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FOREWORD

No. 6 in the GARP Publication Series "Numerical
Experimentation related to GARP" presented a survey
of the activities being carried out in this field in various
laboratories in the world. During the preparation of
that report it became clear however that rather limited
attention was being given to some areas of vital importance to the further planning of the GARP experiments.
Furthermore, the impression was gained that the particular needs felt by the JOC and its Working Group on
Numerical Experimentation were not generally wellknown to the active research workers in the field. These

very facts and a wish to stimulate an increased activity
were the main reasons for arranging the Study Group on
Numerical Experimentation that was held in Oslo,
19 - 21 May 1970. The present report is the outcome of
this meeting, further revised by the Working Group on
Numerical Experimentation and finally brought together
into an organized whole by Prof. Rolando Garcia.
It should serve as a foundation for the work that is now
required to provide a scientific basis for the further
planning of the two major GARP experiments, i.e. the
Tropical Experiment and the Global Experiment.

BERT BOLIN

Chairman
Joint Organizing Committee

SUMMARY

Already in the very early stages in the planning of
GARP it became clear that two parallel lines of action
were required. One line of action was connected with
the observational experiments within each GARP subprogramme while the other was the programme on
numerical experimentation. For some reason the first
line of action has attracted much more interest than the
second. This has led to a common misconception that
GARP can be identified with the observational experiments.
The first chapter of the present publication is devoted
to a description of the role of the GARP programme on
numerical experimentation. It is thus pointed out that
GARP is an attempt to bring together research groups
throughout the world in a coordinated effort to approach
the problem of increasing our understanding of the
atmosphere and predicting its behaviour. This is the
only way for making significant progress within a reasonable period of time and for justifying the huge cost of the
observing systems that modellers are demanding.
In May 1970 a special meeting of a Study Group was
convened in Oslo with the objective of identifying specific
types of simulation experiments, particularly in those
areas where no interest had been revealed by any of the
existing groups. The following central subjects were
considered by this meeting:
1. Four-dimensional data assimilation
2. Observing system simulation
3. Spectrum of predictability
4. Computational considerations
5. Real time processing for GARP experiments
A sixth subject, "Dynamics of tropical motion systems",
was added at a later stage.
The reports on subjects 1 to 5 are presented in chapter 2 which also contains the JOC plan of action for the
execution of the numerical experimentation programme
described in these reports. This plan consists of two
components: a) Associate GARP Research Centres
(ARC's) with adequate computing facilities willing to

accept specific commitments to execute certain portions
of the programme; b) for each of the problem areas of the
programme a Research Coordination and Planning
Group (RCPG) has been established to coordinate the
work of the ARC's.
The third chapter is devoted to numerical experiments
which are related to physical processes in the atmosphere.
The aim of these experiments is to suggest realistic ways
of parameterizing the locally-averaged effects. The problems are grouped with a number of problem areas, associating those that are naturally connected:
(a) Cumulus convection and stratocumu1us (inter-

action between convection and the large scale
environment, the role of conditional instability of
the second kind, etc.).
(b) Boundary layer including the surface layer and the
Ekman layer (relation between fluxesand the static
stability effects of non-uniform surfaces, hilly terrain, etc.)
(c) Meso-scale systems including fronts, squall-lines,
intertropical convergence zones etc. (the effect on
the large-scale motion in relation to smoothing of
the fields, etc.)
(d) Mountain waves and currents (the vertical flux of
momentum in relation to the power spectra of the
earth's topography, the "wall"-effect of the mountain, etc.)
(e) Upper atmosphere (energy dissipation and energy
exchanges between the troposphere and the stratosphere, the upper boundary condition, etc.)
(1) Oceans (the relation of surface temperature to
radiation, evaporation and convection, the effects
of sea surface temperatures on the large scale
motions, etc.)
(g) Soil (the effects of the surface conditions, water
movements, albedo, etc.)
This last chapter also contains a plan of action for
stimulating the research within these problem areas.

RESUME

Des les premieres phases de la planification du GARP
il est apparu clairement qu'il fallait s'engager parallelement dans deux categories d'activites: d'une part, des
experiences d'observation menees dans le cadre de
chaque sous-programme du GARP et, d'autre part, un
programme d'experimentation numerique. Pour une
raison ou une autre, le premier domaine a suscite beaucoup plus d'interet que le second. Il en resulte que nombreux sont ceux qui, a tort, croient que le GARP ne
comporte que des experiences d'observation.
Le premier chapitre de la presente publication expose
le role du programme d'experimentation numerique du
GARP. Le lecteur est rendu attentif au fait que le GARP
est une tentative qui vise a rassembler des groupes de
chercheurs du monde entier dans un effort coordonne en
vue d'approfondir notre connaissance de l'atmosphere et
d'arriver a predire le comportement de celle-ci. C'est en
effet la seule voie pour realiser des progres importants
dans un delai raisonnable et pour justifier le cout eleve
des systemes d'observation reclames par ceux qui travaillent sur les modeles.
En mai 1970, un groupe d'etude s'est reuni en session
speciale a Oslo afin de determiner exactement la nature
des experiences de simulation a entreprendre, particulierement dans les domaines auxquels les groupes existants
ne se sont pas interesses. A cette session,. les sujets cles
suivants ont ete examines:
1. Assimilation des donnees dans les quatre dimensions
2. Simulation du systeme d'observation
3. Spectre de predictabilite
4. Considerations relatives au calcul
5. Traitement des donnees fournies par les experiences
du GARP au fur et a mesure de leur reception
Par la suite, un sixieme sujet « Dynamique des systemes
de mouvement de la zone tropicale» a ete ajoute a cette
liste.
Les rapports relatifs aux cinq premiers sujets sont presentes au chapitre 2 qui comprend egalement le plan
elaborepar le CMO pour la mise en reuvre du programme
d'experimentation numerique expose dans ces rapports.
Ce plan prevoit une organisation a deux niveaux : a) des

Centres de recherche associes du GARP (CRA) disposant de moyens de calcul appropries et prets a accepter
des obligations precises quant a l'execution de certaines
parties du programme; b) des groupes de coordination
de la recherche et de la planification (GCRP) charges de
coordonner le travail des CRA dans chaque branche
d'activite du programme.
Le troisieme chapitre traite des experiences numeriques
relatives aux processus physiques de l'atmosphere. Ces
experiences ont pour but de montrer de quelle maniere on
pourrait pratiquement exprimer les resultats des effets
locaux sous forme de parametres. Les problemes sont
groupes, en fonction de leurs affinites naturelles, sous un
certain nombre de rubriques :
a) Convection generatrice de Cumulus et Stratocumu-

b)

c)

d)

e)

f)

g)

Ius (interaction entre la convection et le milieu a
grande echelle, role de l'instabilite conditionnelle
de second ordre, etc.).
Couche limite, y compris la couche de surface et la
couche d'Ekman (relation entre les flux et les effets
sur la stabilite statique des surfaces non uniformes,
du relief accidente, etc.).
Systemes a echelle moyenne, y compris les fronts,
lignes de grains, zones de convergence inte1tropicale, etc. (influence des mouvements a grande
echelle en ce qui concerne l'adoucissement des
champs, etc.).
Ondes et courants orographiques (flux vertical de
quantite de mouvement relativement au spectre du
reliefterrestre, effet de« mur» des montagnes, etc.).
Haute atmosphere (dissipation de l'energie et echanges energetiques entre la troposphere et la stratosphere, condition a la limite superieure, etc.).
Oceans (relation entre la temperature en surface
et le rayonnement, evaporation et convection,
influence de la temperature de la mer en surface sur
les mouvements a grande echelle, etc.).
Sol (influence de l'etat de la surface, mouvements
de l'eau, albedo, etc.).

Ce dernier chapitre contient egalement un plan d'action
pour stimuler la recherche dans ces differents domaines.

RESUMEN

Ya en las fases iniciales de la planificaci6n del GARP
se puso de manifiesto que era preciso adoptar dos lineas
paralelas de acci6n. Una de ellas estaba relacionada con
la realizaci6n de experimentos en el ambito observacional,
mientras que la otra estaba constituida por el programa
sobre experimentaci6n num6rica. Por alguna raz6n, la
primera linea deacci6n ha conseguido atraer un interes
mucho mayor que la segunda. Esta circunstancia ha
conducido a la concepci6n err6nea, comunmente aceptada, de que el GARP puede ser identificado con experimentos de caracter observacional.
El primer capitulo de esta publicaci6n esta dedicado a
describir la funci6n del programa del GARP sobre experimentaci6n numerica. En consecuencia, se pone de manifiesto que el GARP constituye un intento para reunir a
los diferentes grupos de investigadores de todo el mundo,
en una acci6n coordinada, para enfocar el problema del
mejoram'iento de nuestro conocimiento de la atm6sfera
y de la predicci6n de su comportamiento. Esta es la unica
forma de conseguir progresos significativos en un periodo
de tiempo razonable y de justificar los enormes gastos
que involucran los sistemas de observaci6n que solicitan los cientificos encargados de la preparaci6n de los
modelos numericos.
En el mes de mayo de 1970 se celebr6 en Oslo una
reuni6n especial de un Grupo de estudio, a fin de identificar los tiposespecificos de experimentos de simulaci6n,
especialmente en aquellas areas con respecto alas cuales
los grupos existentes no habian aun manifestado interes.
En esta reuni6n se examinaron los siguientes temas fundamentales:
1. asimilaci6n de datos en cuatro dimensiones
2. simulaci6n de sistemas de observaci6n
3. espectro de predictabilidad
4. consideraciones relativas a la computaci6n
5. preparaci6n de datos en tiempo real para los experimentos del GARP
En una fase ulterior se incluy6 un sexto tema denominado «Dinamica de los sistemas de movimiento en
los tr6picos».
Los informes relativos a los temas 1 a 5 figuran en el
capitulo 2, que contiene tambien e1 plan de acci6n del
CCO para la ejecuci6n del programa de experimentaci6n
numerica descrito en estos informes. El plan esta integrado por dos componentes: a) Centros de Investigaci6n

Asociados del GARP (CIA) con las adecuadas instalaciones de calculo por ordenador, que deseen aceptar
obligaciones especificas para ejecutar ciertas partes del
programa; b) un Grupo de Coordinaci6n y Planificaci6n
de la Investigaci6n, que actuara en cada area del programa en la que surjan problemas.
El tercercapitulo trata de los experimentos numericos
que se refieren a los procesos fisicos de la atm6sfera. El
objetivo de estos experimentos es sugerir medios realistas
para expresar, en forma parametrica, los valGlres medios
de los efectos locales. Los problemas respectivos han sido
agrupados dentro de un cierto numero de areas, establecidas para asociar los problemas naturalmente conexos,
a saber:
a) Cumulos de convecci6n y estratoGumulos (interac-

b)

c)

d)

e)

f)

g)

ci6n entre el proceso de convecci6n y las condiciones ambientales en gran escala, la funci6n de la
inestabilidad condicional de segunda clase, et9.);
Capa limite, incluyendo las capas de superficie y de
Eckman (relaci6n entre flujos y los efectos de la
estabilidad estatica de superficies no uniformes,
terrenos ondulados, etc.);
Sistemas de mesoescala, con inclusi6n de frentes,
lineas de turbonada, zonas de convergencia intertropical, etc. (el efecto sobre el movimiento de gran
escala en relaci6n con el ajuste por redondeo de la
distribuci6n de valores de campo, etc.);
Ondas y corrientes de montafia (el flujo vertical de la
cantidad de movimiento en relaci6n con los espectros energeticos de la topografia terrestre, el efecto
de muro de contenci6n de las montafias, etc.);
Atm6sfera superior (disipaci6n de la energia e intercambios energeticos entre la troposfera y la estratosfera, las caracteristicas de la capa limite superior,
etc.);
Oceanos (la relaci6n entre la temperatura de superficie y la radiaci6n, evaporaci6n y convecci6n, los
efectos de las temperaturas de la superficie del mar
en los movimientos a gran escala, etc.);
Suelo (los efectos de las condiciones de la superficie,
movimientos de agua, albedo, etc.)

Este ultimo capitulo tambien contiene un plan de
acci6n para fomentar los trabajos de investigaci6n en las
areas de estos tipos de problemas.

PE3IOME

Yme Ha caMIiIX paHHlIX CTa;O;lIHX IIJIaHlIPOB8.HlIH
flMPAll CTaJIO HCHO, qTO Heo6xo;O;lIMO ;o;eHcTBoBaTb

a)

MCCJIe;O;OBaTeJIbCRMe

MMeIOm;Me

n;eHTpbI

COOTBeTcTByIOm;yIO

lIMPAll

(MQIl),

8JIeRTpOHHOBblqMCJIM-

O;o;HO Ha-

TeJIbHYIO TexHMRy 1I rOTOBIiIe BSHTh Ha ce6H ROHRpeT-

npaBJIeHlIe 6IiIJIO CBHsaHO C Ha6JIIo;o;aTeJIbHbIMlI 8RC-

HIiIe Sa;o;aqM no ocym;eCTBJIeHlIIO onpe;o;eJJ;eHHIiIx qaCTeH

no ;o;ByM napaJIJIeJIbHIiIM HanpaBJIeHlIHM.
neplIMeHTaMlI

B

paMRax

Ram;o;oH

no;o;rrpOrpaMMIiI

b)

nporpaMMIiI;

rpynrrIiI IWOp;O;HHaIJ;MlI M nJIaHMpOBa-

IlMPAIl, B TO BpeMH RaR ;o;pyrlIM HBJIHJIaCb npo-

HMH lICCJIe;O;OBaHMH (PRIlM) ;o;JIH ROOp;O;MHaIJ;lIH pa6o-

rpaMMa qlICJIeHHIiIX 8RcneplIMeHTOB. Ilo orrpe;o;eJIeH-

TIiI MQIl, COS;O;a:HHIiIe no Ram;o;oH TeMe nporpaMMIiI.

HIiIM nplIqlIHl\M nepBoMy HanpaBJIeHlIIO
ropas;o;o

60JIbIIIee BHlIMaHlIe,

TpeTbH rJIaBa nOCBHm;eHa qMCJIeHHIiIM 8RcneplIMeH-

y;o;eJIHJIOCb

qeM BTOPOMY.

B

pe-

TaM,

CBHsaHHIiIM

C

<pHSMqeCRMMM

syJIbTaTe 8Toro CJIOmlIJIOCb IIIHpORO pacnpOCTpaHeH-

aTMoc<pepe.

QeJIb

Hoe He;o;onOHHMaHHe, COCTOHIu;ee B TOM, qTO IlMPAIl

BIiIHBJIeHMM

peaJIMCTlIqeCRMX

npe;O;CTaBJIHeT

C060H

JIHIIIb

Ha6JIIO;o;aTeJIbHIiIe

8RC-

IlepBaH rJIaBa HaCTOHm;eH rry6JIHRalJ;lIH nOCBHm;eHa
onHcaHlIIO pOJIH nporpaMMIiI lIMPAll no qHCJIeHHIiIM
C060H

nonIiITRY

06'be;O;HHeHHH

MeTO;O;OB

B

COCTOlIT

B

napaMeTapM-

no

PR;o;y

TeM,

B

ROTopIiIe

BXO;o;HT

BonpOCIiI, eCTeCTBeHHO CBHsaHHIiIe Mem;o;y C060H :

(a)

ROHBeRIJ;HH RyqeBIiIX 06JIl\ROB 1I CJIOHCTo-Ryqe-

8RcrrepHMeHTaM. YRasIiIBaeTcH, qTO lIMPAll npe;o;cTaBJIHeT

npOIJ;eCCaMH

8RcnepHMeHTOB

SaIJ;MM JIORaJIbHO ocpe;O;HeHHIiIX HBJIeHMH. Ilpo6JIeMIiI
rpynnHpyIOTcH

nepHMeHTIiI.

