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FOREWORD

The investigation of tropical disturbances and the
evaluation of the net effect of organized tropical convective processes on the energetics of the general circulation
of the atmosphere have been singled out as one of the
most important studies to be made under GARP.
The former ICSUjlUGG Committee on Atmospheric
Sciences already recommended that a tropical experiment
be conducted at the earliest possible date. The WMOj
ICSU Joint Organizing Committee on GARP (JOC),
which succeeded the ICSUjIUGG CAS, endorsed this
recommendation and assigned it the highest priority
within the GARP experiments.
The problem of designing tropical experiments which
provide answers to those questions which are relevant to
the GARP objectives did not, however, have a straightforward solution. The number of experiments that would
be needed, as well as the nature of the experiment or
experiments, with reference to both the types of phenomenon to be investigated and the observational means to
be used, had to be decided on the basis of supporting
facts and theoretical considerations, and these were by
no means obvious at the time when the planning efforts
for GARP were started. Since then, the amount of
research that has been carried out and the evolution of
the thinking in this field have been, however, very
striking.
During this period the JOC has made every effort to
bring together the results of new investigations and to
organize them in such a way as to present a consistent
picture which would provide more solid grounds for the
planning of GARP tropical experiments. In this regard
the co-operation of a large number of leading scientists in
the field, who actively participated in the study groups
and the special meetings convened by the JOC, cannot
be overestimated. The JOC is thus following the line
started by its predecessor, the ICSUjlUGG CAS, at the
Study Conference on GARP (Stockholm, June - July
1967). It is worth emphasizing that this type of activity
(which also goes on in other GARP Sub-programmes)
is one of the most rewarding aspects of the JOC work.
A major step in these activities was the session of the
JOC Study Group on Tropical Disturbances (Wisconsin,
October - November 1968). The report of this Study
Group convinced the JOC that SOme of the fundamental

facts to be investigated in the GARP Tropical Subprogramme had now been clearly identified and that the
basic background information was already available to
transform earlier proposals for a GARP tropical experiment into concrete recommendations. The Report on
the Planning of the First GARP Tropical Experiment,
reproduced as Appendix Il of the present publication
(see also section 1.4), was accordingly prepared and
submitted to the Executive Committees of WMO and
ICSU. It was emphasized that this report was only "a
preliminary definition" of the type of experiment that
was required. Moreover, the report made only a single
proposal for a specific experiment, although it had been
made clear from the outset that the complexity of phenomena and their variation with respect to geographical
locations would require more than one type of experiment.
The present publication contains a further elaboration
of the report reproduced in Appendix Il, in the light
of the latest findings and on the basis of the recommendations of the Study Group that met in Miami (5 - 12 December 1969). Its genesis is described in section 1.5.
The first draft of the text, prepared by the JPS, was
circulated among all JOC members and the participants
at the Miami meeting. A revised version, which incorporated the comments received by the JPS, was submitted to the session of the JOC Officers in Rome
(13 - 16 January 1970) and approved, with minor amendments, as the text which is now published.
As Chairman of the Joint Organizing Committee, and
on behalf of the Committee Officers, I have pleasure in
submitting this report for consideration by the Executive
Committees of WMO and ICSU and as a basic document
for the Planning Conference on GARP to be held in
Brussels from 16 to 20 March 1970.
In its present form, the report contains a programme
that provides sufficient flexibility for approaching the
problem of implementation in more than one way. For
example, some small-size experiments (types III and IV
in the terminology of the report; see section 3.1) could
be carried out earlier than the others. However, the
JOC Officers agreed with the main recommendation made
at the Miami meeting, giving highest priority to a large
experiment in the Western Pacific Over the MarshaU
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Islands region; this is substantially identical to the one
proposed in the former Report on the Planning of the
First GARP Tropical Experiment (see Appendix II).
Should the Planning Conference on GARP show that
there are insurmountable difficulties in implementing the
proposed highest-priority experiment, a careful evaluation
of possible alternatives would be required. The basis for
such an evaluation is given in Chapter 6 of the present
report. But it cannot be carried out before the parti-

cipating countries themselves have expressed their views
and have indicated the scope of their contributions.

BERT BOLIN

Chairman,
Joint GARP Organizing Committee

SUMMARY

The first chapter, Introduction, contains a discussion
on the place of tropical experiments within the GARP
Tropical SUb-programme and with reference to the overall objectives of GARP. The evolution of ideas concerning the need for such experiments and their characteristics
is briefly reviewed. In this connexion, reference is made to
early recommendations of the ICSUjIUGG Committee
on Atmospheric Sciences (April 1966); the WMO CAe
Working Group on Tropical Meteorology (November
1966); the Study Conference on GARP (June - July
1967); the JOC Study Group on Tropical Disturbances
(April 1968); the Report of the JOC to the Executive
Committees of WMO and ICSU on the Planning of the
First GARP Tropical Experiment (May 1969); and the
Special Meeting of the enlarged JOC Study Group on
Tropical Disturbances held in Miami (December 1969).
The second chapter, Scientific requirements for tropical
Experiments, presents a new classification of tropical
disturbances in four characteristic scales: Scale A (large
wave-scale); Scale B (cloud clusters); Scale C (mesoconvective); and Scale D (convective cells). The parameterization of sub-grid scale convection is presented as a
complex problem involving these four distinct scales of
motions, in addition to the scales responsible for the
boundary layer fluxes. This complex problem may in
fact be separated into four distinct problems, each
involving the parameterization of one scale in terms of the
next larger scale.
.
Chapter 3, A hierarchy of GARP experimental studies
in the tropics, makes a distinction between the concept
of an experimental study (which may be concerned with
the processes in a particular scale or with interactions
between adjacent scale&of motion) and an experiment
(which is primarily an observational programme aiming
at carrying out one or more experimental studies).
The following nomenclature is introduced:
Experiment of type I: refers to an experimental study
to define the interactions between Scales A and B ;
Experiment of type 11: refers to an experimental
study to define the interactions between Scales Band C
(Scale C includes, in this case, the collective effect of
Scale D);

Experiment of type Ill: refers to an experimental study
on convection over a tropical land mass;
Experiment of type IV: refers to an experimental study
on the planetary boundary layer in the equatorial
region.

The objectives and the characteristics of the observational
programme, for each kind of experimental study, are
indicated in this chapter.
After a discussion on the general characteristics of the
observational systems, in Chapter 4, the report describes,
in Chapter 5, each of the observational systems that may
be suitable for the proposed experimental studies.
Three specific examples are discussed in some detail:
an experiment of type lover the western Pacific; a type 11
experiment that would be carried out independently
in an area where no basic network is available; and an
experiment of type III over the north-east of Brazil.
Specifications are also given for the observational means
required by a type IV experiment.
In Chapter 6, The strategy of implementation, a brief
analysis is made of four basic factors that should be
considered in deciding on the number, characteristic&,
location and dates of implementation of the experiments.
These four factors are: scientific considerations (mainly
based on statistical studies on the space and time distribution of the phenomena to be studied); the mise aupoint
of measuring techniques (in particular the sampling
techniques required to study the Scales C and D);
the availability of observational means; and the degree
of international co-operation involved. The report recommends with highest priority a combined type I and type 11
experiment over the western Pacific at the earliest possible date. Some possible alternatives are also discussed.
The final chapter, on Data collection, processing and
storage, emphasizes the need for real-time or close to
real-time processing of the data obtained from each
experiment and discusses the requirements concerning
the preliminary processing and the analysis and prediction
for monitoring purposes. It is pointed out that major
tropical experiments will require large computing capabilities, preferably in, or close to, the area of the experiment.

RESUME
Le premier chapitre, Introduction, comporte une analyse de la place qu'occupent les experiences tropicales au
sein du sous-programme tropical du GARP et relativement it I'ensemble des objectifs du GARP. Ce chapitre
retrace brievement I'evolution des idees quant it la
necessite et aux caracteristiques de ces experiences. A
cette oecasion, il rappelle les recommandations anterieures
du Comite des sciences de I'atmosphere du CIUS/UGGI
(avril 1966); du Groupe de travail de la meteorologie
tropicale de la CAe (OMM) (novembre 1966); de la
Conference d'etude sur le GARP (juin - juillet 1967); du
Groupe d'etude des perturbations tropicales du Comite
mixte d'organisation (CMO) (avrilI968); du rapport du
CMO aux Comites executifs de I'OMM et du CIUS sur
la planification de la Premiere experience tropicale du
GARP (mai 1969); et de la reunion speciale du Groupe
d'etude elargi des perturbations tropicales du CMO qui
s'est tenue it Miami (decembre 1969).
Le deuxieme chapitre, intituIe Donnees sclentifiques
requises pour les experiences tropicales, presente une
nouvelle classification des perturbations tropkales qui
comporte quatre echelles caracteristiques: echelle A
(echelle des grandes ondes); echeIIe B (concentrations de
nuages); echelle C (convection it I'echelle moyenne); et
echeIIe D (ceIIules de convection). La mise en parametres
des ph6nomenes de convection se deroulant it une echeIIe
inferieure it celle de la maille du reseau est presentee
comme un probleme complexe dans leque1 interviennent
les quatre echelles de mouvement ci-dessus, en plus des
echeIIes responsables des flux de la couche limite. En fait,
on peut subdiviser ce probleme complexe en quatre
problemes distincts, chacun necessitant la mise en parametres d'une echeIIe de mouvement en fonction de
I'echeIIe immediatement superieure.
Le chapitre 3, Hierarchie des etudes experimentales du
GARP aans la zone tropicale, etablit une distinction
entre le concept d' etude experimentale et celui d' experience. L'etude experimentale porte sur les processus
correspondant it une echelle donnee ou sur les interactions
entre deux 6cheIIes de mouvement contigues, tandis que
I'experience consiste essentieIIement en un programme
d'observation visant it I'execution d'une ou plusieurs
etudes experimentales. Dans le rapport, il est fait usage
de la nomenclature suivante :
Experience du type I : relative it une etude experimentale visant it definir les interactions entre les echeIIes
A et B;

Experience du type II : relative it une etude experimentale visant it definir les interactions entre les echeIIes
B et C (en ce cas, I'echeIIe C integre I'effet collectif de
I'echeIIe D);
Experience du type III : relative it une etude experimentale de la convection au-dessus d'une masse continentale, dans la zone tropicale;
Experience du type IV : relative it une etude experimentale de la couche limite planetaire dans la zone equatoriale.

Ce chapitre enonce egalement les objectifs et les caracteristiques du programme d'observation qui correspondent it chaque type d'etude experimentale.
Apres avoir analyse au chapitre 4 les caracteristiques
generales des systemes d'observation, le rapport expose,
au chapitre 5, chacun des sj~temes d'observation qui
pourraient convenir pour les etudes experimentales
envisagees. Trois exemples concrets sont exposes en
detail: une experience du type I dans le Pacifique occidental; une experience du type II qui serait entreprise
isolement dans une region ou iln'existe pas de reseau de
base; et une experience du type III dans le nard-est du
Bresil. Ce chapitre precise egalement les moyens d'observation qui seraient necessaires pour une experience du
type IV.
Au chapitre 6, Strattfgie de mise en muvre, figure une
breve analyse des quatre facteurs fondamentaux it considerer pour decider du nombre, des caracteristiques, du
lieu et des dates d'execution des experiences it entreprendre. Ces quatre facteurs sont: les considerations d'ordre
scientifique (fondees essentieIIement sur des etudes statistiques de la repartition spatio-temporelle des ph6nomenes
it etudier); la mise au point des techniques de mesure
(notamment des methodes d'echantillonnage it appliquer
pour I'etude des echeIIes C et D);les moyens d'observation
disponibles; et I'ampleur de la cooperation internationale
que I'experience implique. Le rapport preconise d'entreprendre en premiere priorite, et cela le plus tot possible,
une experience combinee des types I et II dans le Pacifique
occidental. D'autres solutions de rechange sont egalement
presentees.
Le dernier chapitre consacre au rassemblement, traitement et archivage des donnees souligne la necessite de
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traiter immediatement ou presque les donnees obtenues
lors de chaque experience et examine quels sont les
besoins en ce qui concerne le traitement preliminaire,
ainsi que l'analyse et la prevision aux fins du contrOle.

11 signale que les principales experiences tropicales
necessiteront de puissants moyens de calcul qui, de
preference, devraient etre installes dans la zone ou se
deroule l'experience, ou a proximite immediate.
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Ha6JIIop;emIM,

p;OJImH:bI 6:bITh liISY'leH:bI;

YCOBepilleHCTBOBaHliIe Me-

TOP;OB liISMepeHliIM (B 'IaCTHOCTliI, MeTop;OB BbI60pKliI,

D)

ocym;eCTBJIJIeMOM B IJ;eJIJIX rrpOBep;eHliIJI op;Horo liIJIII

Tpe6YIOIIJ;liIXCH rrpliI liIsy'leHliIliI MaCillTa60B C liI

60JIee 8KCrrepliIMeHTaJIhIl:bIX liICCJIep;OBaIlliIM. BBOP;liITCH

HaJIliI'IliIe cpep;CTB Ha6JIIOp;eHliIM 11 Tpe6yeMaH CTerreHh

CJIep;yIOm;aJI HOMeHKJIaTypa :

Memp;yHapop;Horo

COTpyp;HliI'IeCTBa.

B

p;OKJIap;e

j

co-

PESIOME

XI

p;epmHTCH peROMeHp;a:qHH 0 rrpOBep;eHHH B rrepBylo

illTa6e peaJIbHOrO BpeMeHH HJIH B MacillTa6e, 6JIHSROM

O'Iepep;b H B CaMOM 6JIHmai1:illeM BpeMeHH ROM6HHHpO-

R MacillTa6y peaJIbHOrO BpeMeHH, a TaRme paccMa-

BaHHOrO 8RCrrepHMeHTa THrrOB

I

Hap; sanap;Hoi1:

TpHBaIOTcH rroTpe6HocTH B rrpep;BapHTeJIbHoi1: o6pa6oTRe, a TaRme B aHaJIHSe H B rrporHose B :qeJIHX

HeROTOpbIe p;pyrHe BOSMomHbIe rrpep;JIOmeHHH.

ROHTpOJIH. YRasbIBaeTcH, 'ITO P;JIH rrpoBep;eHHH 60JIb-

B SaRJIIO'IHTeJIbHoi1:
xpanenue aannb~x -

illHX TpOrrH'IeCRHX 8RcrrepHMeHToB rroTpe6yeTcH Ha-

rJIaBe -

H

11

'IaCTbIO THxoro OReaHa. PaccMaTpHBaIOTcH TaRme H

C6op, o6pa6omna u

rrOp;'IeplmBaeTcH

Heo6xop;H-

JIH'IHe, rrpep;rrO'ITHTeJIbHO B pai1:oHe 8RcrrepHMeHTa HJIH

MOCTb ocyr:qecTBJIeHHH o6p,a6oTRH p;aHHbIx, rroJIy'Iae-

rr06JIHSOCTH OT Hero, 60JIbillOrO ROJIH'IeCTBa 8JIeR-

MbIX rrpHrrpoBep;eHHH Ramp;oro 8RcrrepHMeHTa, B Mac-

TpOHHO-BbI'IHCJIHTeJIbHoi! TeXHHRH.

RESUMEN

En el Capitulo 1, Introduccion, se examina la funci6n
que corresponde a los experimentos tropicales dentro del
subprograma tropical del GARP y en relaci6n con los
objetivos generales del GARP. Tambien se hace un breve
estudio de la evoluci6n de las ideas en 10 que respecta a
la necesidad de proceder a dichos experimentos, as!
como a sus caracteristicas. A este respecto, se hace referencia alas anteriores recomendaciones del Comite
CIUCjUIGG sobre Ciencias Atmosfericas (abril de
1966), del Grupo de trabajo de la CAe sobre meteorologia tropical (OMM) (noviembre de 1966), de la conferencia de estudio sobre el GARP (junio y julio de 1967),
del Grupo de estudio del CCO sobre perturbaciones
tropicales (abril de 1968), del informe del CCO a los
Comites Ejecutivos de la OMM y del CIUC sobre la
planificaci6n del Primer Experimento Tropical del GARP
(mayo de 1969), y de la reuni6n especial del Grupo de
estudio ampliado del CCO sobre perturbaciones tropicales celebrada en Miami (diciembre de 1969).
En el Capitulo 2, Necesidades dentificas en materia de
experimentos tropicales, se presenta una nueva clasificaci6n de las perturbaciones tropicales en cuatro escalas
caracteristicas: Escala A (gran escala ondulatoria);
Escala B (formaciones de nubes); Escala C (mesoconvectiva); y Escala D (nubes convectivas en su escala mas
reducida). La parametrizaci6n de la convecci6n a escala
subreticular se presenta como un problema complejo
en el que intervienen estas cuatro escalas diferentes de
movimientos, ademas de las escalas responsables de los
flujos en las capas limites. Este complejo problema puede
dividirse, en efecto, en cuatro problemas diferentes,
cada uno de ellos comprendiendo la parametrizaci6n de
una escala en terminos de la pr6xima escala superior.
En el Capitulo 3, Jerarqufa de los estudios experimentales
del GARP en los tropicos, se hace una distinci6n entre el
concepto de un estudio experimental -que puede tratar
de los procesos a una escala especifica 0 de las acciones
mutuas entre escalas adyacentes de movimiento- y un
experimento -que es fundamentalmente un programa
de observaci6n destinado a realizar uno 0 mas estudios
experimentales. Se introduce la siguiente nomenclatura:
Experimento del Tipo I: se refiere a un estudio experimental para definir las acciones mutuas entre las
Escalas A y B;
Experimento del Tipo II: se refiere a un estudio experimental para definir las acciones mutuas entre las
Escalas B y C (la Escala C comprende en este caso el
efecto colectivo de la Escala D);

E)l:per1111ento del Tipo III: se refiere a un estudio experimental de la convecci6n sobre una masa terrestre
tropical;
Experimentd del tipo IV: se refiere a un estudio experimental sobre la capa limite planetaria en la regi6n
ecuatorial.

En este Capitulo tambien se indican los objetivos y las
caracteristicas del programa de observaci6n para cada
clase de estudio experimental.
Despues de examinar en el Capitulo 4 las caracterfsticas
generales de los sistemas de observadon, el informe describe, en el Capitulo 5, cada uno de los sistemas de
observadon que pueden convenir a la realizaci6n de los
estudios experimentales propuestos. Se estudian detalladamente los tres ejemplos especificos siguientes: un experimento del Tipo I en el Pacifico occidental; un experimento
del Tipo 11 que se podria realizar independientemente en
una zona en la que no se disponga de ninguna red basica;
y un experimento del Tipo III en el noreste del Brasil.
Tambien se facilitan las especificaciones de los medias de
observaci6n necesarios para un experimento del Tipo IV.
En el Capitulo 6, Estrategia de la ejecudon, se hace un
breve analisis de los cuatro factores fundamentales que se
deberian tener en cuenta al decidir sobre el numero,
caracteristicas, emplazamiento y fechas de ejecuci6n de
los experimentos. Se trata de los cuatro factores siguientes: consideraciones cientificas (fundadas principalmente
en estudios estadisticos de la distribuci6n en el espacio y
en el tiempo de los fen6menos que se han de estudiar);
la elaboraciOn de tecnicas de medida (en especial las
tecnicas de muestreo que se precisan para estudiar las
Escalas C y D); la disponibilidad de medios de observaci6n; y el grado de cooperaci6n intemacional que se
precisa. El informe recomienda que se realice 10 antes
posible y con la mayor prioridad un experimento combinado del Tipo I y 11 en el Pacifico occidental. Tambien
se examinan algunas posibles altemativas.
El Capitulo final, que trata de la concentradon, preparadon y archivo de los datos, subraya la necesidad de
preparar en tiempo real 0 casi reallos datos obtenidos
gracias a cada experimento, y de examinar las necesidades
relativas a la preparaci6n preliminar y al analisis y predicci6n para fines de control. Tambien se pone de manifiesto
que, para los principales experimentos tropicales, sera
necesario disponer de ordenadores de gran capacidad
situados preferentemente en la zona del experimento 0
en sus proximidades.

