributing to the formation of the echo should be the same. This requires that, for the two wavelengths,
the beam should have the same axis and same width and that pulses should have the same amplitude and same frequency.
6.1.2.2
The spectrum of fluctuations of the amplitude of the echo associated with relative movements of the
particles causing diffusion varies considerably with the wavelength. Consequently, in order to avoid errors in measurements, it is necessary to integrate the signals over a sufficiently long period corresponding to reception of 1,500

to 2,000 pulses.
This number may also vary depending on the equipment or, more precisely, on the wavelength and on the
frequency. In fact, the period of integration is chosen taking into account the coefficient,of autocorrelation of the
signal in such a way as to obtain an integration over a comparable set of values or equal to 100 statistically inde-

pendent samples.
6.1.2.3

Formula (15) also shows the possibility of errors associated with variations in the granulometric spec-

trnm of the elements giving rise to diffusion and with differences between the trne law of diffusion and Rayleigh's
approximation.
In a general way, the relative value of the error decreases as the length of the path increases. In practice, this
length is determined by the capabilities of the radar on the shortest wavelength. In order to improve the accuracy
of the results, this should therefore be increased to the maximum. It would probably be most rational to increase
the sensitivity of the receiver, using integrating assemblies which, for pulses of a periodic nature, would give an
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appreciable improvement in the signal-noise ratio. It is to be noted that the use of such circuits also goes to improve

the quality of the measurements.
Measurement of absorption, using a radar with two wavelengths, can be made automatic. Applying equation
(14), all that is necessary is to insert two systems of automatic control of the amplification in the reception circuits
of the radar. The first control is to maintain the signal given by the longest wavelength, at the end of the path, at a
constant level. The second control, inserted in the "short-wave" channel, is to ensure equality of the signals received
at the beginning of the path on the two wavelengths.
Due to the action of these devices for automatic amplification control, the signal received on the "short-wave"

channel at the end of the path is a function of the absorption to be measured. By amplifying this signal by means
'of a logarithmic amplifier, a continuous recording can be obtained. This has been done at the Central Aerological

Observatory of the U.S.S.R. where the accuracy of measurements of rainfall intensity, obtained by determining the
relative absorption sustained by the two wavelengths of the same radar, has been checked.
Thus, measurements made with a radar with two wavelengths, a modernized type MRL-l, have shown that
errors are not large. The accuracy obtained corresponds to that of a raingauge network where the distance between
each instrument is approximately 0.25 kIn.

6.2

Determination of height of cloud base by radar

6.2.1

Preliminary remarks
Information relating to water content, the nature (ice or water) and heights of base and top of clouds and

intermediate layers is of considerable importance for service to aviation.

Most frequently, the most important of these is height of cloud base; in the case of the lowest clouds, this
height determines landing conditions for aircraft.
This concept of height of cloud base is not based on a precise official definition and the results of measurements depend on the methods of observation, on the equipment and on the conditions under which observations
are made.
It is probably most convenient to consider the height of cloud base as the height at which the pilot of an aircraft loses sight of the horizon, since the introduction of oblique or vertical visibility increases the importance of
the effect of time of day and the effect of the nature of the next lowest layer. We shall examine the possibility of
using radar for obtaining these data relating to clouds.

6.2.2

Ciouds considered as radar targets

Clouds, as targets capable of producing radar echoes, and the possibilities of measurement of their characteristics by radar, have been studied in detail by Atlas and other research workers (5, 6). These authors have used
radar for various purposes and the experimental data obtained show that it is possible to measure, at a distance, the
main characteristics of clouds to a sufficient degree of accuracy for many practical purposes.

The observations have been supposed to have been' made by means of a radar with a single wavelength and the
reflectivity of the cloud has been supposed to have been determined from the strength of the radar echo.
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With a view to detennining the limits of accuracy· of the measurements which can be made, observations of
clouds have been made simultaneously by means of an aircraft equipped as an airborne laboratory and having a radar
operating on a wavelength of 3 cm, at the Central Aerological Observatory of the Hydrometeorological Service of
the U.S.S.R. Rather unexpectedly, the strength of radar signals from clouds has been found to be much greater than
data from aircraft on the concentration and dimensions of the particles causing diffusion would lead one to expect.
In addition. iIi many cases, a zone of echoes below the cloud, and sometimes extending to the surface, has been
found.

The difference between the value for the strength of an echo as found by radar and the value determined
from data from aircraft quite often exceeds 10 decibels. This difference cannot be explained by errors of measurement. In the zone below the cloud which, as regards intensity of echo, did not differ from the region inside the
cloud, the observations by aircraft did not show any differences in Visibility. The cause of disagreement between the
data so obtained has been made evident since IRe equipme.l).t constructed by Nevzorov has been in operation. This
equipment enables large zones within the cloud to be explored (9).
Analysis of the data obtained by means of the new equipment has shown the existence in the cloud of particles with large diameters. The concentration of these is low and their presence cannot be detected by ordinary
methods. These particles which give rise to the main component of the radar echo given by the cloud are also the
cause of the echo in the intermediate layers and below the cloud. These larger particles have practically no effect
on either' the visibility or the water content. Data obtained during the first experiments have often been confirmed
in recent years by measurements from aircraft. The process of fonnation of the large particles, however, remains
obscure. It is possible that they may form spontaneously.
No connexion has been found between the distribution of cloud droplets of normal dimensions and the concentration of large droplets, the temporal and spatial variation of the latter being chaotic. Data now available show,
however, that the presence of large droplets in cloud is the rule rather than the exception.
The presence of large droplets in cloud, giving rise to the main component of the radar signal, while of no
importance fOf visibility or water content, makes it impossible to determine these using the reflectivity given by a
radar with one wavelength. Neither can there be any question of determining the height of the cloud base, for this
is not marked by any discontinuity in the radar echo.
It is to be noted that, even in the few cases of clouds and fog not containing large droplets, the outlook for
usiqg radar with a single wavelength for the estimation of water content in the zone under observation is not at all
.favourable. In such douds the reflec_tivity depends on their heterogeneous nature, the latter being associated with
turbulence, which, as regards scale, is comparable with the wavelength of the radar. This has been demonstrated in
the report by Nato and Atlas presented at the 12th Conference on Radar Meteorology.

There remains the possibility of using for the required measurements the relationship between attenuation of
waves in the millimetre band and the water content of cloud. This attenuation can be determined by radar, working
on two suitable wavelengths, e.g. 0.86 and 3.2 cm (see paragraph 6.1).
It should be added, however, that such measurements necessitate a very high degree of general sensitivity of the
channel in the centimetre band and can only give accurate values of cloud base when the water content of the cloud
is high.
We therefore reach the conclusion that in the present st~te of weather radar techniques, their use for measuring
cloud base for the purposes of service to aviation cannot be recommended. It is probable that, with a lower expenditure, better results may obtained by the use of an optical device, lidar for example.
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