BTMX

BIiIe 06JIaRa (BsalIMo;o;eHCTBlIe Mem;D;y ROHBeRIJ;MeH

paSJIlIqHIiIX

1I

HCCJIe;O;OBaTeJIbCRlIX rpynrr BO BCeM MHpe C IJ;eJIbIO

RpynHoMacIIITa6HOH

oRpymaIOm;eH

cpe;O;OH,

POJIb yCJIOBHOH HeycTOHqMBOCTM BToporo po;o;a

ROOp;o;HHlIpOBaHHoro peIIIeHHH np06JIeMIiI paCIIIHpe-

1I T.

;0;.).

HHH HaIIIero rrOHHMaHHH aTMOC<pephI 1I rrpe;O;CRasaHHH
ee nOBe;o;eHHH.
BaIOm;HH

8TO e;O;HHCTBeHHIiIH rryTb, 06eCrreqH-

;O;OC'rHmHHe

SHaqlITeJIbHOrO

nporpecca

(b)

IlOrpaHlIqHbIH CJIOH, BRJIIOqaH npMseMHIiIH CJIOH
M CJIOH 8RMa:Ha (CBHSb Mem;o;y nOTORaMM 1I BJIMH-

B

TeqeHHe OrpaHlIqeHHOrO rrepHo;o;a BpeMeHH M HBJIHIO-

HMe

m;MHCH onpaB;o;aHHeM Tex 60JIbIIIlIX saTpaT Ha Ha6JIIO-

MeCTHOCTM

;o;aTeJIbHIiIe CMCTeMIiI, ROTopIiIe Tpe6yIOTcH ;o;JIH cne-

BOCTb).

(c)

IJ;HaJIlICTOB no MO;o;eJIHpOBaHHIO.
B Mae

1970

COBem;aHHe

rpynrrIiI

C

ROTOpIiIM
rrpORBHJIa

HH

B

qaCTHOCTH B

O;O;Ha

MS

lIHTepeca.

Tex

IJ;eJIbIO

06JIaCTHX,

cym;ecTByIOm;HX

Ha

8TOM

rpyrrn

COBem;aHHH

R
He

T.;o;.

nOBepXHOCTeH,
Ha

XOJIMHCTOH

CTaTHqeCRYIO

CMCTeMIiI,

yCTOHqM-

BRJIIOqaH

<ppOHTIiI,

JIMHMM IIIRBaJIOB, SOHIiI BHyTpMTpOIIHqeCROH ROHBepreHIJ;MM 1I T.;o;.

orrpe;o;eJIeHlIH ROHRpeTHIiIX THllOB SRcnepHMeHTOB no
MO;o;eJIHpOBaHHIO,

M

MeSOMaCIIITa6HbIe

ro;o;a B OCJIO COCTOHJIOCb crreIJ;HaJIbHOe

MCCJIe;O;OBaTeJIbCROH

HeO;O;Hopo;o;HIiIX

(BJIMHHMe CrJIamMBaRKH Ha

Rpyn:aOMaCIIITa6HIiIe ;O;BlImeHMH MT.

(d)

PopHIiIe BOJIHIiI M TeqeHHH (saBMCMMOCTb BepTMRaJIbHOrO

6bIJIH

;0;.).

nOTORa

ROJIHqeCTBa

;O;BlImeHMH

paccMoTpeHIiI CJIe;O;YIOm;He OCHOBHIiIe BonpocbI :

<peRT rop M T.

;0;.).

1.
2.

MO;o;eJIHpOBa:HlIe Ha6JIIO;o;aTeJIbHIiIX CHCTeM

06MeH 8HeprMeH Mem;o;y TponOC<pepOH

3.

cneRTp rrpe;o;cRasyeMocTlI

C<pepOH, BepXHee rpaHHqHOe yCJIOBHe M T.

4.
5.

BIiIqHCJIHTeJIbHIiIe np06JIeMIiI

qeTIiIpeXMepHIiIH aHaJIHS ;o;aHHIiIX

o6pa6oTRa

;o;aHHIiIX

B

(e)

BepXHHH

(f)

MacIIITa6e

aTMoc<pepa

(paCCeHHl'le

8HeprHH

BJIMHHMe

TeMnepaTypIiI

nOBepXHOCTM

RpynHoMacIIITa6HIiIe ;O;BlImeHMH 1I T.

,D;oRJIa;O;IiI
rJIaBe

II,

OOR

no

TpOnHqeCRlIX o6pasoBaHMH
no

BonpocaM
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».

8RcnepMMeHToB.

8TOT

nJIaH

rrporpaMMbI

qMCJIeHHIiIX

BRJIIOqaeT ;O;Be

;0;.).

IloqBa

(BJIMHHHe

yCJIOBMH

Ha

MOpH

Ha

;0;.).

nOBepXHOCTlI,

;0;.).

B

ROTopaH TaRme co;o;epmHT nJIaH ;o;eHcTBMH
ocym;eCTBJIeHMIO

(g)

;O;BMmeHMH BO;o;bI, aJIb6e;o;o M T.
npe;O;CTaBJIeHIiI

M

CTpaTO-

OReaHIiI (CBHSb Mem;o;y TeMnepaTypoH rrOBepx-

peaJIbHOrO

Ilos;O;Hee 6IiIJI BHeceH ;O;OnOJIHHTeJIbHO IIIeCTOH Bonpoc

i1:

HOCTM 1I pa;O;HaIJ;MeH, McnapeHMe M ROHBeRIJ;MH,

BpeMeHH ;o;JIH l:lRCneplIMeHToB lIMPAll

« ,D;HHaMHRa

OT

cneRTpa Tonorpa<pMlI SeMJIJ!I, 6JIORMpyIOm;MH 8<p-

qaCTH:

B

nOCJIe;O;HeH rJIaBe TaRme co;o;epmMTCH nJIaH ;o;eH-

CTBMH no CTHMyJIHpOBa:HHIO lICCJIe;O;OBaHMH B paMRax,
ynoMHHyTIiIX BIiIIIIe np06JIeM.

1. THE BACKGROUND

1. 1 Numerical experimentation within the framework of
GARP

Among the scientific developments that led to the
concept of GARP, the numerical simulation of the
global atmosphere occupies undoubtedly the central
position. The progress made in this field - the achievements, as well as the identification of the obstacleswas in fact the source of the idea of a global experiment
that might serve the double purpose of testing existing
general circulation models, with real data, and of providing factual information to stimulate new ideas in
atmospheric modelling. The First Report of the ICSU/
IUGG Committee on Atmospheric Sciences, published
in May 1967, includes a paper by J. Charney on "Scientific
Requirements for a Global Observing System" that
already sets forth the foundations of such a programme.
The present plans for GARP, as they have been elaborated by the Joint Organizing Committee, evolved from
this original idea. The line of thought has been consistent
throughout this evolution, but the difficulties of the task
resulted in an increasing complexity in the structure
of the programme.
In the first place, it was soon evident that the aim of
GARP would not be the execution of the global experiment that would provide the answers to the questions
set by the modellers. Secondly, the planning of a global
experiment was still more troublesome than might have
been inferred from the first formulation of the programme.
Thirdly, it became clear that the planning of GARP
would necessitate two parallel but strongly interacting
lines of action, both requiring different mechanisms
for their implementation but both equally exacting
in the efforts demanded. One line of action was connected
with the observational experiments within each GARP
sub-programme. The other was directed to the mise au
aoint of a programme of numerical experimentation.
Strangely enough, the first line of action has attracted
international interest much more than the second. This
is so much so that, more often than not, GARP is only
identified as a programme of observational experiments.
And yet, the definition of GARP proposed by the Joint
Organizing Committee, already at its First Session, and
adopted by WMO and ICSU, was indeed very carefully
worded. It indicates that the Global Atmospheric
Research Programme consists of two different parts
which are, however, closely interrelated:

(i) The design and testing by computational methods
of a series of theoretical models of relevant aspects
of the atmosphere's behaviour to permit an increasingly precise description of the significant physical
processes and their interactions.
(ii) Observational and experimental studies of the
atmosphere to provide the data required for the
design of such theoretical models and the testing
of their validity.
Here the development of atmospheric models is
properly placed at the core of the overall programme.
Inasmuch as it is explicitly stated that the aim of the
observational studies is to provide the data requiredfor the
design and testing ofatmospheric models, the identification
of GARP with the observational experiments becomes a
manifest misconception. One may more properly say
that GARP is a vast programme of numerical experimentation in atmospheric modelling. Such an abbreviated
definition would, however, be misleading and it should
be qualified in several ways. Some of these qualifications
may appear trivial, but it seems necessary to pause a
little on this question in an attempt to meet some not infrequent criticisms which have been made on the way in
which GARP is being planned. It may also help to bring
the role of numerical experimentation within GARP into
perspective but in order to do this we need to reformulate
the problem slightly.
As a research programme, the primary aim of GARP
is to increase our understanding of the general circulation
of the atmosphere. Since meteorology is a branch of
physics, the types of questions that are being asked are
the same that one finds in any other scientific field: under
what conditions certain phenomena occur; how they
interplay with each other; to what extent they can he
inferred from other processes; what information is
required to predict their evolution etc. The methodology
of research is just the methodology of any branch of
physics (with the limitations imposed by the impossibility
of making controlled laboratory experiments). In these
investigations numerical simulation is used as a tool of
research, as is the case in many other fields. The efficacy
of this. tool is well known, in spite of the fact that its
explanatory power has been questioned (cf. E. Lorenz's
"The Nature and Theory of the General Circulation of
the Atmosphere").
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In so far as the explanation of the physical atmosphere
is concerned, the research is greatly helped by, but
obviously not limited to, the application of numerical
simulation methods. But the role of numerical experimentation in GARP goes much further than this. GARP
should not stop when - and if - the large-scale dynamics of the atmosphere and its interactions with the
physical processes of smaller scales are sufficiently well
understood. Although this may completely satisfy
meteorologists qua physicists, it would not be the consummation of GARP objectives. The ultimate goal is
to develop methods of extended prediction and to determine, as far as possible, the limits of predictability. The
types of explanations GARP researchers are seeking
are, therefore, those explanations that would lead to
adequate predictive models. It has been argued elsewhere (cf. GARP Publication No. 1, section 1.2) that
explanations and predictions follow in fact similar logical
schemes, and that an explanatory model (i.e. a physical
model, not necessarily numerical) is, in many respects,
at the same time a predictive model. This does not mean
to affirm that satisfactory physical explanations would
automatically render a satisfactory predictive model.
This question has considerable intrinsic interest, but it
cannot be elaborated here without going far beyond the
scope of the present report. It must suffice here to stress
that adequate predictive models for the atmosphere are
subject to severe constraints, such as the practical
limitations of the input information that can be provided
as initial conditions for the predictions.
On the basis of the preceding discussion, admittedly
oversimplified, objectives may be formulated as a programme of research directed to (i) the understanding of
the atmospheric processes, and (ii) the development of
adequate atmospheric (numerical) models. Numerical
simulation is used as a tool (but obviously not the only
tool) for (i). But numerical experimentation is an end in
itself with reference to (ii).
It is against this scheme that we would like to place the
plans for numerical experimentation elaborated by the
JOC and its Working Group on Numerical Experimentation. Research for the purposes of understanding the
dynamics of the atmosphere and predicting its behaviour
is an open-ended task. But the investigation of clearly
formulated problems within well defined contexts may
be ~menable to a systematic treatment. The GARP
programme of numerical experimentation is an attempt
to bring together research groups throughout the world
in a coordinated effort to approach the problem in a
rational way. It is the only hope for making significant
progress within a reasonable period of time and to
justify, on solid grounds, the huge cost of the observing
systems that lRQdellers are demanding to test their

working hypotheses and to provide more effective operational methods for the practical applications of meteorology.
1.2 The Skepparholmen scheme
The Study Conference on GARP, held in Skepparholmen near Stockholm from 28 June to 11 July 1967,
was the first comprehensive analysis of the overall
objectives and the feasibility of the research programme
on the global atmosphere that had just been proposed
by the former ICSUjIUGG Committee on Atmospheric
Sciences. The central theme of the discussions was the
formulation of the requirements for a worldwide observing system that would be effective in meeting the ultimate
objectives of the programme. These objectives were
stated in terms of the physical and mathematical basis
for methods of extended prediction of the large-scale
dynamics of the atmosphere. The group dealing with
"the basic problems of large-scale dynamics of the
atmosphere" therefore played the leading role in the
Conference. Three other broad subjects were also
extensively discussed but it was agreed that the analysis
should be focussed mainly on their relation to the largescale dynamics of the atmosphere. These subjects were:
(i) Boundary-layer fluxes and problems of air-sea
interaction;
(ii) Dynamical problems in the tropics, convection
processes and meso-scale phenomena;
(iii) Problems of atmospheric radiation.
The chapter of the Conference Report on "Studies of
the Large~scale Dynamics of the Atmosphere" placed
the main emphasis on the value of numerical simulation
to perform controlled numerical experiments, with the
two following objectives:
(A) To evaluate the consequences, for a given predictive
model, of various alternative discrete observational
systems;
(B) To increase the understanding of meso-scale and
micro-scale physical processes which are not resolved
by the grid used for the synoptic scale processes,
and to suggest realistic ways of parameterizing their
locally-averaged effect.
With reference to the first objective it was stated, as a
guiding principle, that the observations to be provided
by a global observing system would be sufficiently
complete and accurate to resolve the important scales
of atmospheric motion within some reasonably close
tolerance, but no more than that. Since the answer to
this question is not unique, the role of the numerical
experimentation would then be, in this context, to indicate
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alternative sets of observations that would satisfy this
condition. From there on, it would be possible to determine the relative costs and the technological difficulties
of implementing various observing systems that would
provide the alternative sets of observations suggested
by the modellers.
A rational approach for the design of a GARP Observing System would then involve numerical experimentation
on the factors that condition the accuracy of prediction
models in relation to the input data. The Study Conference identified the following conditioning factors:
(a) Range of prediction;
(b) The standard non-systematic error of individual
measurements of various types;
(c) The average density or spacing of observations, and
uniformity of distribution;
(d) The frequency of observations;
(e) The particular combinations of variables that are
measured;
(f) The procedure by which directly measured variables
are assimilated or interpolated in a prediction.
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To request ICSU/IUGG/Committee on Atmospheric
Sciences and WMO to take the necessary action to
ensure international support for these experiments.
The above scheme of operation, based on the Skepparholmen discussions, is by and large still valid. Much of
the subsequent work consisted, in fact, of a refinement
of the programme. Problems were formulated in greater
detail; specific areas where gaps in the knowledge represent the most serious obstacles to atmospheric modelling
were singled out; actual experiments to be performed
were explicitly indicated; the experience gained by active
research groups in the field was incorporated in the programmes in order to show new approaches to certain
problems; but the goals and the main directions of the
work remained as formulated by the Study Conference.
It seems, however, that both the complexity of the
programme and the difficulties in carrying it out were
somewhat underestimated at Skepparholmen. On the
other hand, the impressive speed of development in the
technological field provided de-facto answers to some
of the problems and shifted the emphasis to others.
These aspects will be briefly examined in the following
sections.