LIST OF ABBREVIATIONS
ATEX
BOMEX
CAC
CAe
CAS
CPC
CSM
GARP
GTS
ICSU
ICSUjIUGG-CAS
IUGG
JOC
JOC-I
JOC-II
JOC-III
LIE
NMC
PPC
RMC
SGTD
WMO

Atlantic Trade Wind Experiment
Barbados Oceanographic and Meteorological Experiment
Central Analysis Centre
Formerly WMO Commission for Aerology (now CAS)
WMO Commission for Atmospheric Sciences
Central Processing Centre
WMO Commission for Synoptic Meteorology
Global Atmospheric Research Programme
Global Telecommunication System (WWW)
International Council of Scientific Unions
Formerly Committee for Atmospheric Sciences established by ICSU
and IUGG
International Union of Geodesy and Geophysics
WMOjICSU Joint Organizing Committee
Joint Organizing Committee first session (Geneva, April 1968)
Joint Organizing Committee second session (Princeton, January 1969)
Joint Organizing Committee third session (Paris, October 1969)
Line Islands Experiment
National Meteorological Centre
Preliminary Processing Centre
WMO Regional Meteorological Centre
JOC Study Group on Tropical Disturbances
World Meteorological Organization

1. INTRODUCTION

1. 1 The place of tropical experiments within the context
of GARP
1.1.1 The objectives and characteristics of the Global
Atmospheric Research Programme have been explained
in GARP Publications Nos. 1 and 3. GARP Subprogrammes have been defined as auxiliary programmes
consisting of projects of both a theoretical and an experimental character to be established in partial fulfilment
of GARP objectives.
As indicated in GARP Publication No. 3 (section 1.2)
the GARP Global Sub-programme has a prominent position within the overall programme, inasmuch as the
study of the large-scale dynamics of the atmosphere is
the central theme of GARP. All other sub-programmes
are designed to study the physical processes which occur
in the atmosphere on a scale smaller than the resolution
of a global observing system, in so far as they act as
sources and sinks of energy for the large-scale phenomena.
Thus, the GARP Tropical Sub-programme is primarily
concerned with the problems related to the energyexchange processes between the various scales of atmospheric motions in the tropical atmosphere. It is hoped
that an understanding of these processes will lead to
finding ways of representing them in terms of parameters defined by the large-scale variables. Hence, the
basic purpose of the GARP Tropical Sub-programme is
to study those physical problems in tropical meteorology,
solutions to which are deemed to be essential for the
development of adequate numerical models of the largescale atmospheric circulation. A comprehensive list of
these problems is provided in section 3 of the Report
of the Study Conference on GARP (see section 1.2
below). In section 3.3 of GARP Publication No. 1
(An Introduction to GARP) the incorporation of the
small-scale effects into predictive models by way of parameterization is explained in elementary terms.
1.1.2 Within each sub-programme, the GARP Experiments are defined as "consisting of large observational
programmes designed to determine the behaviour of the
whole atmosphere or some part of it relevant to the
particular sub-programine" . The remarks made in
GARP Publication No. 3, concerning the GARP Global
Experiments, apply mutatis mutandis to the GARP
Tropical Experiments. They may be summarized as
follows:

(a) The GARP Tropical Experiments are only a part

of the GARP Tropical Sub-programme and their
objectives can only be understood within the context
of this SUb-programme;
(b) The number and nature of the GARP Tropical

Experiments cannot be determined from the outset
in a rigid manner. In the design of each experiment
a delicate balance must be reached between scientific
requirements based on theoretical considerations and
previous observational findings, on the one hand,
and practical constraints imposed by the availability
of technical means and financial resources, on the
other. The evolution of both, requirements and
constraints, from one experiment to the next can
hardly be foreseen in great detail. The planning of
the experiments should therefore be based on clearcut objectives and on sufficient information in matters that require decisions at an early stage, but
maximum flexibility should be provided to allow for
adaptation to a changing situation;
(c) Any GARP Tropical Experiment should be con-

ceived as a complex operation that includes, in
general, the following factors:
(i) The implementation of an agreed observing system, with its sub-systems and system components,
into a unified system with internationally agreed
characteristics. Some of the small-size experiments
may, however, be carried out by a single nation
or by bilateral arrangements (see section 6.5
below);
(ii) The transformation of the signals provided by
the various components of the composite observing system into meteorological parameters, which
will have to be checked in accordance with certain
agreed-upon standards, and the preparation of
the data sets in an adequate form;
(iii) The application of the data sets thus obtained to
numerical experiments performed by research
groups working with adequate models in an
internationally co-ordinated programme;
(iv) The storage of the data and the application of
retrieval procedures for future research.
1.1.3 It has been recognized (see for example the
Report of the Third Session of the JOC, Paris, 2024 October 1969, section 5.1.2) that experiments designed
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to study the interrelations between several scales of
motion that are found in the tropics are, in many respects, more difficult to plan and co-ordinate than a
global experiment. A global observational programme
for the large scale can be formulated on the basis of
fairly well-known and universally accepted principles.
But the types of observation that are required to describe
phenomena of scales comparable to, or smaller than,
the size of the large-scale grid, and to account for their
structure and evolution with time are far from being
well established. This difficulty is an essential element
to be carefully considered in the planning of tropical
experiments and is the basis of some of the proposals
concerning the experimental studies described in Chapter 3 and of the recommended strategy of the implementation in Chapter 6.
1.2 Earlier recommendations concerning experiments in
the tropics

1. 2. 1 The need for preliminary studies in the tropics
prior to a full global experiment was recognized by the
ICSU/IUGG Committee on Atmospheric Sciences at a
very early stage. A specific proposal made in this connexion at the second meeting (Geneva, 22 - 25 April,
1966), recommending "studies in the tropics - including
the development of appropriate dynamical models,
analyses of the role of convection in energy transformation and detailed observational programmes in low latitudes".
1.2.2 In November 1966 the WMO CAe Working
Group on Tropical Meteorology held a meeting in
Geneva and proposed "a tropical data-gathering experiment throughout 1969 - as a precursor for the planning
of further development of the World Weather Watch
and of the Global Atmospheric Research Programme".

1. 2.3 The report of this working group was considered
at the third meeting of the ICSU/IUGG-CAS which
decided that the tropical project should be considered
as an important GARP Sub-programme, a preliminary
experiment which would be essential for the planning of
the First Global Experiment. With reference to the
timing, thy committee indicated that the date of 1969
proposed by the CAe working group could be more
realistically re-scheduled for 1972 - 1973. The committee
decided further to refer the project to the GARP Study
Conference for more detailed consideration.
1.2.4 The Study Conference on the Global Atmospheric Research Programme, held at Stockholm,
28 June - 11 July 1967, was jointly organized by the
ICSU/IUGG Committee on Atmospheric Sciences and

by COSPAR, and was co-sponsored by WMO. It provided the first comprehensive analyses of the scientific
objectives of GARP and of the scope of the research
and observational programmes needed to fulfil them.
Considerable attention was given to the tropical atmosphere and the report of the conference contains an
extensive account of the problems "which are fundamental to an understanding of the tropical motions and
their interactions with motions of higher latitudes". For
the purpose of classification the problems of tropical
meteorology were broken down into three broad categories as follows:
(a) Planetary scale (the equatorial trough and trade-

wind zones, the sub-tropical highs and sub-tropical
jets, the tropical monsoons, the quasibiennial oSGillation in the stratosphere);
(b) Synoptic scale (easterly waves, tropical cyclones,

waves apd vortices in the upper troposphere and
stratosphere); and
(c) Moist-convective scale (cumulus clouds and cumulus

cloud clusters).
The report added that "there are, of course, strong
interactions among these various scales of motion, and
the outstanding problems of tropical meteorology are
associated with these interactions".
After careful analysis of t}le problems connected with
the types of atmospheric motion whlch are characteristic
of each of the above-mentioned scales, the conference
formul~ted the following recommendation:
"It will be apparent from preceding sections that we
regard the principal problem in tropical meteorology tq
be the mechanism of interaction of the deep cumulus
convective systems with the mesoscale circulation patterns
in the rain areas and with motions of synoptic scale.
This mechanism involves the sub-cloud boundary layer
in a special way, for it is here that the major moisture
supply exists. There are models to be tested, some rather
rudimentary, some of fairly precise formulation, and we
ask for definitive data, ona scale never before attempted in
the tropics, but not vastly different from what is routinely
available to northern hemisphere middle-latitude meteorologists. What is different is our strong requirement for
a small-scale observational network enmeshed in the
more normal large-scale framework, and the necessity
for a portion of the observational experiment to be conducted in remote, mid-oceanic regions."
Further to this recommendation, the conference made
specific proposals with reference to the location and
characteristics of a tropical experiment. The difference
between these proposals and those of the WM0 CAe
Working Group on Tropical Meteorology are as follows:

CHAPTER

(a) The CAe working group recommended a specific

area for the tropical experiment (15°S - 25°N;
120 E -180°). The GARP Study Conference, on
the other hand, indicated three possible oceanic
areas (Marshall - Caroline Island; South - West
Pacific; Western Atlantic - Caribbean region) and
stated that "it would also be desirable to include a
continental area in which characteristically different
phenomena occur", recommending that this be
equatorial North Africa. It was recognized by the
conference, however, that the Marshall- Caroline
Island region of the tropical western Pacific best
satisfied the criterion established for the selection
of the area - namely, "an oceanic area with a
region characterized by a high frequency of active
disturbances, free, if possible, of complicating monsoonal effects".
0

(b) A second difference between the two proposals con-

cerns the period of time. Whereas the CAe working
group recommended that the experiment be conducted throughout a whole year (from I January
to 31 December), the Study Conference recommendation proposed that the experiment proceed
for at least two years and that at each year "be
scheduled to coincide with the synoptically active
(usually wet) season of from two to four months".
(c) The size of the region and the density oOhe network

recommended by the CAe working group agree
with the recommendations made by the joint CAeJ
CSM Working Group on Numerical Weather Prediction (size: 40° of .latitude and 60° of longitude;
spacing of stations: less than 500 km, including an
area of approximately 10° latitude and 10° longitude
where the required spacing would be 200 - 300 km).
The total area recommended by the Study Conference is less extended (1,500 to 2,000 km in the
north-south direction and about 3,000 km in the
east-west direction), but the requirements for the
sub-synoptic network are much more severe (see
Table 2 of the report of the conference, reproduced
as Appendix 11 of this publication).
1.3 The JOC Study Group on Tropical Disturbances
The Joint GARP Organizing Committee, at its first
session (Geneva, 16 - 20 April 1968), considered the
various recommendations for tropical experiments reviewed in the preceding section and discussed the best
strategy to attain the desired objectives. A new approach
to the problem was considered necessary. The committee
considered that the classes of disturbance of larger than
convective scale which are characteristic of the tropics
were not yet known. The fact that all such disturbances

1
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have associated condensation products which are visible
from space made it evident that information about them
was already available in the records of satellite observations. It was therefore considered that, prior to any
decision concerning the locations, scale and timing of
the tropical experiment or experiments, it would be
necessary to conduct a study with the aim of arriving at
a classification of tropical disturbances as revealed by
their associated clouds. The design of field experiments
of optimal characteristics of the observing system should
be based on such a cloud census. A special study group
was selected to carry out such a study. The study group
met at the University of Wisconsin, U.S.A., from
21 October to 8 November 1968, and produced an
important document which is included as Appendix I to
the present publication.
The report of the study group classifies the cloud
systems over the tropics into three categories, namely
"cloud clusters", "monsoon. clusters" and "popcorn
cumulonimbi", and points out that "these three categories
of cloud systems appear to be the most important contributors to the energy release in the tropics". The remarkable fact shown by their analysis is that one of the three
categories, the cloud clusters, occurs over all the three
major oceans, in practically all seasons. With the
exception of South America and the monsoon area,
these cloud clusters seem to represent the most characteristic pattern over the whole of the tropics. It was
therefore concluded that the first objective of a tropical
experiment should be to study intensively their internal
structure and their relation with their immediate environment and the general circulation.
1.4 The report of the JOC to the Executive Committees
of WMO and ICSU
1 .4. 1 The report of the Study Group on Tropical
Disturbances, referred to in the preceding section, was
submitted to the second session of the JOC (Princeton,
27 - 30 January 1970). The committee considered that
it provided conclusive evidence in support of the earlier
proposals for a tropical experiment (section 1.2 above).
The committee felt, however, that in order to fulfil the
objectives of the GARP studies in the tropics, it may be
necessmy to conduct more than one type offield experiment
under the GARP Tropical Sub-programme. It was agreed
that the first type of tropical experiment might be
restricted to studying in detail the cloud clusters and to
investigating their relations with the immediate environment. The main objectives would be to clarify the internal
structure and the interactions within the clusters "although
tbe relations between the mesoscale and the large scale
should also be explored by making use of all available
observations in the area".
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1. 4.2 The committee considered that 1972 was the
earliest possible date for an experiment of this kind and
emphasized that whether or not it would be necessary and
feasible to make more than one experiment of this type
could not be decided at that time. The recommendation
of the SG-TD concerning the area and period of the
experiment (Marshall Islands area, from July to September) was endorsed with the proviso that the final decision
should be subordinated to the availability of a geostationary satellite during the experiment.
1.4.3 The committee finally decided that a progress
report on this matter should be submitted to the Executive Committees of WMO and ICSU. The First Report
on the Planning of the First GARP Tropical Experiment
was thus prepared. It is included as Appendix 11 to the
present publication. The Executive Committees considered
it, together with the Report on the Planning of the First
GARP Global Experiment (GARP Publication No. 3)
and endorsed "the scientific and technical proposals of
the JOC as a preliminary definition of the scope of the
Experiments" . It was considered "that although the
programmes for the Experiments submitted by the JOC
still require further elaboration, they provide an adequate
basis for proceeding with the planning of the implementation of the Experiments" (see Resolution 9 (EC-XXI) in
the Abridged Report with Resolutions of the TwentyFirst Session of the Executive Committee of WMO; a
similar resolution was adopted by ICSU).
1. 5 The genesis of the present report
1.5.1 The third session of the JOC (paris, 20 - 24 October 1969) devoted considerable time to an analysis of the
Report on the Planning of the First GARP Tropical
Experiment. It was evident that intensive studies of
tropical disturbances were under way in several research
groups in various countries. A revision of the report
was therefore considered necessary in order to update
the scientific information and to assess the impact of
neW knowledge on the observational programmes for
tropical experiments. The committee thus decided to
convene a meeting of the Study Group on Tropical
Disturbances at the earliest possible date and to invite
experts from several countries, as necessary, to cover the
various aspects of the planning. It was agreed that the
following items should be given special attention (JOC-1I1
report, section 5. 1.5):
(a) A sharper definition of the scientific objectives, along

the lines and within the limitations indicated in
the JOC-I11 report;
(b) A specification of the observational requirements for
the experiment;

(c)

An analysis of the observational means to be recommended, including studies of instrument performance
(geostationary satellites, reconnaissance aircraft used
as observing platforms, tethered balloons, etc.);

(d) A specification of organizational requirements;
(e)

Alternative sites for the experiment.

The meeting took place in Miami, from 5 to 12 December 1969. A summary report is included as Appendix III
to the present publication.
1.5.2 On the basis of the discussions held in Miami,
the following conclusions became evident (see Appendix Ill):
(a) Recent studies have provided considerable informa-

tion on the scales of tropical disturbances, and a
clearer definition of them is now possible;
(b) New knowledge was available on the organization

of convection in the tropics and on the resulting
internal structure of cloud clusters;
(c) It was therefore possible to indicate, with greater

precision than hitherto, the type of studies that
would lead to a better understanding of the interrelations between the various scales of motions in
the tropics;
(d) By gaining in precision and clarity it was possible

to offer a more flexible programme which, although
maintaining the fundamental objectives and the main
features of the tropical experiments recommended in
earlier reports, would allow for an easy adaptation
to the availability of resources with time and to the
wishes of the participating countries concerning the
way of implementing the programme.

1. 5. 3 The present report should be considered as a
revised version of the First Report on the Planning of
the First GARP Tropical Experiment, reproduced in
Appendix 11 for easy reference. In this revised version
an attempt has been made to restate the problems in the
light of the latest advances in the knowledge of tropical
disturbances. Notwithstanding, it should be strongly
emphasized that the type of experiment earlier recommended as the First GARP Tropical Experiment still
remains as the central experiment with the highest priority. The word "first" has now been deleted because
other smaller-size experiments may be implemented at
an earlier date. The line of thought remains identical
and the present text should be taken as an improved
version which is also subject to further revision in the
light of the new developments which will certainly take
place in this rapidly changing field (cf. comments in section 6.1).

2. SCIENTIFIC REQUIREMENTS FOR TROPICAL EXPERIMENTS

2 . 1 General considerations
Long-range weather prediction on a global basis
requires the understanding and modelling of physical and
dynamical systems throughout the whole atmosphere.
Unsolved problems arise in regard to the tropical atmosphere, in particular:
(a) The small amplitude of the changes in the wind,

temperature, and water vapour fields in the tropics
must be defined by global observing systems on a
scale suitable for numerical forecasting models;
(b) It will be necessary to parameterize sub-grid-scale

processes.
The first problem concerns the accuracy of the 0 bservations for the large scale in the tropics and is referred to
in Chapter 3. The problem of parameterizing sub-gridscale processes exists at all latitudes, but is particularly
serious in the tropics where deep cumulus convection
accounts for most of the vertical heat flux above the
sub-cloud layer, a significant amount of the vertical
momentum flux, and much of the conversion from potential to kinetic energy. It is now well established observationally that envelopes ofconvective activity are embedded
in wave disturbances with wavelengths as large as
10,000 km. Recent theoretical evidence suggests that the
latent heat released in regions of active convection may
be indispensable in the energetics of these waves.
Attempts to parameterize sub-grid-scale convection in
numerical prediction models have met with some degree
of success. Perhaps the most important resultbf these
efforts has been to show the profound influence of convection on the evolution of large-scale disturban<;:es in
the tropics and, to a lesser extent, in middle latitudes.
These parameterization schemes still leave much to be
desired and, at the present time, there exists no physical
basis for refining them. Until the physics of moist convective processes is better understood, it is doubtful that
much improvement in these parameterization schemes
can be realized.

2 .2 The scales of atmospheric motions in the tropics
The problem of modelling deep cumulus convection
is greatly complicated by the fact that it exhibits at least

three levels of organization, each with a different characteristic space scale. There is the individual cumulonimbus tower, with dimensions of the order of I to 10 km
(the scale of convective cells, hereafter called Scale D).
These cells tend to be organized in mesoscale lines or
rings with characteristic dimensions of the order of 10
to 100 km (the meso-convective scale, hereafter called
Scale C). A number of such mesb-convective-scale elements may occur in close proximity, so that the highlevel outflow in their mature and decaying stages merges
to form a common cirrus shield with characteristic size
of the order of 100 to 1,000 km (the scale ofcloud clusters,
hereafter called Scale B). This covering of cirrus may
persist for a day or more after the convection ceases.
The cloud clusters are associated with lower-tropospheric wave disturbances with characteristic size of the
order of 2,000 to 10,000 km (the large wave-scale, hereafter called Scale A). There are also strong upper-tropospheric disturbances with wavelengths and phase speeds
similar to the waves associated with the clusters, although
they do not appear to be coupled to these waves.
The clusters tend to be located in the troughs of the
large lower-tropospheric waves in some regions, and
east of the troughs in other regions. Cloud clusters are
also located along the intertropical convergence zone
(ITe) and their variations and displacementsare related
to the interactions between the ITCand large-scale
tropospheric wave-like disturbances.
The lifetime of the convective elements also varies Widely
with the scale; while the characteristic time forconvective cells is of the order of a few hours , it is as much
as one to five days for the clusters. The meso-convective
scale elements have their own characteristic life cycle
according to the type of organization.
The waves in which the clusters are embedded have
very long lifetimes and their phase speed appears, to be
uniform (8-9 m sec-I), independent of horizontal wavelength. However, their vertical structure differs with
season and geographical region.
The hierarchy of levels of organization which has been
described above is particularly apparent over ocean
regions. Over land masses, the convective activity tends
to be somewhat more evenly dispersed, and often takes
the form ofmore or less evenly spaced mesoscale elements
which have been referred to as "popcorn cumulonimbi"
in the Report of the Study Group on Tropical Disturbances (see Appendix I). The reasons for this apparent
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The scales of the tropospheric motions in the tropics

difference inorga1lization between land and sea are not
clearly understood, but it is hoped that they will be
brought out by some of the experiments proposed in this
report/
,The problem of paraineterizing sub-grId-scale convection is -thus an extIJemely complex one involving four
distinct scales of motion in addition to the scales responsjble for the boundary-layer fluxes. One might, in fact,
view this as fout problems, each involving the parameterization of one scale in terms of the next larger. scale, and
being to some'extent separable from the other problems.

2.3 r!tepr()blems to

b~

solved

The goal cif the GARP'Tropical Sub-programme, which
is 'to provitle ansWers for the problems referred to in
sebtion 2:'i'(a):and (b) above, can only be reached when
the interrelations betweeti the various scales of motions
iii:ld convective orgailizations are clearly understood.
This'may require:a step-by-step procedure, each step
Being t6ncerned with the study of the interactions
between one scale of motion: and the next larger scale.
The ultimate problem to be solved in this hierarchy of
studies is that of defining the interactions between cloud
clusters and the large-scale systems the evolution of which
We Wish t6 predict. But this involves an understanding

of the dynamics and thermodynamics of the mesoconvective scale. An understanding of tropical convection
on this scale requires in turn the investigation of fundamental questions, such as: What determines the size,
the configuration and the life cycle of these mesoscale
arrays? What determines their spacing? How does an
individual element influence its neighbours? Why is the
boundary-layer convergence distributed among elements
of this scale rather than some other scale? How much
compensating vertical motion takes place in the immediate vicinity of these elements? What role do .downdraughts play in their maintenance? What are their net
transport characteristics of momentum, heat and water
vapour with respect to the cloud cluster?
It would be necessary, in addition, to explore the
meso-convective scale elements over land and to study
the behaviour of the planetary boundary layer in the
vicinity of the Equator. Alternatively, the last problem
may be considered as part of the Air-surface Interaction
Sub-programme.
The following sections will indicate the types of experiment which would be necessary to provide answers to all
these problems, and the specific scientific requirements
for each experiment. The problem as to whether the
experiments should be carried out in succession. or concurrently is discussed in Chaptet 6.
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the result of later experiments concerned with parameterization of the larger scales. The Line Island Experiment
The statement of the problems and the proposals (see also Appendix Ill) has, on the other hand, already
contained in the present report have been made after. provided important information" e.g. the fine vertical
careful consideration of the' experience accumulated as structure of the wind field in the upper troposphere and
the result of previous studies and experiments conducted lower stratosphere.
in tropical areas. In particular, the problems of interThe importance of giving highest priority to the
action between boundary-layer fluxes and convective analysis of the data obtained in theseexperimehts cannot
activity have been dealt with in the experiments which are be overemphasized. Strong recommendations tocomsummarized in AppendixIlI: 130MEX (U.S.A.), ATEX plete.speedyanalysis of the data have been made by all
(Federal Republic of Germany, U.K. and U.S.A.) and groups participating at various stages in the planningnof
the Severe Rainstorm Research Project (Japan). It is GARP tropical experiments.
hoped that analysis of the results of these experiments
However great the value of the inf0rmation that can be
will yield new insight into the parameterization problem thus obtained, the results are not expected to change
at this level, and provide a firmer basis for interpreting substantially the present plans for GARP experiments.
2 .4

The relation with previous experiments

,.;

'i;

:j!