The Study Conference considered that the numerical
experiments that can be suggested, in order to establish
the dependence of the accuracy of the prediction on these 1.3 THE JOC approach
factors, were straightforward and could be carried out
When the Joint WMO/ICSU Organizing Committee
with only minor modifications of existing computing for GARP (JOC) succeeded the ICSU/IUGG Comprogrammes. It was recognized, however, that it was a mittee on Atmospheric Sciences, there was general
large undertaking, "probably more than any single agreement that a considerable amount of the Committee's
group (as presently constituted) can handle". The report efforts should be directed to a plan of activities in numeradds:
ical experimentation with the general objectives set up
"We also note, however, that several operational and at the Study Conference and within the time-frame
research groups in several nations have sufficiently expected for the implementation of the First GARP
advanced models and computing facilities to undertake Global Experiment. Under the chairmanship of Proat least a part of the problem posed here. We urge, fessor J. Smagorinsky, the Working Group on Numerical
therefore, that all such groups be advised of the nature Experimentation endorsed the Skepparho1men scheme
and urgency of the problem and be encouraged to parti- and the basic distinction between the two types of procipate in its resolution, insofar as their interests and blems indicated in section 1.2 (A) and (B) above. It was
capabilities might permit."
considered however that the most urgent task was to
With reference to the objective indicated under (B) arrive at firm conclusions concerning the specification
above, the Study Conference suggested specific numerical of observational requirements for the variables needed
experiments which it would be necessary to carry out to determine the state of the atmosphere in a global
"in preparation for the effective utilization of global experiment.
upper-air data in the testing of general circulation models
The basic idea for this most immediate task was that
and methods of extended prediction" (cf. section 3.3 the need for certain minimum requirements would first
of the present report).
be established on the basis of the results of numerical
In order to reach the objectives referred to above, the simulation experiments; these requirements should then
following recommendations were made at Skepparho1- be presented to the technologists who would indicate the
men:
feasibility of observing systems which would satisfy them.
To encourage existing operational and research A certain amount of feedback was foreseen, and the
groups working with sufficiently advanced models need for a continuous dialogue was conceived in the
to undertake the types of experiments which were following terms (cf. Report of the Second Session of the
JOC, January 1969, section 4 and Appendix C);
Ol,ltlined in the Report of the Conference;
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"There are a number of queries which the technologists need answered in designing various alternative
systems. A comprehensive programme of numerical
experiments may provide the answers. In turn, some
specific information to be provided by technologists
may be needed to perform meaningful numerical
experiments. It is therefore very likely that a continuous interaction between the groups working on
atmospheric modelling and those devising observing
system components will take place before arriving at
a satisfactory formulation of requirements for the
global experiments."
Along this line of thought it was conceived that, with
the results provided by numerical experiments and the
reports of COSPAR Working Group 6 and of WMO/
CIMO, the JOC would be able to make definite proposals
for a global experiment.
.
After the Second Session of the Working Group on
Numerical Experimentation it became evident that,
although the general pattern indicated above seemed
still to be valid, the rapid technological progress reported
by COSPAR Working Group 6 to JOC indicated the
need for a somewhat different approach. The situation
was as follows. On the one hand the observing systems
that appeared as likely to be ready for implementation
in a first global experiment, in particular the space-based
sub-systems, offered unprecedented capabilities for
obtaining meteorological data on a global scale. On the
other hand these systems would probably have some very
well-established limitations with reference to the requirements stated in the Report of the Study Conference. The
flexibility in designing possible observing systems was
therefore far more restricted than was hoped for at
Skepparholmen, and the modellers were confronted with
more precise and more limited types of questions: (i) to
what extent observing systems with the limitations
referred to above would fulfil the objectives for which
the global experiments were conceived; (ii) this being the
case, which one of the rather limited set of alternatives
that may be offered would be preferable. The programme
of numerical experimentation would thus be adapted to
answer these questions.
There were in addition other changes in the general
perspectives of the plan, which will be briefly reviewed.
The programme originated at Skepparholmen gradually
reached a magnitude such that it could only be carried out
by a combined effort of a large number of research
groups. The idea that a few powerful groups with a very
large computing capacity would do the whole job had to
be abandoned. Leaving aside the difficulties discussed in
section 1.4 below, the strategy of implementation became
a matter of serious concern. The participation of a large
number of groups, and of groups with limited resources,

meant not only a complex and slow process of coordination, but also a much more detailed analysis of the
programme. The following steps were taken to overcome
these problems.
In the first place, it was considered that the plan should
allow for the participation of research groups operating
even with very simple models. It was suggested that,
for each given problem, the simplest possible model
should be used in order to reduce computational requirements. The programme of experiments was thus formulated in terms of "problem elements" which were defined
as the simplest possible questions that could be tackled
by independent research groups. Responses to these
questions were expected to provide partial solutions
to the overall problem. It was then expected that a large
segment of the world's numerical modelling community
would participate in the programme, each group undertaking one or more of the "problem elements".
Since the participating groups would obviously use
different models and different techniques to get the
answers to the proposed problems, the comparisons
between them became an important matter. In particular,
the selection of the simplest adequate model, to answer
a speCifiC question, would require sufficient knowledge
of the performance of each model. This could be obtained
by first repeating a set of experiments with all available
models. In this connexion, already at its first meeting
(Oslo, 1968), the Working Group on Numerical Experi.
mentation indicated, as an important preliminary question, the comparison of the ability of different models
to describe such processes as: real weather evolution,
including in the tropics; baroclinic instability; gravityinertial waves; and the conservation of spectral properties.
Research on the relative behaviour of models thus
came to occupy a priority position in the programme.
In order to carry out the plan of action just outlined
it was indispensable to make an inventory of the groups
potentially capable of cooperating in the effort. It was
necessary to know their resources in manpower, computing capacity and other facilities, as well as their fields
of interests, their own work and their own methods.
A questionnaire was distributed for this purpose, together
with the Report of the First Session of the Working
Group on Numerical Experimentation. An analysis of
the responses revealed the need for a direct contact with
the researchers (cf. section 2.1 below).
It was already clear at the First Session of the Working
Group on Numerical Experimentation that a programme
of experiments carried out by several research groups,
and an investigation of the relative behaviour of models
would require, as an indispensable tool, global sets of
real data to be taken as initial conditions and as a veri-
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fication of the results. On the basis of the recommenda(ii) There are numerical experiments that need to be
tions of the Working Group, the JOC decided that a set
performed but that are not sufficiently challenging
of basic meteorological data should be collected for the
to attract the attention of senior researchers. Yet
months of November 1969 and June 1970. The JPS was
they cannot be undertaken by inexperienced groups.
directed to undertake the detailed planning of the project
There is therefore a risk that many of the experiand to coordinate its implementation. The GARP
ments called for in the programme, as well as similar
Basic Data Set Project was thus started with the direct
experiments which will undoubtedly be required to
participation of the World Centres in Washington and
evaluate the results of GARP experiments, may not
Melbourne, which undertook the data collection and
find research groups which are willing to carry out
the analysis of the Northern and Southern Hemispheres.
this type of work - which is not in the front line
of original research - and which have the capaAn analysis centre for the tropics was also established at
the University of Costa Rica where WMO has a training
bilities to do it.
programme under way. A complete report on the work
(iii) Perhaps the most important limiting factor for the
accomplished under this project and on the availability
full implementation of the programme would be the
of the data will be published in due course in the GARP
lack of advanced computing facilities to operate
Publications Series.
sophisticated general-circulation models. This situaThe Study Conference on GARP made a basic distinction will particularly arise in connexion with realtion between the two kinds of problems that a programme
. time numerical experimentation during major obserof numerical experimentation for GARP should include.
vational experiments. The GARP Study Conference
This distinction corresponds to the two objectives referred
estimated the need for global calculations, with
to above. The JOC has maintained this approach and
highly complex models, based on "reasonable requihas therefore divided the overall programme into two
rements". With a global computational mesh of an
main sections which have been called Part I and Part II of
average horizontal grid length of 110 km the most
the GARP Programme. on Numerical Experimentation.
complex models now available would require 1012
Each section has specific characteristics which condition
computer operations to simulate a day's evolution.
the kind of approach to its materialization. In many insA ratio of 1 to 20 between computing and forecast
tances the programme refers to basic research problems,
time would demand computers two orders of
the planning of which is difficult - if at all possiblemagnitude faster than the fastest computers which
and which is in fact an open-ended task. But the invesare in operation. On the other hand, the report of
tigation of clearly-formulated problems within wellthe
Oslo meeting stated that computers of 100 MIPS
defined contexts may be amenable to a systematic treatwill
be needed for the global experiment. Computers
ment. The JOC programme put forward in the present
now under construction will satisfy this requirement.
report is an attempt in this direction.
The question arises as to the availability of these
computing facilities for the GARP programme of
numerical experimentation.
1.4 Implementation problems
The execution of the programme that has been described in this report faces a number of difficulties of
varying nature, some of which may seriously delay its
implementation.
For some aspects of the programme, the research
groups that have been identified are already engaged in
numerical simulation which is related to the type of
experiments that are recommended. The participation
of these groups is thus a natural extension of their own
work and the additional effort required may not seriously
interfere with their own programme.
Unfortunately, thisis not always the case. Some of
the obstacles are as follows:
(i) There are groups that would be willing t6 cooperate
in some specific aspects of the programme, but
their resources (computing time, facilities, manpower) are not adequate for the proposed task.

The Plan of Action proposed for Part I of the programme of numerical experimentation contains provisions
to meet some of the above difficulties. It should be pointed
out, however, that the problem mentioned under (iii)
above has been a very serious concern for the JOC.
Several reports of the Committee to WMO and ICSU
as well as to the countries that participated in the Planning
Conference on GARP (Brussels, March 1970) have
stressed the urgency to provide an answer to this question.
The importance of this matter cannot be overemphasized. As indicated at the beginning of this report, with all
necessary qualifications, GARP is fundamentally a vast
programme of numerical experimentation. In spite of
the huge resources that are being set in motion to carry
out the observational studies, the final objectives will
not be reached if the modellers are not in a position to
make adequate use of the data obtained.

2. PART I OF THE PROGRAMME

2. 1 How it was generated
The general programme of numerical experimentation,
developed in the course of several sessions of the JOC
Working Group on Numerical Experimentation, could
not be carried out without the consensus and the active
participation of researchers already engaged in modelling
the atmosphere. Such a consensus was not easy to reach.
A prelirilinary attempt made by the JPS on the basis of a
questionnaire circulated among known research groups
only succeeded in showing where the difficulties would
be found.
A further and important step was the survey made
by Prof. B. R. Doos (at that time a JOC Consultant; at
present Director of the JPS). The task assigned to
Prof. Doos was (i) to establish correspondence with
existing institutes and research groups which had potential capability and interest to participate in the programme, and (ii) to visit those groups and prepare a
report in which he would summarize the numerical experimentation being carried out by them. The objective
was limited to the first part of the programme. The
report was published as GARP Publications Series No. 6,
"Numerical Experimentation Related to GARP".
The first draft of the report by Prof. Dooswas examined
at the Fourth Session of the Working Group on Numerical
Experimentation (Rome, 15 -16 January 1970). The
analysis of his comprehensive survey confirmed the difficulties already mentioned in section 1.4. It also showed
that only a very serious coordinated effort would provide
answers to many of the questions stated in the general
programme prepared by the Working Group. How
this effort could be planned and how the programme
was to be implemented was still an open question. It
became clear, however, that further planning would not
be effective without the direct participation of the
research groups concerned. It was then recommended
(following a suggestion already contained in D06s'
report) that a special meeting of a Study Group should
be convened with the objective of identifying specific
types of simulation experiments, particularly in those
areas where no interest had been revealed by any of the
existing groups, and to agree on a plan to carry them out.
The Study Group met in Oslo in May 1970 with the
participation of experts representing most of the numerical modelling groups throughout the world.

The reports from the Study Group on the various
subjects submitted for its consideration were discussed
in detail by the Working Group on Numerical Experimentation at a special meeting held in Copenhagen
(16 - 18 Seytember 1970). As a result, the GARP Programme of Numerical Experimentation (Part I) was
established and a concrete plan of action was proposed
to the JOC. The programme was built around six
central subjects which roughly correspond to the problem
areas discussed by the sub-groups established at the Oslo
meeting. The six subjects are:
1.
2.
3.
4.
5.
6.

Four-dimensional data assimilation
Observing system simulation
Spectrum of predictability
Computational considerations
Real time processing for GARP experiments
Dynamics of tropical motion systems

The first four subjects are clearly concerned with
numerical experiments to be carried out in a systematic
way on problems closely related to each other. On the
other hand, the fifth subject is mainly devoted to the
formulation of detailed plans for the data processing and
the numerical experimentation to take place during the
GARP tropical and global experiments. Finally, the
sixth subject covers a wide variety of problems already
contained in the other items, but which are singled out
in view of the urgency of deciding certain aspects of the
planning for the GARP Tropical Atlantic Experiment.
It should be pointed out that the proposals within each
of the subject areas were basically agreed upon by the
Study Group at the Oslo meeting. The final versions
included below resulted from the further discussions
held at Copenhagen.
The Working Group devoted a considerable amount
of its time at the Copenhagen meeting to finding ways
and means to stimulate research groups to participate
in the programme referred to above. A Plan of Action
was thus agreed upon (see section 2.7) which makes
specific proposals to establish "Associate GARP Research Centres" and "Research Coordination and
Planning Groups" to undertake the actual work on
numerical experimentation and to coordinate the overall
programme.
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2.2 Subject 1: Four dimensional data assimilation 1
2.2. 1 THE USE OF NON-SYNOPTIC OBSERVATION SYSTEMS
The conventional meteorological observation system,
based on simultaneous, or synoptic, observations at
regular time intervals, is now in the process of being
replaced by a non-synoptic observation system. There
are already in being important sources of data which are
non-synoptic, as for example aircraft reports and temperature soundings derived from satellite infra-red observations. Most of the new observation systems projected
for the future will be non-synoptic.
This involves new problems for meteorology. Traditional methods of meteorological analysis, developed
for synoptic observations, are not adequate for nonsynoptic data. On the other hand, the replacement
of the rigid synoptic observation system by a more
flexible one may have many advantages and may open
up new possibilities.
Some interesting studies have been made already,
aimed at finding methods for making optimum use of the
new non-synoptic observation systems; reference is made
to GARP Publication No. 6, "Numerical Experimentation Related to GARP", section 5. However, research
in this direction has only begun, and we. still do not really
know how to use non-synoptic data efficiently. More
research in this direction is therefore urgently needed. 2
An attempt is made below to analyse the problem, in
order to determine how the matter can best be clarified
through numerical experiments.
2.2.2 THE

METEOROLOGICAL ANALYSIS PROBLEM

Definitions
By analysis is meant the process of inferring the
continuous distributions in space of atmospheric variables at some time instant, on the basis of observations.
The analysis may be characterized as three-dimensional
when all observations used are taken at the same instant,
and as four-dimensional when this is not the case.
Three-dimensional analysis: sources of information and
error
Three-dimensional analysis may be based on information from the following sources:
(a) Observational data
(b) Climatological statistics (normals, spectra, cospectra, etc.)
1

The final version of this section was prepared by Prof. A. Elias-

sen.
2 Subsequent to the writing of this report a Symposium on
4-Dimensional Data Assimilation for GARP took place inPrinceton,
New Jersey, 19-22 April 1971.
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(c) Synoptic models (jets, fronts, cyclone models, etc.)
(d) Stability requirements (static or inertia stability)
(e) Diagnostic equations (expressing approximate vertical and horizontal balance).
It is possible to base the analysis solely on source (a),

using a purely mathematical interpolation formula,
possibly in combination with smoothing. Such a procedure will be encumbered with two types of errors:
Observation errors in the measurements
Finite resolution errors (Le. a discrete set of observations cannot give enough information to define a
continuous field. Spectral components of scale
smaller than the spacing of observations will not be
resolvable and remain undefined; the longer, resolvable components will be contaminated by aliasing
errors).
Random observation errors and the finite resolution
errors may in principle (but not in practice) be made
arbitrarily small by increasing the spatial density of
observations. Such errors may be reduced considerably
by using an interpolation technique which also utilizes
information from sources Cb), (c) and (d) above.
Any of the observable meteorological variables may
be subject to three-dimensional analysis, independently
of the other variables, on the basis of information
sources (a), (b), (c) and (d). The information source (e),
on the other hand, represents relationships between
different variables. The efficient use of this information
source is complicated by the fact that it not only adds
information, but also introduces additional errors,
because the diagnostic equations are only approximate.
Four-dimensional analysis: sources of information and
(!rror

In the case of four-dimensional analysis, the same
information sources are available as those listed (a -e)
for three-dimensional analysis; in addition, however, the
prediction equations provide a sixth source of information.
It is of course possible to make a four-dimensional
analysis without using information from the prediction
equations, in particular if the time difference between the
observations which are used is small compared with the
time scale of the relevant motion systems. Thus one
may ignore the time difference, or make four-dimensional
interpolations without regard to the prediction equations.
One might also utilize information from the prediction
equations in a crude way. For example, a rough correction for the time difference may be obtained by displacing
quasi-conservative properties (thicknesses, etc.) along
streamlines, or one may use information from an earlier
analysed map graphically by means of a light-table.
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However, the problem before us demands that we
make optimum use of data with a considerable time
difference (of the order 12 ~ 24 h). In this case, we
cannot afford not to make use of the prediction equations;
it is necessary to treat these equations so as to obtain as
much information as possible from them. This requires
that the prediction equations must be integrated in time
by means of a prediction model. A particular prediction
model is therefore necessarily involved in any systematic
version of four-dimensional analysis.
It is realized that four-dimensional analysis by means
of prediction models is in common practice in many
weather services today, where a 12 hour prediction from
a previous state is used along with current synoptic data
as the basis of the analysis. We are here concerned
with a generalization of this method to the case of nonsynoptic data with the intention of considerably improving
the accuracy of the analysis.
The inevitable involvement of a particular prediction
model in four-dimensional analysis has some consequences of a restrictive nature:
(i) A complete specification of the model state is necessary. Thus it is not possible to analyse only one
variable, e.g. humidity, without also considering the
other fields which define the model state. In the
same manner, it is not possible to make a fourdimensional analysis over an isolated small region;
it is necessary to define the model state over a region
sufficiently large so that a time integration can be
made. Four-dimensional analysis is a combined
process of prognosis and analysis.
(ii) The resulting analysed fields are necessarily modeldependent, i.e. the analysis error will contain the
prediction errors of the particular model used.
Because of the inevitable growth of the prediction
errors, the information about the present state
supplied by previous observations will decay with
their age, and this decay depends on the model. In
spectral terms, large scales will generally decay
slower than smaller scales; and each model has a
truncation scale beyond which the model cannot
predict at all. This gives a limit to the resolution
attainable in four-dimensional analysis.
On the other hand, the use of prediction equations
in four-dimensional analysis also opens up new possibilities, because the addition of this information source
may permit a relaxation of the requirements of observational data. Thus, although a complete specification of
the model state is necessary, it is no longer a necessary
requirement that the set of variables which is measured
should form a complete set for the definition of the model
state; Already the diagnostic equations (information

source (e) in the list above) enable us to reduce the
number of variables which need to be measured (thus,
except for the equatorial belt, the wind field might be
inferred from the pressure field). In four-dimensional
analysis, it may prove possible to reduce even further the
variables to be measured. This is partly because some
sets of model states will converge towards each other
as time proceeds, and therefore need not be distinguished
for the sake of prediction; and partly because distributions in space of some variables may possibly be inferred
from the observations of the time evolution of others.
Reference is made to papers by Smagorinsky, Miyakoda
and Strickler (1970); Charney, Halem and Jastrow
(1969).
2.2.3

PossmLE SCHEMES OF FOUR-DIMENSIONAL DATA
ASSIMILATION

With a non-synoptic observation system, two possible
methods of data assimilation are recognized, viz: (i) the
intermittent data assimilation scheme, and (ii) the
continuous data assimilation scheme. They are illustrated
in diagrams 1 and 2. The abscissa in these diagrams is
real time, and the arrows indicate flow of information.
In the intermittent data assimilation scheme, analyses are
made at equal time intervals. The analysis is used to
define the initial state of the prediction model, and an
integration is made for the time interval to the next
analysis time. The observations taken during this time
interval are projected to the next analysis time on the
basis of the changes computed by the model, but without
being assimilated by the model. The observations are
thus made "synoptic", and the analysis may be constructed in the same way as for synoptic observations,
using the model forecast as additional information.
The assimilation of the data by the model takes place
only at the time of the analysis.
This scheme has certain advantages:
(i) By reducing the observations to the same time, they
may be compared with each other just as in a threedimensional analysis.
(ii) A balancing or initialization procedure may be performed at every analysis time, as in present NWP
routine.
(iii) The scheme is well suited for an observation system
which contains synoptic as well as non-synoptic
components.
In the continuous data assimilation scheme, data are
assimilated, at the same rate as they are observed, into
a model paced by the atmosphere, but running somewhat
behind to allow for the data to be communicated from
sensor to meteorological computer and reduced to
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meteorological variables. Thus the model state is continually adjusted to fit the observations. An analysis may
be obtained, or a routine forecast started, at any time
on the basis of the model state.
. The scheme possesses an attractive simplicity, but
mvolves some severe problems. It is difficult to visualize
how to assimilate just one piece of information into the
model state; this is equivalent to analysing a correction
field on the basis of a single observation. Moreover, the
assimilation must be done in a manner that avoids the
excitation of strong gravity-inertia waves. There are
two reasons for this. In the first place, such waves are
harmful by themselves. Secondly, the correction imposed
will as a rule be significantly altered after the waves have
dispersed; thus for instance, a temperature correction
over a small area, without a balancing correction of the
vertical vorticity gradient, will quickly vanish as a result
of vertical circulations.
2.2.4

SPECIFIC PROBLEMS

Sub-problems related to the intermittent data assimilation
scheme
(i) Various methods of data projection are conceivable,
the two most obvious being:
(a) displacement of data along four-dimensional trajectories and application of correction for individual
time change;
(b) no displacement, but correction for local time change.
What is the performance of the assimilation scheme
for different data projection methods?

(ii) How does the performance of the intermittent
scheme depend on the length of the period between
analyses?

(iii) How should observations be weighted according
to their age?
(iv) What is the proper relative weighting of projected
data versus the predicted values ?
Sub-problems related to the continuous data assimilation
scheme

.(i) How should a single observation (of temperature,
wmd or pressure) be assimilated without contradicting
recent nearby observations of the same variable?
(ii) When a single observation of one variable is
assimilated, what simultaneous changes in the other
variables should be made in order to minimize gravityinertia wave excitation?
Problems related to both schemes. The analysis schemes
should be tested for different sets of observed variables.

2.2.5

NUMERICAL EXPERIMENTATION

The. problems. listed above can only be clarified by
numencal expenments. The ultimate test of the fourdi~ensional assimil~tion schemes consists in determining
theIr performance (I.e. the quality of the analyses obtained) when the input data are real observations. In this
case, the model used should preferably be a global or
hemispheric model of high fidelity. Experiments with
such elaborate models will of course be most valuable
but the amount of experimentation which can be made i~
probably limited.
However, the problems listed hardly seem to depend
on the size or shape of the earth, or on processes of
condensation or radiation. It is therefore plausible
that most of these problems can be clarified by using
much simpler models; for instance, a two-level primitiveequation model in a cyclic beta-plane channel might be
adequate.
Two categories of experiments with such relatively
simple models are visualized:
(i) the input data are hypothetical observations taken
from a reference time integration made with the
same model;
(ii) the input data are hypothetical observations taken
from a reference time integration made with a more
sophisticated model.
Many versions of the intermittent as well as the continuous assimilation scheme may be tested this way, for
different characteristics of the input data.
These schemes both extend indefinitely backward in
tim~; ~~ the experiments, one could get started by defining
an Il1ltIal state by means of a fictitious set of synoptic
"observations". The assimilation procedure should be
run through several days, at least, in order to minimize
the effect of the "synoptic" start upon the result. The
verification is made by comparing the analyses obtained
with the reference integration.
2.3 Subject 2: Observing system simulation 1
~he design of a global observing system requires a
senes of numerical experiments with different models of the
atmosphere for simulation ofthe possible data assimilation
schemes. Consideration will first be given to the principal
problems associated with the horizontal and vertical
resolution of the meteorologically significant motions.
Composite observational systems, as can be envisaged
on the basis of our capability to monitor the state of the
atmosphere using different techniques, will then be
dealt with.
1

The final version of this section was prepared by Prof. B. Bolin.
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2.3.1

HORIZONTAL RESOLUTION REQUIREMENTS

Questions of the horizontal observational resolution are
closely related to the problem of horizontal computational resolution used un numerical computations.
Fllrthermore, a clarification is needed of how observations over an area (as, for example, provided by the IR
sounder) should be transformed into grid-point values
used in the computations. We also need to know more
about the aliasing errors that arise in using an irregular
network of observations to derive the basic data fields used
for computations.
It is clear that the grid size for numerical computations
must not be larger than 200 to 250 km to resolve the
meteorologically significant motions. Possibly an even
smaller grid size may be desirable. There is a need for
systematic experimentation to decide which is the smallest
scale that we need to resolve explicitly by the numerical
model and what this implies for the observational requirements. Results obtained by such experimentation may
be model dependent. Thus trials with different models
are required. The inclusion of moist convection is of
prime concern here and the possible difference in requirements between the tropics and the extra-tropics should
be studied. The method of optimum interpolation will
also be of use in the data-processing procedure, which
requires a better knowledge of how the distribution and
accuracy of ohservations influence the use of correlation
functions of the meteorological elements for deriving the
basic data fields.
Experiments

(i) Further experiments with a given flow pattern but
defined by various horizontal resolutions of the observations should be made (cf. Alaka, Lewis, 1967, 1968)
using different models of varying complexity.
(ii) Compute the interpolation errors for various
possible configurations of the GARP observational
system.
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The tropics
It is clear that the vertical structure of the tropical
atmosphere is more complex than that of middle and
high latitudes and therefore a better vertical resolution
is probably required to define its state. Our knowledge
of a possible vertical coupling of dynamical systems in
the tropics is still very incomplete. Experiments with
simplified or idealized models (such as channel models)
are therefore of considerable interest. It is of particular
interest to find out to what extent the dynamically most
significant disturbances are coupled vertically through
organized convective activity, which is one of their most
characteristic features.

Experiments

(i) Statistical studies of the vertical inter-dependence
of atmospheric variables, including the application of
orthogonal functions to determine the total information
content of vertical soundings in the tropics.
(ii) Model studies of how adequately various proposals for parameterization of moist convection may be
for describing its dynamic significance for synoptic scale
motions. Of particular importance is to resolve how
sensitive our conclusions are to the kind of parameterization used. The models should permit the development
of waves on the inter-tropical convergence zone.
(iii) Model studies of the vertical propagation of
energy in the synoptic and large scale systems. Experiments of this kind will shed light on the question to what
extent frequent information from a few levels will determine the motions at intermediate levels. They would
also provide information on the significance on the
biennial cycle for the inter-play between the stratosphere
and the troposphere.
2.3 .3

OBSERVING SYSTEM REQUIREMENTS

General basis
2. 3 .2 VERTICAL RESOLUTION REQUIREMENTS

Middle and high latitudes

The infrared sounding technique probably provides a
vertical resolution of the temperature field which is
adequate for the definition of the vertical distribution of
the mass field and thus, through a dynamical coupling,
of the wind field, if adequately supported by conventional
radiosondes. Attention is drawn, however, to the
experiments recently conducted by Gambo showing the
significance of the vertical wind and temperature structure in determining the development of frontal disturbances in the lower troposphere above the boundary
layer.

Any observing system that can be conceived for global
observations will be a composite one and use will be
made of a number of different observational techniques.
We know that some observations may appear to be
"redundant" . Redundancy in the system is however
desirable to permit the sufficiently wide range of numerical experimentation that is necessary to arrive at firm
conclusions regarding optimum observational systems
for operational use. It is important to know better what
these redundancies should be.
In proposing explicit experiments for simulating observational systems we shall take as a starting point that
(1) the conventional network of observations as it exists
today or is being envisaged for the WWW and (2) the

12

THE GARP PROGRAMME ON NUMERICAL EXPERIMENTATION

infra-red sounder with an observational capability that
it will have in a foreseeable future, will always be part
of any future data-acquisition system. Further experimentation then is desirable to explore what this implies
as well as what additional definition of the state of the
atmosphere would be achieved by complementary observations such as may be obtained with the aid of polarorbiting or geostationary satellites as well as by using
balloons and buoys.
Jastrow (1970) conducted a series of interesting experiments to explore how to make use of observations from a
composite observing system. Similar experiments using
other techniques for four-dimensional analysis (cf.
Subject 1) and more advanced models are greatly needed
for an optimum design of an observational system and
for a proper assessment of desirable redundancies in such
a system.
It should be stressed that observational networks in
the tropics are still very inadequate and that numerical
models for the tropics are in an early stage of development. Numerical experiments conducted to define observational systems for the tropics must therefore be interpreted with care.
Determination of the three-dimensional temperature field
and the associated mass distribution of the atmosphere
Experiments:

(i) What are the requirements for a reference level
for a determination of the mass field from temperature
observations alone in view of the possibility that it may be
implicitly - at least to some degree - determined by
dynamical-numerical computations? It is particularly
important to understand better what other observations
might most significantly contribute in this way, such as
(a) conventional networks over continental areas;
(b) surface pressure observations from an ocean buoy
system;
(c) pressure observations from constant-level balloons
in the upper troposphere or the lower stratosphere;
(d) winds derived from cloud drift observations.
In all these cases the horizontal resolution required
for such a definition of a reference level is of particular
interest.
(ii) What is the minimum density of radiosonde observations required as a reference for temperature profile
determinations and to what extent will the accuracy be
enhanced by an increase, or deteriorated by a decrease,
of the existing radiosonde network?
(iii) How would the accuracy of the mass field determination be increased by using two, three or more polarorbiting satellites?