3. A IllERARCHY OF GARP EXPERIMl!:NTAL STUDIES IN THE TROPICS

3.1 The concept of GARP experimental studies
. The main conclusion to be drawn from the preceding
section is that the existence of four different scales of
tropospheric motions in the tropics,' each with its own
structure of convection patterns and characteristic scale
sizes, makes it possible to undertake the study of the
questions involved as four problems which, to a certain
extent, may be treated separately. In principle,' each
problem involves the parameterization of one scale in
terms of the next larger scale. One may very well conceive
the overall programme of tropical experiments within the
GARP Tropical Sub-programme as a succession of
experimental studies of increasing size, although the
complexity of the observational schemes may, in a certain
sense, be considered as varying in inverse order. The
expression experimental study will be used hereafter to
refer to an individual experiment with specific objectives,
or to a phase of a larger experiment, without prejudging
the number of experiments to be carried out (see Chapter 6).
Starting with the largest scale, it should be stated from
the outset that the study of the large wave-scale disturbances in the tropics and their role in energy exchanges
between the tropics and higher latitudes, as well as the
interaction processes between both hemispheres, is an
integral part of a global experiment., The JOC has
recommended (JOC-II report, section 5.3.2) that a largescale GARP Tropical Experiment be conducted as part
of the First GARP Global Experiment. This largescale tropical experiment, merged with the global experiment, would, in addition, take care of problems such
as the monsoon season over large areas of the tropical
continents, with the characteristic monsoon clusters
described in section 2.5 of the Report of the Study Group
on Tropical Disturbances (see Appendix I). The parameterization of the monsoon convection in terms of the
large-scale wind field would thus be one of the aims of the
First GARP Global Experiment. This aspect of the
Tropical Sub-programme will not be further elaborated
in the present report.
The experimental studies of the cloud-cluster problem
may be reduced to two different types, namely those
concerned (a) with the interrelations of the cloud clusters
with the large-scale waves in which they are embedded,
and Cb)."with the internal structure' of the cloud clusters
and the dynamics and thermodynamics of the convective
elements which make up the cloud clusters. The reason

why only two, and not three, types of experimental
study are indicated is becaUl!e no specific study of the
internal structure of the convective cells is envisaged.
The two following sub-sections contain a description of
the specific objectives of both types of experimental
study. Two auxiliary experimental studies,. which were
already referred to in section 2.3, are described in sections 3.4 and 3.5.
The following nomenclature will be used hereafter to
relate the scales, defined in section 2.2, with the experimental studies, defined above in this section, and the
GARP tropical experiments:

Experiment of type I: an experiment dealing with the
experimental studies described in 3.2 (Le. interactions
between Scales A and B);
Experiment of type ll: an experiment dealing with the
experimental studies described in 3.3 (Le. interactions
between Scales Band C, including the collective effect
of Scale D);
Experiment of type Ill: an experiment dealing with the
experimental studies described in 3.4 (Le. convection
over a tropical land mass);
Experiment of type IV: an experiment dealing with the
experimental studies described in 3.5 (Le. planetary
boundary layer in the equatorial region).
Scientific objectives and types of measurement that are
required will be described in this chapter in terms of
experimental studies. The characteristics of the observing
systems to be used and the descriptions of each of the
proposed systems will be dealt with in Chapters 4 and 5
with reference to each particular scale. Finally, the actual
experiments that may be carried out are discussed in
Chapter 6 in terms of types of experiment. This way of
dealing with the various aspects of the problem may
appear somewhat cumbersome, but the underlying logic
is the following:

(a) Observations are always referred to a particular grid
size, or to a characteristic kind of averaging, Le. they
must be referred to a particular scale;
(b) Experimental studies may be concerned with the processes in a particular scale or with interactions between adjacent scales;
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(c) Experiments may be conceived as observational programmes aiming at carrying out one or more experimental studies.

3 .2 An experimental study to define the interactions
between the large wave-scale and the cloud-cluster
scale (Scales A and B)

3

9

be conducted over a region that extends at least 10° on
each side of the Equator. The same waves may extend
into the stratosphere with short vertical wavelengths.
This is why stratospheric soundings are specified.
3.2.3

MEASURED AND DERIVED QUANTITIES TO BE
OBTAINED FROM OBSERVATIONS

(a) Large-scale
3.2. 1

OBJECTIVES

In order to parameterize the cloud cluster in terms of
the large-scale variables, the experimental study should
incorporate the following investigations:
(a) To determine the necessary and sufficient conditions

for the development of a cloud cluster;
(b) To understand the role of large-scale disturbances
(2,000 - 10,000 km wavelength) in the development

of a cloud cluster;
(c) To account for the spatial redistribution of heat,

moisture and momentum by the cluster during its
life cycle in a manner consistent with large-scale
numerical prediction models;
(d) To ascertain the effects of this redistribution on the

large-scale motion field.
3.2.2

CHARACTERISTICS OF THE OBSERVATIONAL
PROGRAMME

The purpose of the observations would be to define the
large-scale motion field to an accuracy compatible with
numerical prediction models (equivalent of roughly
500 km horizontal resolution, four levels in vertical).
Vertical velocities will be derived indirectly from the
numerical prediction models. The redundancy between
wind and temperature will be used to optimize the analysis. For this reason, the resolution requirement may be
relaxed somewhat, particularly at latitudes polewardof
15° latitude. In view of the research which is currently
under way and is being planned, it could be expected that
more precise information on the resolution requirements
should be available within two years. It is possible, however, to anticipate some trade-off between accuracy in the
temperature measurements and resolution of the wind
measurements. Accurate measurements at one level may
enable one to relax requirements at adjacent levels.
Network simulation experiments will be required to
establish the exact resolution and accuracy specifications
on this scale. It is believed that some of the disturbances
associated with the tropical convection systems extend
across the Equator. For this reason these studies should

The minimum required network size is 50° longitude
span, between lOOS and 30 0 N.
The time resolution would be twelve hours. More
frequent temperatures may result in further relaxation of wincf requirements. The other requirements
are as follows:
(i) Winds

Horizontal resolution: 500 km;
Vertical resolution: four levels in the troposphere;
Accuracy: as required to determine the vorticity
of horizontal wind to 5 X 10-6 sec-I;
Representativeness: volumetric averages preferred.
(ii) Temperature
Horizontal resolution: 500 km;
Vertical resolution: three levels, in the layers
1,000- 600 mb; 400 - 200 mb; 125 - 80 mb;
Accuracy: 0.5°C;
Representativeness: volumetric averages preferred.
(iii) Moisture

Horizontal resolution: 500 km;
Vertical resolution: two degrees of freedom in
the vertical;
Accuracy: 1 part in 10.
(iv) Stratospheric soundings
Horizontal resolution: 1,500 km;
Vertical resolution: I km;
Accuracy: as the conventional radiosonde.
(b) The scale of the cloud clusters

The required network size is a 10° X 10° latitude
square.
The time resolution would normally be six hours.
However, three-hour capability or better would be
required for periods with cloud clusters wholly or
partially within the network.
The horizontal resolution of the observations would
be 250 km.
The vertical resolution should be to define, as necessary, vertical integrals within the sub-cloud layer
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(three levels may be required), plus two levels between
cloud .base and top and two levels in the outflow
region.
The required accuracies are as follows:
Wind: 1-2 m sec-1;
Temperature: 0.5°C;
Water vapour: 1 g kg-1;
Surface pressure: 0.1 mb.

3. 3 An experimental study to determine the interaction
between the scale of the cloud cluster and the mesoconvective scale (Scales Band C)
3 .3 . 1

OBJECTIVES

The aim of this experiment would be to make intensive
case studies of the structure, evolution, dynamics and
thermodynamics of selected meso-convective elements in
order to determine how much variability exists between
different elements and whether there are fundamentally
different types of meso-convective-scale organization
with respect to parameterization. This would require
computing budgets of heat, mass, momentum and energy
for individual meso-convective elements and their immediate surroundings. The data would be composited
according to the various types of element that will be
determined. Budget quantities would be determined from
the composites. The experiment should, therefore,
account for the local redistribution of heat, moisture,
momentum and energy due to the individual mesoconvective elements within a cluster with reference to:
(a) The sizes of meso-convective elements;

The required vertical resolution and accuracy are the
same as those for the cloud-cluster scale. Because of the
complicating effects of downdraughts, the sampling levels
may have to be adjusted to suit individual cases.
It is also necessary to measure the distribution of
rainfall on this scale. Some direct measurements of
vertical motions within the convective cells and vertical
fluxes in the sub-cloud layer are desirable but not necessary.
3. 3.3

MEASURED AND DERIVED QUANTITIES TO BE
OBTAINED FROM THE EXPERIMENT

The measurements to be made during the experiment
would have the following purposes:
(a) To determine spectra of v, T, q and p as a function

of z on horizontal scales between 300 km and 1 km
along series of randomized horizontal paths with
vertical resolutions of 1 km;
(b) To indirectly deduce m;

(c) To determine the corresponding vertical profiles of
-- ----

co-spectra, i.e. vertical fluxes: v'm', T' m', q'm';

(d) To determine the kinetic energy production and the

vertical kinetic energy flux components;
(e) To form heat, momentum and water-vapour budgets

of individual layers;

(f) To measure or, if possible, to parameterize the
boundary-layer fluxes of momentum heat and water
vapour.

(b) The spacings of meso-convective elements;

3.4 Auxiliary experimental studies on convection over a
tropical land mass

(c) The types of meso-convective scale organization
(e.g. lines, rings, etc.).

3.4. 1

3.3 .2

CHARACTERISTICS OF THE OBSERVATIONAL
PROGRAMME

The basic network is the same as in section 3.2. 3 (b)
except that it is not necessary to cover as large an area,
since the interactions between the cloud cluster and its
immediate environment are not in question. A 5° X 5°
square should be sufficient. Resolution to 150 km rather
than 250 km would be desirable but not absolutely
necessary.
The observations within each meso-convective element
would require the application of random sampling techniques. Intensive study will be required for the detailed
design of this aspect of the experiment.

OBJECTIVES

These experiments would be the counterpart of the
experimental studies described in section 3.3, conducted
over a tropical land mass during the rainy season, over
the South American continent. The differences in the
characteristics of cumulus convection in this area, as
compared with the oceanic regions, are described in the
Report of the Study Group on Tropical Disturbances
(see Appendix I).
The objectives of the proposed studies would be to
determine the mechanisms for the transfer of heat and
moisture from the convective systems to the large scale
resulting, for example, in the formation of outflow anticyclones in the upper atmosphere or in the generation
of high-level cold troughs. QlJestions such as the maintenance of cold core systems - whether or not an
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external energy source is required - can be answered
by finding out whether the concentrated latent heat
release plus cold downdraughts will lead to kinetic energy
generation, even though superficially mean upward
motion in a relatively dense atmosphere suggests a
circulation driven by pressure work done by distant
members of the general circulation. The importance of
the lack of sustained surface energy sources in disturbances with overcast areas over land is to be compared
with the quite different situation over sea as determined
in the studies proposed under 3.2 and 3.3 above.
3.4.2

CHARACTERISTICS OF THE OBSERVATIONAL
PROGRAMME

The technique to be employed is that of compositing
surface and upper-air observations with respect to radar
echoes grouped into classes of similar synoptic circumstances. Other characteristics are similar to those mentioned under 3.3.2.
3.4.3

TYPES OF OBSERVATION

As in 3.3.3.
3.5

Auxiliary experimental studies on the planetary
boundary layer in the equatorial region

3 .5 . 1

3
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(c) To understand the dynamics of the equatorial dry

zone which exists at some longitudes.
3. 5.2

CHARACTERISTICS OF THE OBSERVING PROGRAMME

The experiment could well be modelled on that of
the joint Federal Republic of Germany/U.K./United
S~ates-Atlantic Trade Winds Experiment which was
conducted in the summer of 1969. Comparison of an
equatorial experiment with this tropical, but off-Equa~or,
ATEX experiment would be instructive. The basic
network would require an array consisting of at least
four ships and some anchored buoys. One or more aircraft should observe sea surface temperature structure
by means of IR radiometry. An attempt could be made
to measure surface heat flux using the McA1lister twowavelength·IR radiometer. Satellite observations are
desirable to delineate synoptic conditions.
The observing systems should be centred exactly at the
Equator. The region to be explored should be between
±5° of la~itude. To delineate equatorial under-current
phenomena in the ocean, measurements are required
down to 500 metres.
The observations should be repeated at different longitudes in order to examine a wide range of phenomena.
The observing period envisaged is about two to three
months.

OBJECTIVES

The aim of this experiment is to study the behaviour of
the planetary boundary layer in the immediate vicinity
of the Equator. The vanishing of the vertical component
of the coriolis parameter at the Equator produces effects
both in the ocean and the atmosphere which may
interact to some extent. From the GARP point of view
the principal problem is to examine the importance of
equatorial characteristics on convective processes. The
existence of the equatorial under-current in the ocean
results in somewhat lower surface temperatures than at
slightly higher latitudes. This may have some effects on
atmospheric phenomena. Advantage should be taken of
the concentration of ships required for the atmospheric
experiment to conduct further studies of the oceanographically important equatorial under-current. Some of
the relevant atmospheric problems are:
(a) To determine whether convection can be produced
by frictional convergence within plus or minus one
degree or so of the Equator - that is, on the scale
of the meso-convective processes;
(b) To determine to what extent small gradients in sea

surface temperatures influence the structure of the
planetary boundary layer;

3.5.3

TYPES OF OBSERVATION

Aerology (from at least four ships)
(a) Vector winds up to 30 km;

(b) Surface pressure;

(c) Temperature and humidity from radiosondes, permitting calculation of the pressure field;
(d) Low-level winds, using systems designed for study of

the "Ekman" layer;
(e) Atmospheric temperature and humidity fine struc-

ture, using tethered balloons and kites; and/or fine
structure sondes.
Energy fluxes
(a) Heat, water vapour and momentum fluxes should

be calculated not only from bulk parameters to be
determined by the aerological measurements but
by micrometeorological techniques using:
(i) Profile buoys, giving profiles of temperature,
humidity and wind speed;
(ii) Stabilized buoys for direct eddy-flux measurements.
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(b) Radiative fluxes, short and IR.

(i) By radiation sondes;
(ii) Surface measurements by ship-borne or buoy-

borne instruments.
Surface temperature field by aircraft
(a) Radiometer flights. A precision of ±O.l DC should

be attempted. Since surface measurements are also
available from ships, absolute accuracy is not so
important;
(b) McAllister double-wavelength radiometer for heat

flux.
Associated oceanographic measurements

The equatorial under-current is known to be significantly variable in time. Also the source of the water in
the core of the under-current is not satisfactorily known.

Thus temperature and salinity profiles should be taken
through the under-current - down to 500 metresfrequently, about every three hours.
In addition, other properties of the water, such as
oxygen and phosphate, should be profiled in order to
provide clues to its source. The array design should call
for at least two oceanographic vessels to be sited accurately at the Equator. Ship-borne measurements should
be suppor~ed by measurements from anchored buoys
which would give at least current speed and direction
at the surface and over a range of depths in the undercurrent. Temperature and salinity could also be measured
from these buoys.
Measuremen~s of the sea surface condition, particularly waves, are relevant to the atmospheric measurements.
Satellite cloud pictures and facsimile weather maps should
be available on a real-time basis.

4.

GENERAL CHARACTERISTICS OF THE OBSERVATIONAL SYSTEMS

4 . 1 The horizontal scales

4.3 The horizontal sampling scheme

As stated earlier in this report, atmospheric motions
in the tropics are organized in four characteristic scales
(Figure 1):

The various experimental studies described in Chapter 3 require observations on a wide range of scale sizes
from a few km to some thousands of km. In order to
hold costs to reasonable levels, it will be necessary to
utilize a variety of observing platforms. The cost of
making all the observations with radiosonde ascents
would be prohibitive.
In addition to the requirement for a wide range of
scale sizes, a higher precision of measurement than that
obtained in routine radiosonde ascents is required for
certain scales.
Except for the large wave-scale for which the observational techniques would not differ from those of a global
experiment, the other smaller scales present observational problems that would require the application of
special sampling techniques.
The scheme for meeting the requirements of sampling is
shown schematically in Figure 2. Box B represents the
cluster scale in which a meso-convective element C is
embedded. Box D represents a convective cell within the
element C. The Xs represent an idealized spacing of
vertical profiles of wind, temperature and humidity,
obtained by radiosonde, dropsonde, satellite or other
platforms. The Xs not enclosed in box C will be used
to determine the parameters in box B minus the area of
box C and with a space spectrum commensurate with
the horizontal scale of the Xs. In a similar manner, the
parameters of box C will be determined by the equivalent
of vertical profiles at the dots in C (in practice, it is
likely that aircraft measurements will be used inside C).
It is not likely that the meso-convective element C will
be probed directly, but its characteristics will be obtained
by observing much more detail in the immediate vicinity
of D. The space spectrum of these sample hierarchies
will be used to compute the vertical structure of B in a
number of horizontal slabs.

A -

The large wave-scale;

B -

The scale of cloud clusters;

C -

The meso-convective scale;

D -

The scale of convective cells.

The purpose of GARP tropical experiments is to determine the interrelations between the various scales of
motions listed above. The primary interest lies in the
study of the interrelations between Scales A and B; the
other interactions down the scale are to be investigated in
so far as is needed to understand the preceding interaction.
Phenomena on all of these scales, except A, can be
identified in pictures from geostationary spacecraft in the
visible portion of the spectrum. The large-scale waves
are deduced from analysis of the wind field, but may be
"seen" from cloud clusters' separation. Because the
geostationary spacecraft provides this vital information,
it is essential that a geostationary satellite be available
for all the GARP tropical experiments.
4.2 The vertical scales
The scientific objectives established in Chapter 2 set
forth definite vertical scales. These are:
(a) Large wave-scale (Scale A)
One level within the outflow layer;
Two levels within the convective layer;
One sub-cloud level (or near cloud base).
(b) Cloud-cluster scale (Scale B)
Two levels within the outflow layer;
Two to three levels within the convective layer;
Enough levels to define the sub-cloud layer, including
the area surrounding the cluster (or integral values
within this layer).
(c) Meso-convective and convective cell scales (Scales C
and D)

Same as (b).

4.4 The vertical sampling scheme
Figure 3 shows an idealized vertical structure of the
cluster scale. The first layer from the surface to Level 1
is the planetary boundary layer, in which dry convective
processes operate. (This layer, of course, has large
amounts of latent heat but no liquid water substance.)
The key requirement is to determine the horizontal
inflow of water vapour in this layer on the cluster scale.
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Meso-convective elements (illustrated as dashed areas
in the schematic diagram) M, Nand P are in different
stages of development, precipitation and evaporation.
A key requirement of the observing technique is to
obtain the mass, moisture, heat, horizontal momentum,
and liquid water fluxes as a function of height. Radar
will be used to obtain rainfall. A variety of platforms
will be required for these observations.

(B) Scale B (15 stations in 2-10.105 km2)
(a) Radiosondes, navigation sondes, dropsondes
(b) Instrumented aircraft, including precision
radio-altimeter
(c) Geostationary satellite
(d) Boundary-layer buoys as required
(e) Ships with 10 cm radar

4.5

(C) Scale C
Same as B plus platforms equipped with vertical
scan (RHI) 10 cm radar (which should be calibrated so that reflectivities may be obtained)

Observing platforms

The accuracies in wind and temperature of conventional
radiosondes are acceptable if the systems are pushed to
their maximum capability. The stringency of the accuracy
requirement, especially the suppression of aliasing error,
is greatest at the large-wave scale, where the large-scale
variation is the smallest and decreases as the scale
decreases to the convective-element scale.
(A) Scale A (500 km average spacing)
(a)
(b)
(c)
(d)

Fixed platform radiosondes
Polar orbiting satellites
Geostationary satellites
Dropwinsondes with LORAN/OMEGA wind
sounding (navigation sondes) as required

(D) Scale D
(a) Radar
(b) Rugged aircraft
(c) Doppler radar if available
(d) Surface instruments as available
(e) Raingauges as available
, (E) Sub-cloud layer
(a) Aircraft
(b) Tethered sondes
(c) Pibal as available
(d) Special buoys.