(iv) Would there be any advantages in having nonsynoptic radiosonde observations made at the time of
satellite passage over the station?
The determination of the three-dimensional windfield

In middle and high latitudes the horizontal wind field
can be derived from the mass field with sufficient accuracy;
in fact, wind measurements are generally used for better
definition of the mass field.
In the equatorial belt, however, no simple dynamic
coupling between winds and mass distribution exists and
the wind field can probab\y be determined only by using
direct methods. Cloud tracers identified from geostationary satellite pictures will apparently provide estimates
at only two levels (200 - 300 and 800 - 900 mb), but
with rather high frequency and a reasonable horizontal
resolution.
Experiments:

Studies are needed to determine from how wide
(latitudinally) an equatorial belt independent wind measurements are requ~red, and for how many levels, to
obtain adequate initial data for numerical integration,
assuming the temperature field and thus the mass field
is known in adjacent latitUdes. How does the need of
independent wind measurements depend on the accuracy
of the mass-field distribution and thus on the accuracy
of the IR observations of the temperature?
Composite systems simulation

The experimentation begun by Jastrow should be
continued to include studies on how well the mass-field
and wind-field are being maintained by:
(i) only inserting IR temperature measurements as
obtained from polar-orbiting satellites (2, 3 or 4), but
having no access to wind observations from geostationary
satellites;
(ii) adding wind data from two appropriate levels as
obtained from four suitably stationed geostationary
satellites to the experiment (i);
(iii) supplying wind data to the numerical model from
four tropospheric levels in the tropics in addition to the
IR observations used in (i);
(iv) using wind data from only three geostationary
satellites in addition to IR soundings as in (i) leaving
a gap over the Indian Ocean. This experiment should
be designed also to throw some light on the minimum
observational requirements in the Indian Ocean for an
adequate treatment of the Asian monsoon.
Observations of atmospheric moisture

Advanced numerical models can reconstitute the largescale moisture field in extra-tropical latitudes reasonably
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well even if no information is available initially. It is
sufficient to know the three-dimensional distribution of
the mass and wind fields.
Experiments:

(i) What vertical definition of the moisture field is
needed in the tropics in order to have an adequate
treatment of the atmospheric phase of the hydrological
cycle?
(H) In what way can the information implicit in cloud
observations be used for a definition of the moisture
field?
Other variables needed for numerical experimentation

The following questions seem most important for an
adequate formulation of a global observing system:
(i) To what extent is a knowledge of the soil moisture
required to permit a computation of the moisture flux
to the atmosphere (evaporation) until the numerical model
itself can provide the forecast of soil moisture as a result
of a precipitation forecast?
(H) What are the requirements on sea-surface temperature observations (frequency in time, accuracy of
measurements) to permit an adequate computation of
heat fluxes to and from the earth's surface?
(ill) How well do we need to know the extension of
snow cover and the differences in radiative characteristics
of a snow cover (newly fallen snow, melting snow, open
land, forested land, etc.) to account properly for the
heat flux to and from the earth's surface of importance
for synoptic scale disturbances?
ADDENDUM
At its Fifth Session (Bombay, 1- 6 February 1971),
the JOC formulated further numerical simulation experiments needed to define critical observing system elements. These sets of experiments have been given high
priority. The planning of the FOOE requires specific
answers to be given by the JOC before certain critical
dates, which are indicated below:
I. Tropical Wind Field Determination (experiments to be
performed before October 1971)
The proposed geostationary satellite system will provide an incomplete wind-field determination from cloud
tracers, essentially but not completely limited to, two
levels in the vertical (850 and 200 mb) and to regions
where there is an adequate number of clouds. The question then arises as to whether these observations need
be supplemented by vertical wind soundings to determine the wind field with a better vertical resolution.
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The essential questions to be answered are:
(a) Are these additional wind observations needed?
(b) What must be their latitudinal coverage (North and
South latitude)?
(c) What must be their horizontal spacing (1000, 750
or 500 km)?
The JOC answer to these questions, to be given at its
sixth session (October 1971), should be based on a
quantitative estimate of the relative value of various data
sets for the purpose of forecasting the features of the
general and the tropical circulation.
The data sets to be considered in order of decreasing
priority are the following:
Data Set (i) Temperature observations and wind from
cloud tracers
(a) A complete determination of the masS field of the
atmosphere specified by surface pressure (without
error) and vertical temperature profile, T(p) at
all grid points every 12 hours. The temperature
profile observations will be affected by a random
(0.5°RMS) error plus a non-random error with a
wave-number n = 4 longitudinal variation, sin 2<p
meridional variation, and 1°C RMS value.
(b) A complete determination of the wind field with
500 km horizontal resolution on two horizontal
surfaces (p = 850 mb and p = 200 mb approximately) with a 2 m/s RM8 random wind vector
error. This information will be given everywhere
within the tropical belt between 25N and 258
latitudes every 12 hours~
Data Set (ii) :
Same as (i) plus:
Complete wind profiles at all vertical levels given
every 6 hours on three parallel citcles (<p = 10
North, <p = 0 and <p = 10 South) at 10° longitude
interval with 1 m/s (RMS) wind vector random
errors.
Data Set (Hi) :
Same as (i) plus:
Complete wind profile at all vertical levels given
every 12 hours on five parallel circles (<p = ION,
<p = 5N, <p = 0, <p = 5S, <p = 10S) at 5° longitude
intervals with 1 m/s (RMS) wind-vector random
errors.
2. Reference level in the Southern Hemisphere (experiments to be performed before mid-1972)

The questions to be answered are essentially related
to the spatial and temporal resolution of the reference
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surface (p versus Z) observations. They could be resolved
by similar numerical experiments comparing the values
of data set (i) with:
Data Set (iv):
Same as (i) without surface pressure but specifying
instead the geopotential height (with 10 m RMS
error) of the 200 mb isobaric surface at 1000 km
longitudinal and latitudinal intervals, every 24
hours.
Data Set (v):
Same as (iv) but with 750 X 750 km horizontal
resolution.
3. Validation of the data accuracy requirements

These questions refer to the data requirements stated
by the JOC. The specified data accuracy should be based
on definite dynamical or semi-empirical relations between
data errors and predictability, particularly:
(a) Temperature random or non-random errors in excess
ofOSC;
(b) Wind vector error in mid-latitudes;
(c) Wind vector error in the tropics.
2 .4 Subject 3: Spectrum of Predictability 1
2.4. 1 GENERAL REMARKS
Some atmospheric processes are unstable. so that in
general a small amplitude disturbance can result in the
growth of prediction errors which eventually l;l.re comparable to the natural variability of the respective spectral region. Since errors in the initial conditions are a
practical source of initial disturbance, it has been convenient to discuss the growth of typical observational
erro,rs.
Obviously the ampHtude of the initial errors is not all
that matters. Its spectral composition relative to the
scale of instability and to the dissipation range will be
important. Also significant is which variable or variables
are considered and whether their errors are randomly
related or physically correlated. Finally, the large-scale
ambient conditions govern the intensity of the operating
instabilities - this obviously may be seasonally dependent.
An understanding of the inherent predictability characteristics of the atmosphere is essential in the design of
a global observation system to serve the needs of long
range forecasting. For example in four-dimensional
assimilation of observational data it will determine the
limiting assimilation interval for different spectral components. Also predictability decay will govern the domain
1 The final version of this section was prepared by Prof. J. Smagorinsky.

of influence for each geographical location and altitude,
choice of variables to be measured, and the tolerable error
and aliasing characteristics of the observations.
The following discussions will not cover the problems
of small-scale predictability.
2.4.2

SYNOPTIC SCALE PREDICTABILITY

A great deal of attention has been given to the problem
of establishing the deterministic limits of extra-tropical
synoptic-scale motions resulting from the growth of
random initial disturbances to the magnitude of the
natural variability. Depending on the assumptions made
(Lorenz (1963, 1965, 1969, 1970), Robinson (1967),
Charney (National Academy of Sciences 1966), Smagorinsky (1969)), typical observational temperature rootmean-square errors of 0.5°C, grow to half the natural
variability in one to three weeks. This span of uncertainty
in the estimate could be quite critical and demands further
study to establish the theoretical deterministic limit more
firmly.
For the most part, the variations in the estimates arise
from the simplifications or complete neglect in modelling
one or more of the physical processes which contribute
to the growth of such disturbances in the extra-tropical
latitudes:
(a) Baroclinic instability, which gives an exponential
growth in a selected scale band;
(b) The non-linear quasi-barotropic spectral energy
exchange to ll:lr~er ,and smaller scales;
(c) Frictional dissipation of energy;
(d) The excitation of appreciable stationary modes by
irregularities of the lower 1:?oundary.
Probably the only way to account adeq:uately for the
interaction of ,all fOllr processes is with comprehensive
numerica,1 models. Some of the synoptic-scale results
have been achieved with models, although there is some
controversy Qver the complete adequacy of the models,
particularly in accounting for the frictional dissipation.
Experiments

(i) Perform synoptic-scale predictability experiments
with alternate frictional formulations to determine the
degree of model dependence.
(H) Vary the horizontal theoretical spectral properties
of the initial error.
(iii) Determine how predictability is variable dependent.
(iv) Determine the dependence on the initial state,
especially the seasonal dependence.
(v) Determine the predictability differences between
the Northern and Southern Hemispheres.

CHAPTER

2.4.3

INFLUENCE REGION OF EXTRA-TROPICAL PREDICTABILITY

To what extent do errors in the initial conditions in the
tropics or in the opposite hemisphere affect predictability in extra-tropical latitudes ?
Experiments
(i) Study the propagation and growth of local errors
in the tropics and in the other hemisphere.
(ii) Study the propagation of local errors within a
hemisphere.

2.4.4 THE TROPICS
Corresponding predictability experiments for the tropics
have not yet been made. The main difference that one
can expect will come from the characteristic instability
mechanism which corresponds to 2.4.2 (a) and the
nature of the dynamic coupling under weak coriolis
control. It will obviously be very dependent upon smallscale convection, and much of the difficulty comes from
the relatively under-developed state of current tropical
models.
Experiments

Perform comparable predictability experiments with
different tropical models and determine the dependence
on the spectral properties of the initial error and which
variable is disturbed.
2.4. 5 SEASONAL PREDICTION
We do not know whether one can expect any useful
predictive information by deterministic methods beyond
a few weeks. Presumably if there is any, it will be in
larger than synoptic-scale modes. For these larger time
scales the hydrospheric-atmospheric interaction must be
accounted for as well as the inter-hemispheric interactions
requiring the most sophisticated global models which
extend into the thermocline.
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The atmospheric flow has a continuous spectrum in
wave number space, in which all scales of motion interact
with each other. From the practical standpoint, however, there can be a scale below which the turbulent flow
does not affect the larger scales in a systematic way. Thus,
the determination of the size should be based, first, upon
the knowledge of the dynamical interaction among different scales, and second, upon the mathematical property of the truncation error.
Consideration has been given to some possible ways of
defining and attacking the problem. The following
discussion will take into account the factors that could
alter or have some affects on the computational course
e.g. the domain of influence, the grid resolution, the mesh
structure and the computational schemes, including finite
difference and spectral methods.
2.5.2

DEFINITIONS

Space Scales

For the purpose of this report the space scale of the
atmospheric state and motion to be examined is subdivided into three sections:
Large scale (wave-lengths larger than 6,000 km)
Medium scale (wave-lengths between 2,000 and
6,000 km)
Small scale (wave-lengths smaller than 2,000 km,
including the meso-scale)
For scale analysis normally one quarter of the wavelength is used.
Types of experiments

The following classification was adopted for the various
types of numerical experiments:
Type of
Experiment

Large

Experiment

Perform forecast experiments to a month, a season and
preferably to a year, and study the relative decay of
predictability of the space and time spectral components.
2. 5

I
II
III

IV

Space scale

Time Span

12 to 48 hours
2to 5 days
10 to 15 days
more than
15 days

X
X
X

I Medium I

Small

X
X
X
X

X
X

Subject 4: Computational Considerations 1

2.5. 1 INTRODUCTION
The problem of specifying computational considerations is by no means simple. It is not merely a question
of mathematical truncation of physical processes.
1 The final version of this section was prepared by Prof. K.
Miyakoda.

Note: It should be noted that the types of experiments
are defined as a combination of the space and
time scales. In view of the fact that each number
corresponds to a particular time-span, one might
be tempted to associate these intervals with ranges
of predictability. However, the limits do not
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reflect limits of predictability but they have rather
been established by the time needed for certain
types of interactions, as will become obvious from
the following tables.
2.5.3

CHARACTERISTICS OF THE EXPERIMENTS

In this section, tables are given in which the vertical
and horizontal extension of the influence domain, or the
vertical and horizontal resolutions, necessary for the
respective type of numerical experiments are indicated.
These tables refer only to free tropospheric changes in
the extra-tropical region. They would be altered if the
prediction of the boundary layer or stratospheric changes,
for example, are considered.

2.5.4 GRID

RESOLUTION

(a) Vertical resolution

The possible resolutions of multi-level models are
roughly divided into 5 groups, Le., 2, 5, 10, 20, and 40
level models. It is assumed that the levels are optimally
distributed to define the structural characteristics (boundary layer, tropopause, etc.) needed to meet the purpose
of the types of experiment that are being considered.
NUMBER

40
20

Note: In the following tables, the broken part of the
vertical lines indicates that further study is needed
to clarify the interactions in the corresponding
part of the domain.

10
5

j

T
I

2
I

OF

LEVELS

tI

T

,I

i

~

~

11

III

r

I
1
IV

DOMAIN

Note: It should be noticed that the definition of types
of experiments refer to both time and space scale.
This explains why this table is not monotonic:
in short-range prediction the small scale has also
to be forecast (predictability in the small scale is
assumed).

(a) Vertical extension

T
i

Stratosphere

!

Troposphere

(b) Horizontal resolution:

The grid size (in kilometres) is used for the classification.

Boundary layer

I

"lii
'0

'"

Specified as
boundary
condition

!i

i

~

i

500 km

~

250 km

Self-determined
through
interaction

'!'

!

100 km
50 km
I

11

III

10 km

IV

i
l

i

I

.L.

1

11

III

I
I

IV

(b) Horizontal extension

2. 5 . 5

RECOMMENDATIONS

Globe

!

Hemisphere
plus full tropics
(± 90° to ± 10°)

!

~

,

Hemisphere
(Pole to equator)

~

Local domain. (The
lateral distance is of
the order of the earth
radius or less)
I

11

III

IV

The tables already indicate the areas where further
studies are needed to clarify questions concerning the
domain of influence and the grid resolution. The dashed
lines represent in fact questions asked. For example:
-

Should the stratosphere be included for the prediction
of type 11 and III ?

-

Does the prediction of type I require the use of as
many as 40 levels?

-

Is the mesh width of 50 km needed for type IV ?
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A further problem recommended for study is to determine the optimum ratio between the vertical and the
horizontal resolutions for the four types of experiments
considered here.
2.5 .6

MESH STRUCTURE

Three items are considered. First is the meshing of the
global surface. There is no satisfactory scheme known
at present. This is one of the important and urgent
problems to be solved. Second is the meshing of the
hemispheric or local domain. Cartesian coordinates on
a. stereographic projection map are normally used, but
spherical coordinates may also be usable. Third is the
nested grid or the telescopic mesh. There have already
been a number of attempts at this problem. Perhaps it
is worth while to re-stress the importance. For the second
item, there seems no special problem. But for the first
and third items, some explanations have to be given.
Design ofgrid systems over a sphere

Many grid systems have already been proposed to deal
with the prediction of global circulation; these include
the spherical-coordinate grid, the Kurihara grid and the
spherical-geodesic grid. However, each grid system has
certain deficiencies. For example, the spherical-coordinate
grid with a constant longitude interval gives a short
longitudinal grid-distance near the poles due to the
convergence of meridians. Some schemes have been
proposed to cope with this difficulty, but further improvement appears to be necessary to provide more uniform
accuracy in the vicinity of the poles. Similarly, the
Kurihara grid does not give satisfactory results in the
vicinity of the poles due to inadequate accuracy. The
geodesic spherical-grid has also the deficiency of nonuniform accuracy along the icosahedral boundaries.
Some suggestions have been made to combine two
stereographic projections of the Northern and Southern
Hemispheres at the equator to deal with global circulation. However, earlier studies have indicated that, among
other technical difficulties, some problems exist in matching fluxes across the equator. It appears that at present
it is difficult to recommend which grid system should be
used for global modelling. This problem most definitely
merits further work.
The development of nested grid systems

This grid system consists of one or more smaller highresolution grids covering limited areas embedded in a
larger and coarser grid. If possible, this may enable a
fine grid model of the meso-scale physics to be used over
a considerable period of time. Conceptually this is a
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straightforward and reasonable idea,.but this system
does not yet exist, so far as we know. Problems remaining for investigation are both mathematical and meteorological.
The mathematical problems are, for example: to set
up the finite difference scheme which conserves mQmentum, total energy, etc., across boundaries; to pose adequate boundary conditions for inflow and outflow at
neighbouring grid-points or levels; to investigate how
great a jump in mesh size can be tolerated; to minimize
gravity-wave noise set up by the boundary conditions;
to design a method to obtain the appropriate initialization.
The nested grid, if feasible, will be useful for prediction of the details of frontal structure and the organized
convective instability. It may also be indispensable for
the simulation of the development of tropical easterly
waves and hurricane formation and movement. In the
latter case, even a moving nested grid may be required.
At present, however, for the type I prediction, a small
domain of fine mesh is being used without including the
interaction of motions between the small domain and the
larger domain, where the boundary conditions for the
small domain are taken from the solution of the larger
domain and are specified as a function of time. Whether
the nested grid with interaction between the small and
large domains is really needed for the short-range forecast
is an important question.
2.5.7

COMPUTATIONAL SCHEME

This includes a number of questions concerning the
accuracy, the stability and the economy of computation.
In the past ten years or so, a great deal of effort has
been devoted to constructing and improving various
computational schemes. Thanks to this, much knowledge and many varied computational schemes are now
available; for example, stable finite difference schemes
for the inertia terms of the primitive equations; Arakawa's
formulation of the conservation of the integral quadratic
properties of the explicit dependent variables; timeextrapolation methods which damp out high-frequency
modes; implicit methods which enable the time step to
be increased beyond the usual one for the explicit equations; application of fast Fourier transformations or the
alternating-direction implicit method.
However, computational problems still remain. As
discussed earlier, the global meshing and the nested grid
offer formidable difficulties, which are great obstacles
for the numerical simulation of the general circulation
and the meso-scale phenomena, respectively. Besides,
continual work is needed to improve the accuracy as well
as the economy of numerical approximation.
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There are obviously a number of factors which should
have to be combined to get the best results in finitedifference and mapping techniques. It is hard therefore
to predict how real breakthroughs will be produced for
numerical simulation. So let us just enumerate a number
of problems.
Finite-differencing

How is the implicit scheme to be applied effectively to
general-circulation experiments? Is higher-order finitedifferencing really advantageous? What is the best
method for constructing finite-difference equations on a
global mesh? Is a homogeneous distribution of gridpoints on a sphere really necessary? In formulating
finite-difference approximation should one seek to conserve the kinetic energy, or an analogue of the squared
vorticity, or both, if possible? Is a staggered grid more
economical than a non-staggered grid?
Spectral models

In order to avoid the difficulties encountered in the
design of global grids it may be advantageous to avoid
this problem completely by considering spectral formulations. Models in terms of spherical harmonics have
been examined by several groups, namely Baer (1964),
Ellsaesser (1966), Robert (1966). In these models it is
easy to treat the global flow, and, once the number of
harmonics are determined, to obtain a smooth numerical
solution which is almost exact up to time discretization
errors.
This method has been applied to the primitive equations with simplified physical processes but more sophisticated models have not been attempted yet partly because
of the difficulty of including point functions, such as
condensation and radiation. Numerical methods based
on transient transformations back to points in the physical
space, as described byOrzag (1970) and Eliasen, Rasmussen and Machenauer (1970), will completely remove these
difficulties and furthermore will give spectral models
almost as economical as the grid-point models.
As stated by Doos (Garp Publications Series No. 6),
it is important that experiments with these methods be
continued, in view of their value in studying possible
means to reduce truncation error in global models.
Especially the horizontal resolution requirements for the
spectral model should be examined and if possible by
comparison with grid-point integrations.
2.5.8

REMARKS

As the result of the discretization of the flow field,
one has to consider the compensating effects due to the
sub-grid-scale flow. In this connexion, there are a

number of problems, i.e., boundary-layer process, horizontal eddy-viscosity, vertical eddy-viscosity, temperature
adjustment for dry adiabatically-unstable air, and
ensemble cumulus convection. Each of these problems
is vast. It is true that these problems are closely related
to resolution requirement, but we feel it more appropriate
to have them discussed elsewhere. (This problem is now
under review by the Working-Group on Numerical
Experimentation, as Part II of the present programme,
in connexion with the parameterization of physical
processes).
2.6 Subject 5: Real-time Processing for GARP Global
and Tropical Experiments 1
2.6.1

THE NEED FOR A REAL-TIME COMPONENT IN
EXCESS OF RAW DATA COLLECTION

Introduction

The primary aim of this sub-group was to explore the
needs and pre-requisites for real-time processing in
connexion with the GARP experiments. In considering
this matter it was envisaged that for limited-time experiments, a better product might result from non-realtime processing. However, the consensus of opinion
was that the retention of Some real-time aspect is rather
essential.
Obviously all the data processing for either experiment
cannot be in real-time. Therefore a selection of data
for realatime processing (four-dimensional data assimilation and prediction) will be involved, together with the
tabulation and cataloguing of the results and all the basic
meteorological data including those already used in realtime processing. It may, for example, prove to be
advisable to process the standard observations made at
synoptic hours almost on a real-time basis (the time lag
ought not to be more than a few hours) and that standard
observations made at non-synoptic hours should be
processed within a fixed time delay. The length of this
time delay is evidently dependent on the communication
and computing facilities; however, it should not exceed
12 hours.
First GARP Global Experiment (FGGE)

The primary aim is to provide a complete and internally
consistent data set. Such a setis most likely to be obtained,
tabulated, catalogued and archived if there is a continuous
quality control and inspection of data. At least a form
of global real-time processing is required if this is to be
done most effectively.
1

The final version of this section was prepared by Prof. B. Di:ii:is.
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Real-time analysis and prediction is also needed for
monitoring type-B observations to assure that they are
providing the required observations.
A very large volume and flow of data are involved.
An orderly and continuous data flow is most likely to be
assured over a long period if it is organized on a realtime basis. Previous experience has shown that even
in connexion wIth small observation experiments a considerable part of the data has been lost if the observations
have not been processed on a real-time basis.
The required logistic support will exceed considerably
that currently in use. National Meteorological Services
may find it easier to provide this support if a portion of
the GARP experiments is devoted to real-time (and
hence operationally valuable) data acquisition, analysis
and prognosis.
A very large number and variety of staffwill be involved.
The interest of everyone is more easily aroused and
maintained (with a consequential improved efficiency) if
activities have immediacy.
GARP Tropical Experiment
In addition to what is mentioned above, the need for
real-time analysis and prediction is vital for deploying
the variable elements of the system. For example, 1-2
days planning in advance may be required for the aircraft
operations.
The likelihood that the tropical experiment precedes
the global experiment by some years provides an excellent
opportunity for gaining experience in the operation of
the overall system. Thus if real-time analyses and prognoses are required for the global experiment, their
inclusion in the tropical experiment also will be most
valuable.
2.6.2 THE

PRE-REQUISITES FOR

CARRYING THROUGH

REAL-TIME PROCESSING

General remarks
There is a need to plan the form and extent of analyses
and prognoses required to provide the features outlined
above. Of particular importance is the adequacy of
communication links, the precise form of real-time
activity and the methods of data reduction, tabulation,
cataloguing and archiving. The form and location of
real-time activity will depend on the facilities (including
computer capacity) available at the centres undertaking
these activities.
Four-dimensional data assimilation schemes
It is obvious that four-dimensional data assimilation
is essential for a real-time approach in the GARP experiments. This is of course also definitely required for an
optimum utilization of the non-synoptic observations.
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Models
Establishing the data requirements for prediction on
various time and space scales is clearly important for
both tropical and extra-tropical regions. However, an
ability to predict for the tropics may well enable useful
guidance to be provided for the day-to-day decisions on
the deployment of aircraft and ships during the GARP
tropical experiment. It is therefore particularly important
that some assessment should be made of the likely
predictability of the various scales in the tropics.
Since the results of the real-time processing will be
rather model-dependent it is advisable that experiments
should be carried out with more than one model. In the
case of the tropics this may be particularly important,
not only in the tropical experiments, but also in the global
experiment. Associated Research Centres and perhaps
also Central Analysis Centres that may be established
or assigned to the experiments should participate in this
work.
During the experiments only one centre will probably
be directly responsible for the real-time processing (the
Monitoring Centre); however, other centres must have
the opportunity to receive all the information available.
Fine mesh nested models
The value of fine mesh-nested models (high-resolution
models over a limited area, embedded within a larger
domain treated by a coarse resolution model) will be
particularly pronounced in connexion with the simulation
of interaction between the large wave scale and cloudcluster scale. Such models will certainly also be of great
value in monitoring experiments of this type.
Computers
Experience in SOme groups has already led to the view
that it is appropriate to employ a computational resolution about twice as fine as that of the observational
network. However, it is very likely that this ratio is
dependent upon the characteristics of the particular
model being used as well as on the scales of motion which
are of primary interest.
The following is an estimate of the requirements concerning the horizontal and vertical resolutions of the
models and the computer power to perform the realtime calculations envisaged in the foregoing sections. In
arriving at these figures we have assumed that an appropriate requirement would be the computation of a 24-hour
forecast in one hour.
(a) GARP Global Experiment
Mesh width: 250 km
No. of gridpoints about 13,000
Vertical levels: 20
Computer requirements: 15 MIPS
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If lateral resolution were 125 km, computer require-

ment increases to 120 MIPS.
It may be necessary to undertake both high and medium
resolution requirements.

1.10
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Report prepared for ESSA. Contract No. E-I06-69(N),
Hawaii Institute of Geophysics, University of Hawaii.

1.11

Nitta, T. (1968): Initialization and analysis for primitive equation model. WMO/IUGG Symposium on Numerical
Weather Prediction in Tokyo . Japan Meteorological Agency.
Technical Report No. 67, pp. VI/ll - 20.

(b) GARP Tropical Experiment

Large scale (2,000-10,000 km).
Domain: appr. 10,000 km East-West
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Mesh width: 150 km
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Vertical levels: 20
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2.7 The Plan of Action
2.7.1 The comprehensive programme described in the
preceding section requires for its execution the cooperative effort of a large number of research groups, on a
scale never before attained in any field. The Plan of
Action established by the JOC attempts to achieve this
objective. The Plan was built on the basis of two major
components: (i) Research Centres with adequate computing facilities, willing to accept specific commitments
to execute certain portions of the programme; (ii) Planning
Groups that would work out in detail the experiments for
each of the described subjects, discuss the assignments,
examine the results and plan for further experimentation
when necessary.
2.7.2 AsSOCIATE GARP REsEAACH CENTRES
The expression "Associate GARP Research Centres"
(ARC) was introduced in GARP Publications Series
No. 3 to refer to research groups or research institutions
that would accept to participate in a coordinated programme of numerical experimentation carried out in realtime (or close to real-time) during the FGGE. It was
then proposed by the Working Group on Numerical
Experimentation that this name be used to designate all
centres taking part in the programme of research outlined
above.
For each problem area two or more research centres
have been selected and requested to participate in the
programme. The institutions have been chosen in such
a way that at least one of the centres is equipped with
powerful computing facilities. However, while some of
the problems to be studied require use of the most
sophisticated models, and therefore of the largest computers available, many of them can be studied with
relatively simple models on computers of modest capability. Moreover, the nature of some of the problems to
be investigated is such that important contributions can
be made even in the absence of computing facilities. It is
thus expected that other research groups may contribute
to the programme, in addition to those listed in the
present report.
The assignment of a specific problem area to an ARC
does not exclude its participation in other areas. This
may come not only as a consequence of the interrelation
of the problems but may also be due to the fact that
several of the ARC's are already working on problems
related to more than onearea.
2.7.3

REsEARCH COORDINATION AND PLANNING
GROUPS
For each of the problem areas of the programme, a
Research Coordination and Planning Group (RCPG) has

been established to coordinate the work of the ARC's
and to seek further co-operation from other research
groups. In selecting the members of each RCPG, several
criteria have been applied, such as their previous and their
expressed interest in the field; the geographical distribution; the representation of the ARC for the corresponding
problem area; and the representation of operational
weather services of countries actively participating in
GARP planning.
The members of the RCPG are expected to devote a
considerable part of their time to their work (which in
most cases will be just part of their normal work in their
laboratories). However, the activities of the groups
should be arranged in such a way that the members can,
to a large extent, work independently of each other. The
chairmen should aim at a distribution of responsibility
within the group, particularly in the case of the members
that belong to corresponding ARC's.
It is expected that up to two meetings of each RCPG
per year may be arranged. The attendance at these
meetings may be restricted, for financial reasons. Members of the participating ARC's are expected to receive
financial support from their institutions. It is recommended, however, that all RCPG's meet with the JOC
Working Group on Numerical Experimentation at the
beginning of 1972 in order to evaluate the results thus far
obtained. A progress report should be sent by the chairman of each RCPG before 30 June 1971, and every six
months thereafter.
The RCPG shall stimulate the co-operation of researchers who have expressed their interest in participating
in the GARP Numerical Experimentation Programme.
To this effect each chairman may arrange for invited
members to participate in the work of his RCPG.
A preliminary report of the research to be carried out
and a detailed distribution of the work among the corresponding ARC's should be submitted by the chairmen
of the RCPG's to the Working Group on Numerical
Experimentation in 1971.

2.7.4 GARP REsEAACH FELLOWSHIPS
The GARP Programme of Numerical Experimentation
can only be carried out in an effective way if maximum use
is made of all potential resources throughout the world.
The availability of powerful computing capabilities or
other facilities in the proposed ARC's is not necessarily
associated with the availability of human resources. On
the other hand, scientists who can make important contributions to the programme may be prevented from doing
so because of the lack of adequate facilities in their own
countries or institutions. A coordinated plan of action
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should include the obtaining of the necessary means to
allow these scientists to carry out their work in institutions having these facilities.
The Working Group on Numerical Experimentation
has recommended that the JOC should arrange for a
programme of GARP Research Fellowships (GRF) on
the following basis:
(a) The fellows should undertake specific problems

within the GARP programme of numerical experimentation to be studied in institutions that have
accepted to provide facilities for them. The fellows
may be independent researchers or junior scientists
working under the supervision of senior members of
the host institution.
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(iii) Assistants
(iv) Travel
(v) Salary

The host institution should cover the first two items
and may provide totally or partially for the others.
(d) An appeal to the countries was made through the

corresponding WMO or ICSU channels in order to
obtain support for the programme of GRF. This
support should be requested from the countries or
institutions of the GRF candidates as well as those
of the proposed host institution. The JOC has been
informed of institutions in at least two countries
having offered funds for a programme of this nature.