5. THE OBSERVATIONAL SYSTEMS

5.I

Basic assumptions of the proposed systems

Once the scientific requirements and the general characteristics of the observational programmes related to each
ofthe proposed experimental studies have been established,
it is necessary to indicate the type and amount of facilities
as well as the characteristics and distribution of the
components of the required observing systems .. This can
only be done, at least for the large wave-scale, with
reference to a specific location where the available basic
facilities are known. In this section, it will be assumed
that a large-scale tropical experiment (tropical experiment
of type I) will take place as recommended in the Report
on the Planning of the First GARP Tropical Experiment,
submitted by the JOC to the Executive Committees of
WMO and ICSU (see Appendix H). Other alternative
locations will be discussed in Chapter 6. Sections 5.2
and 5.3 should therefore be considered as further elaboration of the corresponding sections of Appendix H.
With reference to an experiment of type H, Le. devoted
to study of the meso-convective elements and their interrelations with the cloud clusters, the assumption to be
made is that it will be carried out independently, in an
area where no basic network is available. This imposes
the most severe requirements on special observational
facilities. The situation would obviously improve if the
experiment is conducted concurrently with the type I
experiment or if it is moved to a region where a basic
regional network of sufficient density is in existence (see
Chapter 6).

5.2 Observational system for the large wave-scale
(Scale A)
5.2.1

AREA

The proposed area covers the region from the Equator
to l5°N and from 130 E to 175°E, with the addition of
an area from lOOS to the Equator, extending from l45°E
to 175°E (Figures 4 and 5).
0

5.2.2

REGIONAL NETWORK OF SURFACE AND UPPER-AIR
STATIONS

Figure 4 shows the surface and upper-air stations
(existing, planned and proposed) in the WWW regional
network, within the large-scale observing area:

(a) There are nine rawinsonde stations in the area (one

of them makes four observations per day; the others
have a standard programme with observations at
00 and 12 h);
(b) Two rawinsonde stations are planned but no imple-

mentation date has been given;
(c) Two more rawin staJions have been proposed within

the WWW basic regional network, but no plans for
implementation have been announced;
(d) Two stations make PILOT balloon observations;
(e) Twenty more surface stations (without PILOT bal-

loon observations) complete the network.
5.2.3

ADDITIONAL PLATFORMS

On the assumption that the above network is implemented on or before the date of the experiment, the
following alternatives are suggested to provide the
minimum additions required to obtain an adequate
resolution for the large scale:
(a) First alternative: Fixed ocean stations
Twenty-seven ship-stations would be necessary as
shown by blue circles on the attached map (Figure 5);

(b) Second alternative: High-level aircraft
A number of aircraft (about eight, not including
spares for maintenance periods) will be required for
deploying dropwinsondes at 27 selected places (blue
circles, Figure 5) over four routes twice per day at
150 or 200 mb;
(c) Third alternative: Fixed ocean stations and high-level
aircraft
Five ship-stations may be placed as shown by the
double blue circles in Figure 5. In addition, a
number of aircraft (about four, not including spares
for maintenance periods) will be required for deploying dropwinsondes at 22 selected places (blue circles, Figure 1) over two routes, twice per day at
150 or 200 mb;

(d) Fourth alternative: Fixed ocean stations, high-level
aircraft and additional island rawinsonde stations
Four ship-stations may be placed as shown by the
double blue circles north of the Marshall Islands
in Figure 5. Three island stations shown by the blue

CHAPTER 5
triangle-circle symbol (8) will replace one offshore ship and alleviate the aircraft range requirements for two other possible dropsonde points. In
addition, a number of aircraft (about four, not
including spares for maintenance periods) will be
required for deploying dropwinsondes at 20 selected
places (single blue circles, Figure 1) over two routes,
twice per day at 150 or 200 mb.

5.3

Observational system for the cloud-cluster scale
(Scale B)

5.3.1
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sonde measurements, as well as observations from two
or three moving ships, should be used for this purpose.
In this case, an adequate surface and upper-air observational network would be provided in Ithe cloud-cluster
area.
The moving ships could most profitably be used in the
southern part of the area where the density of the basic
network is marginal, or closely outside the cloud-clusterscale area (as fixed ships) if the extension of the cloud
cluster exceeds the size of the area or its position is too
close to the lateral boundary of the area.
Such types of observing system would allow for more
flexible plans under different cloud-cluster conditions.

AREA

The proposed area is embedded in the area of the
A-scale (5.2.1); it is located over the Marshall Islands,
has a size of 106 km2 , and extends from 1021'N to
1l021'N and from 162°21' to 172°55'E (Figures 5 and 6).
The exact location of the square was determined by the
existing stations Eniwetok and Tarawa.
5.3 .2 BASIC NETWORK
The planning of the observational network for the
cloud-cluster-scale area has been based on the following
considerations:
(a) The upper-air and surface stations should be con-

ceived as a basic network; its space resolution should
be about 250 km in average and the maximum distance between stations should not exceed 400 km;
(b) Measurements taken from aircraft and moving ships

should be conceived as a supplementary network to
be superimposed on the basic one.
Within these concepts a possible distribution of upperair and surface stations is shown in Figure 3. The locations of the upper-air stations coincide with those of
surface stations except three. The total number of the
upper-air stations is 21. Of these, five are already operational or scheduled for implementation in the WWW plan
by 1972. Ten more island stations are required. In
addition, six fixed ships are needed in regions remote
from islands.
The proposed network covers the mesoscale area with
average spacing of 260 km. The minimum resolution is
about 400 km in the southern part of the area under
consideration.
5.3.3 JlDDITlONAL PLATFORMS
Langrangian-type measurements with reference to cloud
clusters located in the mesoscale area can be provided by
a supplementary network. The aircraft and dropwin-

5.4 Observational systems for the meso-convective scale
(Scale C) and convective cells (Scale D)
Scale C observing system

The nature of the meso-convective phenomena embedded in a cloud cluster (Scale C) requires investigation
by instrumented aircraft. The lifetime of meso-convectivescale phenomena is several hours and it is necessary to
sample any given level or set of levels within the same
hour to determine properties at the same representative
stage in the life of these phenomena. It is necessary to
sample at two levels simultaneously. Assuming that the
aeroplanes can fly at about 300 km/hr, and that four
passes through the C-scale area will define a level, no
more than eight to ten aeroplanes operating simultaneously in one hour are needed to provide specifications
of at least two levels. No more than seven levels are
estimated to be needed to specify the vertical structure
of the meso-convective scale in order to determine how
to parameterize it, with respect to the next largest scale.
In order to get enough statistics to determine a representative parameterization, the statistical sampling will
be stratified in two ways: (i) by sampling a sufficient
number of meso-convective scales during the threemonth experiment period; and (ii) by sampling different
levels on any given mission. In this way a composite
picture of the meso-convective-scale phenomena can be
derived by combining the case studies with the spread
of levels sampled in totality.
The aeroplanes must have excellent wind-finding equipment (e.g. doppler navigation radar, inertial platforms
or other) and temperature, pressure and humidity sensors
capable of recording at high frequency. Instrumentation
satisfactory to meet the requirements of this part of the
experiment is currently available, but it must be emphasized that, at the time of the experiment itself, even
higher-performance equipment may be available and
should be used if feasible.
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Developments are now under way to equip versatile
aeroplanes (e.g. a de Havilland Buffalo) with inertial
reference platforms to make possible the determination
of turbulent energy fluxes through spectral determinations and changes in vertical and horizontal air velocities
directly. This instrumentation should also be included
on some of the aeroplanes, especially those that will be
used at the low and intermediate levels. Aircraft equipped with inertial platforms have been used recently, in
BOMEX, for example.
Another promising development that should be kept
in mind as adding to this experiment is a highly accurate
radio altimeter of the type being planned for the constant~
level balloons. It seems reasonable to expect altitude
determinations with a precision of tens of centimetres
at the low and intermediate levels. Such capability may
make it possible to measure directly the vertical structure
of the pressure field, but pressure, temperature and
humidity equipment must have the same frequency
response in order to extend the spectral measurements
down into the range of hundreds of metres.
Scale D obserVing system

Scale D, large individual convective towers or groups
of smaller convective cells, will also be observed by the
same instrumented aircraft described above. The cells
have lifetimes of the order of magnitude of thirty minutes
and scale sizes of about one to ten kilometres diameter.
It will take about five to six minutes or so at feasible
aircraft speeds to make a pass around a cell at a given
level. (Note: The time of a pass cannot be less than
this even for one of the smaller cells because of the lower
limit to the turn radius of aeroplanes of the type needed).
Two aeroplanes in counter-rotational paths, or some
equivalent configuration, are required for each level
because the cells have very active growth patterns during
even the five to six minutes of sampling. Each aeroplane,
however, can probably make a second pass at another
level before the cell changes too much for the observations to be no longer representative. Again, compository
techniques will be used along with samples of enough
cells, with a variable distribution of levels, in order to
parameterize the cells (Scale D) with respect to Scale C.

Instrument requirements will be the same as described
above. A doppler wind-finding radar as available,
according to the state of the art, must be used. It is
considered possible but unlikely that side-looking,rangegated coherent doppler radar will be available for aeroplane use to measure the wind fields directly from
observations of the motion of the hydrometeors. In~
strumentation efforts are under way in several groups to
determine liquid water content and vertical wind profiles
for the study of severe thunder and hailstorms. If such
developments are successful they could. add. materially
to the experiment but the instrumented aircraft proposed
for Scales C and D will be adequate to obtain the essential
information.
5.5 Observational system for an experiment of convection over a tropical land mass
The types of experimental study described in 3.4 above
would require, in principle, the observational techniques
and facilities indicated in 5.4. The fact that the situation
over land may be somewhat simpler and the existence
of a basic regional network of stations may make the
new facilities less stringent. On the assumption that the
experiment would take place in the north-east of Brazil
(see section 3 in Appendix Ill), the following needs are
considered as a minimum:
(a) Three radars (PPI, 150 miles) with suggested loca-

tions: two in the rainy belts of the region, and one
in the dry zone;
(b) Two jet aircraft with capability 30,000 - 45,000 feet
and four hours at flight altitude to be based one at
Recife and one at Belem; two turboprop or piston
aircraft, range at least 1,600 miles, to be placed on
coastal or interior locations where runway length is
satisfactory. For some missions all aircraft may be
readily combined;
(c) Augmentation of rawinsonde runs at selected stations of existing network up to hourly frequency
during operational periods;
(d) Installation of meso-networks of about 15 surface
stations and raingauges around the radar sites, as
feasible. Possible nephoscope networks.

6. THE STRATEGY OF IMPLEMENTATION

6. I Factors influencing decisions in advanced planning

6. I . I It has already been pointed out that the final
design of a GARP experiment would be the resultant of
a delicate balance between the requirements established
by the type of answer that the experiment is asked to
provide and the constraints imposed by the limitations of
technical and financial resources.
However, neither the requirements nor the constraints
are static things. There is therefore another type of
balance that has to be reached in the planning of an
experiment. On the one hand, the amount of resources
that a large experiment has to mobilize and the time
required to reach the international agreements which
would define the type of co-operation from participating
countries makes it necessary for the planning of the
experiments to be made well in advance, with a sufficient
degree of precision to commit funds and facilities with
the intervening time which is required for the mise au
point of the observing system. But, on the other hand,
a changing situation in both the knowledge about the
scientific problems involved and the technological developments makes it inadvisable to freeze the complete set
of requirements at too early a stage. In other words,
there are two risks that should be avoided as far as
possible in planning the experiments: the risk of not
having all the desired facilities at the moment of implementation (due to the lack of adequate advance planning) and the risk of having a scientific programme
which does not represent the state of knowledge at the
time when the experiment starts (due to the lack of
flexibility during the planning stages). No amount of
planning or skill of the planners can completely avoid
both risks. Optimum planning can only minimize them.
6. I .2 The preceding remarks apply with particular
force to the planning of experiments for the GARP
Tropical SUb-programme. The remarkable advances in
the knowledge of the structure of atmospheric motions
and of convective systems in several areas of the tropical
belt over the last few years have led the way to a clearer
formulation of the problems to be investigated. Several
active research groups around the world are continuing
this work and it is likely that new results may provide
grounds for further refinements in the requirements from
now until the earliest possible date of the large tropical
experiment. It is felt, however, that the proposals made

in the present report already contain the most essential
features that are to be investigated and that the types
of experimental study that have been propounded leave
enough room for incorporating those refinements which
may result from research work under way.
6. 1.3 Aside from these considerations, the mounting of
the experiments may be planned in various ways which
would differ from each other with reference to:
(a) The order of implementation of the experimental
(b)

(c)
(d)
(e)

(f)

studies to be undertaken in separate experiments;
The number of experimental studies to be included
in each individual experiment;
Location of each experiment;
Duration;
Period of the year;
Year of implementation.

The expression "experimental studies" is used here in the
sense defined in Chapter 3.
The decisions to be adopted in connexion with each
of the items listed above should be based on careful
analysis of three types of factor, namely: scientific considerations, considerations related to measuring techniques, and considerations related to the availability of
observational means.
6. 2 Scientific considerations
6.2. I

ORDER AND NUMBER OF EXPERIMENTS

From a scientific viewpoint, the experimental studies
proposed in Chapter 3 should be carried out concurrently. Only by this shall we be able to get the complete
understanding of the cloud clusters in their relation with
large-scale waves and with mesoscale convective elements.
Practical considerations to be dealt with in following
sections may, however, indicate the convenience of separate experiments. In this case, the experiments oftypes 11,
III and IV should precede an experiment of type I.
6.2.2

LOCATION

The observing systems described in Chapter 5, for
Scales A and B, are based on the assumption that a major
tropical experiment would take place in the west Pacific.
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This selection of the area is supported by three important
reasons: (i) this is a region with a high frequency of
active disturbances and where the cloud clusters undergo
a wide range of development; (ii) the synoptic network
of surface and upper stations, existing or planned for implementation by 1971, is fairly adequate to study the
immediate environment of the selected mesoscale area
of observation; and (ill) this is a region permitting a
study of the relationship between cloud clusters and
meridional circulation of both hemispheres.
The relative merits of this area and the possibility of
alternative locations should be judged on consideration
of the following factors:
(a) Frequency of cloud clusters with variety of types
(based on data given in Appendix IV):

Satisfactory: N.W. Pacific, N.E. Pacific, Caribbean.
Marginal: N.W. Atlantic.
(b) Distance from complicating topographic effects:
Satisfactory: N.W. Pacific for experiments of types I
or 11; N.E. Pacific, N.W. Atlantic for experiments
of type H.

Marginal: N.E. Pacific, N.W. Atlantic for experiments of type I; Caribbean for experiments of
type 11.
Unsatisfactory: Caribbean for experiments of type I.
With reference to experiments of types HI and IV, the
preferred locations have been indicated in sections 3.4,
3.5 and 5.5.
6.2.3

DURATION

Duration of the experiment is determined by the number of cloud systems which must be sampled in order
to obtain results which are reliable from a statistical
point of view when the data are stratified with respect
to various types of cloud cluster and various types of
mesoflcale convective element. Assuming a minimum of
two or thr.ee classifications and a minimum of five
sam,ples in each class, it is apparent that the duration
of the experiment must be sufficient to sample at least
ten to fifteen active cloud clusters and a similar number
of mesos.cale convective elements.
The cloud clusters occur at a frequency of about one
per five or six days in the regions denoted as satisfactory
in 6.2.2 (a). Thus, the sampling period for the largescale experiment would have to be of the order of two
to three months in these regions. In the marginal locations
a longer experiment would probably be required to
establish the desired level. of sampling.
Several mesoscale convective elements might be sampled
within the same cloud cluster. This would appear to

relax the duration requirement somewhat for an experiment of type 11. However, this must be weighed against
the possibility that, within some cloud clusters, mesoconvective elements suitable for sampling may not lie
within the range of aircraft. Thus, a period of two to
three months is also indicated for this experiment.
6.2.4

PERIOD OF THE YEAlt

August - October is the period with thelargestfrequency
of occurrence of cloud clusters (see reference in Appendix
Ill: Suomi and Karst) and the highest level of largescale organization of these clusters (see reference in
Appendix HI: Wallace's personal communication) over
the tropical north Pacific and Atlantic and the Caribbean.
Therefore, it appears desirable to conduct the experiment
or experiments during this season. A shift of one month
in either direction is allowable.
6 .3 Considerations related to measuring techniques
An observational system for Scales A and B does not
imply the application of special observing techniques,
except for an intensive use of dropwinsondes and tethered
balloons which will be dealt with in the following section.
The observational systems for the Scales C and D
described in Chapter 5 require, on the other hand, the
application of a delicate sampling technique which has
not yet been used to such an extent in any previous
experiment. Although the principles are clear and well
understood, the actual practical problems that could
be encountered and the representativeness of the data to
be obtained cannot be ascertained beforehand. It seems,
therefore, that a checking of the method ~md of the
performance of the equipment is highly desirable before
undertaking a large-scale experiment.
This may be achieved by implementing an experiment
of type 11 before an experiment of type I. In this way it
would be possible to accomplish two objectives: the
tes.ting of the system and the obtaining of scientific
information that may lead to refinements in the formulation ofthe requirements for the type I experiment. Whether
or not it would be necessary to investigate again the
ScalesC and D during the type I experiment, using the
same or some modified technique, will depend entirely
on the results of the preliminary type H experiment.

6.4 Considerations related to the availability of observational means
6.4 . I The precise location of experiments of types I
and 11 as well as the date of implementation depend very
directly on the availability of some essential facilities.
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The most important requirement in this connexion is the
presence of a geostationary satellite over the area. This
has already been referred to in section 4.1. The JOC
recommendations have repeatedly emphasizedthis requirement. In the report of its second session it is indicated
(page 17) that the final selection of the area and date of
implememation should be subordinated to the availability
of a geostationary satellite which "constitutes an irreplaceable tool for this type of study" .
The recommendations made by the JOC to the Executive Committees of WMO and ICSU and which are
contained in the First Report on the Planning of the
First GARP Tropical Experiment (see Appendix n to
the present report) were based on these considerations.
The relevant paragraph of the report of the third
session of JOC reads as follows (page 17): "The date of
the experiment, once the area has been decided, should
depend on a possible schedule for the launching of a
geostationary satellite which would cover that area or,
alternatively, the displacement of an existing satellite over
another meridian. The Committee was informed that
for planning purposes it may be assumed that one geostationary satellite will be available in the Pacific by the end
of 1972."
If the assumption just quoted is not confirmed, the date
and/or the location of an experiment of type I should be
revised. A change of location would have to be in
accordance with the indications given in section 6.2.2 (a).
In case a lengthy postponement of the date for this type
of experiment is agreed upon by the participating countries, emphasis should be placed on an earlier experiment
of type n. The eastern Pacific, just west of the coast of
Mexico, would be given the highest priority, taking into
account the fact that a geostationary satellite already
exists over that area.

6.4.2 A further observational tool which should be
available, particularly as part of the observing system for
the Scale A, is the dropwinsonde.
The requirement for samples of the atmosphere over
a wide range of scales points to the need for a suitable
dropwinsonde as an extremely valuable tool for the
observational programme in the tropics. With the present
state of technology, it seems that it is hardly possible to
replace it in order to obtain an adequate resolution for the
Scales A and B. On the other hand, it could actually
reduce costs since the cost of deployment using aircraft
is lower than the cost of deployment using surface platforms such as ships or island stations.
However, the requirement for high accuracy cannot be
met with the dropsondes now used in routine aircraft
weather reconnaissance. Two new developments could
change this picture radically. One is the development of
a very light-weight, high-accuracy radio altimeter, and the
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other is a successful test of a navigation sonde. A dropsonde which makes use of the LORAN or OMEGA
radio reference grid forlwind measurements requires a
slow rate of fall in order to allow the dropsonde to drift
a measurable horizontal distance but during this interval
the launching aircraft may fly out of range. On the other
hand, a fast-falling dropsonde could be designed to
measure the vertical wind shear. A possibility exists to
combine the advantages of each system. There is also
a development effort using the audio doppler signals.
Some work along these lines is under way in several
research centres but high priority should be given to
these developments on the basis that the GARP observational programme in the tropics cannot be carried out
without the availability of an improved dropsonde.