(b) The host institution decides on the final acceptance of

a candidate for a GRF taking into account the
quality of the candidate, the plan of work, and the
period of the fellowship.
(c)

The following items may be covered by a GRF:
(i) Working space
(ii) Computing facilities

(e) It is expected that a part of the required funds (a

small fraction of the actual cost of the fellowships
programme) could not be obtained except through
international support. The JOC Officers have
agreed to seek such support from WMO and ICSU
and to propose an adequate machinery for the programme.

3. PART II OF THE PROGRAMME
(Numerical Experiments Related to Physical Processes in the Atmosphere)

3 . 1 Introductory Remarks
The Report of the Study Conference on GARP had
already pointed out that, in preparation for the effective
utilization ofglobal upper-air data in the testing ofgeneral
circulation models and methods of extended prediction, it
would be necessary to carry out a considerable number
of theoretical studies and numerical experiments designed
to increase our understanding of physical processes which
take place on scales less than the spacing of adjacent
observations in a global system. The aim of the experiments would be to suggest realistic ways of parameterizing
the locally-averaged effects of these physical processes.
It was recognized, in this context, that since large-scale
dependent variables are the only ones usually measured
or predicted explicitly, we must know enough about the
nature of the interactions with the sub-grid scale processes to be able to deduce the significant energy exchanges
by means of suitable parameterizations from explicit
macro-scale structured characteristics and dynamics.
The fundamental idea underlying the above statements
is a hypothesis on the basis of which the whole strategy
of GARP experiments is being built, namely that the
atmosphere behaves as a deterministic or near-deterministic
system on some macro-scale motions (i.e., their statistical
properties) can be inferred from this. It seems that
J. Charney was the first to formulate this hypothesis
explicitly within the context of ideas that led to the
concept of GARP. His paper on "Scientific Requirements for a Global Observational System", presented to
the First Session of the former ICSU/IUGG-CAS contains the following statement (cf. Report of the Session,
May 1965):
"Hypothesis of Determinacy. The atmosphere is a complex
turbulent fluid containing eddies of many scales. The scientific
problems which give rise to the need for a global observation
system of the kind here contemplated are based on the hypothesis that the atmosphere is a determinate or near-determinate
system on some macro-scale. Evidence for this hypothesis is
given by observations in regions with dense observational networks' and by serial observations at fixed stations. These
show that the kinetic energy in the atmosphere is divided into
two broad classes: one consisting of synoptic and planetary
disturbances with characteristic spatial dimensions of the
order of 1000 km or more, and the other consisting of mechan-

ically and convectively driven' turbulence with characteristic
dimensions ranging from metres to kilometres. The corresponding characteristic times are, respectively, in the ranges
days to months and seconds to minutes. With the exception
of the thermal and gravitational tides, whose relative energies
are small, there is a large gap in the spectra separating these
two classes. Because of this separation scale, it is plausible
that the turbulent fluxes for momentum, heat, and water
vapour are determined by the macro-scale flow, so that the.
macro-observations define the system as a whole.
"Although this hypothesis underlies most of modern
dynamic meteorology, no definite observatiomil studies have
been carried out to determine its limits. The observed regularity of atmospheric motions is usually considered to be
evidence enough that it has at least approximate validity. An
essential part of a global observation programme must be to
design regional experiments over various types of terrain and
sea conditions to determine empirically the statistical relationships between the turbulent floxes and the relevant free atmosphere parameters.
"One qualification must be made: the large-scale systems
often contain narrow zones of strong wind and temperature
gradient (fronts and jets) which may contain appreciable energy
at intermediate space and time scales; an observational system
designed for the large-scale motions will not define their
structure explicitly. However, these zones are internal boundary layers which form quickly and by necessity from the
macro-motions, and are, therefore, determined implicitly by
the macro-observations.
"The tropics also contain meso-scale motions, most commonly associated with zones of active cumulus convection.
Because of lack of observation the relationship between these
motions and the macro-motions are not well understood. As
the release of latent heat energy in these meso-scale systems
plays an important part in driving the circulation of the entire
atmosphere, it is necessary that they be better understood. A
regional observational programme in the tropics to determine
the interaction between the micro- and meso-scale systems
with the large-scale motions is an essential part of a global
observation programme and should be given high priority"
(cf. First Report of the IUGG Committee on Atmospheric
Sciences, March :20, 1965).
We have quoted this statement in extenso because it
contains in a highly condensed way the first formulation
of a research programme for the global atmosphere and
the underlying ideas for this second part of the GARP
Programme of Numerical Experimentation.
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3.2 The General Scope of Numerical Experimentation
within Part IT of the Programme
3.2. 1 The problems referred to above were extensively
analysed by. the JOC Working Group on Numerical
Experimentation at its Second Session (Tokyo, 2 - 5 December 1968). The discussions at this meeting were
mainly devoted to numerical experiments connected with
the physics of the numerical models that might be used
for the GARP Global Sub-programme i.e. the models
for which the global experiments should furnish the data.
The Group identified several areas where such numerical
experimentation is necessary and established the outline
of what would become Part n of the overall programme.
3.2.2 For each of the identified problem areas, the aim
of the investigation should be to answer some or all of the
following questions, inasmuch as they are relevant to
the particular problem:
(a) What are the dominant physical processes for a given

prediction range?
(b)

How sophisticated must the models be to account
adequately for the energy exchanges and transforma~
tions among different scales of disturbances associated with each one of the physical processes?

(c) How sensitive are the models to the specification of
initial conditions?
(d) It is sufficient to know statistical properties of the

variables involved and, if not, in how much detail
must the kinematic and dynamic structure be defined
in the initial conditions?
(e) What sort of resolution is necessary to model the
processes or their bulk effect?

(f) Are existing parameterizations adequate to incorporate the bulk effect of these processes into the
models for large-scale atmospheric flow?
(g) How sensitive are the models to the various methods
of parameterization that have been proposed?

3 .2.3 Some of the preceding questions cannot be
answered unless the numerical experiments themselves
are guided by the results of field experiments. In this
interaction between simulation studies and observing
experiments, the observational data are used not only as
a test to the model, but asa source of factual information
on the basis of which the models are improved and new
methods are developed. It follows logically that the
planning of experiments, such as the GARP Tropical
Atlantic Experiment, and the execution of the relevant
sections of the Programme of Numerical Experimentation should be strongly interconnected.
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3 .2.4 It should be pointed out that there are two
aspects of the modelling that are not always easy to
separate. The problems listed below are related to the
adequacy of the models to represent actual atmospheric
processes and thereby to simulate long-range evolution
of atmospheric motion-systems. There are, on the other
hand, problems directly related to the mathematical techniques applied in handling the models, which have already
been considered in Part 1. It is a known fact that changes
introduced in the finite-differences scheme of a given
model may introduce more pronounced variations in the
predicted fields than changes introduced in the parameterization of the physical processes. Tllis accentuates
the urgent need for research directed to show the implications of using different numerical schemes for the same
models (cf. section 1.3).
3 .2. 5 There is another set of problems which are not
related to the physical processes nor to the way they are
incorporated into the large-scale atmospheric models, but
rather to their four-dimensional domain of influence.
Typical problems within this set are those connected with
the interactions and exchange processes between the
troposphere and the stratosphere, between northern and
southern hemispheres, and between the atmosphere and
the underlying surface. The clarification of these problems would provide specific and direct indications for the
planning of global experiments. In particular, they would
aim at answering the following typical questions:
(a) Up to what height are the observations needed as a
further function of the time integration? (The
dynamic problem connected with this question is:
how a boundary condition OJ = 0, at various heights,
would influence the dynamics of the model for different time-scales.)
(b) To what depth into the ocean are observations
needed· when the time of integration is extended to
the order of weeks? (i.e. how much of the surface
layers of the ocean needs to be incorporated into
the model).
(c) For how long a time will observations taken in only
one hemisphere suffice to define the evolution of the
atmospheric flow? (i.e. how rapidly this evolution
is affected by differences in defining the initial conditions in the other hemisphere).
These questions, and particularly the last one, are
directly related to Part I of the programme. No attempt
has been made, however, to establish a watertight separation between Parts I and n.
3 .3 Recommendations of the Study Conference on GARP
3.3.1 The physical problems related to the parameterization of sub-grid scale processes were formulated by the
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Study Conference on GARP (cf. Report of the Conference, section 2.2.2.1) in the following way:
"Problems arise mainly from the need to account for
the collective interaction with the molecular, micro-scale
and meso-scale processes - i.e. the sources and sinks of
energy for the macro-scale (synoptic or large-scale).
"Ca) Molecular processes - Radiative transfer must be para-

meterized as a function of an assumed large-scale distribution of the radiatively active gases: carbon dioxide,
ozone and water vapour, and water particulates, i.e.
clouds and other aerosols.

(b) For various horizontally uniform q(z), cloud distri-

butions and ground properties, determine equilibrium temperature distributions T(z) and relation
time -r(z) and verify against more accurate calculations.
(c) For different localities, compute climatological
averages, variances and covariances from observed
values of determining parameters. For verification,
it would be desirable to have climato10gical values
of radiative fluxes determined with higher accuracy
than we know them now.

"Cb) Micro-scale processes - Turbulent boundary layer ex-

changes of heat, momentum and water vapour, internal
turbulent diffusion and dissipation and the corresponding
internal convective transports must be parameterized in
terms of the large-scale wind temperature, humidity structure and the structure of the underlying surface. On the
other hand the droplet and cloud phases have been
ignored in modelling the precipitation process. It is
doubtful whether this is valid for cumulus clouds.
"Cc) Meso-scale processes'- Frontal circulations, orographic

transport of momentum and transformation of latent
energy are examples. One perhaps can include all
tropical phenomena, even those often thought of as
synoptic in character. Conversely, convection may
equally be thought of as meso-scale. Even marginally
adequate parameterization techniques are lacking.
"In mid-latitudes the most rapidly interacting non-adiabatic
process is the release of latent heat, its effects being evident on
extra-tropical disturbances within one day. The turbulent
transfer of latent and sensible heat from the ocean may be
equally rapid along a coast but on the synoptic scale requires
three to four days to become evident. Radiation on the whole
is slower and requires perhaps a week to assert its influence
dynamically. On the other hand the dissipation of energy
cannot be ignored beyond a day. It is clear that for evolutions
of perhaps a week, and certainly before two weeks, the
response of the surface layers of the ocean must be accounted
for."
3.3.2 The Study Conference recommended that the
following specific studies, or analogous ones, be encouraged and supported (cf. Report of the Study Conference
on GARP, sections 2.4.1 to 2.4.5):
(i)

Radiation

In order to test radiation models, one should for such
models:
(a) Compute infra-red radiative fluxes, F(z), and heating

rates, dT IdZ(Z), for a number of standard horizontal
uniform distributions of temperature T(z), humidity
q(z) and clouds, and verify against accurate radiation calculations and measurements. The variable
q(z) is the concentration of water vapour.

(ii) Tests oJ boundary layer-models

Assuming parameterization of the (constant flux)
surface layer only, one should
(a) For various given, horizontally uniform geostrophic
wind speeds and vertical heat fluxes at the ground
and the top of the planetary boundary layer, calculate planetary boundary layer + surface layer
equilibrium, wind distribution V(z); temperature
distribution T(z); and relaxation time -r(z). Surface
layer of the sea could possibly be included.
Cb) Make similar calculations in three dimensions for
non-uniform distributions of geostrophic wind, e.g.
highs and lows, troughs and ridges, shear lines and
hyperbolic points.
(c) For different localities, compute the climatology of
surface layer fluxes, from observed values of the
determining parameters. Compare with observed
general circulation statistics.
(iii) Combined tests oJmodels oJradiation, boundary layer
and convection
(a) Compute diurnal variation ofthe vertical distribution
V, T, q and fluxes, including convective precipita-

tion (and possibly dew and fog) in the horizontally
uniform case, for given ground properties and thermal geostrophic wind. Verify against observations.
(b) Compute impulsive changes of V, T, q and fluxes at
various levels, assuming horizontal uniformity,
resulting from a sudden change in cloud cover or
ground properties (e.g. passage of air from land to
sea or vice versa).
(c) Calculation of the air mass transformation in an air
column subject to strong surface influence, such as in
the case of cold, dry air moving over a warm sea.
Verification: transformation observed over e.g. the
Japan Sea, or the Norwegian Sea.
(d) Calculation of sea breeze circulation of different
latitudes, season, sea-surface temperature, ground
properties, free atmosphere vertical T ~ andq-
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distribution, with different large-scale geostrophic
wind. Verification: measurements.
(e) Numerical simulation of convective activity and
evaporation in various parts of the trades, assuming
horizontally uniformity but with known cold-air
advection and sea-surface temperature. Modelling
of convection in the surface layers of the sea could
possibly be included.
(f) Models of radiation, boundary layer and convection
may to a certain extent be judged by incorporation in
numerical weather prediction models and verification
of five to seven day forecasts.
(iv) Effects of ground topography
In order that the effects of ground topography be taken
into account in a realistic manner, there is a great need
for studies of:
(a) The three-dimensional air motions over and around
topographical surface features as a function of the
scale of these features and the stability properties of
the air.
(b) The mountain wave drag as a function of the power
spectrum of the ground surface.
(c) Release of orographic precipitation. In this connexion, it is important to include the effects of
friction.
(v) Meso-scale studies

Determine the stability of various meso-scale convective motion systems such as hexagonal cells or straight
lines of convective activity, on the basis of models where
radiation, boundary-layer and small-scale convection are
parameterized. TIllS could be done numerically with a
fine grid, or conceivably by means of analytical methods.

3.4 The Main Problem-areas
At the Second Session of the Working Group on
Numerical Experimentation (Tokyo, 1968) the above
problems were identified in greater detail and grouped
into a number of problem-areas, associating those that
are naturally connected and that might be included in
the same research project. The problem-areas were listed
as follows:
3 .4. I

CUMULUS CONVECTION AND STRATa-CUMULUS

The main problem to investigate here is the way in
which convection interacts with the large-scale environment. Since the clouds constitute important elements in
the transfer of heat, moisture and momentum in the
vertical, it is necessary to know the statistical properties
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of the convective cloud ensembles in relation to the largescale fields of temperature, moisture and motion. The
following problems require special attention:
(a) Shape, distribution and dynamics of clouds and

cloud ensembles. The role of conditional instability
of the second kind (i.e. the type of instability defined
by Charney and Eliassen as produced by interaction
between boundary-layer convergence and the release
of latent heat in cumulus cells).
(b) Space and time means of vertical fluxes, condensation
and evaporation in relation to the vertical profiles of
temperature, humidity and w.
(c) Radiative properties of each type of cloud (e.g.
albedo and long~wave absorptivity under various
synoptic regimes).
3.4.2

BOUNDARY LAYER

This includes:
(a) The sUlface layer (Prandtl-type layer, with nearly
constant vertical fluxes).
(b) The Ekman layer

The theoretical models of these layers which have been
developed hitherto can be applied only to ideal conditions (steady state, uniform surface, etc.). They are far
from providing an understanding of the physical processes which control the development of boundary layers.
There is an urgent need for a unified treatment which
provides realistic models describing the development of
the boundary-layer in terms of large-scale parameters of
the free-atmosphere and the characteristics of the surface.
The final aim, from the point of view of the GARP
objectives, is to find methods by which the boundarylayer transports can be incorporated into numerical
models of the global atmosphere. It will be necessary to
explore both parameterization methods and finite-difference models with one or several levels.
The following problems require special attention:
(a) The relation between fluxes and density stratification.
(b) Effect of non-uniform surfaces.
(c) Effect of hilly terrain.
(d) The diurnal cycle.
(e)

Mass transports and vertical velocities in relation to:
(i) large- or meso-scale fields
(ii) heat flux
pii) latitude.