6.4.3 The observational system for scales smaller than
Scale A would require measurements made by means
of tethered balloons. This technique has already been
used in previous experiments (such as BOMEX) but a
complete assessment ofits performance is not yet available.
It is generally agreed, however, that several problems
remain to be solved, particularly with reference to the
fluctuations in the height of the measurements and the
accuracy of the wind data when the balloons oscillate.
The technique should therefore be improved before
implementing an observing system for the scales referred
to above. Technologists agree that there are no serious
difficulties in accomplishing this.
6 .5 Considerations related to the degree of international
co-operation involved
Inasmuch as GARP has been conceived as a truly
international enterprise, it is highly desirable that the
international co-operation in each of the GARP Subprogrammes be as wide as possible. It was clear from
the outset, however, that some aspects of a Sub-programme may not need participation of all countries.
The adopted definition of GARP SUb-programmes
indicates that "such programmes, which will be of an
essentially international character, will be formulated
under the supervision of the JOC and each will consist
of individual projects which may be international, national or the responsibility of an individual research organization" (GARP Publication No. 1, Appendix n,
page 21).
Once the overall scheme of GARP experimental studies
in the tropics has been accepted, there may be certain
advantages in conducting some of the small-size experiments, which may be conceived in partial fulfilment of
their objectives, on a national or bilateral basis. This
may speed up the procedures and facilitate the implemen-
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tation. It seems essential, however, that gaps and overlappings be avoided, that the unity of the programme be
maintained and that each such experiment, although
decentralized for its execution, "be formulated under
the supervision of the JOC", as stated in the definition
quoted above. Experiments of types III and IV belong
to this category of experiment that can be implemented

without great international co-operation. An early
implementation of experiments of either type, or both, is
highly desirable and appears to be feasible. If, for
example, the recommended area for an experiment of
type III in N.E. Brazil is accepted, use could be made
of existing technical co-operation schemes of WMO and
D.S. agencies in the region.

7. DATA COLLECTION, PROCESSING AND STORAGE

7. I

The planning of data processing in GARP tropical
experiments

A tropical experiment performed within the context of
GARP is not limited to the implementation of an agreed
observing system and the collection and storage of data
in standard processed form. As has already been
emphasized in several GARP reports (cf. section 1. I .2
above), the processing of data as well as their utilization
in numerical experiments and related research projects
are an integral part of each GARP experiment.
The collection, processing and storage of data cannot,
therefore, be confined to the application of existing
routine procedures, even if they are adapted - more or
less arbitrarily - to the amount and type of special data
observed or measured in each case. The design of an
adequate collection and processing scheme should rather
be considered as an essential part of the planning of the
experiments.
A logical approach to the problem should start, not
from the data to be collected, but rather from those
needed for specific objectives. There are two different
requirements to be considered in this connexion: the
monitoring of the observational system during the
experiment, and the numerical experiments to be performed.
When the problem is formulated in terms of these
needs, it becomes obvious that the magnitude and characteristics of the experiment are an essential element in the
planning process. The four types of experiment described
in the present report (see definitions in section 3.1) pose
quite different requirements and therefore call for different schemes of data processing and utilization. The
geographical location is another important factor to be
considered when the new facilities necessary for this
aspect of the experiment are being planned. No general
scheme can be devised which is applicable to all cases.

(a) An assessment should be made, when planning each

experiment, of the amount of information which
will be used for monitoring purposes. The corresponding data must be collected and processed in
real-time;
(b) In arriving at the preceding decision one should, at

the same time, decide on the extent of the analysis
of the synoptic situation which should he made ona
routine basis during the observational period from
the point of view of monitoring. This analysis may
be expanded if it is agreed to carry out a programme
on numerical experiments concurrently. The type of
numerical models required and the computing
capabilities to be made available are thereby determined.
(c) The processing of the data referred to under (a)
and (b) involves the conversion of signals received
from various instruments into meteorological parameters and all further processing up to the stage
where the data are ready to be used in the objective
and other analyses required for monitoring purposes, and for the numerical experimentation carried
out during the observational periods. This processing will be hereafter called preliminary processing
and the place where it takes place will be called the
Preliminary Processing Centre (PPC). The PPC
may be attached to the centre where the analyses
and numerical predictions are made (hereafter called
Central Analysis Centre (CAC)). The characteristics of the combined PPC and CAC would be
primarily determined by the computing requirements.
(d) The location of the PPC and CAC would be deter-

mined by a number of factors of a rather complex
nature, such as the existence of suitable places in the
area of the experiment or in its vicinity; the required
capacity of the computing equipment; and the
existing collecting and analysis centres and communication facilities in the area.

7 .2 Some general principles
(e)

Although the preceding comments indicate that the
planning of data processing should be done individually
for each experiment, one can formulate some general
principles on the basis of which each particular scheme
should be designed in detail. The most important general
principles seem to be the following:

In addition to the preliminary processing, the complete data sets obtained from each experiment should
be subject to processing and storage under agreed
procedures. A Central Processing Centre (CPC)
should have the responsibility of this work. It is
not excluded that the PPC, CAC and CPC be
merged in one single centre.
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(/) Irrespective of the type of arrangement made for
the allocation of responsibilities, the complete
processing of data should take place in real-time or
close to real-time. The expression "close to realtime" will be used to indicate a delay of the order
of hours which may be allowed to facilitate transmission of data by using low-traffic periods. The
close to real-time requirement can be justified in
several ways. A fairly general justification would be
that it is a precautionary measure to avoid the
risk that important data remain unprocessed and
in a form which is inconvenient for retrieval. But
it should be added that the scientific results of the
tropical experiments (Le. the results of the research
carried out with the data) are urgently needed as a
vital factor in the planning for the First GARP
Global Experiment and in the interpretation of the
results.
(g) In the planning of data-collection and processing

procedures, maximum utilization of existing procedures and facilities, particularly those connected
with the WWW communication and data-processing
systems, should be ensured to increase efficiency and
minimize the costs.

The Scale C and Scale D data will be of a special
character (mostly aircraft observations) and will have
to be collected separately. For this reason a datacollection centre should be established within or close to
the cloud-cluster-scale area.
7.3.2

The preliminary processing of the observational data
should, by definition, be carried out in real-time. One
of the important aspects of this processing would involve
reduction of the data from continuous records, collating
some types of observation with other types of data (e.g.
determination of the location of the aircraft in time and
three-dimensional space, corresponding to each atmospheric parameter sensed, photographs taken, etc.).
Such processing should also involve some checking of the
performance of the instruments (and thereby of the
calibration) .
Satellite data are excluded from the above description.
They would be received either as cloud photographs or
as meteorological parameters, after the raw signals from
the satellite have been transformed at a satellite dataprocessing centre (see Figure 7).
7.3.3

7. 3 An outline of requirements for the proposed largescale tropical experiment in the western Pacific

The following sections contain a more detailed outline
of possible procedures, on the basis of the above principles, referring to the experiment recommended with
highest priority in the present report. It will be assumed
that it is a combined type I and type 11 experiment
(cf. definitions in sections 3.1). The proposed area and
observational networks are shown in Figures 4, 5 and 6.
A general scheme for data acquisition and processing is
given in Figure 7, the main objective of which is to give
a general idea of the data flow.
7.3. 1

COLLECTION OF DATA

The data to be collected will be of two types:
(a) Scale A and Scale B data;
(b) Scale C and Scale D data.

A considerable part of the Scale A data will come from
the WWW regional network and should therefore be
available through the GTS. It is expected that the
additional observations of Scales A and B can also be
collected through the GTS. This collection will be in
real-time.

REAL-TIME PRELIMINARY PROCESSING

CENTRAL ANALYSIS AND MONITORING

A central monitoring group under the scientific
director of the experiment is expected to operate at the
Central Analysis Centre. Some of the responsibilities of
this group will be to establish the need for changes in the
observational programme, to request the directing of
moving ships and aeroplanes into cloud-cluster areas,
to select optimum flight levels, etc. For this purpose
fairly sophisticated, objective analyses will be required,
in addition to frequent images from a geostationary
satellite. These analyses could be carried out at a CAC
with the required computing capacity to operate a largescale model of sufficient complexity.
As to the location of these centres, there are several
possibilities. Under ideal conditions the PPC and CAC
should be established within, or in the immediate vicinity
of, the area of the experiment and be located at the same
place as the Data Collection Centre. (In Figure 7 they
appear as separated centres.) A few of the islands in the
area may already have installations suitable to host such
a complex centre. If these facilities cannot be used, the
establishment of such a major collecting, processing and
analysis centre for the sole purpose of the experiment
may prove to be financially unfeasible.
As a second alternative, a ship can be used as a base
for the PPC and the CAC, provided it is an aircraft
carrier or is anchored in a harbour close to an air-strip
where the research aircraft can land. A meteorological
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Figure 4 -

Regional network of surface and upper-air stations in the west Pacific

Notes: 1. Surface stations are shown completely only for the synoptic and the mesoscale observing areas; for the remaining area, only a small selection of surface
stations is given.
.
2. The state of implementation of the synoptic network shown on the map is
based on the information available in the Secretariat of the World Meteorological Organization as at 15 July 1969.

3. The designations employed and the presentation of the material on the map
do not imply the expression of any opinion whatsoever on the part of the
Secretariat of the World Meteorological Organization concerning the legal
status of any country or territory or of its authorities, or concerning the delimitation of its frontiers.

3. Required upper-air and surface stations with a full programme are not mapped
Within the scale B area in Figure 5.
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or oceanographic ship of the types now available will be
inadequate, but it may be feasible to convert a tanker
or cargo ship for such a purpose.
Finally, it may be necessary to undertake all major
computing outside the area of the experiment. All data
should then be collected through the existing telecommunication system and transmitted through the GTS
to a WWW Centre (WMC or RMC) which will be responsible for the processing and storage and for making
them available to research workers. The necessary
large-scale numerical analysis and prediction should then
be made in some other existing centre (which thus becomes the CPC) with large computing facilities and adequate communications. But even with this type of solution a monitoring group should be established in the
area of the experiment with quick and adequate communication links with the CAC. A minimum amount of
processed data and special information (such as satellite
information on cloud-cluster developments) should also
be directly available to the monitoring group.

7
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7.4 Storage

The CPC - irrespective of its location and its association with the PPC - should have adequate facilities
for the complete processing and storage of all data.
The data should be stored in the following manner:
(a) On magnetic tapes containing all digital data for the

whole project, with adequate description of their
contents, full catalogues and details of availability;
(b) Print-outs as digits and graphs of selected data for
the whole period; and

(c) Print-outs of all data for a selected period.

It is expected that all WMCs would have complete
copies of the stored data and would make them available
to research workers under agreed procedures.
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PROPOSED SURFACE AND UPPER-AIR OBSERVATIONS FOR
THE FIRST GARP TROPICAL EXPERIMENT

9168/0
I

U\\91822

91830

I
20 0

Figure 5 -

Proposed observational scheme for the large wave scale area in the west Pacific
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......
~

Fixed ships with full programme of the surface and upper-air observations are required
(alternatives a, b, c, d in section 5.2.3)
Surface and upper-air stations with full programme (RS and R W) are required (a, b, c, d)

0

Fixed ships (a) or dropwinsonde launching locations (b, c, d) are required

@

Fixed ships Ca, c) or dropwinsonde launching locations Cb, d) are required

fi

Dropwinsonde launching locations Cb, c) or land stations Cd) are required
Boundary of scale A area

Notes: 1. Surface stations are shown completely only for the synoptic and the mesoscale observing areas; for the remaining area, only a small selection of surface
stations is given.
2. The state of implementation of the synoptic network shown on the map is
based on the information available in the Secretariat of the World Meteorological Organization as at 15 July 1969.

3. The designations employed and the presentation of the material on the map
do not imply the expression of any opinion whatsoever on the part of the
Secretariat of the World Meteorological Organization concerning the legal
status of any countr~ or territory or of its authorities, or concerning the delimitation of its frontiers.

Boundary of scale B area
-_ .. __ Possible routes of aircraft

NOle:

3. Required upper-air and surface stations with a full programme are not mapped
within the scale B area in Figure 5.
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APPENDIX I
REPORT ON THE FIRST SESSION
OF THE JOC STUDY GROUP ON TROPICAL DISTURBANCES
(Madison, October 21 - November 8, 1968)

1. Introduction
1. 1 A Special Study Group on Tropical Disturbances
was established by the Joint GARP Organizing Committee (JOC) with the following membership:
Dr.' P. R. Pisharoty Physical Research Laboratory,
(conve'ner)
Ahmedabad, India.
Dr. T.1;'. Fujita'The University of Chicago,
(member)
"
U.S.A.
Dr. M., Yanai
Tokyo University,Japan.
(member)
The terms 'of reference were the f~llowing:' .
Ca) To study the information tha~ could be obtained
from the census of the tropical 'disturbances, as
revealed by satellite Cloud pictures and conventional
data;
(b) , On the, basis ofthese results,. and the proposals
. from the' WMO CAe working group ~nd the Study
, Conference. on GARP, to formulate the scientific
requirements for the tropical GARP sub-programme.

'1.2 The Study Group met at The University of Wisconsin, Madison (U.S.A.), during, the period of October 21 to November 8, 1968. Dr. V. E. Suami, of the
Space Science and Engineering C~,nter at Madison and
a member of the JOC, along with the colleagues at
Madison, made the necessary local arrangements for a
successful meeting. They placed all the availablellatellite
cloud pictures and ATS films at the disposal of the Study
Group.
.
1.3 The Study Group cordially invited various scientists
who were engaged in the study of tropical meteorology
at different institutions in the U.S:A. Many of them
who responded to the· invitation came to Madison at
no cost to the JOC, and made significant contributions.
They,were: .
Dr. J. G. Charney, Chairman, U.S. GARP Committee
Dr. W. 1.'1. Gray, Colorad~ ,State University
Dr. C. Hayden,: National Environmental Sa~ellite
Center, ESSA
'
Dr. T. N. Krishnamurti, Florida State University

Dr. D.' Martin, The University of Wisconsin
Dr. K. Ooyama, New York University
Dr. R. J. Reed, Secretary, U.S. GARP Committee
Dr. S. L. Rosenthal, National Hurricane Research
Laboratory, ESSA
, Mr. D.Sikdar, The University of Wisconsin
Dr. V. E. Suomi, The University of Wisconsin
Dr. H. M. E. van de Boogaard, National Center for
Atmospheric Research
Dr. J. M. Wallace, The University of Washington.
2. 'Census of cloud systems over ,the tropics
The region denoted by the tropics has been very difficult to define. Geographically, this can be treated as
the region between 30 N and 30 S. Meteorologically,
it can be treated as the region between the sub-tropical
jet-streams which therefore would include thesub~tropical
highs. '
In an attempt to perform a census of cloud systems in
various scales, daily ESSA mosaic pictures on Mercator
projection were examined together with ATS-I and HI
pictures. In view of the availability of these pictures,
a one-year period between January and December 1967
was chosen for intensive studies.
As has been well known, the horizontal resolution of
the satellite pictures under examination varies between one
to several kilometres, making it possible for us to spot a
large number of cellular clouds and individual cumulonimbus clouds. Since our primary interest was to study
the organization of cloud systems, rather than counting
everyone of these cells, we tried to determine the distribution of groups of these cells, which may be called the
"cloud clusters".
, These cloud clusters with their horizontal dimensions
ranging between two and twelve degrees usually appear
in several bands extending several thousand kilometres.
Two types of significant band were defined and called
the "equatorial bands" and the "convex bands",. The
former bands, correspond to the area of so-called ITC
cloudiness. It should be 'noted, however, that these
bands consist mainly of cloud clusters. clearly identifiable
hi satellite pictures. The latter bands, seen only over the
0

0
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oceans south of the Equator, bend convex toward the
Equator. The western end of these bands approaches
toward the Equator while being entirely separated from
the equatorial bands south of the Equator.
In contrast with the cloud clusters, the groups of·
cellular clouds over some continental regions are characterized by relatively small horizontal dimensions of up to
about only one degree. Because of the fact that they
grow in the afternoon hours very rapidly to their maturity,
they are called "popcorn cumulonimbi". Their remnants
could be found during the early morning hours in the
form of fuzzy clouds but their popcorn identities are lost
during the night.
During the monsoon season, extremely large clusters
of clouds are observed over the north Indian Ocean and
nearby land areas. Due to the fact that these clusters,
extending from· a few to ten degrees north and south,
and five to 20 degrees east and west, are considerably
larger than the cloud clusters appearing in bands, we
call them the "monsoon clusters". In most cases the
monsoon clusters do not appear in bands but are distribl.lted over a large area under the influence of the monsoon.
In the light of our survey of organized cloud systems
classified as (1) popcorn cumulbnimbi, (2) cloud clusters,
and (3) monsoon clusters, we shall discuss the census of
these cloud systems after dividing the tropics into five
regions identified as the Pacific; the Atlantic, the Indian
Ocean, South America and Mrica.
2. I THE PACIFIC

2. 1. 1 An examination of the ESSA computer mosaics
and ATS-I pictures revealed that most of the clouds over
the tropical Pacific have some kind of organization.
Most of the clouds occurred as "clusters" of numerous
cells over areas as large as seven to eight degrees across
("" 5 X 105 km2) , atidover the western north Pacific
occasionally even as large as twelve degrees across
("" 15 X 105 km2).
It is the frequent occurrences of these cloud clusters
along definite latitudinal belts, on both sides of the
Equator, which are revealed as equatorial bands simultaneously present in the monthly average cloud pictures
in the northern and southern hemispheres. While both
bands are simultaneously present, their intensities vary
from one season to another.
The mean northern equatorial 'band is nearest the
Equator over the central north Pacific, and farthest from
it over the western and eastern north Pacific. The mean
southern equatorial band is more prominent during
the late northern winter and quite feeble in the northern
summer. However, the northern band is prominent
throughout the year. The clusters in the western north
Pacific are frequently well-developed vortices and are
often typhoons, particularly in late northern summer;
on the contrary, those in the central Pacific rarely show
any vortex structure. The systems in the eastern nor,th
Pacific often show a vortex structure and are occasionally

hurricanes. The clusters in the central Pacific appear to
be more like those associated with waves. Often, there
are pairs of clusters on both sides of the Equator.
. There is a preferred location of a band of cloud clusters
in the south Pacific along a belt extending from Solomon
Islands (lOoS, 1600E) to near Easter Island (30 0S,
120°W). This band, called the convex band, is distinctly
separated from the southern equatorial band which is
usually feeble. The separation between the cloud clusters
in this convex band appears to be less than that in the
equatorial bands.
2. 1.2 A detailed statistical study on the census of the
cloud
0 systems over the tropical Pacific 25°N to 25°S,
160 E to 1000W, carried out with ESSA III computer
mosaics as the primary data source, supplemented by
ATS-I pictures, was presented' by Martin. An examination
of the relevant pictures showed that there was some kind
of organization in the clouds, and that most of the clouds
occurred as cloud clusters. These cloud clusters were
classified into four types : OVAL, LINE, WAVE; and
SPIRAL VORTEX~ His study shows that the cloud
clusters occur most frequenHy along two parallels,
lOON and lOoS, over the Pacific in all the seasons, although the 'frequency in the northern winter is larger
along lOON than the corresponding frequency in the
southern winter along lOoS. The OVAL has a total
annual frequency of about 500, while each of the LINE,
WAVE, and VORTEX has a total frequency varying
between 100 and 200 per year.
Each of the VORTEX and OVAL has horizontal
dimensions of about seven degrees (5 X 105 sq. km)
while the WAVE and LINE have an area somewhat
larger, about nine degrees across (8 X 105 sq. ,km).
WAVE and VORTEX have the longest lifetimes, about
six days, while the OVAL has the shortest life, one to
two days .. In the case of LINE, the lifetime varies
regionally; about. two days generally, but about seven
d~ys in the central south PaCific.
It should be noted that the area studied was east of
i600E. A preliminary study of the area 1100E to l60 0E,
Equator to 25°~, for September and October, reveaied
that the cloud features are broadly similar. The WAVE
is somewhat less frequent, but the VORTEX is more
frequent; however, distinctly large clusters of all the
typ'es, about twelve degrees across (15 X 105 sq. km),
.
frequently appear.
All these organized cloud clusters are found to have a
westward movement on the average of about five degrees
of longitude per day.
'
2. 1.3 Hayden reported that cloud clusters having an
area of about four degrees across provide the maximum
cloud coverage,' compared with those having smaller
or larger areas,
2.1.4 The cloud clusters tend to appear within several
bands. The average separation of the clusters within
each,'band is about two to three times the size of the
clusters.
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2.2 THE ATLANTIC

2.4 TROPICAL AFRICA

2.2.1 The studies over the Atlantic. have been less
detailed. However,the evidence suggests that there is
also an organization in the cloud systems somewhat
similar to that over the Pacific; in other words; there are
cloud clusters with dimensions and lifetimes similar to
those over the Pacific. The appearance of double equatorial bands is less evident.
From the averaged pictures, it was found that the
average latitude of the frequent occurrences of the
cloud clusters appears to be lOON in the northern summer
and close to the Equator in the northern winter. However, the band south of the Equator is much less prominent than over the Pacific in all the seasons. During the
spring and autumn months the mean northern band is
close to the Equator. It may be recalled that the width
of the Atlantic at the Equator is only about 50° longitude,
while that of the Pacific is almost 130° longitude.