(j) The horizontal convergence in the Ekman layer as
the main link between the boundary-layer and the
large-scale circulation.
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3.4.3

~ESO-SCALE SYSTEMS

This category would include:
(i) Fronts
(ii) Squall-lines
(iii) Intertropical Convergence Zones
(iv) Tropical cyclones
(v) Cloud clusters.
Typical problems related to the systems in this
category are:

troposphere, particularly in connexion with the
stratospheric warming.
(b) The maintenance of the water-vapour structure of

the lower and middle stratosphere.
(c) The effect of a boundary condition OJ = 0 and of
non-reflecting boundary conditions, at various levels,
on the tropospheric evolutions.
(d) The effect of ozone distributions.
(e) The tropical-stratospheric oscillations (26 month

cycle).

(a) The three-dimensional structure of the systems.
(b) The cloud-structures associated with the systems and

their relations with radiative fluxes, release of latent
heat, precipitation and evaporation.
(c) The effect on the large-scale motion in relation to
the smoothing of the fields (e.g. is it important for
the large-scale motions to have the fronts in detail
or may they be smoothed ?)
(d) The possible parameterization of the bulk effects of
these systems (the so-called "white-box" method).
(e) The role of conditional instability of the second kind
in the dynamics of the tropical systems.

3.4.4

~01JNTA1NS

Two categories of phenomena are included here:
(i) ~ountain waves
(ii) ~ountain currents
With reference to the waves produced by the flow
across a mountain, not only the height and lateral extent
of the mountain is important, but also the width. The
main problem here is to determine the vertical flux of
momentum in relation to the power spectra of the earth's
topography and to the vertical profiles of temperature
and wind (the wave resistance is of the same order as the
friction).
For the mountain currents only the "wall"-effect of
the mountain is important. The main problem here is to
determine the blocking effect in relation to the upstream
fields of wind and temperature.
A problem common to both categories of phenomena
is the formation of orographic clouds and their effect on
radiative fluxes and on precipitation.

3.4.5

3.4.6

The following problems were considered as requiring
primary attention:
(a) The relation of surface temperature to radiation,
evaporation and convection. The effect of surface
temperature anomalies on the large-scale motions (results
reported at the session seem to indicate that they become
important after a period of the order of ten days).
(b) The construction of simulation models of air-sea
interaction.
(c) The interactions between the ocean currents and the
large-scale atmospheric· motions (the large-scale
motions determine ocean currents which by advection of the temperature field produce a feed-back
into the atmospheric motions).
(d) Sea-ice coverage and sea-ice effects on the heat
balance of the atmosphere.

3.4.7

The following problems were identified by the Working
Group:
Ca) Energy dissipation and vertical flux of energy in the
stratosphere and the exchange processes with the

SOIL

~ain problems:

(a) Surface temperatures and soil heat conduction.

Surface moisture in relation to vegetation and soil
properties.
(c) Effect of water movements on the heat and water
balance of the atmosphere (are present engineeringtype hydrological models adequate to account for
this ?).
(d) Snow cover (effects of changes in snow depth and
snow properties).
(e) Albedo.
(b)

3 .4. 8
lJpPER ATMOSPHERE

OCEANS

RADIATION IN CLEAR AIR

Simplified methods of calculation; required accuracy;
effect of air pollution.

3.4.9 TURBULENCE OUTSIDE THE
Resulting transfer processes.

BOUNDARY LAYER
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3.5 Further Analyses of the Planetary Boundary-Layer
Problems

nock and T. H. Ellison, in Appendix Ill, and the method
proposed in its addendum,)

3.5. 1 The specific recommendations of the Study Conference on GARP concerning numerical experimentation
on "tests of boundary-layer models", as well as on
"combined tests of models of radiation, boundary layer
and convection", have been quoted in section 3.3.2.
These recommendations were submitted by the Conference Working Group I dealing with "The basic problems
oflarge-scale dynamics of the atmosphere". The Working
Group II on "Boundary-layer f1uxes and problems of airsea interaction" presented, on the other hand, a concise
and thorough analysis of the problems in this field. It
was preceded by the following comments on "boundarylayer transports and the large-scale dynamics of the
atmosphere":
"A method is needed by which the boundary-layer
transports can be effectively incorporated into numerical
models of the synoptic and larger scale motions of the
atmosphere.
"The small-scale turbulent fluxes of heat, water and
momentum within the boundary-layer must be explicitly
included in any realistic model and for this purpose their
properties must be specified in terms of larger scale
variables.
"Ideally this would be based on a complete physical
understanding of the details of the processes which control the boundary layer. Fundamental research into
these complicated processes should continue to be
encouraged.
"For practical application in the near future, however,
there is an urgent need for an approach based on approximate, more empirical techniques. Some of these will be
based on known similarity arguments reinforced by
observational statistics and relations between them.
"It is desirable that any such treatmentshould reproduce
as closely as practicable the dominant physical processes
involved so that it will be capable ofprogressive improvement as further knowledge, both theoretical and empirical, becomes available. Possible methods were discussed
in papers presented at the Conference (Appendices Ill,
IV and V). There may be an important interaction, for
the vertical transport of momentum, between the boundary layer and smaller scale synoptic disturbances such as
fronts (see Appendix Vl).Observational studies and
computations using models of high resolutions are
desirable to assess the magnitude of these effects. If their
importance is confirmed they must be included parameterically in any model with larger grid size." (Cf. Report
of the Study Conference on GARP, section 3.3. 1; the
references to Appendices, included between brackets in
the above quotation, correspond to the Appendices in the
same Report. See in particular, the paper by H. Char-

3.5.2 It was already clear at the time of the Study Conference that the approaches to these problems by general
circulation modellers and by specialists in the boundarylayer were somewhat different. When the JOC succeeded
the ICSUjIUGG CAS and established the Working
Group on Numerical Experimentation, a serious effort
was made to bring together these two points of view.
Prof. T. H. Ellison was appointed as consultant to the
JOC, on the understanding that Prof. H. Charnock would
collaborate on the work. Their task was to compile a
review of current theoretical and empirical knowledge of
the boundary-layer of the atmosphere and the ocean,
with particular regard to the needs of GARP. The
difficulties found in this work led the JOC to convene a
special meeting of the Working Group on Numerical
Experimentation together with a group of invited experts
(Prof. A. K. Blackadar, Prof. H. Charnock, Dr. L.
Hasse and Prof. P. A. Sheppard). The meeting took
place in Rome, at the Fourth Session of the Working
Group (15 - 16 January 1970). The summary of the discussions held and the conclusions reached are reproduced
below, not only for the sake of completeness, hut mainly
because of the concluding remark of the report of the
meeting, which reads as follows (cf. Annex C to the
Report of JOC-IV):
"The Working Group agreed that the conclusions
arrived at would provide more solid bases for a mutual
understanding of the work carried out by modellers on
the one hand, and boundary layer researchers on the
other. This may be reflected in a more coordinated programme of numerical experimentation and-observational
programmes within the GARP Air jSurface Interaction
Sub-programme."
3.5.3 The discussion that took place at the Rome
meeting was focused on the following points.
(i) Modellers who are concerned with the large scale
atmospheric motions work with fixed levels (either constant heights or constant pressure) and do not seem
convinced of the need for incorporating the variable
boundary layer. The problem to be elucidated is whether
it is the case that such a formulation of the variable
boundary layer is not necessary or, rather, that the present state of knowledge does not allow a satisfactory
formulation. Any comprehensive discussion of the subject should therefore go in two directions:

(a) an analysis of the present techniques used in the

most complex models of the large scale atmospheric
flow to take into account the effect of boundary layer
fluxes;
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(b) an analysis of the proposals that have been made

to model the planetary boundary layer and of the
effective means of incorporating it to the large scale
models.
(ii) To proceed with the analysis indicated in (a) above,
it is necessary to have clearly stated some of the characteristic features of large scale atmospheric modelling. In
the large scale models the observation data correspond
to grid sizes of 400 - 500 km, but the computation is
carried out to much higher resolution. The high modes
do not need to be observed; if the model is good enough
they are generated by the model. Moreover, some parameters like vertical velocities are not measured but, on
the other hand, the modellers would not want to introduce measured values of this parameter in their models.
The same applies to some atmospheric features such as
discontinuities in the fields. The topography of the
tropopause, for instance, is not explicitly introduced; it
is reproduced by the model itself. It can be objected that
these techniques cannot be applied to the boundary
layer. The models generate information at levels that
are not observed; they also generate the higher modes,
i.e. describe motions with a higher resolution than the
observational grid; but, it may be argued, it seems doubtful that this situation paralells that which happens at the
boundary layer, simply because the 'physics of this layer
is different. More specifically, there is no parameterization of the tropopause in the models, but at the boundary
layer it seems that the only possibility to take into account
the fluxes of heat, momentum and water vapour is -to
parameterize them. To this line of thought it was
answered, however, that, in the models now used, except
for the stresses (and thereby the collective heat transfer),
the rest is not parameterized. As for the stresses, the
coefficient introduced in the equations that account for
the surface effects present considerable variations from the
model; they mayor may not be, for instance, functions
of space and time.

(iii) Turning to the problems under (b) above, it seems
clear that the incorporation of the boundary layer,
explicitly, into the models requires: (1) a definition of the
boundary layer; (2) ways of deciding the height, Le. of
deciding the depth of the bottom layer of the model
having a different structure as far as the mechanisms
regulating the physical processes are concerned. In this
respect the approach suggested in the Skeppal'holmen
Conference (see the Report of the Study Conference on
GARP, Appendix Ill) is still valid. But it has been
recognized that, there are some serious difficulties in
obtaining measurements that will allow the application
of the suggested method to the large-scale numerical
models.

In the first place, there is lack of information concerning the value of drag coefficients in the sea. There are no
measurements in realistic conditions, specially under
strong winds. On the other hand temperature and
humidity distributions are difficult to analyse; reconnaissance aircraft, for instance, do not take humidity measurements.
Secondly, the boundary layer cannot easily be described numerically. Transfer processes are not gradient
processes. Small scale processes between different layers
- processes that produce significant changes in air
masses flowing over changing underlying surfaces, for
instance - cannot be represented by simple expressions
for the rate of change of some representative parameters.
The individual time variation is not a function of the
variation in the immediate neighbourhood, but it rather
has to be expressed as a functional of the functions representing each one of the parameters. But this approach
does not lead to straightforward applications, particularly
in view of the difficulty of finding verification procedures
for this type of treatment.
(iv) Finally it was pointed out that there is an increasing feeling among boundary-layer research workers that
theories of the type that apply to the study of horizontal
homogeneous turbulence are not very relevant to the
problems that the large scale modellers are facing.
3.5.4 The preceding discussions led the group of
experts and members of the Working Group to some
definite conclusions which may be briefly stated as
follows:
(i) It is doubtful that there will be any possibility of
introducing an explicit boundary layer formulation in
the models to be used in the numerical experiments
related to the FGGE. Although, as indicated above, the
approach suggested at the Study Conference remains
valid, it does not seem possible to find ways of effectively
applying it with the present state of information. This
means that by and large the modellers should continue
in the direction they are now working.
(ii) In the general circulation models which are being
used at present there is still considerable room for tradeoffs at the boundary layer as happens elsewhere in the
atmosphere; careful selection ofthe type of parameterization to be used should be primarily based on the information context of each of the possible parameters that
can be applied. Relaxation time plays also a considerable role. For example, the relaxation for the sea surface
down to about -50 m is of the order of one week, Le.
air/sea temperature differences larger than 1°C, over
large areas, become significant after one week. This
means that if an anomaly lasts for one week or more,
the model should be able to predict it.

CHAPTER

(iii) Phenomena such as penetrative convection and
non-precipitating convection are significant boundary
layer problems to be properly accounted for by the
models.
(iv) The modification of an air mass as it flows over
changing underlying surfaces is an important problem.
Difficulties in treating problems such as tIlls are specially
related to the lack of data that can be used to verify any
model.
(v) The testing of parameterization procedures in
models using a given set of parameters requires numerical
experiments in which one parameter is changed at a time
and its isolated effect is thereby verified. Some experiments of this sort have already been made (for instance
at the Geophysical Fluid Dynamics Laboratory in Princeton), but a much more systematic approach is needed.
(vi) Boundary-layer research workers should be encouraged to continue the type of investigations that may
lead in the future to incorporating explicit formulations
of the boundary layer in general circulation models.
3.6

Remarks on a Plan of Action for Part IT of the
Programme

The preceding discussion provides an indication of the
type of difficulties that are encountered in formulating a
"Plan of Action" for Part II of the GARP Programme of
Numerical Experimentation similar to the one already
under way for Part I. The various approaches that the
JOC attempted in the area of boundary-layer problems
and that led to the joint meeting in Rome, reported
above, is representative of what steps it may be necessary
to take in other fields. It is quite unthinkable that a
single meeting of a Study Group - no matter how well
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it is organized - may end up with an adequate and
detailed plan for all problem-areas.
In the first place, the diversity of physical problems
involved calls for a higher degree of specialization than
was the case with the problems involved in Part I.
Secondly, in some of the fields the difficulties are already
found at the very start, in the formulation of the problem
itself. Thirdly, before a concrete plan of action can be
formulated, it will be necessary to "build a bridge"
between the specialists in the subjects involved, in each
particular problem-area, and the general circulation
modellers.
The Working Group on Numerical Experimentation
has made definite proposals to overcome these difficulties.
It is expected that the JOC will arrange for separate
study group meetings and symposia in each specific field.
An appeal has already been made to the IUGGjlAMAP
to join forces in this attempt. A number of reports will
probably be issued, in succession, each dealing with
numerical experimentation in one particular area.
It should finally be pointed out that the difficulties
referred to above are compensated by the interest of the
subjects. In Part II of the programme one probably finds
the most challenging problems in numerical simulation
of the atmosphere, and the leading 'research groups in the
world are already actively engaged in searching for their
solutions. The coordination of their work will prove to
be a hard but, hopefully, surmountable task for the JOC.
As a matter of fact, some of the machinery that has been
set up to deal with Part I of the programme is already
quite applicable to problems which would come up with
a co-operative programme for parameterization and
model testing. In particular, the ARC's could be extended
to include additional groups to deal with the new classes
of experiments needed. Corresponding to these, new
RCPG's could be appointed.