Tropical Africa also straddles the Equator and extends
over 30 degrees of longitude at the Equator, somewhat
less than equatorial South Americ;a. The land between
lOON and lOOS is rugged, the eastern half being mountainous, with many peaks above 3,000 m.
The cloud systems here appear to be highly organized
into large cloud clusters, often covering seven to ten
degrees across (":' 7 X 105 km2), separated from each
other by ten to fifteen degrees of longitude. In other
words, these systems are similar to those over the Atlantic
and Pacific, but different from those over continental
South America.
The clusters generally originate over the mountains in
the east, and then move westwards ab9ut five degrees of
longitude per day. In the northern summer, the clusters
form and generally travel along the longitude belt
5° to lOoN. Often they develop narrow northward
extensions, sometimes up to 20 N, particularly over
upper Guinea and west Sudan. The band of these
cloud clusters is a continuation of the northern equatorial
band over the Atlantic.
There is evidence that some of these cloud clusters
intensify into cyclonic vortices as they emerge into the
Gulf of Guinea. I:lowever,. those vortices which enter
the eastern Atlantic apparently weaken after a day or
two. There is also evidence that some of these weakened
vortices travel into the western Atlantic and then redevelop
.'
.
.
into hurricanes.
During the southeril summer, the African equatorial
zone north of the Equator appears to be generally free
from large cloud clusters. They are formed in the
southern equatorial band located between latitudes
5 S and lOOS. Occasionally, however, they extend to
the Equator, and on rare occasions .even across the
Equator. They do not extend directly westwards into
the feeble south equatorial band of cloud clusterscentered
around latitude 5° to lOOS.
Thus the African zone is very different from the
South American zone, as far as convective systems are
concerned. The African zone appears to be similar to
the oceanic Pacific in its cloud clusters.
0

2.2.2 The northern equatorial band appears to be
continued across Central America into the eastern north
Pacific, where the existence of such a band has already
been mentioned.
During the hurricane season, this band' appears to
shift northward. It was found that some of the clusters
within the band occasionally change into hurricanes.
2.2.3 The western south Atlantic appears to be similar
to the western south Pacific, in the frequent bccurrence
of convex bands (also composed of clusters) extending
suuth-eastwards from about 20 S, 40 W.
0

0

2.3 TROPICAL SOUTH AMERICA

0

Tropical South America straddles the Equator and
covers about 40 degrees of longitude and 30 degrees of
latitude. I~ represents continental tropics, mostly plains
except for' the Andes mountains.
The cloud systems here are not organized into such
cloud clusters as observed over the Atlantic and Pacific
Oceans. The horizontal size of the individual cloud
system, obviously composed of up to ten cumulonimbus
cells, is less than 50 km across (area""'" 2 X 103 km2). The
cloud systems are called "popcorn cumulonimbus"
because they exhibit a distinct diurnal variation, with a
maximum dimension. in the afternoon. On monthly
average cloud pictures, Lake Titicaca appears to be free
from such clouds, showing typical features of suppressed
convection over a large water body surrounded by
warm land.
South of latitude 50 S, non-orographic clouds are
practically absent during the southern winter. However,
during the rest of the period, tropical South America is
full of small-scale cumulus to cumulonimbus convection
with cirrus canopies, more or less uniformly distributed
over the plains and over the entire mountain ranges,
during late afternoons. The ATS-IlI motion pictures show
cumulus formation in the mornings, motion with the
prevailing winds, and dissipation in the evening.

2. 5 THE INDIAN OCEAN AND SOUTH-EAST AsIA
Here is an area with features different from the Atlantic
and Pacific Oceans as well as the South American and
African continents, all of which have a symmetry about
the Equator.
The convective systems south of the Equator are
organized into large cloud clusters and are broadly
similar to ~hose found in the Pacific, regarding their size,
location, separation and propagation. It should be
emphasized that they exist in the sOlithern Indian Ocean
during the northern summer also - a feature. not so
well realizedJn"the pre-satellite days. The cloud clusters
are located somewhat nearer the Equator, about 50 S,
during the northern summer. During the southern summer they move along a latitudinal belt about lOOS to 12°S.
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Even in the region north of the Equator during the the low-level peak corresponds to the passage ·of equanorthern winter, clou!! clusters form and mqve westward tional waves of the type previously studied by Palmer.
along a latitudinal belt SON and WON; this is a feature The high-level peak is related to the travelling largenot well recognized in the pre-satellitedays. During scale disturbances that have been studied by Yanai and
this period, the, clusters are more pronounced in the Matuyama.
. .
.
southern belt, in which they often develop into tropical
In addition to the four- to five-day periodicity, Wallace
found another significant peak in the spectral density
vortices.
The J;llajor difrerenc~s in thecl9u4 systems ,occur at approximately 12-13 days, in.the lower troposphere.
during ~he northern summer in the region north of the The 12-13-day periodicity is pronounced in the spectra
Equator, where the wind-flow in the lower level is oppo- of the zonal wind component. This periodicity is close
site to that of the uSllal trades. Towards the end ofMay to the IS-day periodicity in the zonal winds in the stratoand the beginning of June, there are cloud cltlsters lloJ:th sphere, which has been noticed by Wallace and Kousky,
and south of the Equator, occasionally straddling the but appears to belong to a different origin.
Equator.. However, by tht: middle of June, there occurs
an explosive cloud'development of one or two large
cloud areas 'ex~ending west to east, covering the entire 3.2 DIRECTION OF PROPAGATION AND WAVELENGTH
area 700E to' 900E or even 1000E, and lOoN to 200N. We
The horizontal. propagation of diliturbances and. their
may identify such an extremely large cloud, cluster as average wavelength are deduced statistically from the
a "monsoon clust~r". Occasionally, there are small analyses of the phase difference of the wind data observed
monsooncltlsters about seven degrees across in the at stations separated in the east-west direction.
area 500E to 700E, between 50S to 15°N. The monsoon
Previous studies of stratospheric winds by Yanai,
clusterS between lOoN and 200N occasionally .extend Maruyama, and Wallace and Kousky have identified
eastwl;lrd t,o about 1100E. There are large numbers of two classes of disturbance-i.e.· the westward-moving
cumulonimbus tops embedded in these inonsoon clusters, (mixed Rossby-gravity mode) wave corresponding .to the
as .can be identified by very bright patches. They are four- to five-day periodicity wpichhas a wavelength of
not a .continuationof the Pacific system ofclotid clusters tP~ . order of 10,000 km, and the eastward-moving
in June and July. However, in August the monsoon (Kelvin) wave corresponding to the IS-day period which
clus~erli frequently shift to the zone. between 2QoN and
appears to possess. only one wave number around the
300N. On some ofthese occasions of shifts, ,the monsoon globe.. Yanai et al. confirmed the large wavelength of
clusters become smaller and their ('ize al}dseparation 10,000 km for the mixed Rossby-gravity'wave extending
become·s.imilar to the cloud clusters in the Pacific eqlla- ,from the upper troposphere to the lower stratosphere.
{orial ban~l.
.
As for the lower tropospheric wave of the four- to fiveday periodicity, they fOlmd that the wavelength is much
less. However, due to the low coherence of waves in the
3. Summary of spectral studies of winds
east-west direction, accurate estimate of the wavelength
over the tropical Pacific
was difficult. Nevertheless; there was a clear indication
of
westward movement. 'faking the phase difference
Because of the sparsity of upper-wind observations
only
along the same latitude, Wal1ace examined the
in the tropics, it is difficult to estimate the: average
of the low tropospheric wave of this class and
wavelength
wavelength of tropical disturbances from standard
obtained
an
es.timate of 2,OOQ-.3,000 km. This is in
synoptic analyses. Tentative, but latest, information
agreement with the wavelength of easterly waves previousdescribed below is based on the spectral studies of timeseries data conducted independently by Yanai and his ly mentioned by Rieh! and Palmer. Wallace found that
the wave with a 12-13-day periodicity also moves westcollaborators and by Wallace.
ward.
3. 1 P!uIDOMINANT PERIODS

Based on the power-spectral analyses of 12-hourly
upper-wind data from various Pacific stations mostly
between 1500W and 1500E, for the period from April
to July 1962, Yanai et al. found a significant peakofthe
power-spectral density of the meridional wind component
at four- to five~day periods throughout the troposphere
and the'lower stratosphere. The ,spatial distribution
of the spectral density corresponding to the four- to fiveday periodicity shows a weak maximum at the lowest
levels along the Equatorand a Vel'y pronounced maximum
near the tropopallse.· The significant spectral density
in the lower stratosphere is seen, only in a narrow equatorial belt. Additional synoptic; analyses support that

3. 3

VERTICAL PROPAGATION O~ WAYES OVER THE EQUATOR

Previously, Wallace and Kousky indicated the upward
transport of westerly momentum· by the Kelvin wave
in the tropical stratosphere. From a quadrature-spectnH
study of zonal wind and temperature, Maruyama showed
that the wave of mixed Rossby-gravity mode also carries
the westerly momentum upward.
.
Yanai et· al. found that the westward-moving, largescale'disturbance throughout the upper troposphere and
the lower stratosphere has a westward inclinatiortof
phase lineswithheighL From co-spedrar,and quadrature.:spectraI analyses of zonal' and meridional winds and
temperature,' Yanai and Hayashi, calculated :the hod-
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zontal transport of sensible heat and. the vertical tranSport of wave energy associated with the waVe of the
four- to five-day periodicity. The calculation showed
that the wave transports the heat poleward and the
wave energy upward from the troposphere into the
stratosphere.
3.4

SUMMARY

From the studies mentioned above, it appears that
most of the disturbance kinetic energy over the tropical
Class

Layer

Pacific is associated with synoptic- and even largerscale motions. It is unlikely that significant kinetic
energy is contained in smalh;cale systems with periods
shorter than three days.
So far, fout classes of disturbance have been identified.
They are summarized below.
The co-spectra between zonal and meridional wind
componenjs and those between the meridional wind and
temperature associated with the lower-tropospheric
waves are being studied independently by Wallace and
by Nitta, of Tokyo University.

Peri(Jd

Direction of
propagation

Wavelength

Remarks

I

Lower
troposphere

4- 5 days

Westward

II

Lower
troposphere

12-13 days

Westward

?

III

Upper
troposphere
and lower
stratosphere

4- 5 days

Westward

10,000 km

Mixed
Rossbygravity
waves

IV

Stratosphere

15 days

Eastward

40,000 km

Kelvin
wl;lves

4. Wind systems· and cloud clusters

4.1
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I

STATISTICAL STUDY OF WIND FIELDS IN RELATION
TO CLOUD CLVSTERS
,_

Gray presented a statistical analysis of cloud clusters
over the area 1200 E to 1500 W north of. the Equator
during the period April-November 1967. It was found
that the average size of cloud clusters is about five
degrees· across. . Mter identifying individual cloud
clusters in daily ESSA mosaics, he noted that many of
the cloud clusters intensified with time, while an equally
large' number weakened with' time. The horizontal
latitudinal wind shears were found to be significaritly
different in the two cases. In the developing case, there
was a strong cyclonic shear across the cloud cluster,
while in the weakening case there was either an anti- cyclonic shear or only a weak shear.
4.2 SYNOPTIC STUDIES
A few synoptic studies have thrown some light on the
interrelations between wind systems in the tropics and
the cloud clusters seen in ESSA mosaics and ATS-I
pictures.
Fujita et al. have worked out the low-level winds over
the Pacific from low-cloud velocities derived· from ATS
picture sequences, after developing techniques of cloud,.

2- 3,000 km

Clas&ical
easterly
waves

velocity computation. Extensive coverage is. provided
by this. method. The movements of individual Cb cells
have also' been deduced. Combining the direction of
cirrus trails and the velocity of Cb trunks, it has been
found feasible to deduce the winds at the cirrus levels.
Thus it has been possible, in a few cases, to determine
the wind fields at the lower levels, as well as at the cirrus
levels. Synoptic analyses of these wind .~elds along
with the observed cloud system.s have shown sonie
interesting results. They are:
4.2.1 ~ynoptic analyses of September 1967 data indicated that the equatorial band in the eastern north
Pacific is periodically activated and displaced northwards
by low-level w.ind surges from the southern hemisphere
off the Chile-Peru coast. Mter crossing the Equator, the
southern -hemisphere air deVelops ,an anticyclonic cell
with the cloud clusters. arranged on their western and
northern sides. The clusters on the northern side occasionally develop into vortices and hurricanes.. With the
passage of time, the anticyclone moves westwards togClher
with the cloud clusters. After about five to seven days,
another. surge occurs in the' extreme east Pacific Ocean
and the process repeats. Consequently there may be two
or three anticyclones marching:westward over the northern
Pacific. The~ahticyclones have cloud-free, calm air near
the centres ,and cloud clusters on the western and northern peripheries.. Some of these clusters may develop
into vortices which may further develop into typhoons~

38

PLANNING OF GARP TROPICAL EXPERIMENTS

4.2.2 Fujita also presented a case study of a disturbance
in June 1968 over Fiji Islands, which was characterized
by a large cloud cluster. Applying the technique of
combining the cloud motion and cirrus trails, he deduced
the outflow from the cirrus canopies within the cloud
cluster. He demonstrated the existence of a strong anticyclonic outflow over an area several times the area of
the cloud cluster. Both divergence and vorticity inside
the area of cloud cluster were computed to be up to
about 6 X 1o-s sec~!. Apparently the outflow was transporting large quantities of thermal· energy from the
cloud tops polewards and Equatorwards.
4.2.3 Combined synoptic analyses of cloud and upperair data during the month of September 1967 by Fujita
revealed two interesting facts: (i) The average east-west
distance of high-level outflow centres in both hemispheres
was about 6,000 kni; and (ii) during this period, the
outflow centres north of the Equator travelled westward,
while the centres in the southern hemisphere around
15°S moved eastwards. It may be pointed out that the
southern periphery of latter outflow areas was under the
influence of the southern sub-tropical jet stream.
4.3

OTHER STUDIES

4.3. I A time-lapse picture from ATS-III presented by
Suomi and Fujita showed narrow streams of cirrus originated over tropical cloud systems over the Pacific off
Mexico, flowing north-eastwards with velocities as high
as 100 knots. Such streams' can obviously transport
significant amounts of thermal energy into middle latitudes and would go undetected in the normal thermal
budget computations with open networks.

4.3.4 The cloud sequences obtained in the form of the
digital displays were studied by Sikdar to obtain the
divergences at, the outflow level of mesoscale cloud systems. From these divergences were· computed mass
outflow as well as energy outflow from such systems.
Applying the same technique, he has computed the energy
outflow from large-scale cloud clusters seen in the enlarged
ATS-I pictures. It has been found that the co~tribution to
energy outflow from an area 15°N to 15°S, 1200 W to
180 W, during April 1967, was mainly from the largescale cloud clusters and was of the order of 1016 cal/sec.
The contribution by the isolated mesoscale cloud systems
was about three orders of magnitude lower than that by
the large-scale clusters.
0

4.3.5 The mean total rainfall during June to September
over the lands within the area 15°N to 25°N and 70 E
to 95°, is 25 X 1018 cm3 • This corresponds to an energy
generation of 15 X 1014 cal/sec. over a period of four
months.
0

4.3.6 The individual elements of a cluster when not
covered up by a thick cirrus were found to have doughnut
shapes, about sixty kilometres across, the clear space
being about forty kilometres across, suggesting that the
clouds and the clear areas were roughly equal (Vonder
Haar). In high-resolution pictures, the doughnuts themselves were found to be composed of individual towers
arranged in a more or less circular pattern. The cloud
pictures obtained by U.S.S.R. COSMOS satellites also
showed the doughnut shapeS, although in some cases the
cells had cloudy centres and clear rings.

S. Recommendations

4.3.2 A day-to-day examination of ESSA computer
mosaics and' AT!; pictures suggests an activation of the
equatorial cloud band, particularly in the winter hemisphere, with· the penetration of cold fronts into lower
latitudes. This feature was clearly seen over the Pacific
on numerous occasions. As the cold-front system comes
downto the latitude of 15°N to lOON, the cloud clusters
"flare up"'into prominence.
4.3.3 •An examination of ESSA mosaics and aerological
data indicates a strong interaction during the northern
sUmmer between 'the westward~movingsystelns of the
western north Pacific and.the south~west monsoon current
moving eastwards into the China Seas.. The cloud
patterns over· Indbchina suggest that it is often in the
westerly stream.' On those occasions the' transition
between the easterly trades of the Pacific and the westerly
winds across Indochina and the. China Seas occurs over
the Philippine·Sea· west of the Madana Islands. . This
transition zone is not· a stationary one; it is subject to
eastward or westward shifts·.It~ position apparently plays
a: significant role in the westward propagation of cloud
clusters, many of which exhibit a'vortex structure by'. the
time: they reach· the; Philippine Sea: .

5.1

GENERAL

. Our examination of cloud pictures has shown that the
cloud over the tropics generally organizes into three
c,ategories: cloud clusters, monsoon clusters, and popcorn
cumulonimbi. These three categories of cloud system
appear to be the most important contributors to the
energy release in the. tropics. It is recommended that
the,se categories be. studied intensively in order to under~
st~nd .their "cloud-truths".
.,

5.2 Our study clearly showed ~hat cloud '?hlsters occur
over all the three major oceans in practically all the
seaSons. It therefore is recommended that high priority
be given to the study of their internal structure and their
relation with their immediate environment and the general
circulation.
5.3 Cloud clusters are most frequent Qver the north
Pacific Ocean, with a relative minimum over the central
:northPMific' and nearly equal numbers over the western
and eastern north, Pacific. However, over, the western
north Pacific,. the cloud clusters undergo·a ·wide range of
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development. The Study Group therefore recommends
that the western north Pacific be chosen as the area of
observation for the first GARP Sub-programme. This
recommendation is in general conformity with the proposals made by the WMO CAe working group (1966), the
Stockholm Study Conference on GARP (1967), and
NCAR TROMEX report (1968).

5 A In order to achieve the objectives mentioned in
paragraph 5.2, it is necessary to collect data from:
(a) A mesoscale network over Marshall Islands, covering

the area of an average cloud cluster;
(b) An intermediate network surrounding the mesoscale

network and about ten times larger in area than the
mesoscale network;
(c) A synoptic-scale network extending from 20 S to
20 0 N and 1200 E to 155°W; and
(d) A data-gathering network consisting of the existing
stations including ships and aircraft within the area
bounded by latitudes 30 S and 35°N and longitudes
900 E and 900 W.
0

0

5.5 It is recommended that the periods of operation of
the four networks be as follows:
(a) Mesoscale network
- July, August and September
(b) Intermediate network
- July, August and September

(c) Synoptic-scale network (d) Data-gathering network -
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12 months, January to
December of the same
year
14 months, beginning
December of the previous year to January of
the next year.

5.6 It is recommended that the densities, frequencies
and types of observation for the mesoscale network be as
those recommended in the Report of the Study Conference on GARP, in paragraph 3 .2 04.2 of the report. For
the intermediate network, a grid size of about 250 km
x250 km is recommended, as done by NeAR. For the
synoptic-scale network, a grid size of 500 km X 500 km
is recommended. Regarding the data-gathering network,
arrangements will have to be made to obtain all data,
including those which are not normally reported, from
all land stations, ships and aircraft within the area of this
network specified in paragraph 5 A.
5.7 It is recommended that an ATS spacecraft be placed
over the Equator near 1600 E during the 14-month
period specified in paragraph 5.5.
5.8 The Study Group also recommends that further
investigations be carried out prior to the proposed GARP
Sub-programme. Such investigations should include
further studies on (a) cloud census, (b) interaction between
clouds and wind systems, and (c) the life cycles of the different cloud systems in the different regions of the tropics.

ANNEX
DEFINITIONS
I.

Cloud clusters
During the discussions several scientists used the
expression cloud "blobs". It was felt that the word
"blobs" should be replaced. "Ensembles", "clumps" and
"clusters" were suggested. The study group agreed to
adopt the term "cloud cluster". A cloud cluster is characterized by a cloud area with horizontal dimensions 2° to
12°: total area of clouds as seen by the satellite being
4xl04 km2 to 150x104 km2 • A cluster consists of
numerous cumulonimbus cells the tops of which are seen
as bright patches from which emanate cirrus streamers.
The location of the roots of the clouds cannot be
easily determined from satellite pictures. When picture
sequences from ATS are available, the trunks of the
cumulonimbus cells can be found to move with the midtropospheric winds.

n.

Popcorn cumulonimbi
These appear to be of a distinct type. They occur
mainly over the Amazon basin and neighbourhood. The
cloud areas as seen in satellite pictures are less than a
degree across (less than 104 km2). They are obviously
composed of a few cumulonimbus cells, much fewer in
number than in the cloud clusters defined above.

m.

Monsoon clusters
These are very large cloud ensembles which appear
over the land and the adjoining sea areas of South-east
Asia during the period June - September. They appear
as elongated areas, a few to 10 degrees north-south and
5° to 20° east-west; the brighter areas embedded in them
are also elongated. Their organization appears to be
somewhat different from the cloud clusters, particularly
inside the very large area covered by a single continuous
system, sometimes as large as 200 X 104 km2 •
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THE PLANNING OF THE FIRST GARP TROPICAL EXPERIMENT
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FOREWORD

The Joint GARP Organizing Committee, at both of
its sessions (Geneva, 16 - 20 April, 1968 and Princeton,
27 - 31 January, 1969), has devoted considerable attention to the proposal made by the Study Conference on
GARP for an early Tropical Experiment within the
GARP Tropical Sub-programme.
At its second session, the JOC recommended "that a
three-month period, during the year of 1972, be designated by the Executive Committees of WMO and ICSU
for the first GARP Tropical Experiment, and devoted to
studying the in~ernal structure of cloud systems and their
relation with their immediate environment" (JOC-II
report, paragraph 5.3.1). It further recommended "that
a large-scale GARP Tropical Experiment be conducted,
as part of the First GARP Global Experiment, as described in section 5.2.5.2 above, taking full advantage of
the experience gained from previous experiments" (paragraph 5.3.2).
The JPS was directed to prepare a report, with the
assistance of consultants as necessary, on the planning for
these experiments, to be submitted to the meeting of the
JOC officers in Stockholm, 25 - 26 April, 1969. Prof.
John Wallace, of Washington University, kindly accepted
to serve as a consultant for the JPS and, in this capacity,
he produced his report, "A proposed plan for a tropical
cloud-cluster experiment", which was presented by the
director of the JPS and discussed by the officers at the
Stockholm meeting.
It was agreed that the latter report is a clear and comprehensive document which has incorporated the experience accumulated in the Line Islands Experiment and in
the planning for BOMEX. It also reflects the present
thinking in the U.S.A. with reference to the possible
testing in 1973 of the main elements of a global observing
system. I wish to refer, in this connexion, to the comments made in the foreword to the Report on the Planning

of the First GARP Global Experiment. It should be
added that, although the scheduling of the tropicaexperiments depends very essentially on the implemental
tion of national space programmes, it seems premature
at this stage to link the First GARP Tropical Experiment
with the plans now under study in the United States for
the 1973 testing. Consequen~ly, the present report, prepared by the JPS on the basis of Prof. Wallace's proposals
and the discussions in Stockholm, has maintained the
mandatory requirement established in the JOC-II report
with reference to the space-based observing system for the
tropical mesoscale experiments and which is contained in
paragraph 5.2.5. 1, namely that at least one geostationary
satellite should be considered as an irreplaceable tool for
this type of study.
It may be worth emphasizing, once more, that the date
of 1972 recommended by the JOC is explicitly recognized
as "the earliest possible date for an experiment of this
kind" (JOC-11 repor~, section 5. 2 . 5 . 1, page 17), and
that new developments may make it advisable to postpone it for one year.
As chairman of the Joint GARP Organizing Committee, and on behalf of the committee officers, I hereby
submit this report for consideration by the Executive
Commit~ees of WMO and ICSU. Concerning the action
that would be expected, I should like to refer to the
comments included in the foreword to the Report on the
Planning of the First GARP Global Sub-programme
which also apply, mutatis mutandis, to these plans.

BERT BOLIN

Chairman, Joint GARP Organizing Committee

INTRODUCTION

The present report has been prepared in accordance
with the directives received from the JaC (JaC-IT
report, section 5.4, page 19). The basic documents that
provided the background material are the Report of the
Study Conference on GARP (Stockholm, 1967), the
Report of the First Session of the JaC Study Group on
Tropical Disturbances (Madison, 1968) and the special
report prepared by the Jac consultant, Dr. J. Wallace.
Dr. Wallace, of Washington University, U.S.A., visited
the JPS in February 1969 to discuss the scope and characteristics of the report he was asked to prepare. He also
participated in discussions with Mr. D. Johnson who
was at that time assisting the JPS in the preparation of
the Report on the Planning of the First GARP Global
Experiment. Upon his return to his country, Dr. Wallace
was requested to visit the National Center for Atmo-

spheric Research (NCAR) in Boulder, Colorado, in
order to obtain as much information as possible on the
experience gained during the Line Islands Experiment, as
well as on the results of the subsequent research carried
out with the data provided by the experiment. The
present report follows closely his proposals for the observational programme, except where he departs from JOC
recommendations.
The JaC officers, at their session in Stockholm on
25 - 26 April1969, discussed the content of Dr. Wallace's
document and approved the outline of the present report.

ROLANDO GARcIA

Director, Joint Planning Staff

r

1. THE GARP TROPICAL SUB-PROGRAMME

1. 1 Tropical Sub-programme and Tropical Experiments

1. 1.1 The Report on the Planning of the First GARP
Global Experiment contains the adopted definitions of
GARP Sub-programmes and GARP experiments, and
explains the interrelations among them.
The GARP Tropical SUb-programme is concerned with
those physical problems in tropical meteorology solutions of which are deemed to be essential for the development of adequate numerical models of the large-scale
atmospheric circulation. The outstanding problems in
this area are related to the interactions among the various
scales of motions and, in particular, to the way in which
cumulus convection interacts with the large-scale environment. A comprehensive list ofthese problems is provided
in section 3 of the Report of the Study Conference on
GARP (Stockholm, 1967). The Report of the JOC Study
Group on Tropical Disturbances (see JOC-II report,
Appendix F) contains the results of further analysis of
the basic problems.

1. 1.2 As envisaged by the Joint GARP Organizing
Committee, the GARP Tropical Sub-programme will
include more than one type of field experiment. The
first type oftropical experiment recommended by the JOC
is confined to studying intensively the structure and
evolution of the cloud systems that appear to be the most
important contributors to energy release in the tropics.
The background information on the basis of which this
recommendation has been made is given in the report of
the JOC Study. Group, referred to above, and is summarized in section 1.2 below.
1. 1.3 Tropical experiments on a bigger scale will be
needed to study the large-scale disturbances in the tropics
and their role in energy exchanges between the tropics
and higher latitudes, as well as in interaction processes
between both hemispheres. The mounting of a largescale tropical experiment presents great difficulties, however, and it is advisable to combine it as far as possible
with the Global Experiments. The JOC has recommended
(JOC-II, section 5.3.2) that a large-scale GARP Tropical
Experiment be conducted as part of the First GARP
Global Experiment, taking full advantage of the experience gained from previous experiments. The remainder
of the present report will therefore deal only with the
first experiment of the type referred to in 1. 1.2 above.

1 .2 Results of the JOC Study Group on Tropical
Disturbances
1.2. 1 The JOC Study Group on Tropical Disturbances
described the cloud formations over the tropics as organized into three categories: cloud clusters, "popcorn"

cumulonimbi and monsoon clusters. They are defined as
follows:
Cloud clusters
A cloud cluster is characterized by a cloud area with
horizontal dimensions 2° to 12°; the totalarea of clouds as
seen by the satellite being 4x104 km2 to 150 X 104 km2 •
A cluster consists of numerous cumulonimbus cells whose
tops are seen as bright patches from which emanate
cirrus streamers. The location of the roots of the clouds
cannot be easily determined from satellite pictures. When
picture sequences from ATS are available, the trunks of
the cumulonimbus cells can be found to move with the
mid-tropospheric winds. The clusters appear usually in
several bands extending several thousand kilometres.
The average separation of the clusters within each band
is about two to three times the size of the cluster.
Popcorn cumulonimbi
They occur mainly over the Amazon basin and neighbourhood. The horizontal size of the individual cloud
system, composed of up to ten cumulonimbus cells, is
less than 50 km across (approximate area of 2 X 103 km2).
The cloud systems are called "popcorn cumulonimbus"
because they exhibit a distinct diurnal variation: they
grow in the afternoon hours very rapidly to their maturity;
their remnants can be found during the early morning
hours in the form of fuzzy clouds but theil' popcorn
identities are lost during the night.
Monsoon clusters
These are very large cloud ensembles which appear
during the monsoon season over the Indian Ocean and
nearby land areas. They appear as elongated areas, a
few to 10° north-south and 5° to 20° east-west. Their
organization appears to be somewhat different fl'om the
cloud clusters, particularly because in most cases they do
not appear in bands but are distributed over a large al'ea,
as a single continuous system sometimes as large as
200 X 104 km2 , under the influence of the monsoon.

1.2.2 The sUl'vey of the cloud systems made by the
JOC Study Group revealed that, with the exception of the
tropical region of South America and the monsoon area
(Indian Ocean and South-east Asia), there is a significant
uniformity in the characteristics of the cloud systems in
the tropics and that they belong to the category of cloud
clusters defined above.
On the basis of a statistical study on the census of the
cloud systems ovel' the tropical Pacific (25°N - 25°S;
160° E - 100° W), the cloud clusters were classified into
foul' types: "oval", "line", "wave" and "spiral vortex" .
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The oval has a total annual frequency of about 500, while
each of the other three types has a total frequency varying
between 100 and 200 per year. The horizontal dimensions
are of about seven degrees (5 X 105 km2) for the vortex
and oval, and nine degrees (8 X 105 km2) for the wave
and line types. The lifetimes vary from one to two days,
for the oval type, to about six days for the wave and
vortex. Ail clusters are found to have a westward movement of about 5° of longitude per day on the average.
1. 2. 3 The survey has further shown that the cloud
clusters are most frequent over the north Pacific Ocean,
with a relative minimum over the central north Pacific
and nearly equal numbers over the western and eastern
North Pacific. They undergo a wide range of development
over the western North Pacific.

1. 3 Priority considerations
The JOC Study Group made the general recommendation that the three categories of cloud system described
above be intensively studied. Its report contains, however, only one explicit recommendation proposing an
experiment to study the cloud clusters and their interactions with the large-scale motions. The JOC concurred
that this experiment should have the highest priority,
and that the emphasis should be on the internal structure
and the interactions within the mesoscale. It was further
pointed out that "whether or not it would be necessary
and feasible to make more than one experiment of this
scale cannot be decided at the present time" (JOC-II
report, section 5 ~ 2 .5. 1).

2. SCIENTIFIC REQUIREMENTS FOR TROPICAL EXPERIMENTS
2. 1 The recommendations of the GARP Study Conference
The recommendations contained in section 3 of the
GARP Study Conference report include tables where
"the most pertinent observational variables" are listed.
The three tables are reproduced here for easy reference.
The variables are listed in approximate order of importance. Instead of specific accuracy requirements the tables
indicate "the approximate expected variation of the
quantity in the usual weak disturbances" which "should
correspond approximately. to the standard deviation,
after excluding diurnal variations and local influences".
It is pointed out that "as a rule the accuracy and representativeness should exceed this level in order for the
observation to be of much use, and should preferably
exceed it by an order of magnitude". Further discussions
on trade-offs in accuracy, resolution, and types of
observation are found in sections 3.2.4.1 and 3.2.4.2
(pp. 36 - 37) of the Study Conference report.

2.2 General comments
The foreword to the report of Dr. J. Wallace contains
some general comments, which are worth emphasizing,

on data requirements for a tropical experiment. He
points out, in particular, the interdependence between the
accuracy and representativeness of the data and concludes
that "until the space and time resolution of the various
measurements have been established and generally agreed
upon, it does not seem relevant to discuss accuracy in
any detail".
Perhaps the most important new development to be
taken into account since the publication of the Report of
the Study Conference on GARP is the identification of
planetary-scale wave disturbances, in the tropical upper
troposphere, with very short vertical wavelength. Wallace's report gives considerable importance to this fact
(see sections 3.1.1 on page 8, 3.3.1.4 on page 23, and
3.6 on page 31 of his report) which leads him to express
serious reservations "about the applicability of data at a
limited number of specific levels" such as those that can
be obtained with superpressure balloons. It would further
impose strong requirements on vertical resolution of
rawinsonde data.
It should be pointed out, however, in this connexion
that the problem of the coupling of the tropical tropospheric motions is still open and that this is one of the
important questions which the Tropical Sub-programme
is expected to answer.

3. THE PROPOSED FIRST GARP TROPICAL EXPERIMENT
3. 1 Objectives
The aim of the First GARP Tropical Experiment is the
study of the cloud clusters, as defined by the JOC Study
Group on Tropical Disturbances, considered to be the
most characteristic pattern of the deep cumulus convective
systems over the tropics. The main objectives will be to
obtain an adequate description of the internal structure

of the clusters, to investigate the factors that determine
their size, shape and lifetime, and to establish their interactions with the synoptic-scale phenomena.
3.2 Characteristics
The first GARP Tropical Experiment is proposed as
being fundamentally a mesoscale experiment, "although
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the relations between the mesoscale and the large scale
should also be explored by making use of all available
observations in the area" (JOC-II report, section 5.2.5.1,
page 17).
3.2.1

AREA

The area recommended for the First GARP Tropical
Experiment is located over the western north Pacific in
agreement with recommendations of the WMO CAe
Working Group on Tropical Meteorology (1966), the
Study Conference on GARP (1967) and the JOC Working
Group on Tropical Disturbances (1968). The proposed
synoptic-scale observing area covers the region from the
Equator to 150 N and from 1300 E to 1800. Embedded
within this area, the proposed mesoscale observing area is
located over the MarshaIl Islands, has a size of 106 km2 ,
and extends from 3.5 0 to 12.5 0 and from 1640 to 1730
(see Figures 1 and 2).
This selection of the area is supported by two important
reasons: (a) it isa region with high frequency of active
disturbances and where the cloud clusters undergo a wide
range of development; (b) the synoptic network of surface
and upper stations, existing or planned for implementa-

tion by 1971, is fairly adequate to study the immediate
environment of the selected mesoscale area of observation.
3.2.2

TIMING

As recommended by the JOC Study Group on Tropical
Disturbances, intensive observations within the mesoscale observing area should take place during the period
July, August and September. The synoptic-scale observations should cover the twelve months, January-December, of the same year (this period may be reduced to six
months, if necessary, for some special observations).
3.2.3

DATE

The JOC-II report states that "it seems that 1972 is the
earliest possible date for an experiment of this kind".
On the basis of this premise, the JOC made its recommendation to the Executive Committees of WMO and
ICSU, that a three-month period, during the year of
1972, be designated for the First GARP Tropical Experiment. The proviso was made, however (section 5.2.5.1,
page 17), that the selection of both the area of the
experiment and the period should be subordinated to the
operation of a geostationary sateIlite over the area.

4. THE PROPOSED GARP TROPICAL OBSERVING SYSTEM
The total composite observing system to be operated
during the period of the First GARP Tropical Experiment
will bt- caIled the GARP Tropical Observing System. It
will include facilities for observations of both synoptic
and mesoscale phenomena, the latter requiring the
greatest special effort. The foIlowing list indicates the
various subsystems and system components.
4. 1 Space-based observations
(a) One geostationary satellite, placed at 1650 E;
(b) Superpressure baIloons flown near the tropopause
level and at about 900 mb. The number is to be
determined at a later stage in the planning.
4.2 Ground-based observations
4.2. 1 MESOSCALE
The mesoscale observing area of the First GARP Tropical Experiment, as already indicated, extends from 3.5
to 12S N and from 1640 to 173 0 E (see Figure 1), but
it is proposed that adjacent islands be also included.
The foIlowing observing sub-system are proposed to be
operated during the three-month period of the mesoscale experiment:
0

4.2.1.1 Upper-air stations (see Figure 3)
(a) The radiosonde station on the island Majuro, already
in operation;

(b) One station at Kwajalein, included in the WWW

implementation programme for 1971;
(c) Six additionalisland stations not included in previous
plans.

4.2.1.2 Surface stations (see Figure 4)
In addition to the surface observations to be taken at
the stations listed above, 15 more surface stations are
proposed. Of these, three are in the Gilbert Islands to
the south of the mesoscale observing area, and two on
atoIls to the west of the area.
4.2. 1. 3 Fixed ocean stations
Three ships, as shown in Figure 4, complete the list of
fixed upper-air stations.
4.2. 1 .4 High-level aircraft
A number of aircraft (about eight) wiII be required for
deploying dropwinsondes at ten selected places over three
routes, twice per day, at 100 or 200 mb. Additional aircraft (two or more) would be desirable for dropping
sondes at designated locations during periods of interesting weather. If possible, microwave radiometric
measurements should also be taken.
4.2. 1.5 Low- and middle-level aircraft
About eight low- and middle-level aircraft equipped
with inertial platforms for mapping vertical motions and
measuring vertical fluxes.
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4.2. 1.6

4.3

Tethered balloons

Output of the proposed observing system

(a) Tethered balloons with wind, temperature and

humidity sensors placed along the tether (the height
would normally be up to about 1,500 m at a spacing
to be determined later) to be located at all upper-air
stations;
(b) Lower-level tethered balloons for observation of
surface winds and low..;level wind shears (up to
500 m) at as many surface stations as possible.
4.2.1. 7 Radar (see Figure 5)

MEsOSCALE

(a) The proposed observing network (ground stations,

ships and dropwinsondes) would provide an average
space resolution of about 200 km for the upper-air
observations. The surface network would have a
maximum density of about 100 km near the centre
of the mesoscale area;
(b) Upper-air soundings up to 100 mb are required with

A minimum of five radars are required to cover at least
half of the area.
4.2. 1. 8 Buoys
Provision should be made for emplacement of about
25 buoys in the area, for temperature and wind measurements (lower priority).
4.2.2

4.3. 1

SYNOPTIC SCALE

4.2.2. 1 Regional network of surface and upper-air
stations

Figure 1 shows the surface and upper-air stations
(existing, planned and proposed) in the WWW regional
network, within the synoptic-scale observing area:
(a) There are nine rawinsonde stations in the area (one
of them makes four observations per day; the others
have a standard programme with observations at
00 and 12 h);
(b) Two rawinsonde stations are planned but no implementation date has been given;
(c) Two more rawin stations have been proposed within
the WWW basic regional network, but no plans for
implementation have been announced;
(d) Two stations make PILOT balloon observations;
(e) Twenty more surface stations (without PILOT balloon
observations) complete the network.
4.2.2.2 On the asumption that the above network is
implemented on or before the date of the experiment, the
following minimum additions are required to obtain an
adequate resolution for the synoptic scale.
(a) Fixed ocean stations: Two ship-stations are proposed
(one east of the Philippines and one near 2 Nand
1470 E);
(b) High-level aircraft: Same as referred to in 4.2.1.4
above for deploying four dropwinsondes along the
route Kwajaleim to Guam, and two east of Kwajaleim.
0

high vertical resolution and at maximum possible
frequency (two- to three-hour intervals are highly
desirable but the trade-off between vertical resolution
and time resolution is to be determined after further
studies);
(c) Soundings with dropwinsondes to be taken at six
locations, four times per day;
(d) Aircraft observations (other than dropwinsonde):

(i) Measurements of vertical fluxes of heat, momentum and water vapour;
(ii) Vertical motion field;
(iii) Cloud distribution in regions of heavy convection;
(iv) Wind, temperature and humidity at selected
levels;
(e) Wind, temperature and humidity at various levels up

to 1,500 m, taken by sensors on tethered balloons;

(f) Wind shears at low levels, up to 500 m;
(g) Other measurements would include:

(i) Microwave radiometer measurements taken
from aircraft flying above the cloud-top levels;
(ii) Radar observations of motion of convective
elements and precipitation patterns;
(iii) Time-lapse films of the sky taken with vertically
pointing cameras;
(iv) Cloud heights measured from the ground by
laser techniques.

4.3.2

SYNOPTIC SCALE

(a) Rawinsonde data (desirable up to 10 mb and every

six hours);
(b) Dropwinsonde data down from 200 mb (or 100 mb,

according to type of aircraft used), twice a day;
(c) Microwave radiometric measurements from high-

level aircraft.
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4.4 Data processing

SPACE-BASED OBSERVATIONS

In addition to the cloud movements day and night,
the geostationary satellite should provide observations of
growth rate of convective cells, to determine mass balance
within the cloud cluster. Further references to the output
of the geostationary satellite and of the superpressure
balloon sub-system are found in the Report Oil the
Planning of the First GARP Global Experiment (sections 4. 1. 3, 5. 1. 2 and 5. 1. 3 and Appendix 2).

A brief and clear account of the data-processing problems involved in the experiment are found in section 4
(pp. 33-36) of Wallace's report. A more detailed analysis,
parallel to the one contained in section 6 and Appendix 3
of the Report on the Planning of the First GARP Global
Experiment, will be incorporated in the next planning
report on the tropical experiment.

5. IMPLEMENTATION PROBLEMS
The general considerations of section 7 of the Report
on the Planning of the First GARP Global Experiment
apply here. The difficulties are, however, considerably
reduced due to the more limited scope of the experiment
and the fact that, in principle, a small number of countries would suffice to carry it out.
The need for a central direction of the experiment with
good internal and external communication has been
strongly emphasized by all proponents of an experiment

of this kind. The GARP Study Conference Report makes,
in this regard, the following recommendation: "Direct
satellite read-out facilities should be provided to permit
instant recognition of developing or approaching disturbances. In addition, both to monitor the current weather
and to ensure prompt evaluation of the results, it is
desirable that as much of the routine data reduction as
possible be accomplished on site. This will require use
of automatic data-processing equipment, and some of the
sensing systems must be developed with this in mind."
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Table 1 -

Synoptic data network observations

Vertical levels

Quantity

Expected range of variation
(except tropical cyclones)

Remarks

1. Horizontal wind

925, 700, 400, 200, 50 mb

8 - 20 m/sec (increases upward)

2. Humidity

925, 700, 400 mb

50% relative (increases upward)

3. Rainfall

Surface

1 cm/day averaged over a
500 km square

Area averages much more
desirable than single station
values

4. Temperature or virtual
temperature

Same as wind

2 - 5°C (increases upward)

Same as wind

5. Air-sea temperature
difference

Surface

1°C

Direct heat flux measurements better, if possible

6. Terrestrial radiation flux
divergence

Same as wind

10°C/day (2°C/day in vertical
average)

Lower space or time resolution acceptable

7. Surface-pressure gradient

Surface

1 - 3 mb/1,000 km
(increases poleward)

Large diurnal cycle in
pressure

8. Cirrus cloud cover

As available

0-1.0

Partly redundant with
radiation

9. Geopotential height
gradient, directly
measured

As available

10 - 100 m (increases upward
and poleward)

Redundant with temperatures and surface pressure

As desired

Uncertain

Probably from aeroplane
or surface

10. Freezing and condensation
nuclei and aerosols

} Some higher vertical resolution soundings desirable

(Reproduced from the Report of the Study Conference on GARP (Stockholm, 1969) )
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Table 2 - Sub-synoptic data network obsenrations
Quantity

Vertical levels

l. Divergent wind

925,700,400, 200mb

(S"'f=
~d 50 rnb
.intervals to 300 mb

2. Humidity

2 - 3 levels in
troposphere

Horizontal
resolution
50 km desirable
150 km necessary

3 hours

150 km
50 km

Expected range
of variation

Frequency'

1

Remarks

1 rn/sec

Some detailed sound- ,
ings necessary

10- 50% (increases
upward)

Other combinations
possible

Want qualitative
occurrence on fine
scale plus averages

3 - 6 hours

3. Rainfall

Surface

50-150 km
areal average

Continuous
monitoring,
6-12 h.av.

5 cm/day over
50 - 150 km area

4. Stream wind

Same as divergent
wind

150 km

6 hoUl's

8 - 20 rn/sec
(increases upward)

Some detailed soundings necessary

3 - 6 hours

2 - 5°C (increases
upward)

Some detailed soundings necessary
Other combinations
possible

5. Temperature or
virtual temperature

r='..

but to tropopause
hwnidR,

2 - 3 levels in
troposphere

150 km
50 km

1

6. Sea-air temperature difference

Surface

50-150 km

3-6 hours

l°e

7. Turbulent heat,
moisture,
momentum flux

Sub-cloud and
cloud groups

Best available

Uncertain

Varies widely

150 km

12 hours

lO"/day, lO/day
in vertical aver!!-ge

50-150 km

3 - 6 hours

0.1 - 0.3 mb/lOO km

8. Terrestrial radiation flux divergence
9. Pressure gradient

{Surface and 50 mb
levels to t.ropopause
Surface

}

I

Replaces 6

{Reproduced from the Report of the Study Conference on GARP (Stockholm, 1969))

Table 3 - Satellite and radar data requirements
Quantity
ATS satellite cloud photography

Horizontal resolution
5 km necessary
1 km desirable

Accuracy
Similar to ATS

ATS satellite window radiation

10 km necessary
1 km desirable

5°C absolute
2°e relative

Horizontal and vertical scanning radar,
ground-based, continuous operation

Complete coverage
of mesonet

Calibrated for
liquid water content

{Reproducedfram the Report of the Study Conference on GARP (Stockholm, 1969))
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KEY TO SYMBOLS (ref. Figure 1)

RSand RW observations at 0000 and 1200 h GMT (standard programme).
RS and RW observations at 0000, 0600, 1200 and 1800 h GMT.
RS at 0000 h GMT, RW at 0000 and 1200 h GMT.
RS and RW at 0000 h GMT.
RS only at 0000 h GMT at present, standard programme planned by 1971.
Surface observations and PILOT balloon observations.
PILOT balloon observations made at present, standard programme planned by 1971.
RW I\t 0000 and 1200 h GMT planned by 1971.
Standard programme planned but no date for implementation can be given.
that PILOT observations are not available now.

* Indicates

Surface observations made, but no PILOT balloon observations.
Is RW station in the WWW basic regional network, but no plans for implementation have
been announced.
Is RS and RW station in the WWW basic regional network, but no plans for implementation have been announced.

*

Pacific Ocean island stations are included in Block Number 91.

APPENDIX III
SUMMARY REPORT ON THE SESSION OF THE AD HOC STUDY GROUP ON THE PLANNING
OF TROPICAL EXPERIMENTS
(Miami, 5 -12 December 1969)

I. Introduction
1.1 At its third session (Paris, 20 - 24 October 1969),
the Joint GARP Organizing Committee decided to
convene a session of the Study Group on Tropical Disturbances and to invite experts from several countries,
as necessary, to cover the various aspects of the planning.
In view of the fact that the U.S. GARP Committee was
undertaking similar studies arrangements were made by
the chairman of the JOC, Prof. B. Bolin, and the chairman of the U.S. Committee, Prof. J. Charney, to ensure
full co-operation between both efforts. Prof. J. Smagorinsky, officer of the JOC, was requested to make the
necessary arrangements for the session, with the assistance of the JPS, including the preparation of the agenda.

1.3 Prof. S. Kromov, from the U.S.S.R., was invited
but unable to attend. However, Academician V. Bugaev,
JOC officer, arranged for a meeting of the U.S.S.R.
GARP Committee in Moscow at the end of November,
to discuss the main problems included in the agenda ofthe
Miami session of the Study Group. Dr. V. Meleshko,
scientific officer of the JPS, attended the Moscow meeting
and prepared a summary report which served as a background document at Miami.

1.2 The session was chaired by Prof. J. Smagorinsky.
Dr. P. R. Pisharoty, Prof. Smagorinsky, Prof. Y. Ogura
and Prof. V. Suomi acted as chairmen of the daily
meetings. The list of participants was as follows:
Mr. O. M. Ashford, Dr. W. Barney, Prof. J. Charney,
Dr. D. Cooley, Mr. N. Frank, Prof. T. Fujita. Dr. R. V.
Garcia, Dr. R. Hallgren, Prof. H. Kraus, Dr. J. Kuettner,
Prof. S. Manabe,Prof. Y. Ogura,Dr. R. Pearce, Dr. P. R.
Pisliaroty, Prof. H. Rieh!, Dr. S. Ruttenberg, Prof.
J. Sargent, Prof. J. Smagorinsky, Prof. V. Suomi,
Mr. J. Tefft, Prof. J. Wallace, Prof. M. Yanai and Dr. E.
J. Zipser.

1. Updating of existing knowledge on tropical disturbances (observational, theoretical and numerical);

2.

1.4 The following agenda was approved:

2. Objectives and general design of GARP Tropical
Experiments;
3. Related programmes (e.g. LIE, ATEX, BOMEX,
etc.);
4. Specification of observational systems;
5. Data collection, processing and storage;
6. Organizational problems.

Organization of the session

2.1 The main objectives of the meeting were defined by
the chairman as: (a) the identification of those scientific
problems the study of which require observations that
are not available at the present time; (b) the most preferable geographical location to take the observations;
(c) the technological means likely to be available; (d) the
logistic and other organizational problems connected
with the implementation of each one of the experiments
that may be recommended.
2.2 Consequently, the chairman requested the formation of the following working groups, having the task
of preparing the background material to be discussed
in plenary sessions:

Scientific objectives
J. G. Charney (convener), J. M. Wallace (rapporteur),
S. Manabe, R. P. Pearce, H. Riehl, M. Yanai, E. J.
Zipser.
()bserving systems
V. Suomi (convener), S. Ruttenberg (rapporteur),
D. Coo1ey, T. Fujita, Y. Ogura, F. Sargent.
Data processing
P. R. Pisharoty (convener), O. M. Ashford (rapporteur), K. Brocks, H. Kraus, E. J. Zipser.
Logistics and organization
J. Smagorinsky (convener), R. V. Garcia (rapporteur),
W. Barney, R. E. Hallgren.
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3. Scientific discussions
3. 1 Perhaps the most important aspect of the scientific
discussions held during the session of the Study Group
was the realization of the profound advances made in the
last year or two concerning the knowledge of tropical
disturbances. The main tools that have been utilized
were the time series analysis of data from stations with
long records, the analysis of cloud pictures taken from
satellites, and numerical experiments with complex
atmospheric models.
Still the main problem to be investigated is the one that
has been indicated by the JOC : how the cloud structures
are formed and how they interact with the large-scale.
However, the accumulated evidence shows that the cloud
structures in the tropics have more than one scale of
organization, and that there is a considerable amount of
regional variability. The regional differences are sometimes also in kind, as some phenomena are filtered out
from one region to another whereas other phenomena
become prominent.
The decision as to what should be measured, and where,
thus becomes rather difficult to make. Two different
approaches were expressed. On the one hand the waves
found in tropical areas should be classified as Ro&sby
waves combined with instability of the second land
(as defined by Charney, Eliassen and Ooyama). The
associated frictional convergence produces the vertical
fluxes of momentum and moisture leading to condensation. The strongest frictional convergence is concentrated
in a shallow layer (of the order of 300 - 1,000 m) where
most of the variance of the wind is found. From this
point of view it seems necessary to make very detailed
studies of small-scale phenomena. On the other hand,

the basic hypothesis on which the whole programme of
GARP is being built is that the large-scale fields are
being determined by the smaller-scale phenomena, but
these, in turn, follow from the organization of the
large-scale motions. Thus, the objective of the GARP
studies in the tropics would be to find adequate schemes
of parameterization of the collective efforts of all subgrid-scale phenomena in terms of the variables that
determine the large-scale. It is the description of this
collective effect, rather than the detailed phenomena,
at which the tropical experiments should aim.
It was pointed out that these positions were contradictory only in appearance. The crucial problem is to
establish how much detail is needed in the description
of the small-scale phenomena to obtain an understanding
of the physical processes by means of which it would be
possible to dispense, at a later stage, with the direct
observation of these phenomena.
3.2 The general discussion, led by Prof. J. Charney,
was followed by the presentation of results of the latest
investigations by Fujita, Manabe, Wallace, Yanai and
Zipser. Substantial progress was reported in various
areas of research. Of particular relevance to the objectives of the Study Group were those referring to the
internal structure of cloud clusters, as well as their geographical distribution, and to the identification of
characteristic scales of the disturbances (reported by
Yanai, Wallace, Pisharoty, Suomi, Zipser, Frank).
3 .3 Further discussions were carried out at separate
meetings of the Working Group on scientific objectives.

4. Related programmes
The main observational experiments carried out in the
tropics during recent years were reviewed by Zipser
(LIE); Kuettner (BOMEX); Brocks (ATEX); Ogura
(Severe Rainstorm Research Project, in Japan); and
Riehl (Tropical Field Experiment, in Venezuela).
The meeting expressed the hope that analysis of the
results of these experiments would be carried out as
soon as possible, as they would be of great value in the
planning of new tropical experiments. In particular,
the first three of the above-mentioned experiments were
considered to be more directly related to the GARP
planning.
4. 1 THE LINE ISLANDS EXPERIMENT (LIE)
The Line Islands Experiment was carried out in
February - April 1967, to coincide with the operation
of the first spin-scan cloud imaging system on ATS-I. The
major purpose of the experiment was to provide a comprehensive meteorological data sample for the tropo-

spheric convective, mesoscale and small synoptic-scale
phenomena in and near the intertropical convergence
zone (ITC). The particular region chosen provided a
sharp contrast between an ITC station (Palmyra, median
annual rainfall 160 inches) and an equatorial dry zone
(Christmas, median annual rainfall 25 inches). Scientific
analysis of the LIE data and full comparison with satellite data (e.g. winds inferred from cloud motions) is
still under way, but several preliminary results are of
importance here. For example, the wind and cloud
structure show that the classical Hadley-cell circulation
is far too simple a representation of the daily events in
and near the ITC. In addition to the Hadley-type circulation, there is an indication of a strictly low-level thermally direct circulation over the immediate equatorial
zone. A multi-layered structure of the wind field was
observed over the Line Islands from the surface to the
lower stratosphere, with individual wind layers persistent
in time and continuous over large distances in space,
sometimes with extreme shear between layers. It is
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necessary to explore the dynamics of these features for
their own sake and to ascertain their effect on the problem of representative sampling of wind fields. There is
evidence that the radiation balance under clear-sky conditions is not what was predicted, with some of the
differences attributable to effects of aerosols. Finally,
a disturbance in the ITC passing through the data network was studied in detail with ATS-I, ground based,
and research aircraft data. This event resulted in the
displacement of massive amounts of middle tropospheric
air to the surface boundary layer under the action of unsaturated downdraughts. This type of mesoscale system,
similar to. the mid-latitude squall line, now seemS to be
recognized as rather frequent in the tropics and it can
therefore play an important role in the heat-transfer
mechanism in tropical disturbances.
4.2 THE BARBADOS OCEANOGRAPHIC AND METEOROLOGICAL EXPERIMENT (BOMEX)
BOMEX was considered a forerunner to the GARP
experiments now being planned.
The field activities were carried out during May, June
and July 1969 immediately to the east of the Island of
Barbados. The experiment was a joint effort of the
Governments of Barbados and the United States of
America.
BOMEX focused on the specific problem of air-sea
interaction and is undoubtedly the most comprehensive
effort ever made to study the problem of interaction between boundary-layer fluxes and convective activity. The
experiment was also concerned with the transfer of energy
from the boundary layer by means of convective activity
into deeper layers of the troposphere in the vicinity of the
convection.
Whereas the GARP Tropical Experiments that are
being planned will emphasize the problem of parameterization of processes on the scales of meso-convective
elements and of cloud clusters, to determine the transfers of momentum, moisture and energy into still larger
scales of the atmospheric circulation, it is hoped that
analysis of ,the results of BOMEX will yield new insight
into the parameterization prOblem at the smallest scale,
and provide a firmer basis for interpreting the results of

TROPICAL EXPERIMENTS
later experiments concerned with parameterization of the
larger scales.
The last two weeks of BOMEX were devoted to preliminary exploratory investigations of the structure of
cumulonimbus convection of the mesoscale in order to
provide guidance in the design of future experiments and
valuable field experience in conducting an experiment
on this scale.
4.3 ATLANTIC TRADE WIND EXPERIMENT (ATEX)
The Atlantic Trade Wind Experiment was performed
by the combined efforts of German, British and U.S.
American ships. The objectiVe was to observe a prism
of the well-developed Hadley cell in the NE trade-wind
region of the Atlantic in February 1969, including the
oCean area underneath, Le. from a depth of 500 m to
a height of 35 km. A triangle with side lengths of
approximately 750 km was formed by four ships which
during a period of eighteen days drifted over a distance
of more than 1,000 km in a south-westerly direction.
Frequent aerological soundings - including wind measurements up to high levels - permit the computation
of the divergence field and of the energy budget within the
given volume. In addition, the energy flux through the
lower boundary was measured by both profile and eddycorrelation methods. Measurements of the radiation
balance and of the heat stored in the water yield a c~m
plete heat budget for the air-sea interface. Short-wave
:;md infra-red radiation sonde ascents were made by
three ships up to a h~ight of 20 km. Satellite pictures
provide information about cloudiness in the area under
consideration and of changes within the ITCZ which
were considerable and can be compared with the conditions upstream.
Various other programmes were performed, such as
fine-structure measurements in the trade-wind moist and
inversion layer by tethered balloon techniques, variability
in the oceanic thermocline, investigations of the laminar
sublayer of the atmosphere, and pilot balloon observations with Iow ascending rate within the "Ekman layer" .
Intercalibration of instruments by simultaneous measurements was made .three times during the experiment,
and data are processed by standardized methods under
mutual communication of the various investigators.

5. Planning the experiments

The other subjects of the agenda, dealing directly with
specific proposals for GARP experiments in the tropics,
were examined by working groups indicated in 2.2 above.
Detailed informal discussions took place - sometimes
until well advanced into the night - among various
working groups before firm recommendations were
considered in plenary meetings. These recommendations

and specific proposals were the most substantial part
of the work carried out during the session. They provided
the background material on the basis of which the first
draft of the Report on the Planning of GARP Tropical
Experiments was prepared. The published version of the
report, as approved by the JOC officers, contains only
minor amendments.

APPENDIX IV
CLOUD-CLUSTER CENSUS OF THE TROPICAL PACIFIC *

The study area in the tropical Pacific Ocean extended
from 25° S to 25° N,andlOOoW to 110° E. The period
of study was from March 1967 to February 1968, inclusive. The area was divided into five equal regions as
shown in Figure 1, and for each region the statistics
were averaged monthly and seasonally.
The satellite pictures u~ed for the north-east, north.
central, south-central and south-east regions were
ATS-I geosynchronous and ESSA-III Mercator photographs,
but for the north-west region ESSA-III photographs were
the only pictures available.
Each day's photographs were examined for organized
cloud systems. These systems were tracked from day
to day until they dissipated, merged with other systems,
or moved out of the major boundary of the study area.
The systems were classified according to a geometric
appearance: oval, line, wave and spiral vortex. The
motivation behind this geometric classification was developed by E. G. Astling as shown in Figure 2.
In addition to the geometric classification, the following
parameters were also noted: degree of organization
(weak, moderate, pronounced), location (latitude and
region), size (cloud area in degrees 2), growth from previous day, movement of the system in 24 hours, and
length of life. Also, the parameters of cloud height and
direction of blow-off were estimated from satellite
photographs.
ATS time-lapse films were useful in checking the original classification of the individual parameters mentioned
above. The films were particularly good in estimating
degree of organization, growth, movement, blow-off
and rate of rotation. There was good agreement when
comparing the original estimate of cloud parameters derived from individual cloud photographs with those
ATS-I photographs available in film series for April 1967.
Daily frequency (Figure 3)
On these graphs each system was tallied once each day
of its lifetime or until it moved out ofthe major boundary
of the study area. These graphs show daily frequency
distribution for each month and region. Note that the
graphs are arranged in approximate geographical relationship to facilitate comparison between areas.

* The material contained in this appendix was introduced by
Prof. Verner Suomi to the Study Group on Tropical Disturbances
at its meeting in Miami (5 - 12 December 1969, see Appendix Ill).
It has been extracted from a draft of a Master's thesis by Mr. Otto
Karst, written under supervision of Prof. Suomi, at the University
of Wisconsin, Madison, Wisconsin, and kindly made available
by the author for inclusion in the present publication.

Seasonal variation of storm frequency (Figures 4, 5, 6
and 7)
Bar graphs were prepared to show seasonal variation
in storm frequency as a f1;lnction of latitude. Each
system was tallied once each day of its lifetime. Only
ovals, waves, and vortices are included iu the averages.
The graphs are organized according to seasons and
again are arranged in a rough geographical relationship.
Absolute frequency (Figure 8)
These graphs point out absolute frequency of storm
systems, in which a system is tallied once for each level of
organization that it attains during its lifetime within the
study area. As an example, if a storm progresses from
a wave to a vortex and dissipates as an oval, then it
would be classified once as a wave, once as a vortex, and
once as an oval.
Mean latitude (Figure 9)
These graphs represent the mean latitude position of
storm systems. Notice that vortices are most poleward
of all systems, with mean latitude between 15° and 20° in
all seasons. Waves are somewhere closer to the Equator
(around 13°), and ovals are the closest (around 10° latitude). In the southern hemisphere there is an Equatorward trend in June, July and August. Then systems
move poleward again for the southern hemisphere
summer.
The mean position of lines (Figure 10) in the north-east
region tends to move Equatorward in the summer months
while the latitude extent becomes smaller. There is a
poleward movement again during winter and an expansion
in the mean latitude extent.
Lines in the north-central tend to be quite uniform
in mean position and latitude extent throughout all
seasons.
Lines in the north-west region move poleward during
the summer months with a decrease in the mean latitude
extent. In the winter months there is a shift Equatorward again with an increase in the mean latitude extent
of the lines.
Lines in the south-central are quite uniform throughout
the entire year with a latitude extent of approximately
12° - 25°. This was a persistent feature in this region of
the tropical Pacific.
Lines in the south-east region move Equatorward
during the winter season of June, July and August but
move poleward again for the other seasons.
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Length of life (Figures 11 and 12)
For all regions and seasons vortices were the longestlived systems (six days), ovals the shortest lived (two
days). Lifetimes varied most from region to region in
case of lines (two days north-central to seven days southcentral) and least for ovals (two days, all regions).
Seasonal changes Were similar to regional variations.
Lines varied most strongly, from a minimum lifetime of
just over one day (north-central: September, October and
November) to a maximum lifetime of 11 days (southcentral: September, October and November). The lifetime of vortices was also quite variable, especially in the
north-east region. In all regions, vortices lived longest
during the summer months. Waves showed no consistent
pattern of variation from region to region; ovals were
quite uniform.

Cloud areas (Figures 13 and 14)
Except for lines, only those systems wholly contained
within the study area were included in the cloud averages.
Except for lines, it can be seen that systems tend to be
smaller in the north-east and south-east regions than in
the western regions of each hemisphere. Over the entire
Pacific, waves and lines were 50 per cent larger in cloud
area than ovals and vortices.
Seasonal variations in cloud area tend to be quite
variable with ovals showing the only consistency from
season to season. During summer and autumn, in the
northern hemisphere, systems tended to be smaller
than in the winter months. In the southern hemisphere
lines were remarkably large. Waves in the north-east
region were also larger in the winter and spring seasons.
One large and persistent vortex caused the unusually
large increase in vortex area in the south-central during
December, January and February.
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FORMS OF TROPICAL CLOUD DISTURBANCES
TERM

IDEALIZED SHAPE
(NORTHERN HEMISPHERE)

L1NEARIZED FORM

OVAL

•

LINE

WAVE

SPIRAL
VORTEX

DEVELOPMENT OF A SPIRAL FROM A LINE (FROM A MODEL BY E. G. ASTUNG)

-~

-~
Figure 2
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